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SUMMARY

In organic agriculture, arable weeds with a persistent seed bank are difficult to control. The
problems arise in cereal crops, in which many weeds are able to set seed. This results in a large seed
bank and consequently in a high weed density. A possible method of seed bank reduction could be the
use and stimulation of seed predation by naturally occurring seed predators. In this report, the impacts
of seed predation on the population dynamics of two arable weeds, Stellaria media (L.) Vill. and
Chenopodium album L. are explored.
To gain insight into the population dynamics of the weeds, the relevant processes in the life cycle of
both species were studied in the literature. In this literature study the processes of germination,
emergence, natural seed mortality, plant growth, the effects of weed control and seed production were
described. Besides these processes, different aspects of weed seed predation were reviewed.
Based on this information, a simulation model was developed describing the population dynamics
of an arable weed in a crop rotation with winter cereals. This model was parameterised for both S.
media and C. album, resulting in the models STEMED3 and CHEAL respectively. The main elements
described by the model are: germination, natural seed mortality, emergence and fatal germination,
weed control, seed production and seed predation. The model has a layered soil structure to be able to
describe the effects of ploughing on the distribution of the seeds. The effects of crop rotation were
included by varying the efficiency of mechanical weed control with the grown crop. A preliminary
validation showed that the model was able to give a reasonable description of the weed density in
rotations and consequently included the essential population dynamical processes.
Sensitivity analysis revealed that the seed production is the most important parameter in the
population dynamics of both species. Other influential parameters include the germination and the
natural mortality for S. media and the fatal germination for C. album.
Although seed predation is not among the most influential parameters, its impact on the population
dynamics can be substantial. The effect of seed predation on seed bank size was found to be equivalent
to the effect of mechanical weed control on the plants. When seed predation is high, it can limit the
number of weed control actions that are needed to control the population. The proportion of seed
predation that is needed for long-term equilibrium was found to be within the range of values that
were found in the field. S. media appeared to be more vulnerable to seed predation than C. album.
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INTRODUCTION

In organic agriculture, the control of weeds by means of herbicides is rejected. As a consequence,
alternative weed control measures, like mechanical weed control, false seed bed preparation, hand
weeding or crop rotation are used. Recent work by Schotveld & Kloen (1996) and Mertens (1998)
indicates that these alternatives are not always successful. In particular well-adapted weed species with
a persistent seed bank such as Stellaria media are a problem. On organic farms, farmers spend an
average of 1500 hours on hand weeding, and they indicated that most of the time of hand weeding was
spend on S. media (Schotveld & Kloen, 1996).
The problems arise in the cereal crops. In organic agriculture in the Netherlands, winter wheat and
other cereals are usually grown twice within a crop rotation of six years (Vereijken et al., 1994). Due
to the length of the crop, weeds are not a real problem for cereals in terms of competition. In cereal
crops however, mechanical weed control is only possible before elongation of the stem (A. van
Delden, pers. comm.; Dierauer & Stoppler-Zimmer, 1994). Although the crop canopy closes, a lot of
weeds are able to set seed. The real problem arises in future rotational cycles, where the produced
seeds lead to a high weed density in more susceptible crops (Mertens, 1998). Therefore, reduction of
(input to) the seed bank should be a vital part of weed control.
A possible method of seed bank reduction is the use and stimulation of seed predation by naturally
occurring seed predators. Seed predation can cause considerable losses to the seed pool of plants in
natural ecosystems. High seed losses are reported frequently (e.g., Kjellson, 1985; Cardina et a!.,
1996; Andersson, 1998) and complete destruction of the seed yield also occurs (Crawley, 1992). Seed
predation might be a very useful tool in reducing the weed density in future rotational cycles. The
effects of seed predation on the population dynamics of weeds are not easy to foresee. The impact of
seed predation might be buffered by recruitment from the seed bank or by immigration of seeds from
elsewhere (Crawley, 1992).

Focus ofproject
The aim of this project is to explore the impact of seed predation on the population dynamics of
arable weeds. The first objective is to develop a model of their population dynamics. The model is
developed and parameterised for Stellaria media and Chenopodium album, on the basis of literature
information. These species are chosen as both are problem weeds (Van den Brand, 1985; Mertens,
1998) and both are known to be eaten by seed predators (e.g. Barney & Pass, 1986; Andersson, 1998).
The developed model will then be used to estimate the impact of seed predation on the population
dynamics of both species. Furthermore, sensitivity analyses of the model are used to identify the key
features in the life cycle of the weeds.
This project is done within the framework the PE project: 'Population dynamics of problem weeds
in arable fields with vegetated margins; the impact of seed removal in relation to the spatial dynamics
of seed predators.' by P.R. Westerman.

Outline
First the results of a literature study are presented, describing the important processes in the life
cycle of both weeds (Chapter 2) and the effects of seed predation (Chapter 3). In Chapter 4, the
process of model development is described. In Chapter 5, the results of the models are analysed, with
reference to the effects of seed predation. In the concluding Chapter 6, the results of the model are
discussed.
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LIFE CYCLE OF THE WEEDS

This chapter gives an overview of the life cycle of the annual weeds Stellaria media and
Chenopodium album. During its life, an annual weed will go trough several distinct stages (Figure
2.1). Ideally, it will germinate as a seed, emerge as a seedling to establish an adult plant, flower and
die after having set seeds which return to the ground (Cousens & Mortimer, 1995). A large part of the
individuals will not complete the life cycle within one season or will die due to intrinsic or extrinsic
factors. In this chapter several of those factors are described.
Since the focus of this study is on seed losses, the emphasis will be on processes affecting the seed
population. Seeds can be lost from the seed bank by germination, natural mortality (loss of viability)
and predation (Figure 2.1). Seeds that are not affected by these processes will remain in the seed bank.
The inflow of seeds in the seed bank is determined by burial of produced seeds.
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Figure 2.1 Schematic representation of the life cycle of an annual weed population, with emphasis on the seed phase. After
Cousens & Mortimer (1995).

In this chapter, the life cycle will be divided in two phases, the seed phase and the plant phase. For
both phases, some of the processes that affect them are described in more detail. Of the processes
affecting the seed phase, germination, emergence and natural seed mortality are described. For the
plant phase, growth, the effects of weed control and seed production are described.
As the final purpose of this literature study is to select the data that will be used as parameter values
in the model, each description of the processes will conclude by indicating the most usable parameter
value. In this perspective it should be noted that the time step of the model will be one year. Another
important factor in determining the most useful seed data for the model was the presence of
measurements over different depths since the final models will include a layered soil structure (for a
full description of the model, see Chapter 4).
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2.1

Life cycle of Stellaria 1nedia

Stellaria media (L.) Vill. (Caryophyllaceae) is a cosmopolitan species (Sobey, 1981). S. media is

highly variable in morphology, but in general it grows close to the surface, its diffusely branched
stems forming thick sods (Sobey, 1981; Grime eta!., 1988). It is predominantly an arable weed of
both cereal and broad-leaved crops. The species also occurs in a wide range of other habitats, but
always in association with recently disturbed, fertile soils, in which sense it is a typical "follower of
humans" (Grime eta!., 1988). S. media prefers shady sites on moist, nitrogen rich soils (Hanf, 1982;
Van den Brand, 1987).
S. media is a winter- or summer-annual plant (Grime et a!., 1988), able to germinate, flower and
produce seed throughout the year (Van den Brand, 1987). Although capable of vegetative reproduction
by fragmentation, S. media mainly reproduces by seed (Sobey, 1981). In temperate regions the plant
can form two, under favourable conditions even three generations a year (Van den Brand, 1987).
Spring-germinating plants may flower and set seed from May onwards, but tend to senesce during late
summer. Autumn-germinating plants may flower from the end of October and set seed from midNovember onwards. The autumn-germinating plants can survive the winter and tend to senesce in late
spring (Van den Brand, 1987, Grime eta!., 1988).
Seed phase
Germination

The ability of a seed to germinate is linked directly to the release of its dormancy. Dormancy
defines what conditions should be met to make the seed germinate. In other words, only when
dormancy is released, the seed has an opportunity to germinate. Dormancy can be classified in primary
and secondary dormancy. Primary dormancy is the dormancy of freshly shed seed. When primary
dormancy is released and suitable conditions are present, the seed germinates. If suitable conditions
are not present and no germination occurs, secondary dormancy may develop which can be released
andre-induced during many successive seasons (Vleeshouwers, 1997). The seeds of S. media have no
absolute primary dormancy, some of the seeds are able to germinate immediately after release from
the plant, while others do require a period of after-ripening (Sobey, 1981; Van den Brand, 1987). In
experiments by Roberts & Lockett (1975), after-ripening during dry-storage considerably increased
germination in seed samples with a low initial germination. Secondary dormancy does occur, but since
S. media is capable of emerging throughout the year, this is no absolute secondary dormancy (Van den
Brand, 1987).
The germination requirements as defined by the degree of dormancy, are highly variable for S.
media. They can vary between populations from different regions (Sobey, 1981; Christal eta!., 1997)
and different germination requirements were also found for two co-existing populations in The
Netherlands (Vander Vegte, 1978).
The most important requirements that should be met for germination are light, moisture and
temperature (Vleeshouwers, 1997). Recently shed seeds of S. media do not have a light requirement,
but can develop one when they age during burial (Sobey, 1981). At an intermediate (50%) moisture
contents of the soil buried S. media seeds have a high germination rate, whereas germination seems to
be inhibited by a low moisture contents (25%) (Van den Brand, 1987). The results cited by Holm eta!.
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(1977) however, indicate that S. media seeds were germinating well even when the soil moisture
contents dropped to 30%.
The temperature requirements for germination of S. media are not very narrow, as it is capable of
germinating throughout the year (Van den Brand, 1987). The temperature range for germination
ranges from 2-28 °C, with an optimum constant temperature within the range 12-20

oc (Roberts &

Lockett, 1975; Van den Brand, 1987; Grime et al., 1988). Furthermore, diurnally alternating
temperatures as used by Christal et al. (1997), are known to have a stimulating effect on the
germination of the seeds (Roberts & Lockett, 1975).
Besides the above mentioned requirements, germination seems to be stimulated by the presence of
KN0 3 in the medium (Roberts & Lockett, 1975)
The germination probabilities of S. media seeds that were found in the literature showed great
variability (Table 2.1 ), although it should be noticed that different methods were used in the different
studies. The low fractions of germination found by Semb T0rresen (1998) can be a consequence of the
method used. Semb T0rresen (1998) placed the seeds on soil, instead of determining the germination
in an artificial medium as was done in other studies. As the study cited by Holm et al. (1977) and the
study by Roberts & Lockett (1975) show, the medium in which germination tests are done is of great
influence on the outcome.
Considering the large influence of the medium on the germination probability, data used for the
model should be measured in presence of all stimulating factors i.e. nitrate and alternating light and
temperatures. In that way the circumstances resemble the field situation best. This condition is only
met by the data of Roberts & Lockett (1975) which is therefore selected as a model parameter.
Table 2.1 Germination fractions of S. media seeds as found in the literature.
Fraction
germination
0.66
0.04
0.06
0.00

Temp.
(°C)
20/10

Holm eta!., 1977

0.94
0.12
0.93
0.30

30/20

Froud-Williams, 1984

0.38

20110

8:16

Water

Christal et a!., 1997

0.43
0.34

20/15
10/5

14:10

Water

Reference
Roberts & Lockett, 1975

Light
(hrs L:D)
8:16
0:24

Additional information
KN0 3
Water
KN03
Water

l)

1 month old, KN0 3
1 month old, water
10 months old, KN0 3
10 months old, water

Semb T0rresen, 1998
I)

0.11
20/12
16:8
soil, buried <1 yr
0.08
soil, buried 3 yrs
In this column the medium in which the test was done as well as other relevant details are shown.

Natural seed mortality and seed bank decline
S. media seeds are able to remain viable over a long time. There are reports of seeds living for at
least 40 or even 60 years, although in field situations the viability is limited to shorter periods. In a
long-term experiment, the viability of buried seeds dropped from 91-97% in the first year, to 6-22% 10
years after burial. Sixteen years after burial, no viable seeds were found (Sobey, 1981 ). In the
literature, few experiments were found of which the natural seed mortality could be deduced (Table
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2.2). Mitze (1992) is the only author who used the tetrazolium method to determine the viability of the
seeds. In this method tetrazolium is used to stain living tissues in the seeds material. Seeds with
stained tissues are marked as viable. Furthermore, Mitze (1992) determined viability in an extremely
dry year, which probably influenced the fraction mortality. Roberts & Feast (1972) also found high
fractions mortality, probably a consequence of the duration of burial in their experiments. As the
results of Mitze (1992) show, the fraction mortality increases with age of the seeds. Roberts & Feast
(1972) tested viability after 5 years of burial, while the other authors determined viability after one
season.
Considering the unusual weather conditions in the experiments ofMitze (1992), and the time step of
the model, the fraction natural mortality of the seeds found by Proud-Williams eta!. (1984) is the most
usable fraction and will therefore be used in the model.
Table 2.2 Natural mortality fractions of S. media seeds as found in the literature. Unless indicated fractions are over one year.
Reference
Roberts & Feast, 1972 2

De th em
2.5
7.5
15

Fraction mortalit
0.35
0.64
0.66

Fraud-Williams eta!., 1984

0.16

Mitze, 1992

0.47
0.58

I)

Additional information

< 1 yr old
>1 yr old

l) Tetrazolium method used
2

)

Results over 5 years, undisturbed soil

More information was found on seed bank decline. Seed bank decline is caused by seed mortality
and germination of the seeds. Since none of the studies reported the fraction germination of the seeds,
seed mortality could not be deduced from them. Seeds of S. media form a persistent seed bank (Grime

eta!., 1988). When in a continuous wheat culture all emerged seedlings are removed, size of the seed
bank declines gradually with time, in 6 years to about 3-5% of the initial size (Miller et a!., 1998).
Experiments done in a succession of autumn-sown crops indicated that, when no return of seeds to the
soil is permitted, the time to 99% decline of the seed bank is 11.1 years. This indicates the persistency
of the S. media seed bank compared to other species, for which the time to 99% decline was between
4.3 and 6.5 years (Lawson eta!., 1993).
Furthermore, soil cultivation accelerates the decline of the seed bank (Roberts & Feast, 1973; Semb
T0rresen, 1998). In an experiment in which soil was cultivated three to five times a year, the annual
decrease in number of viable S. media seeds was 34%, whereas in undisturbed soil the annual decrease
was 19% (Roberts & Feast, 1973).
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Emergence

S. media is capable of emerging year-round, though it has distinct peaks in spring and autumn
(Figure 2.2) (Roberts, 1964; Sobey, 1981; Van den Brand, 1987). Time of emergence is closely
correlated with the time of soil cultivation. Van den Brand (1987) found more plants emerging in the
autumn, just after soil cultivation to a depth of 20 em. This is confirmed by Semb T0rresen (1998)
who found that autumn as well as spring ploughing lead to a peak in emergence. Spring and autumn
harrowing had similar effects, though resulting in a lower number of emerging plants (Semb T0rresen,
1998). Stimulating effects of soil disturbance on emergence of S. media where also reported by other
authors (e.g. Roberts & Feast, 1972, 1973; Froud-Williams et al., 1984).
An important factor influencing emergence is the depth of burial of the seeds. Before a seedling
100
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Figure 2.2 Field emergence patterns for S. media and C. album in The Netherlands. Average values over 4 seasons are
shown. Cultivation took place once a year in autumn. Total number of emerged S. media plants: 974, total number of
emerged C. album plants: 3883. After Van den Brand, 1985 and 1987

emerges, growth is completely dependent on the seed reserves. It is crucial that a seedling reaches the
surface while depending on its reserves. The process in which germination takes place at such a depth
that the seedling exhausts its reserves before reaching the surface is called fatal germination
(Vleeshouwers, 1997). In general, emergence reduces with increasing depth of burial. The maximum
depth of emergence depends on the species and is related to seed size. Within species, the maximum
depth of emergence is smaller in heavier soils (Spitters, 1989). Emergence is also reduced in soils with
a small soil aggregate size (Cussans et al., 1996).
While studies cited by Sobey (1981) and Van den Brand (1987) indicate there is little or no
emergence from depths below 2 - 2.5 em, the results in Table 2.3 show there is some emergence
possible from greater depths, though very little. The fractions found by Proud-Williams et al. (1984)
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for non-cultivated soil are higher for the deeper buried seeds than for the seeds on the surface.
According to the authors this effect might be due to an inhibitory effect of light upon the germination
of surface-sown S. media seeds.
The data of Roberts & Feast (1972) are not usable as parameter values for the model since they
were measured over a period of 5 years. Depending on the model structure, the data of Froud-Williams
et al. (1984) can be used when the effects of cultivation are included in the model, the data of Grundy
& Mead (1998) can be used when the model has a layered soil structure.
Table 2.3 Emergence fractions of S. media seeds over depth of burial in cultivated (+) or non-cultivated (-) plots. Unless
indicated fractions are over one year.
Depth of
Cultivation
Reference
burial em
Fraction emer ence
Roberts & Feast, 1972 1
0.64
2.5
0.30
7.5
0.19
15.0

Froud-Williams eta!., 1984

Grundy & Mead, 1998

l)

2.5
7.5
15.0

0.65
0.69
0.53

0
5.0

0.08
0.24

0
5.0

0.48
0.07

1.25
2.5
5.0
10.0

0.52
0.37
0.20
0.09

+
+
+

+
+

Results over 5 years

Another factor affecting the emergence is the growth stage of the crop. From field observations it is
known that in wheat, emergence of S. media only occurs when the crop is low. When the crop grows,
the closing of the canopy inhibits further emergence (S.K. Mertens, pers. comm.).
This field observation is supported by experimental results. When the crop canopy closes, the
red/far red ratio of the light that reaches the soil surface is reduced. This will influence the germination
since red light promotes germination, while far red light inhibits germination (Zweep & Van Ast,
1990). Zweep & Van Ast (1990) determined the influence of the red/far red ratios on the germination
of S. media and other weed species. The actual red/far red ratio depends on the leaf area index (LAI)
of the crop. Sattin et al. (1994) monitored the shift in red/far red ratios under wheat with different LAI.
The changes in LAI of wheat in the Netherlands were described by Boon-Prins et al. (1993). When the
results of these three studies are combined, it must be concluded that the germination of S. media
seeds will indeed be suppressed by the closing crop canopy.
Plant phase
Growth

The high relative growth rate of S. media plants can be seen as an adaptation to the arable habitat
(Sobey, 1981). The relative growth rate of seedlings varies between 2.0-2.4 week 1 (Grime et al.,
1988). The plant is tolerant to low light levels, but sensitive to water stress (Sobey, 1981; Van den
Brand, 1987). It grows luxuriant in nitrogen rich environments (Holm et al., 1977), a nutrient to which
12
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the plant is very sensitive (Sobey, 1981). Application of high levels of nitrogen, phosphorus and
potassium strongly enhance growth of S. media, a response which can partly explain the importance of
the plant as a weed (Sobey, 1981).
In competition with crops, S. media can be an effective competitor. It is capable of considerable
yield reduction in several crops, especially in autumn-sown crops (Holm eta!., 1977; Sobey, 1981;
Van den Brand, 1987). The outcome of competition depends on the plant:weed ratio and on the
relative time of emergence. In an experiment in which S. media emerged a week after carrots, the
weight of the carrots was increased by 75% in comparison to a situation in which both emerged
simultaneously (Sobey, 1981). Competition between plants is mainly concerned with the competition
for the capture of the essential resources for plant growth, i.e. light, water and nitrogen (Kropff & van
Laar, 1993). The effects of nitrogen levels on the outcome of competition were studied by J0msgard et
a!. (1996). In competition with winter wheat, plant biomass of S. media decreased with an increasing
level of nitrogen fertilisation due to increased competitiveness of the crop. A study by Franke (1998)
showed that in spring barley, S. media growth is limited by nitrogen levels, rather than by light
interception.
Weed control

On arable fields, cultivation and herbicides are among the most important extrinsic causes of
mortality (Cousens & Mortimer, 1995). Since this study is focussed on weeds in organic farming
systems, the effects of herbicides are not discussed here as organic farmers are restricted to mechanical
weed control and hand weeding.
In general, the effects of mechanical control on weeds are highly variable. They depend on the
weather, the growth stage of the weed, the soil type, the device used, the crop grown and the timing of
the control (D.A.G. Kurstsjens, pers. comm.; Dierauer & StOppler-Zimmer, 1994). Although S. media
is easily uprooted by mechanical control methods, the efficiency of mechanical control of S. media is
decreased by the ability of the plant tore-root when it is partially covered by soil (Sobey, 1981). An
overview of the effects of different mechanical control methods on S. media plants is given in Table
2.4.
Table 2.4 Effects of mechanical weed control on S. media plants as found in the literature.
Reference
Device
Fraction reduction
Hampl & Herrmann, 1987
Harrow
0.30-0.40

Additional information

Schmid & Steiner, 1987

Rigid-tine harrow
Hoe & harrow
Hoe
Brush weeder
Flame weeding

0.20-0.60
0.40-0.80
0.20-0.40
0.40-0.80
0.60- >0.80

Darwinkel et a/., 1993

Harrow

0.76
0.79
0.34
0.14

I pass, on 4 dates
2 passes, on 4 dates
4 passes, on 2 dates
4 passes, on !date

Wilson eta/., 1993

Harrow (drag)

0.05
0.20
0.44

down rows
across rows
down+across rows
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Table 2.4 continued
Reference
Wilson eta!., 1993

Device
Harrow (spring-tine)

Fraction reduction
0.24
0.16
0.37
0.40-0.60
0.60-0.80
0.60-0.80
0.60-0.80

Dierauer & St5ppler-Zimmer, 1994

Rigid-tine harrow
Hoe & harrow
Harrow
Brush weeder

Hofmann, 1994

Harrow

0.75

Davies eta!., 1995

Harrowcomb weeder

0.27
0.19

Additional information
down rows
across rows
down+across rows

1 time, autumn
1 time, spring

Taking the high variability of the effects of mechanical weed control into account, the fraction
reduction used in the model should ideally be determined under the conditions that the model
describes. In this case this would mean that they should be determined in organically farmed winter
wheat in the Netherlands. The data of Darwinkel et al. (1993) are the only data that meet this
condition. According to Mertens (1998) organic farmers use harrow and hoe up to 5 times a year in
cereals. The fraction reduction determined by Darwinkel et al. (1993) for using the harrow on 4
occasions corresponds best with the findings of Mertens (1998) and is therefore considered to be the
most appropriate value for the model.
Seed production

S. media is capable of producing seeds throughout the year (Van den Brand, 1987). Leguizamon &
Roberts (1982) examined the period of "seed rain", i.e. the period over which the seeds are released
from the plant, for various weeds. They found that the summer generation of S. media sheds its seeds
equally distributed over a period of 4 months, in contrast with other weeds that shed their seeds in a
shorter period. The small and light seeds are released from the plant by movement of the capsule by
wind, animals or other means (Sobey, 1981; Van den Brand, 1987).
Table 2.5 shows the number of seeds produced per plant as found by different authors. The low
values for seed production found by Leguizamon & Roberts (1982) are a consequence of their
experimental setup. They measured the size of the seed bank in December and it is probable that by
that time a lot of the seeds produced by the summer generation already germinated and emerged to
form the autumn generation.
Table 2.5 Number of seeds produced per plant for S. media as found in the literature.
Reference
Hanf, 1982

Seed production
(seeds.planr 1)
15000

Minimum
(seeds.planr 1)

Maximum
(seeds.planr 1)

Leguizam6n & Roberts, 1982

244

Sobey, 1982

2400

Van den Brand, 1987

15000

2400

20000

Mitze, 1992

2617

447

5521

Crop

none
13000

winter wheat

The number of seeds produced per plant is related to the plant size (Spitters, 1989; Cousens &
Mortimer, 1995). Since S. media is highly variable in size and morphology (Grime et al., 1988), the
number of seeds produced per plant shows great variability as well (Table 2.5). The main factor
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causing variation in seed production is (intra- or inter-specific) competition. In a situation with a high
plant density, the negative effects of competition will cause smaller plants and consequently a lower
number of seeds produced per plant. (Cousens & Mortimer, 1995; Kropff et al., 1996). The results of
Mitze (1992) are the only data found that explicitly state the presence of a crop, which is important
since the crop also competes with the weed thereby influencing the seed production. Since the model
describes the dynamics of S. media in winter wheat, this value will be used for model
parameterisation.

2.2

Life cycle of Chenopodiunt albu11t

Chenopodium album L. (Chenopodiaceae) is one of the most widely distributed weeds in the world
(Holm et al., 1977) and one of the most common weeds in the Netherlands (Van den Brand, 1985). It
is an erect, rigid plant, varying in length from 0.10 - 2.5 m (Williams, 1963; Van den Brand, 1985;
Grime, et al., 1988). Holm et al. (1977) ranked C. album as the world's worst weed of potatoes and
sugar beet, and it is also troublesome in wheat and maize. C. album is found in a wide range of
disturbed and fertile, nitrogen rich habitats (Grime, et al., 1977; Van den Brand, 1985). The plants
occur in groups and are seldom seen as a single plant (Holm et al., 1977).
C. album is a summer annual plant (Grime et al., 1988), which forms one generation a year. It
begins to flower in the end of June and sets seed from mid July to mid September. The plants tend to
senesce in the autumn (Van den Brand, 1985). Although some seeds can emerge in autumn, only
seedlings emerging in spring can survive to flower as the plants are killed by frost (Williams, 1963;
Grime et al., 1988).
Seed phase
The seeds of C. album show considerable polymorphism. Some seeds are brown with a thin seed
coat, most are black thick-coated seeds. Both these different forms may be found on a single plant,
while on the other hand single individuals or whole populations may have black seeds (Williams,
1963; Holm et al., 1977; Bouwmeester & Karssen, 1993). Apart from differences in morphology, the
different seed forms also show differences in dormancy (Bouwmeester & Karssen, 1993).

Germination
In the field, seeds of C. album show primary dormancy (Van den Brand, 1985), but since brown
seeds germinate directly and black seeds are dormant when shed (Bouwmeester & Karssen, 1993), this
is no absolute primary dormancy. Secondary dormancy of C. album seeds was extensively studied by
Bouwmeester & Karssen (1993). They showed that, regardless of the season, seeds of C. album
require a field temperature between 5 and 25 oc to germinate, assumed that moisture, light and
sufficient nitrate are available. Since field temperatures in the Netherlands overlap this temperature
range only from spring to late summer, this mechanism can explain the seasonal periodicity in
germination found in the field. Others reported a wider temperature range for germination in
laboratory tests. According to Van den Brand (1985), the seeds are able to germinate from 1 to 40 °C,
with an optimum constant temperature from 20 °C. As with S. media, diurnally alternating
temperatures have a stimulating effect on germination (Van den Brand, 1985).
15
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Besides temperature, light and moisture contents of the soil are other important requirements that
should be met for germination (Vleeshouwers, 1997). For C. album, nitrate availability is also an
important factor for germination (Bouwmeester & Karssen, 1993). The reports on light requirements
of C. album seeds are not unambiguous. Light has often been reported to be necessary for germination,
while experiments in Sweden showed a higher percentage germination in the dark (Williams, 1963;
Holm et a!., 1977; Van den Brand, 1985; Bouwmeester & Karssen, 1993). Nitrate was found to
increase germination (Williams, 1963; Holm, 1977; Van den Brand, 1985; Bouwmeester & Karssen,
1993) and nitrate and light were found to interact together, in that way stimulating germination even
more (Bouwmeester & Karssen, 1993). Germination of C. album is not very sensitive to moisture,
according to Van den Brand (1985) C. album seeds are able to germinate in soil with a low moisture
contents.
Besides differences in germination requirements of the two different seed forms, germination
requirements also vary between populations from different locations. Holm et a!. (1977) reported an
optimum germination temperature of 10 °C in India whereas in Canada 25 °C is optimum. Also on a
smaller scale differences in germination characteristics between populations exist, as Christal et a!.
(1998) showed for 18 C. album populations in the UK.
The variation in germination characteristics between populations was reflected in the germination
fractions found in the literature (Table 2.6), but the outcome of the experiments was also influenced by
the different methods used. For instance, Vleeshouwers (1997) tested germination in the dark, after
irradiation with red light for only 20 minutes. In this short period the phytochrome pigment is
converted to its active form, which facilitates germination. The short irradiation mimics the situation
in the field, where conversion to the active form takes place when the seeds are irradiated shortly
during soil cultivation. The results of Semb T0rresen (1998) show low fractions of germination,
probably due to the medium used in the experiment.
The germination probabilities determined by Vleeshouwers (1997) are the only data that were
measured over different burial depths and are therefore selected as a model parameter value.
Table 2.6 Germination fractions of C. album seeds as found in the literature.
Fraction
germination
0.32

Temp.
(°C)
20

Light
(hrs L:D)

Lonchamp eta!., 1988

0.56
0.13

15/10

12:12

buried 20 em
dry storage

Vleeshouwers, 1997 2>

0.38
0.20
0.00

20

0:24

KN03 , buried 0-5 em
KN0 3 , buried 5-10 em
KN0 3 , buried 10-15 em

Christal et al., 1998

0.71
0.44

20/15
12/7

14:10

water

Reference
Williams, 1963

Additional information

I)

Semb Tlimesen, 1998
l)
2

)

In

0.16
20112
16:8
soil, buried <1 yr
0.14
soil, buried 3 yrs
this column the medium in which the test was done as well as other relevant details are shown.

Germination tests were done in the dark, after irradiation with red light for 20 minutes.

Natural seed mortality and seed bank decline

Freshly shed C. album seeds have a high viability, varying from 92- 100%. When buried, C. album
seeds are able to remain viable over a long period, up to 30 or 40 years (Williams, 1963; Van den
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Brand, 1985). After 20 years of burial, still 65.6 % of the seeds was able to germinate (Williams,
1963), which indicates the existence of a persistent seed bank (Grime et al., 1988).
Table 2. 7 shows the various mortality fractions that were found in the literature. As with S. media,
the highest fractions were found by Roberts & Feast (1972) who determined mortality over 5 years.
Despite the longer period used by Van den Brand (1985), the fractions he found are considerably
lower then those found by Roberts & Feast (1972). Since Van den Brand (1985) did not give
additional information about how the fractions were obtained, it is not possible to determine the cause
of this difference.
From the mortality data in Table 2.7, only the fractions found by Vleeshouwers (1997) and
Lonchamp et al. (1988) were determined over one year. The data of Vleeshouwers (1997) were
selected as a model parameter value since these were measured over a depth of 15 em, instead of the
1.5 em over which Lonchamp et al. (1988) measured.
Despite that C. album seeds, like S. media seeds, are able to remain viable over a long time, the seed
bank declines more rapidly then that of S. media. In the experiments of Lawson et al. (1993), in which
no return of seeds to the seed bank was permitted, the seed bank of C. album took 6.3 years to a 99%
decline. Various studies show that seed bank decline is accelerated by soil cultivation (Roberts &
Feast, 1973; Semb T0rresen, 1998). The work of Clements et al. (1996) however, shows a different
pattern. In a com-soybean rotation, long-term mouldboard ploughed fields had a larger C. album seed
bank than no-tillage fields. In no-tillage systems most of the seeds are close to the surface, while in
ploughed fields the seeds are more or less homogeneously distributed over the soil. Clements et al.
(1996) suggest the difference in seed bank size can be explained by desiccation of the seeds close to
the surface in no-tillage fields or by an increased seed predation on these seeds.
These contrasting results emphasize that seed bank decline consists of two processes, as the faster
decline of the seed bank under cultivation found by the majority of the studies is probably due to a
higher emergence, while the increase of the seed bank found by Clements et al. (1996) is due to a
decrease in mortality or predation in cultivated fields.
Table 2. 7 Natural mortality fractions of C. album seeds as found in the literature. Unless indicated, fractions are over one
year.
Reference
Roberts & Feast, 1972

Van den Brand, 1985

I)

Depth (em)
2.5
7.5
15

2
)

Fraction mortality
0.34
0.39
0.23
0.10

Lonchamp eta!., 1988

1.5

0.09

Vleeshouwers, 1997
l) Results over 5 years, undisturbed soil

0-15

0.05

2
)

Results over 4 years

Emergence

Emergence of C. album starts in early spring, is greatest in May and continues during summer
(Figure 2.2), although there are also reports of a second emergence peak in August - September
(Williams, 1963; Roberts, 1964; Van den Brand, 1985). Emergence is positively correlated to soil
cultivation. When a single soil cultivation is done in autumn, the emergence peak of C. album is in
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May. Emergence in spring is advanced after an extra soil cultivation in early spring (Van den Brand,
1985). While the timing of emergence is not as sensitive to the timing of soil cultivation as with S.

media, soil cultivation does increase the amount of emerged C. album seedlings (Roberts & Feast,
1972, 1973; Semb T0rresen, 1998).
In general, the amount of emerging seedlings is negatively related to the burial depth of the seeds.
This relationship was also found for C. album (Table 2.8; Vleeshouwers, 1997). Van den Brand (1985)
stated that C. album can emerge from 0.5- 3 em. The emergence pattern found by Grundy & Mead
(1998) supports this, although they also found some emergence from 5 and 10 em depth. As with S.
media (Table 2.3), the fractions found by Roberts & Feast (1972) are higher then those found by
Grundy & Mead (1998) which can probably explained by the longer duration of the experiment of the
first authors. Furthermore, emergence of C. album seeds was found to be lower in soils with an
increased soil penetration resistance (Vleeshouwers, 1997).
The data of Roberts & Feast (1972) are not usable in the model, considering the time step of one
year. Therefore, the data of Grundy & Mead (1998) that were determined over this time span are
selected as model parameter values.
Table 2.8 Emergence fractions of C. album seeds over depth of burial in cultivated(+) or non-cultivated(-) plots. Unless
indicated fractions are over one year.
Reference
Roberts & Feast, 1972

1

Grundy & Mead, 1998

1
)

Depth of
burial em
2.5
7.5
15.0

Fraction emer ence
0.42
0.31
0.11

Cultivation

2.5
7.5
15.0

0.83
0.73
0.48

+
+

1.25
2.5
5.0
10.0

0.16
0.10
0.06
0.03

+

Results over 5 years

No information was found in the literature on inhibition of emergence of C. album in the field, but
the results of Zweep & Van Ast (1990) suggest that inhibition by the altered red/far red ratio of the
light might occur.

Plant phase
Growth
C. album shows considerable plasticity of growth in different type of crops. Under good conditions,
the plant may grow to a height of 2.5 m in crops as com, potatoes or sugar beets. When conditions are
less favourable, in particular in autumn-sown crops where light can be limiting in spring, the plants
stay smaller (Holm eta!., 1977; Van den Brand, 1985; Grime eta!., 1988). The relative growth rate of
C. album seedlings is smaller then that of S. media, and varies between 1.0- 1.4 week- 1 (Grime eta!.,
1988).
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Growth of C. album is best in nitrogen rich soils (Williams, 1963; Van den Brand, 1985; Grime et
al., 1988) and is further increased by applications of other nutrients such as phosphate. C. album is
relatively insensitive to water stress, but the plants are killed by frost (Williams, 1963)

C. album can be an effective competitor of various crops, especially in spring-sown crops as sugar
beet, com and potatoes. A field study by Kropff & Lotz (1992) showed yield losses in sugar beet up to
100%. In autumn-sown crops such as winter cereals, the direct effects of competition are less (Van den
Brand, 1985). In competition studies with wheat and kale, leaf area and biomass of both wheat and
kale were reduced by about 40% in the presence of C. album. When nitrogen was added, the
competitive advantage for C. album was even larger, which resulted in a 60% reduction of leaf area
and biomass of wheat (Welbank, 1959 in: Williams, 1963). In a field experiment in barley
contradicting results were found. In this experiment, C. album biomass was higher when nitrogen
levels were low. This was explained by the slower growth of barley under low nitrogen levels, thereby
allowing more light to penetrate the canopy, thus facilitating C. album growth. This would suggest
light is more important for C. album growth then access to nitrogen (J0msgard et al., 1996).

Weed control

Little information was found on the effects of mechanical weed control on C. album. We do know
that the effects of mechanical weed control are highly variable. Since only two references were found
for C. album, this variation is not very evident in Table 2.9. For modelling purposes the data of
Hofmann (1994) seem most appropriate since this author explicitly states one value instead of the
range of values reported by Hampl & Hermann (1987).
Williams (1963) reported an inability to of the plant to survive when cut or trampled in early stages.
This could imply a greater effect of damage due to mechanical control on C. album then on S. media,
which is able tore-root when it is uprooted or fragmented by mechanical control (Sobey, 1981).
Table 2.9 Effects of mechanical weed control on C. album as found in the literature.
Reference
Hampl & Herrmann, 1987

Device
Harrow

Fraction reduction
0.50-0.70

Hofmann, 1994

Harrow

0.74

Seed production

In the Netherlands, C. album starts to produce seeds in mid July and the first seeds are shed in the
beginning of August (Van den Brand, 1985). The "seed rain" period reaches its peak in the first part of
October and continues until November (Leguizamon & Roberts, 1982). Since C. album seeds have no
special means of dispersal, most of the seeds tum up in the vicinity of the mother plant (Van den
Brand, 1985).
The number of produced seeds varies per plant (Williams, 1963) and because the differences in
plant size can be large in C. album, there is great variation in seed production per plant (Van den
Brand, 1985). Large plants are able of considerable seed production, Van den Brand (1985) cites a
Finnish study in which a maximum seed production of 419000 seeds per plant was recorded.
Leguizamon & Roberts (1982) also found a very large seed production by a large, single growing
plant (Table 2.10). The variation of seed production with plant size is further illustrated by the results
of Clements et al. (1996), who presented their results separately for two size classes. Williams (1964)
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found a low seed production of plants grown in a higher density, also due to reduced plant size and
biomass.
Like for S. media, competition is the major source of variation in seed production for C. album. C.
album is known to have a high phenotypic plasticity with respect to height growth, which results in
smaller plants when competition is more severe (Kropff & van Laar, 1993). This high phenotypic
plasticity is reflected in the high variation in seed production per plant (Table 2.1 0). Amongst others,
the degree of competition is determined by the emergence time of the weed relative to the crop.
Mulugeta & Stoltenberg (1998) found lower seed production of plants that emerged after the
beginning of July in a community of annual weeds.
Considering the large effects of competition on weed seed production, a value of seed production
used in the model should ideally be determined in winter wheat. Unfortunately, no such data are
available. Mulugeta & Stoltenberg (1998) and Clements et al. (1996) were the only authors that
measured seed production of C. album in competition with other plants. The data of Mulugeta &
Stoltenberg (1998) are selected as parameter values since they determined seed production over the
entire season, whereas Clements et al. (1996) only measured seed production in the autumn.
Table 2.10 Number of seeds produced per plant for C. album as found in the literature.
Reference
Williams, 1963

Seed production
(seeds.planr 1)
3123

Williams, 1964

1683.2

Minimum
(seeds.planr 1)
20

Maximum
(seeds.planr 1)
3500

Crop

low density
(1 00 plants.m-2)
high density
(400 plants.m-2)

939.5
10-20

Holm eta!., 1977

Additional
information

13000
>20000

Hanf, 1982

3000

Leguizam6n & Roberts, 1982

52140

none

none

Clements et a!., 1996

29
375
99
3980

com

plants <30cm
plants >30cm
plants <30cm
plants >30cm

Mulugeta & Stoltenberg, 1998
Ia)
Ib)

Average of plants emerged from July
Average ofplants emerged before July

20

3604

soybean
85

Ia)

5950

!b)

other
weeds
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SEED PREDATION

Seed predation can occur at different stages in the life cycle of a plant. Seeds can be predated while
they are still attached to the plant (pre-dispersal) or after the shedding of the seeds (post-dispersal).
Pre-dispersal seed predation is mainly caused by specialised predators, whereas after dispersal the
seeds are on the ground and within the reach of a larger group of more generalistic seed predators
(Harper, 1977). After dispersal, the seeds can be predated on the soil surface or after burial when they
are incorporated into the seed banlc Studies on seed predation of buried weed seeds are scarce, the
majority of the studies on seed predation of weed seeds focuses on predation of seeds on the soil
surface. Therefore, this review will be limited to the effects and magnitude of aboveground seed
predation.
On arable fields, the main seed predators are mice, birds, carabid beetles and ants (e.g.: Mittelbach
& Gross, 1984; Kjellsson, 1985; Burst & House, 1988; Diaz, 1992). In organically farmed winter
wheat in the Netherlands, a recent field study has shown that seed losses due to predation are mainly
caused by wood mice, Apodemus sylvaticus and Carabids like Harpalus rujipes (P. R. Westerman,
pers. comm.).
A lot of research has been focussed on the magnitude of seed predation in different ecosystems. For
natural ecosystems, there are reports that high fractions (0.50 - 0.80) of the produced seeds are
predated (fraction of seed predation) and even complete destruction of the seed crop can occur
(Crawley, 1992).
Studies on seed predation in agricultural fields are less numerous. In Table 3.1, some fractions of
predation of weed seeds in agro-ecosystems are given. Table 3.1 shows a large variation between the
weed species. Different authors have suggested that the amount of seed predation is related to seed
size (e.g. Reader, 1993). This is confirmed by the results of Povey eta!. (1993) who found a higher
predation of the larger seeded species.

Table 3.1 Fractions of seed predation in agro-ecosystems as found in the literature.
Reference
Burst & House, 1988

Fraction seed predation
0.40la)

Weed
mixture of species

Crop
2

>

Soybean

0.15 1b)
Povey et al., 1993

0.51

Alopecurus myosuroides
Avenafatua
Bromus sterilis
Abutilon theophrasti
Bilderdykia convolculus
Chenopodium album
Matricaria perforata

0.33-0.59
0.55-0.66

Polygonum lapathifolium
Thlapsi arvense

0.17
0.28

Card ina et al., 1996

0.35
0.01-0.57

Andersson, 1998

0.75-0.85
0.50-0.60

Field margin of cereal crops
Com

Oats I Grass

no -tillage system
b) conventional tillage system

a

2

)

Ambrosia artemisiifolia, Amaranthus retroflexus, Cassia obtusifolia, Datura stramonium and wheat

Also within the same species the variation can be high (e.g. Cardina et a!., 1996). Results of a recent
survey by P.R. Westerman (unpublished) show that the percentage of predated weed seeds varies over
the season. At the start of the season, weed seed predation is high (up to 80%) but tends to decline
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towards the end of the season. This could be explained by a larger availability of other food sources
towards the end of the season.
Variation within species can also be caused by agronomic practices. Burst & House (1988) found a
higher fraction of seed predation in no-tillage fields than in a conventional tillage system. In a notillage system the seeds are not transported in the soil by soil cultivation which results in a increase of
the period that the seeds are vulnerable to predation.
Besides variation due to seed species, season and agronomic practice, variation can be caused by
other factors such as habitat, microhabitat and seed density (Hulme, 1994).
Unfortunately, no specific fractions of seed predation were found for S. media, although the weed is
known to be eaten by Carabids (Lund & Turpin, 1977; Barney & Pass, 1986). In a single experiment
by Mitze (1992), seed losses of S. media seeds in winter wheat were estimated at 99.7 %. Although the
author did not examine the fate of the lost seeds, the presence of the granivorous Carabid Amara

familiaris in the field suggested the involvement of seed predators.
For C. album, Andersson (1998) found that a fraction of 0.50 - 0.60 of seeds placed on the soil
surface was predated.
Although high seed predation rates are reported, these losses do not necessarily have a great impact
on the population dynamics (Harper, 1977; Crawley, 1992; Zhang eta!., 1997). Figure 3.1 illustrates
the impact of seed predation on the population dynamics. When seed density is low, as it is when plant
density is low, the effects of competition are minimal which will allow the majority of the seeds to
establish as a plant. Consequently, a reduction of the number of seeds by seed predation will reduce
plant recruitment from the seed bank. When seed densities are high, competition for access to a
suitable recruitment site is expected to occur (Crawley, 1992). These density-dependent processes
cause an extra source of mortality, and in this case, seed predation may remove the seeds that would
have died later on in competition (Harper, 1977).
In arable fields, plant density is limited by weed control and density-dependent processes play a
minor role. Hence, it is expected that seed predation will affect the population dynamics of weeds.
100
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Figure 3.1 Seed-limited plant recruitment. When seed is abundant, seed predation that reduces
the density from Nl to N2 has no effect on plant recruitment Rl. At low seed density, seed
predation that reduces density from N3 to N4 will cause a reduction in plant recruitment from
R2 to R3. Arrow indicates the situation in an arable field. After Crawley, 1992
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MODEL DEVELOPMENT

One of the objectives of this study was to develop a model describing the dynamics of a population
of annual, arable weeds, growing in organically farmed winter wheat. Since the main goal was to
estimate the effects of seed losses on the population, the model will be focussed on describing the
dynamics of the (soil) seed population.
A model is a simplified representation of the system it describes (De Wit, 1993), consequently
model development was aimed at keeping the model as simple as possible, without losing the realistic
value of it. The population dynamics of a weed can be modelled at different levels of complexity, e.g.
different in the level at which the model describes and at which it explains (Van der Weide & Van
Groenendael, 1990). To be able to estimate the effects of seed losses on the population and given the
available knowledge in the literature (Chapter 2), the model should be explanatory on the population
level and descriptive on the plant level. Such a model is based on the knowledge of processes on the
level of the 'individual', which explains the behaviour of the population.
A simple population dynamical model was used as a starting-point and extended with different
processes during development. The model was parameterised using information from the literature, as
presented in Chapter 2. The extension of the model was continued until the model was capable of
giving a realistic description of the population dynamics in the field, within the limits of the available
knowledge.
This chapter describes the process of model development for S. media; the final model is
parameterised for C. album as well.
For all models, the following assumptions are made:
•

Parameter values remain constant over time.

•

There is no migration of seeds into or from the field.

•

The field is ploughed once a year, before sowing of the crop.

•

Besides seed predation and seed mortality, no additional seed losses occur.

•

Seed production is not density-dependent. It is assumed that in practice, high weed densities are
not tolerated, so competition between the weeds will not occur, and will consequently not
influence the reproduction.

•

Plants emerge in the same period, after this period the closing crop canopy surpresses extra
emergence, which leads to a weed population of the same age class in which no cohorts can be
distinguished.

•

Reproduction goes entirely through seed, i.e. vegetative reproduction does not occur

The model was written using the Fortran Simulation Translator (FST) 2.0 (Rappoldt & van
Kraalingen, 1996). FST is a Fortran based simulation language that translates the FST statements into
a Fortran program. A FST program consists of three segments: INITIAL, DYNAMIC and
TERMINAL. The computations in these segments are performed before, during and after a simulation
run, respectively. The excerpts from simulation models given in this chapter, are all from the
DYNAMIC part of the FST-programs. For a full description of FST 2.0, see Rappoldt & van
Kraalingen (1996).
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Figure 4.1 Flow diagram of the life cycle of S. media as included in STEMEDl.

4.1

STEMEDJ

The global structure of this model was adapted from Spitters (1989). The original model describes
the dynamics of the seed population of wild oats (Avenafatua L.) in barley. It was modified to include
natural seed mortality, seed predation and weed control and was parameterised for S. media using
values derived from the literature. Figure 4.1 shows a flow diagram of the model STEMED 1, the used
parameter values are listed in Table 4.1. The time step of the model is one year.
Model description
In STEMED 1, the seed bank (SL) is exhausted by three processes; a fraction PM of the seeds dies

by natural mortality caused by loss of viability or by the effects of soil pathogens; a fraction PP is
predated and a fraction PG germinates. Of the germinated seeds (G), a fraction PFG dies by fatal
germination while a fraction PE emerges and gives rise to vegetative plants (PLTV). Of these
vegetative plants, a fraction KR is killed by weed control, whereas a fraction (1-KR) survives to
generative, mature plants (PLTG), which produce an amount of SP seeds per plant per year. All these
produced seeds (S) are incorporated into the seed bank. The annual increment of the seed population
in the soil, or the rate equation can then be written as:
(dSL I dt) 1 = (- PP- PM- PG)SL1 +(PG· PE ·(1- KR)SP)SL1

(Eq. 4.1)

The population dynamics of the weed are then described by the following equation:
(Eq. 4.2)
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Implementation of Equations 4.1 and 4.2 in the FST program STEMED1, results in the following
program lines in the DYNAMIC part (definitions of the abbrevations are given in Appendix II):

SL = INTGRL(ISL, RGR)
RGR =(-PP-PM-PG)*SL+S
S = PLTG*SP
PLTG = (1.-KR)*PLTV
PLTV = (1.-PFG)*G
G = PG*SL
Table 4.1 Parameter values derived from literature as used in STEMED1.
Parameter
Seed production (SP)
Fraction seed predation (PP)
Fraction natural mortality seeds (PM)
Fraction germination (PG)
Fraction emergence (PE)
Fatal germination (PFG)
Weed control efficiency I Kill rate (KR)

Value
2617.0
0.0
0.16
0.66
0.42
0.58
0.76

Unity
seeds.planr 1
year- 1
year- 1
year- 1
year- 1
year- 1
year- 1

Reference
Mitze, 1992
Froud-Williams et al., 1984
Roberts & Lockett, 1975
Proud-Williams et al., 1984
Proud-Williams et al., 1984
Darwinkel et al., 1993

The parameter values that were selected from the literature are given in Table 4.1. As was seen in
Chapter 2, the quantified life cycle characteristics show considerable variation. To be able to describe
the life cycle of the weed in a model, it was necessary to choose one value for each described process.
The most usable data were already indicated in Chapter 2, but are mentioned here again since some
adaptations were made to the data. Based on the described system and the general assumptions, the
following criteria for selection were used; preferably, a parameter value should be
•

determined over one year, equal to the time step of the model

•

determined in winter wheat, as the crop influences plant growth (Chapter 2)

•

determined under the assumed agronomic practices; e.g. in a system that is ploughed once a
year and in which mechanical weed control is applied.

Parameter values
From the values for seed production found in the literature (Table 2.5), only the value found by
Mitze (1992) was explicitly determined in winter wheat. Since the reproduction per plant is also
influenced by competition with the crop (Cousens & Mortimer, 1995), this value seemed most realistic
to the described system.
The parameter value for seed predation (PP) was set to zero during model development, as the
influence of seed predation on the population dynamics of S. media will be determined in the
sensitivity analysis (Chapter 5),
The fraction natural mortality of the seeds found by Froud-Williams eta!. (1984) seemed the most
usable fraction available (Table 2.2). The fractions found by Roberts & Feast (1972) were not usable,
as they were measured over 5 years. Mitze (1992) determined the natural mortality in an extremely dry
year which probably had an influence on the value.
The fraction germination determined by Roberts & Lockett (1975) was used in the model. Their
experimental setup resembled the field situation best, as all factors known to stimulate germination,

i.e. nitrate, alternating light and temperatures, were present.
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The fraction emergence was derived from an average of the results of Froud-Williams eta!. (1984).
These were the only results found in the literature (Table 2.3) that were determined over one year and
included the effects of soil cultivation. The latter is important since it was assumed that the field was
ploughed once a year. The average of the fraction emergence found by Froud-Williams eta!. (1984)
could not be included in the model directly. Their fraction emergence was calculated as the number of
emerged seedlings (PLTV in the model) divided by the number of seeds in the soil (SL).
Consequently, this fraction emergence also included germination (see Figure 4.1). The actual fraction
emergence as used in the model was estimated by dividing the value found by the latter authors by the
fraction germination found by Roberts & Lockett (1975).
From the large selection of kill rates found in the literature (Table 2.4), the fraction reduction of
0.76 found by Darwinkel eta!. (1993) was chosen because it was determined in winter wheat and it
corresponds well with the actual situation on organic farms in the Netherlands. According to Mertens
(1998) organic farmers use harrow and hoe up to 5 times a year in cereals. Darwinkel eta!. (1993)
determined the effects of harrowing on 4 occasions a year.

Simulation results
Simulations with STEMED 1 were run over a period of 10 years with an initial seed number of 100
seeds.m-2 • Due to the sequential structure of the model, the soil seed population increases by a constant
percentage per year, which results in an exponential growth of the population. Weed control is not
effective enough to keep the population at a low density. To keep the seed bank size at equilibrium, a
kill rate for mechanical control of0.99888 would be needed.
The size of the seed bank and consequently the plant density reaches such exceptional values (1.69
* 10 13 seeds.m-2 after 5 years, 2.84 * 1024 seeds.m-2 after 10 years) that the assumption of densityindependent seed production can not hold. It is evident that STEMED 1 does not give a realistic
description of the field situation.

4.2

STEMED2

In STEMED 1, the dynamics of S. media were simulated under a continuous culture of winter wheat.
In organic farming however, crops are alternated for a number of reasons. Among these are prevention
of pests and diseases, maintenance of the soil structure, supply of nitrogen and the control or
prevention of weeds. In crop rotations on organic farms, winter wheat or other cereals are grown in
two seasons out of six (Vereijken eta!., 1994).
In cereals, mechanical weed control is only possible before elongation of the stem, in further growth
stages of the crop mechanical weed control leads to damage of the crop (A. van Delden, pers. comm.;
Dierauer & Stoppler-Zimmer, 1994). In other, more open crops, the possibilities for mechanical
control are also better, i.e. mechanical weed control is also possible later on in the season. Hence,
mechanical weed control is expected to be more effective in other crops than cereals.

Model description
In order to simulate the situation on the organic farms, the effects of crop rotations on the
effectiveness of mechanical weed control are included in STEMED2. STEMED2 has largely the same
structure and parameters as STEMEDl, except the kill rate (KR) is now determined by the crop, (i.e.
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cereal or non-cereal). To simulate the rotation sequence, the function ROTATE is implemented in the
INITIAL segment, which returns 1.0 when a cereal crop is grown and 0.0 when a non-cereal crop is
grown. The rotation sequence simulated by the function ROTATE is based on the rotation sequence
advised by Vereijken eta!. (1994), i.e .in a crop rotation of six years, winter wheat or other cereals are
grown in the first and in the thrid year. In the intermediate and succeeding years, more open crops are
grown.
When a non-cereal crop is grown, it is assumed that mechanical weed control is able to keep the
population at an equilibrium level. This assumption mimics the practice of removing plants when they
are abundant, and not removing plants when they are rare (Wallinga, 1998). When winter wheat or
another cereal crop is grown, it is assumed that mechanical weed control (with an efficiency as found
by Darwinkel eta!. (1993)) is repeated until the plant density is under a maximum density as actually
found in the field. In an extensive survey on weed communities on organic farms in the Netherlands,
Mertens (1998) found a maximum average S. media density of 19.82 plants.m-2 • In STEMED2, this
density was set as the average plant density (AVGDEN) of the weed in cereal crops.
The kill rate is adjusted by the subroutine KILLRT (Appendix I) that compares the plant density
before weed control (PLTV) with the average density in practice (AVGDEN). If the PLTV is greater
then the average density, a loop is started that adjusts kill rate. The efficiency of mechanical control
(MECHEF) as found by Darwinkel eta!. (1993) is used as starting point for the loop. At the start of
the loop, the kill rate is equal to MECHEF, which is assumed to correspond with one mechanical
control action in the field. When one control action is not sufficient to reduce the plant density to
under the maximum density, a second control action is done. This process is repeated until the kill rate
is large enough to reduce the plant density to under the level of AVGDEN, or until the maximum of 4
controls per season is reached.
When one control action is done, the fraction of plants that survive is calculated by:
1.0-KR = 1.0- MECHEF

(Eq. 4.3)

KR = 1.0- (1.0- ME CHEF)

(Eq. 4.4)

which yields a kill rate of:

For two control actions, the fraction of plants that survive is calculated by:
1.0- KR = ( 1.0- MECHEF)* ( 1.0- ME CHEF) = ( 1.0- MECHEF)

2

(Eq. 4.5)

which yields a kill rate of:
KR

= 1.0-((t.O- MECHEF) 2 )

(Eq. 4.6)

When the kill rate is based on i control actions it is calculated according to Equation 4.7:
KR = t.o-((t.O- MECHEF)i)

(Eq. 4.7)

In addition to the incorporation of the effects of crop rotations on the effectiveness of weed control,
some major adjustments were made to the structure of the ground part. In STEMED 1, the different
factors that reduce the seed bank size, all act on the same moment. In the field, it is more likely that
germination takes place for a limited period of the season only, while mortality will probably play a
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role during the whole season. Furthermore, seed predation in STEMED 1 acts on the seed bank, while
the emphasis in this study is on predation of seeds on the soil surface.
To move seed predation from the seed bank to the surface, an extra surface layer (SL(O)) is included
in STEMED2 (Figure 4.2) in which no germination or mortality occurs. All produced seeds (S), are
included in SL(O), from which a fraction PP is predated. Before sowing of the crop, the seeds on the
surface are included in the seed bank (SL(l)). From the seeds in the seed bank, a fraction PG
germinates, after which a fraction PM of the remaining seeds is subject to mortality. Seeds that do not
germinate or die remain in the seed bank and survive until the next season.

Figure 4.2 Flow diagram of the life cycle of S. media as was included in STEMED2.

To be able to include the two layers in the model, the state and rate variables of the ground part of
the model are re-written as array-variables (Appendix I). Because the process of predation from SL(O)
and the processes of germination and mortality from SL(l) take place before soil cultivation, these
effects are first calculated in a temporary integral, after which the contents of SL(O) is shifted to SL(l).
The sequence of calculation in the model is as follows:
1. From the seeds present in the soil (SL(l)), a fraction PG germinates, from the remaining seeds a
fraction PM dies;
2. From the germinated seeds (G) a fraction PE emerges and establishes as vegetative plants (PLTV),
the remaining fraction PFG dies by fatal germination;
3. Of the vegetative plants (PLTV), a fraction KR is killed by weed control, the other plants survive
to generative plants (PLTG) that each produce an amount of SP seeds;
4. All produced seeds (S) tum up on the soil surface (SL(O)), from which a fraction PP is predated;
5. At the end of the season, the remaining seeds are included in the soil (SL(l)) by soil cultivation.
In FST, this results in the following program lines (for a description of the abbrevations used, see
Appendix II):
SL = INTGRL(ISL, RGR)

* calculation temp. intgrl
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TSL ( 0) = ( 1.- PP) * S ; ...
TSL(1:N) = (1.-PG(1:N))*SL(1:N)*(1.-PM(1:N))
After cultivation, the contents of SL(O) is added to SL(l ), and the final relative growth rates (RGR)
of both layers can be calculated:
TSL1 = TSL(1)+TSL(O)
RGR ( 0 ) = 0 . ; ...
RGR(1:N) = -SL(1:N)+TSL1
As can be seen in Appendix I, the rest of the life cycle is calculated similar to
STEMED1, with the above-mentioned change of variables to array-variables.

Simulation results

Simulations were run over 20 years, with an initial seed number of 100 seeds.m-2 • Figure 4.3a shows
that the seed bank grows rapidly, though not as fast in STEMED1. In STEMED2, increase of the seed
bank is not continuous due to the built-in crop rotation routine. Seed bank growth only occurs after
winter wheat is grown (e.g. year 1 and 3). Because of the reduced possibilities of weed control in
winter wheat, the plant density is able to increase rapidly, while in the non-cereal seasons, weed
control keeps plant density at an equilibrium level (Figure 4.3b). In the first season wheat is grown
(T=O), one mechanical control action is sufficient to reduce the plants under the maximum density. In
the following winter wheat seasons, the maximum of 4 controls a year are done. As can be seen in
Figure 4.3b, this is not sufficient to limit the increase of the plant density.
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4.3

STEMED3

The trajectories simulated by STEMED2 still show a rapid increase of both seed bank and plant
density, which does not comply with field situations and thus indicates that some influential processes
are still missing from the model.
The position of the seeds in the soil is a factor that may have a profound effect on the population
dynamics of the weed. In Chapter 2 it was seen that the probability of emergence is negatively related
to the burial depth of the seeds. A similar relationship is expected between burial depth and
germination probability. Seeds that are close to the surface are expected to have a higher germination
probability, as they are more exposed to germination stimulating factors as diurnally fluctuating
temperatures or nitrate ions (Roberts & Lockett, 1975).
In STEMED3, the effects of burial depth on germination and emergence of the weed and the
redistribution of the seeds by ploughing are included.
Incorporation of the seeds in the soil takes place mainly by means of soil cultivation. In the
described system, soil cultivation consists of ploughing. On organic farms, the depth of ploughing, and
consequently the maximum depth of the seeds, is 25 em (P.R. Westerman, pers. comm.). It is expected
that ploughing results in a increase of the seed bank at greater depths, since ploughing move the
majority of the newly produced seeds to the deeper soil layers (Cousens & Moss, 1990)
Model description

In STEMED3, the tilth is divided into 5 layers of 5 em each (SL(1 :5)), where each layer has its
own fraction germination (PG(1 :5)) and emergence (PE(1 :5) (Figure 4.4). Natural mortality of the
seeds is assumed to be the same for all layers, but the model offers the possibility of including specific
mortality fractions (PM(1 :5)) for each soil layer. The structure of the aboveground part of the model
remains unchanged with respect to STEMED2. The parameter values for STEMED3 are given in
Table 4.2.
Table 4.2 Parameter values of STEMED3 as derived from literature.
Parameter
Seed production (SP)
Fraction seed predation (PP)
Fraction natural mortality seeds
0- 25 em (PM(1 :5))
Fraction germination
0- 5 em (PG(l))
5 - 10 em (PG(2))
10-25 em (PG(3:5))
Fraction emergence
0-5 em (PE(1))
5- 10 em (PE(2))
10- 25 em (PE(3:5))
Fatal germination
0- 5 em (PFG(1))
5- 10 em (PFG(2))
10-25 em (PFG(3:5))
Weed control efficiency (MECHEFF)
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Value
2617.0
0.0

Unity
seeds.planr 1
year- 1

Reference
Mitze, 1992

0.16

Proud-Williams eta!., 1984

0.66
0.35
0.0

after Roberts & Lockett, 1975

0.68
0.56
0.0

after Grundy & Mead, 1998

0.32
0.44
0.0
0.76

after Grundy & Mead, 1998

Darwinkel et al., 1993
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No specific data were found on the decrease of the fraction germination of S. media seeds with
burial depth. The values in Table 4.2 were derived from the fraction germination found by Roberts &
Lockett (1975). It is assumed that the fraction germination of the seeds in the first soil layer (SL(l)) is
equal to the fraction found by Roberts & Lockett (1975). To be able to calculate the fraction
germination of the seeds in the subsequent soil layers, it is assumed that S. media seeds show the same
trend of a decreasing germination with increasing burial depth as was found for C. album by
Vleeshouwers (1997). To apply this trend on the fraction germination found by Roberts & Lockett
(1975), the ratio between the germination of the different soil layers for C. album was used to
calculate the germination of S. media seeds in the subsequent soil layers. Together with the fixed
fraction mortality, these fractions describe the fate of seeds in the seed bank (Figure 4.5a).
It was assumed that no germination of S. media seeds occurs from depths greater then 10 em
(SL(3:5)). Seeds in these soil layers are only subject to natural mortality and the remaining fraction
stays viable until the next season (Figure 4.5a).
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Figure 4.5 Fate of S. media seeds in the soil in STEMED3. a) Fate of seeds in each layer of the seed bank. Fraction germination (PG),
fraction mortality (PM) and the fraction of remaining, viable seeds. b) Fate of germinated seeds in each layer of the seed ban1<.
Fraction emergence (PE) and fraction fatal germination (PFG).

The emergence fractions used in STEMED3 are derived from the emergence fractions of Grundy &
Mead (1998) as their data included the influence of burial depth on emergence. Their data were first
adapted to the soil layers that are used in the model. Like the fraction emergence of Froud-Williams et
al. (1984) that was used in STEMED2, Grundy & Mead (1998) calculated the emergence as the

number of emerged seedlings (PLTV) divided by the number of seeds in the soil (SL(l :N).
Consequently, their data also included a fraction germination. To obtain the emergence as used in the
model, their data were divided by the fractions of germination that were derived above. The fraction
fatal germination is complementary to the fraction emergence, since germinated seeds that do not
emerge are all subject to fatal germination (Figure 4.5b).
In addition to the influence of burial depth on the fate of seeds in the soil, the effects of ploughing
are included in STEMED3. Ploughing results in an inversion of the soil layers, and consequently a
redistribution of the seeds in those layers (Cousens & Moss, 1990). The redistribution of the seeds is
included in STEMED3 according to a matrix for seed movement in the soil reported by Cousens &
Moss (1990) and was adapted to a tilth of25 em by Kremer (1998) (Eq. 4.8):
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Soil layer before
0-5 5-10 10-1515-20 20-25
0.00 0.14 0.24 0.28 0.26

0-5
5-10

Soil layer after

0.08 0.20 0.24

0.20 0.07

10-15

0.37 0.29

0.21

0.13

0.06

15-20
20-25

0.40 0.26 0.17

0.15

0.18

0.14

0.24 0.42

0.14

0.10

(Eq. 4.8)

Before the field is ploughed, seeds from the surface (SL(O)) are incorporated in the first soil layer
(SL(l)), after which the seeds are redistributed by ploughing according to the matrix. The
redistribution of the seeds is included in the FST program in the following way:
* calculation final RGR after ploughing
* plough-routine after Kremer, 1998
RGR(O)
0. ; ...
RGR (1)
-SL(1)+0.*TSL1+0.14*TSL(2)+0.24*TSL(3)+0.28*TSL(4)+
0.26*TSL(S) ; ...
RGR (2)
-SL(2)+0.08*TSL1+0.20*TSL(2)+0.24*TSL(3)+0.20*TSL(4) ...
+0.07*TSL(S) ; ...
RGR (3)
-SL(3)+0.37*TSL1+0.29*TSL(2)+0.21*TSL(3)+0.13*TSL(4)+
0.06*TSL(S) ; ...
RGR(4) = -SL(4)+0.40*TSL1+0.26*TSL(2)+0.17*TSL(3)+0.15*TSL(4)+
0.18*TSL(S) ; ...
RGR(S:N) = -SL(5)+0.14*TSL1+0.10*TSL(2)+0.14*TSL(3)+ ...
0.24*TSL(4)+0.42*TSL(S)

The rest of the program is identical to STEMED2 (Appendix I), with the exception of the
ARRAY_SIZE, which is now set to 5, and the parameter values that are now specified for each soil
layer.
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33

Population dynamics of Stellaria media and Chenopodium album

Simulation results

Simulations with STEMED3 were run over 20 years, with an initial seed number of 100 seeds.m-2
in each soil layer and consequently a total seed bank size of 500 seeds.m-2 • Changes in the seed bank
size show roughly the same patterns as with STEMED2. Increase of the seed bank only occurs in
seasons after wheat cropping seasons (Figure 4.6a). The increase of the seed bank however, is smaller
than in the preceding model. Although the initial number of seeds was 5 times higher than in
STEMED2 that started off with 100 seeds.m-2, the size of the seed bank after 20 years is considerably
smaller. The same applies to the plant density after 20 years, which is about 30 times lower than was
simulated by STEMED2 (Figure 4.6b). The simulated trajectory of the plant density, as well as that of
the seed bank size, show more fluctuations under the non-winter wheat crops then in the preceding
model.
Both the fluctuations and the reduced growth are an effect of the layered structure of the seed bank
and the built-in plough-routine. As seedlings are only recruited from the first two soil layers, the rest
of the seed bank acts as a buffer for seeds. This buffering effect is amplified by ploughing, as the
largest part of the produced seeds is shifted to the lower three soil layers where they do not attribute to
the emerging seedlings. Besides suppressing the plant density, ploughing also causes fluctuations.
When non-cereal crops are grown, the value of the kill rate is such that would keep the plant density at
a long-term equilibrium. Ploughing results in an unequal distribution of seeds over the soil layers and
consequently there is a fluctuating fraction emergence of the total seed bank. In years with a larger
fraction emergence, the kill rate under the non-cereal crops is not sufficient to keep the density at
equilibrium, whereas in years with a smaller fraction emergence, the kill rate in non-cereal years
actually reduces plant density.
On the long-term, population growth still shows a considerable increase. In year 20 plant density
reaches more then 200 plants.m-2 • However, during the first 10 years, plant density stays at realistic
levels. In this period, simulated plant density exceeds the maximum average density of 19.82
plants.m-2 (Mertens, 1998) two times, in year 6 (21.36 plants.m-2 ) and in year 8 (35.79 plants.m-2).
The simulation results on the long-term are not yet optimal. The addition of processes like densitydependent seed production or plant survival may enhance model performance, however the
information needed to extend the model with more detailed processes is not available from the
literature.
Considering the limitations in knowledge and the results of the model during the first 10 years of
simulation, which resemble actual field densities of S. media, no further detail was added to the model.

4.4

CHEAL

The adaptations made to the S. media models in the previous sections primarily concerned the
incorporation of agronomical practices. It is likely that they are necessary for an adequate description
of C. album as well, considering their large influence on the population dynamics of S. media.
Therefore, the structure of the model CHEAL is identical to the final S. media model STEMED3,
which is parameterised with the relevant C. album parameters (Table 4.3).
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Table 4.3 Parameter values of CHEAL as derived from literature.

Parameter
Seed production (SP)
Fraction seed predation (PP)
Fraction natural mortality seeds
0-25 em (PM(1:5))
Fraction germination
0-5 em (PG(1))
5 - 10 em (PG(2))
10-25 em (PG(3:5))
Fraction emergence
0- 5 em (PE(1))
5- 10 em (PE(2))
10- 25 em (PE(3:5))
Fatal germination
0- 5 em (PFG(l))
5- 10 em (PFG(2))
10-25 em (PFG(3:5))
Weed control efficiency (MECHEFF)

Value
3604.0
0.0

Unity
seeds.planr 1
year- 1

Reference
Mulugeta & Stoltenberg, 1998

0.05

year- 1

Vleeshouwers, 1997

0.38
0.20
0.0

year- 1

Vleeshouwers, 1997

0.35
0.29
0.0

year- 1

after Grundy & Mead, 1998

0.65
0.71
0.0
0.74

year- 1

after Grundy & Mead, 1998

year- 1

Hofmann, 1994

Parameter values

As was seen in Chapter 2, C. album shows great variation in plant size and consequently in seed
production. Because the plants are growing in competition with the crop, a very high seed production
as found with single growing plants does not occur. Unfortunately, no sources where found that
describe C. album seed production in winter wheat. From the available references, only two measured
C. album seed production in competition with other plants. Clements et al. (1996) determined seed
production in corn and soybean, Mulugeta & Stoltenberg (1998) in a community of other weeds. The

seed production determined by latter authors was used in CHEAL, because their value was based on
seed production over the season, which is important since seed production tends to vary with the
competition position of the weed in relation to the crop. In contrast Clements eta!. (1996) determined
seed production only in the autumn when the effects of competition are more severe.
Like in the S. media models seed predation was initially set to zero, as the influence of seed
predation will be determined in the sensitivity analysis (Chapter 4).
The soil seed bank in CHEAL is divided into 5 layers with different germination characteristics
(Figure 4.4). The germination probabilities by Vleeshouwers (1997) were the only reference that
determined germination over different burial depths. Seeds buried at 10 - 15 em depth showed no
germination and it was assumed that at greater depths no germination occurs, as the circumstances for
germination decline with increasing depth (Vleeshouwers, 1997). In the same experiment,
Vleeshouwers also determined the natural mortality of the buried seeds. When the effects of these two
processes are combined, the fate of seeds in the seed bank can be described (Figure 4.7a)
The probabilities of emergence are derived from the emergence data found by Grundy & Mead
(1998). Their data was adapted to the soil layers as used in the model and as their values included
germination, divided by the germination fractions found by Vleeshouwers (1997). This adaptation is
similar to the adaptation made to the emergence fractions that were used in STEMED3. Together with
the complementary probability of fatal germination, the probability of emergence describes the fate of
germinated seeds in the soil (Figure 4. 7b ).
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Only two efficiencies of mechanical weed control on C. album were found in the literature (Table
2.9). The efficiency estimated by Hofmann (1994) is included in the model, since this was the only
source that explicitly stated one efficiency instead of a range of efficiencies. The other parameter
determining the weed control, the average plant density in practice (AVGDEN), is set to 0.24
plants.m-2 (Mertens, 1998).

Simulation results

To be able to compare the outcome of the model CHEAL with the model STEMED3, simulations
with both models were run with identical initial values. The simulations were run over 20 years, with
an initial seed bank size of 500 seeds.m-2 •
Both the simulated seed bank size (Figure 4.8a) and the simulated plant density (Figure 4.8b) show
the same patterns as the results of STEMED3. This resemblance is due to the identical model
structure. Because of the different characteristics of C. album, as expressed in the parameter values,
the levels of plant density and seed bank are considerably lower then were simulated for S. media. The
lower plant density is a result of the lower average density (AVGDEN) as used in the weed control
routine. Because of this lower plant density, the input to the seed bank is also reduced, which results in
a smaller seed bank size after 20 years.
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4. 5

Evaluation

In this section, an attempt is made to evaluate the models STEMED3 and CHEAL. Preferably,
validation should consist of the comparison of the model predictions with data from independent
experiments (Cousens & Mortimer, 1995). Unfortunately, suitable data on the long-term dynamics of
the seed bank of the two species were not found in the literature. Nevertheless, it is possible to
compare the model predictions of the seed bank with available data on seed bank decline.
Furthermore, the model predictions on plant density after control are compared with the data of
Mertens (1998).
Seed bank decline

The model predictions on seed bank decline were validated by comparison with data from two
studies. The first comparison was made with the data of Lawson et al. (1993). They determined seed
bank decline under in annually ploughed fields on which autumn sown crops (mainly winter wheat)
were grown by monitoring seed densities over a period of 3 and 4 years during which no return of
seeds to the soil was allowed.
For comparison the depth of tilth in the model was adapted to 20 em, the ploughing depth in the
experiment. The kill rate was set to 1.0 to allow no return of seeds to the soil.
In Figure 4.9, the results of the experiments of Lawson et al. (1993) were combined with the model
outcome for both species. Two graphs (Figure 4.9a; c) are given for S. media since the authors
determined seed bank decline for this species in two separate experiments. The general trend is that
the model underestimates the seed bank size. However, the experimental results are not unambiguous.
The 4-year experiment (Figure 4.9a) shows a steeper seed bank decline in the first year than the 3year experiment (Figure 4.9c). Due to an experimental error, the 4-year experiment shows an increase
of the seed bank in the last year. An increase is also found in the experimental data for C. album
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(Figure 4.9b ). Compared to these data, the predicted trajectory of C. album overestimates the seed
bank size.
For the second validation of seed bank decline, the data of Chancellor (1986) were used. The author
monitored the decline of the S. media seed bank in a former arable field during a period of 20 years.
During this period the field was sown with grass. The grass was frequently mown, thereby preventing
seed return to the soil, but no soil cultivation took place. On five occasions, the number of viable seeds
in the first 20 em of the soil was determined.
Depth of the seed bank in STEMED3 was adapted to 20 em and the ploughing-routine was disabled
to simulate no-tillage. The simulation was run with a kill rate of 1.0, to simulate no return of seeds to
the soil.
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Figure 4.10 Comparison of the model predictions (solid line) for S. media with data on
seed bank decline of Chancellor (1986) (triangles). The model was run with a soil depth of
20 em and KR=l.O

Compared with these data, the model underestimates seed bank size in the first year, but it
overestimates the seed bank size in the succeeding years (Figure 4.10). Nevertheless, both model and
experimental results show a comparable decline. Although the model predictions and the data of
Chancellor (1986) coincide, it should be mentioned that considering the highly variable parameters,
this similarity is probably based on coincidence. Unfortunately, the author measured seed bank size
only in the first three and the last two years, so the trajectory in the intermediate years remains unclear.

Plant density
To get an impression of the correctness of the model predictions on plant density, the outcome was
compared with data on weed density in a 6:2 rotation as determined by Mertens (1998). Although the
absolute S. media density could not be derived from this data, a comparison was made with the overall
weed density to see to what extent the model is able to simulate the plant density under the rotations. It
should be noticed that this is no independent validation as the data of Mertens (1998) were used in the
model for the average weed density in practice (AVGDEN).
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Both model outcome and experimental data are presented as the proportion of weeds contributed by
each year in the rotation to the total weed density of the 6-year rotation cycle (Figure 4.11). The sum
of the proportions over the six years of the rotation cycle is 100%.
In the model, the years in which winter cereals are grown contribute most to the total S. media
density. The same pattern is found for the overall weed density in the experimental results.
The experimental results are based on the mean weed density over five farms, which causes
variation in the rotation sequence. On two of the farms, sugar com and a grass-clover mixture were
grown in the first year, instead of winter cereals (Mertens, 1998) which reduced the mean weed
density in that year. This variation can explain the deviation of model results with the experimental
data, as the model assumes that only winter cereals are grown in the first and third years of the rotation
cycle.
Despite the deviation between experimental data and model outcome, the simulated S. media
densities roughly follow the same pattern as was found for the overall weed density in the field.
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5
5.1

ANALYSIS

Sensitivity analysis

A sensitivity analysis was performed to estimate the influence of the various parameters on the
model outcome. The reference situation was a population starting with 500 seeds and growing in a 6:2
rotation cycle. Sensitivity was analysed by varying each parameter within the range of 10% above and
below its initial value. The sensitivity was measured by the proportional changes in the total seed bank
size (SUMS) after 20 years of simulation and quantified using Equation 5.1:
[ ( Ll 0) I

0] I [ ( LlP) I

(Eq. 5.1)

P]

in which ~0 is the change in output caused by aM change in the parameter, 0 is the value of the
original output and P the value of the original parameter (Cousens & Mortimer, 1995). To be able to
estimate the influence of seed predation (PP) on the model, the value of this parameter was arbitrary
set to 0.25 in the reference simulation. It should be noticed that except the seed production (SP), all
parameters are fractions ranging from 0 - 1.
The sensitivity analysis was started with the models STEMED3 and CHEAL. However, the build-in
weed control subroutine, which adapts the kill rate (KR) to the level of emerged plants (PLTV),
caused unpredictable fluctuations in the seed bank trajectory (Figure 5.1). This behaviour makes it
impossible to quantify the sensitivity of the model to a parameter at a certain moment properly.
This unpredictable behaviour can be explained as follows. When a parameter like the seed predation
is increased, the number of emerging plants is reduced. If this reduction is large enough, the
subroutine KILLRT lowers the kill rate (i.e. the number of controls i is reduced; see Equation 4.7),
which consequently leads to an increase of the seed bank. In Figure 5.1 can be seen that this behaviour
can lead to a higher seed bank level in simulation runs with a higher seed predation. In this way, the
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simulated trajectories are primarily the result of the adapted kill rates, instead of the changed
parameter values. To exclude this influence of the subroutine from the sensitivity analysis, the
calculated kill rates were replaced by fixed kill rates. This was done in such a way that the models
would emulate the kill rates that were calculated in the reference situation.
Table 5.1 Results of the sensitivity analysis. Sensitivities indicate proportional change in total seed bank size per unit percent
change in parameter value
Parameter

Seed production (SP)
Natural mortality seeds (PM)
Germination probability
0-5 em (PG(1))
5 - 10 em (PG(2))
Natural mortality germinated seeds
0- 5 em (PFG(l ))
5 - 10 em (PFG(2))
Seed predation (PP)

Predicted sensitivities
S. media
Initial

C. album

Initial

value

-10%

+10%

value

-10%

+10%

2617
0.16

-4.81
2.95

8.46
-2.31

3604
0.05

-3.14
0.89

4.36
-0.82

0.66
0.35

-2.80
-0.92

3.70
1.27

0.38
0.20

-1.47
-0.48

1.69
0.50

0.32
0.44
0.25

2.71

-1.72
-1.41

0.65
0.71

-1.92

0.25

6.34
2.73
1.30

-4.08
-2.19
-1.16

1.38
2.32

The parameters to which the seed bank of S. media is the most sensitive are the seed production
(SP), the germination probability from 0-5 em (PG(l)) and the natural mortality of the seeds (PM).
The seed bank of C. album is most sensitive to changes in the seed production and the fatal
germination of seeds from 0-5 em (PFG(l)) and from 5-10 em (PFG(2)).
With the exception of fatal germination (PFG(l :N)), S. media tends to be more sensitive to
parameter changes than C. album (Table 5.1). For both species, the seed bank size is more sensitive to
parameter changes that benefit the weed, i.e. that would lead to a higher weed density. For instance, S.
media is almost twice as sensitive to a 10% increase in seed production (SP) than it is to a decrease by
the same amount (Figure 5 .2). This effect will amplify itself over time due to the exponential character
of the model. This effect is also present in most other parameters, as is shown for instance in Figure
5.3 for the probability of fatal germination in the first soil layer (PFG(l)) for both species.
The seed bank of both species is most sensitive to the seed production (SP). Changes in this
parameter cause a direct change to the influx of seeds to the seed bank. Although C. album has a larger
seed production, it is less sensitive to changes in the seed production than S. media. This can be
explained by the larger buffer function of its seed bank. Because of the lower germination and natural
mortality probabilities of C. album, a large fraction of the seeds remain in the seed bank (see also
Figures 4.6a & 4.8a). The buffer capacity of the seed bank of S. media is smaller, due to a higher
fraction of germinating seeds (PG(1 :N)). When the input to the seed bank is reduced, the seed bank of
S. media is depleted faster than the C. album seed bank. This effect can explain the higher sensitivity
of S. media to changes in the seed predation (PP).
The seed bank of S. media is also sensitive to the germination probability from 0 -5 em (PG(l)).
Because this is the soil layer with the highest fraction emergence, its contribution to the plant density
and consequently to the seed production and seed bank size in the next time-step is large.
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Figure 5.2 Sensitivity of S. media seed bank size to changes in seed production
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Figure 5.3 Sensitivity of the seed bank size of S. media (solid line); and C. album
(dashed line) to changes in fatal germination 0-5 em (PFG(l)).

The relatively high sensitivity of the seed bank of S. media to the natural mortality of the seeds
(PM) can be understood when it is considered that this parameter acts on all soil layers, in other words
on the whole seed bank. Any changes in this parameter will affect the size of the seed bank directly.
C. album is very sensitive to changes in the natural mortality of germinated seeds (PFG(l:N)) and

especially sensitive to the fatal germination probability of the seeds in upper 5 em of the soil (PFG(l)),
which can be explained by the high initial value of this parameter. Although the initial value of
PFG(2)) is larger, PFG(l) has a larger effect on the seed bank size because the germination probability
of seeds from the upper 5 em (PG(l)) is larger then that of seeds located between 5 and 10 em
(PG(2)). In contrast with S. media, the model for C. album is the least sensitive to the natural mortality
of seeds (PM).
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In general, the sensitivity of the seed bank to the parameters in the model seems to be determined by
two factors. The initial value of a parameter determines a large part of the sensitivity. When a
parameter has a large initial value, its effect on the life cycle of the plant will also be large and
consequently a change in such a parameter will have a larger effect then a change in a parameter with
a smaller initial value. Yet, the initial value is not the only factor determining the sensitivity of the
model, as was seen by the natural mortality of the seeds (PM) of S. media. This parameter acts on all
the soil layers, thereby increasing the models' sensitivity to it. The same applies to seed production
(SP) which also acts directly on the whole seed bank. Both species tend to be sensitive to this
parameter. Therefore, apart from the initial value, the number of soil layers a parameter acts on also
seems to determine the models' sensitivity.

5.2

Effects of seed predation

The sensitivity analysis (Chapter 5.1) showed that S. media is more vulnerable to seed predation
then C. album. The difference in sensitivity was explained by the limited buffer capacity of the seed
bank of S. media, due to the higher germination and mortality probabilities of S. media seeds. The
higher sensitivity of S. media to seed predation is further illustrated by Figure 5 .4. In this figure, the
simulation results of STEMED3 and CHEAL are given for a range of predation fractions. The same
fraction of seed predation results in a bigger proportional reduction of the S. media seed bank after 20
years then in the C. album seed bank. For instance, a constant fraction seed predation of 0.2, reduced
the S. media seed bank over 20 years to 23% of its size compared to a situation in which no seed
predation occurs. For C. album, this fraction of seed predation results in a reduction of the seed bank
size to only 40%.
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The difference in sensitivity to seed predation also shows in the fraction of seed predation needed
for a long-term equilibrium of the seed bank levels (Figure 5 .5). Due to the effects of crop rotation and
ploughing, the seed bank density will never reach one equilibrium level, but tends to oscillate around
the equilibrium in 'stable limit cycles'. For long-term stability ofthe seed bank, a fraction of0.472 of
the newly produced seeds of C. album needs to be predated, while the S. media seed bank is stable
when a fraction of0.390 of these seeds are predated.
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Figure 5.5 Simulated seed bank equilibrium trajectories of a) S.media, fraction seed predation PP=0.390 and b) C. album,
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Apart from these long-term effects, the effects of seed predation can also be considered on a more
short-term scale. When seed predation is considered in relation to weed control, the two processes
appear to have a complementary effect on the S. media seed bank (Figure 5.6a). If the fraction of
predated seeds is equal to the efficiency of the mechanical weed control (i.e. both have the same
value), seed predation can fully replace a weed control action. The combined effect of the two
processes on the seed bank is equal to the effect of two weed control actions. In other words, the effect
of seed predation on seed bank size is equivalent to the effect of weed control. Both factors influence
the input to the seed bank, but at a different stage. Because of this, the effect on the plant density after
control is less because of the lower kill rate (Figure 5 .6b), which results in a higher plant density after
control. This complementary effect of seed predation and weed control was also found for C. album.
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In the described system, seed predation has a profound effect on the level of the seed bank and
consequently on the number of emerging plants. In the model, strict weed control measures are applied
to keep the seed bank at an equilibrium level every time non-cereal crops are grown. This is achieved
by using a kill rate of0.99888.
When weed control limits population growth this strictly, the fraction of seed predation needed for a
long-term equilibrium is not very large. However, the effects of seed predation on the population will
be different under other weed control regimes, as for instance in different crop rotation cycles or in
uncontrolled weed populations.
Seed predation in uncontrolled weed populations

In a situation in which the weeds are left uncontrolled, seed predation needs to be much higher to
establish an equilibrium. The levels of seed predation needed for such an equilibrium are almost
identical to the kill rate that is needed for an equilibrium in absence of seed predation. For S. media, a
fraction of 0.99887 of the newly produced seeds need to be predated to establish a long-term
equilibrium of the seed bank, for C. album this fraction is 0.99873.
Seed predation in relation to crop rotation.

In the described system, winter wheat is grown in the first and the third years of a 6-year rotation
cycle (6:2 rotation). To see whether the number of years that winter wheat is grown affects the fraction
of seed predation needed for seed bank equilibrium, this fraction is determined for different crop
rotations (Table 5.2). Where possible, crop rotation schemes were derived from literature.
Table 5.2 Crop rotation schemes used in simulation and the outcome of simulations for S. media and C. album.
Cycle length (years)

Crop rotation I)

1

wwwwww
wowowow
woo woo
wooowo
woooow
wooooo
wwowwo
wowooo

2
3
4
5
6
3:2

Reference

Van den Brand, 1987
V ereijken, et al., 1994
Barralis et a!., 1990
Heitefuss et a!., 1990
Vereijken, et al., 1994

6:2
W: winter cereal
0: other crops
2
) Fraction seed predation needed for seed bank equilibrium

Fraction predation Fraction predation
S. media 2)
C. album 2)
0.66
0.72
0.52
0.58
0.37
0.46
0.31
0.39
0.34
0.25
0.22
0.30
0.55
0.64
0.39

0.47

I)

Figure 5. 7 shows that for both species, the fraction of seed predation needed for equilibrium of the
seed bank decreases exponentially with increased cycle length. This decrease can be explained by the
assumption that stricter weed control measures (i.e. higher kill rate) that are possible during the
cultivation of the non-cereal crops. With an increase of the cycle length, the proportion of years in
which non-cereal crops are grown increases over the simulated time. Consequently, the number of
years in which a higher kill rate is used increases. This results in a smaller seed bank size and a
smaller seed bank input, and thus the fraction of seed predation needed for an equilibrium can be
smaller. The higher sensitivity of S. media to seed predation results in a more rapid decrease of the
fraction of seed predation needed for an equilibrium compared to C. album.
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For both species, the fractions of seed predation needed for equilibrium in the 6:2 rotations are
broadly the same as these fractions in the 3-year crop rotations. Although the sequence of the cereal
years in both rotation schemes is different, the number of cereal years in the rotation is the same. This
suggests that the fraction of seed predation needed for equilibrium is primarily determined by the
number of winter cereal years, rather then the sequence of these years within the rotation.
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6
6.1

DISCUSSION

Model

Model development was started with a simple population dynamical model, which was extended
with different processes until the model was capable of giving a realistic description of the population
dynamics in the field. Judging from the validation, the final models STEMED3 and CHEAL include
the essential population dynamical processes and it is possible to estimate the impact of seed predation
on the population dynamics of the weeds, as was seen in Chapter 5.
However, the simulation results of both models (Figure 4.6 & 4.9) on the long-term are not yet
optimal. They could be enhanced by the extension of the models with additional processes. Extension
of the model could exist of the incorporation of processes like:
•

density-dependent seed production;

•

the effect of mechanical weed control on germinated seeds;

•

density-dependent mortality of emerged seedlings;

•

the development of a winter generation for S. media;

•

age-dependent seed mortality;

•

the effects of the timing of weed control on its efficiency.

At this moment the major limitation to further extension of the model is the available knowledge in
the literature. Furthermore, as far as the objective of the model is concerned (i.e. the estimation of the
impact of seed predation), it can be questioned whether further extension would be useful.
To overcome the limitations in knowledge, assumptions were made. An example is the assumption
that seed production is not density-dependent. Because the farmer does not tolerate high weed
densities, competition between weeds does not occur and density-dependent processes will not
influence the population. This assumption has been made in other models describing weed population
dynamics on arable fields (e.g. Kremer, 1998) and is probable to be valid for at least the first years of
simulation.
The assumption that age-cohorts do not occur is supported by field observations (Mertens, pers.
comm., see Chapter 2) in winter wheat. However, this assumption might not hold in the other crops
were light is less limiting. For instance, Mulugeta & Stoltenberg (1998) did find age-cohorts with
different characteristics for C. album growing in association with other weeds.
Mechanical weed control was assumed to be more effective in the other crops than in the cereal
crops. This assumption complies with various studies (e.g. Martin & McMillan, 1984 in: Cousens &
Mortimer, 1995; Heitefuss et al., 1990) that found a higher weed density in cereal crops than in other
crops. It must be mentioned however, that although mechanical weed control can be applied for a
longer period of the season in other crops than in cereals, the period of application in the other crops is
limited as well.
Another important assumption was the assumption that the parameter values remain constant. As a
consequence, fixed parameter values were used to describe the various processes. In reality these
processes show a lot of variation (Chapter 2) which can be due to different sources:
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•

the system; Although the parameter values were chosen in such a way that the circumstances
under which they were determined approached the situation in the described system, it is
inevitable that there are discrepancies in these circumstances.

•

the population; Different populations vary in their characteristics. For both species, considerable
variations between populations were found in for instance the germination and seedling
characteristics (Christal et al., 1997; 1998).

•

the plant; Variation at the plant level can be caused by different factors like genetic differences
(Van der Vegte, 1978), location, density-dependent processes, competition (Williams, 1964) or
management decisions (Wallinga, 1998).

•

random variation.

•

time.

Wallinga (1998) determined the effects of variation in characteristics on the reliability of the longterm predictions of population dynamical weed management models. He showed that errors in the
estimated population growth rate have a large effect on the predictions and consequently on modelbased control decisions. However, the effects of the errors in the control decisions on yield reduction
of the crop are negligibly small. This study shows that although the predictions of a model might be
poor, it can still be used for evaluation of weed management options.
As far as the present models are concerned, the effects of variation in characteristics on the model
predictions were determined in the sensitivity analysis. It was seen that the sensitivity of the model to
a parameter value is partially explained by its initial value. Consequently, the amount of variation in a
parameter will influence the model predictions. However, due to the non-linear behaviour of the
model, the effect of variation in a parameter on the model outcome differs for each parameter.

6.2

Sensitivity analysis

The sensitivity analysis (Chapter 5) shows that the size of the seed bank of both species is most
sensitive to changes in the seed production (SP). A reduction in the seed production would have a
large effect on the seed bank size and will therefore be an efficient way to control the population. This
could be achieved by a reduction of the plant weight through competition, as seed production per plant
is related to the weight of the plant (Spitters, 1989; Cousens & Mortimer, 1995). The competitive
ability of the crop can be stimulated by using more competitive varieties, increasing the sowing
density or using narrow row spacing (Cousens & Mortimer, 1995; Davies et al. (1995)).
Besides seed production, the S. media seed bank is sensitive to the germination probability of seeds
from 0- 5 em (PG(1)), a characteristic that is used in false seed bed preparation. This method is also
suggested by Van den Brand (1987), who found that of the total of emerging plants over a season, the
largest part emerged immediately after soil cultivation.
The third parameter to which the seed bank size of S. media is sensitive is the probability of natural
mortality of the seeds (PM). A possibility to increase seed mortality might be the application of soil
pathogens (Kremer, 1993). Although the application of soil pathogens to increase weed seed mortality
has not been well studied yet, the practice of sterilising crop seeds before sowing indicates the
importance of pathogens on seed mortality.
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The seed bank of C. album is sensitive to a different set of parameters than S. media. After seed
production (SP), the C. album seed bank is most sensitive to changes in the probability of fatal
germination of the first two soil layers (PFG( 1) & PFG(2)). In the discussion of the model the effects
of mechanical weed control on germinated seeds were mentioned as a possible extension of the model.
Judging from the sensitivity analysis, the incorporation of these effects in the model will have a large
influence on the simulated seed bank size of C. album. Another aspect influencing the probability of
fatal germination is mortality due to subterranean herbivores like Scarabaeid and Tipulid larvae
(Gange et al., 1991).
Like S. media, the seed bank of C. album is also sensitive to changes in the germination probability
of seeds between 0- 5 em (PG(l)). The reaction of C. album emergence to soil cultivation indicates
that false seed bed preparation is an effective method of weed control for C. album (Van den Brand,
1985).

6.3

Seed predation

The effects of seed predation on the model were presented in Chapter 5.2. The sensitivity analyses
showed that S. media is more vulnerable to seed predation than C. album. This difference was
explained by the limited buffer capacity of the seed bank of S. media compared to C. album. It should
be noticed that for both species, seed predation (PP) was not among of the main factors influencing the
population dynamics.
Nevertheless, the impact of seed predation on the population dynamics can be substantial. The
effects on seed bank size were found to be equivalent to the effects of weed control. Both processes
directly reduce the input to the seed bank. In terms of seed bank management this means that when
seed predation is high enough (i.e .. equal to the efficiency of mechanical control), it may reduce the
number of control measures in a season.
The effects of seed predation can also be considered on a long-term scale. In Chapter 5.2, the
fraction of newly produced seeds that needs to be eaten by seed predators to obtain long-term
equilibrium of the seed bank was determined for both species. These fractions were determined to be
0.39 for S. media and 0.47 for C. album. The latter fraction corresponds with fractions of seeds
predated in the field (Andersson, 1998). No specific data were found for S. media, but the fractions of
predated seeds found for other species (Table 3.1) suggest that the predicted fraction is possible.
To be able to estimate the feasibility of these fractions in the field, it is important to realise that they
represent absolute amounts of predated seeds. For S. media, a fraction predation of 0.39 implies that
seed predators will have to consume an average of 5256 seeds.m-2 per year. The minimum (488
seeds.m-2) and maximum (157000 seeds.m-2 ) number of seeds consumed each year diverge
considerably since the equilibrium that is reached oscillates in stable limit cycles (Figure 5 .Sa). The
fraction of0.47 that is needed for an equilibrium ofthe C. album seed bank, implies that an average of
91 seeds.m-2 (min.: 40 seeds.m-2 ; max.: 173 seeds.m-2 ) needs to be predated each year for equilibrium
of the seed bank. Intuitively, the average amounts of seeds that need to be predated for equilibrium of
the seed bank appear to be feasible, especially when it is considered that one of the main predators in
the field are wood mice (Apodemus sylvaticus) (P.R. Westerman, pers. comm.). For C. album, the
amount of seeds that needs to be predated complies with the results of Andersson (1998). No field data
were available for S. media, but laboratory experiments by Lund & Turpin (1977) showed that five
adult Harpalus pensylvanicus, a granivorous Carabid common to U.S.A. cornfields, consumed 241 of
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250 offered S. media seeds in 40 hours. Even though the circumstances were completely different
from those in the field, it gives an indication of the amount of seeds Carabids might consume. The
absolute amount of predated weed seeds at a specific site will of course vary with the density and
distribution of the predators.
In the model, seed predation is assumed to remain constant over time. Results from a recent field
survey by P.R. Westerman (unpublished) indicate that predation of weed seeds varies considerably
over the season. At the start of the season the predation is high (up to 80% of presented weed seeds are
predated), but seed predation levels drop when the season proceeds, probably due to the availability of
other food sources. This seasonal pattern will strongly influence the effect of seed predation on the
population dynamics, since the availability of the weed seeds in the field also varies over the season. S.
media is capable of producing seeds throughout the year (Leguizam6n & Roberts, 1982;Van den
Brand, 1987), hence a proportion of its seeds will be vulnerable to seed predation. The effects of seed
predation on C. album are expected to be less since it starts shedding its seeds from the beginning of
August (Leguizam6n & Roberts, 1982;Van den Brand, 1985), when the levels of seed predation in the
field are low.

6.4

Collclusions

•

Seed production is the most important factor determining the population dynamics of S. media and
C. album. A reduction in seed production would yield the largest reduction in seed bank size. This
can be achieved by increasing the competitive ability of the crop.

•

The germination is another important factor determining S. media population dynamics, the fatal
germination is important in the dynamics of C. album. These properties are currently used in weed
control measures through false seed bed preparation and harrowing or hoeing respectively.

•

The effects of seed predation on the seed bank size are equivalent to the effects of mechanical
weed control of the plants. When seed predation is high, it can limit the number of weed control
actions that are needed to control the population.

•

When weed populations are limited by weed control, seed predation can play an important role in
the reduction of the seed bank size.

•

S. media is more vulnerable to seed predation than C. album. Due to higher germination and seed

mortality probabilities, the S. media seed bank has a limited buffer function compared to C. album.
This results in a faster depletion of the seed bank when the input is reduced by seed predation.

6. 5

Suggestions for future research

In the preceding discussion it was mentioned that extension of the model could enhance its
predictions. An extension is however limited by the available knowledge. This lack of knowledge can
only be solved by conducting laborious experiments. Moreover, it was seen that most described
processes show a high degree of variation. Taking these difficulties into account, it should be
questioned whether extension of the model is the right way to proceed.
In the present model, the level of seed predation is considered to be the same for the whole field.
Literature sources indicate that the distribution of (insect) seed predators is influenced by the presence
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of arable field margins. In winter wheat, the abundance of Carabids was found to be higher in fields
with organically managed field margins than in conventionally managed fields (Klingauf &
Schonbeck, 1994). Furthermore, Thomas et al. (1997) found a decline in Carabid density with the
distance from the field margin. These results indicate that the design of arable field margins can be
used to influence seed predation. Spatial models should be developed to explore the influence of field
margins on predator dynamics and distribution in the field.
Another aspect influencing the effects of seed predation is the spatial distribution of the weeds. Due
to the dispersal distribution of the seeds, annual weed species often occur in clusters (Wallinga, 1998),
which makes it difficult for a seed predator to find the seeds. Hence, instead of further refinement of
the model, it would be more interesting to try to integrate the existing model into a model that is able
to simulate the spatial dynamics of the weeds in the field. The model for Cyperus esculentus by
Schippers et a!. (1993) could be used as a starting-point. This model describes the horizontal
distribution of seeds in a field combined with the vertical distribution of the seeds in the soil, which
makes it possible to include the effects of soil cultivation on the population dynamics. This model is a
cellular simulation model, in which the field is divided into a large number of small cells. _Each cell is
capable of supporting its own small weed population that is able to disperse its seeds to neighbouring
cells (Cousens & Mortimer, 1995). The present model could be used to describe the dynamics in each
cell. Further experiments are needed to obtain a probability function of seed dispersal.
A final step would be to combine the to two spatial models to link weed population dynamics to
seed predator dynamics. This combination will provide a theoretical basis for estimation of the
possibilities for weed control by seed predation.
Another option for further research is to investigate the influence of the natural seed mortality on
the population dynamics in more detail. The S. media seed bank was found to be sensitive to changes
in this parameter. Little is known however about the possibilities to influence this parameter. It would
be interesting to explore the options of using this parameter in weed control.
A final remark can be made about the validation. Although a preliminary validation was done in
Chapter 4.5, a comparison with independent data on the long-term dynamics of the seed bank under
crop rotations is still needed for a convincing assessment of the models' validity.
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APPENDIX 1:

Listing STEMED2.fst

TITLE Population dynamics of Stellaria media (in winter wheat) (4)
TITLE two soil layers, KILLRT 3.0, crop rotation
***************************************************************
* w:\sim\stemed2.fst
*

*

*
*
*
*
*

Population dynamics of Stellaria media in winter wheat),
1 soil layer + 1 surface layer, with array
including subroutine KILLRT 3.0 adapts killrate to fixed
plant density as found in the field, with use of iterations
With a 6-year crop rotation

*

*

*
*
*
*
*

*

* Bart Pannebakker
*
***************************************************************
DECLARATIONS
ARRAY SL(O:N)
ARRAY PM(1:N)

I
I

TSL(O:N) I ISL(O:N) I RGR(O:N)
PG(1:N) I PFG(1:N) I E(1:N) I G(1:N)

DEFINE CALL KILLRT(INPUT,INPUT,INPUT,INPUT,INPUT,OUTPUT,OUTPUT)
MODEL
INITIAL
INCON ISL(O)=O. ; ISL(1:N)=100.0
ARRAY SIZE N=1
CONSTANT MECHEF=0.76
CONSTANT AVGDEN=19.82

FUNCTION ROTATE

0.,1.,1.,0.,2.,1.,3.,0.,4.,0.,5.,0., ...
6 • 1 1. 1 7 • 1 0 • 1 8 • 1 1. 1 9 • 1 0 • 1 10 • 1 0 • 1 11, 1 0 • 1 • • •
12 • 1 1 • 1 13 • 1 0 • 1 14 • 1 1. 1 15 • 1 0 • 1 16 • 1 0 • 1 17 • 1 0 • 1
18 • 11. 119 • 1 0 • 1 2 0 • 1 1. 121. 1 0 • 1 2 2 • 1 0 • 1 2 3 • 1 0 • 1
24 • 11. 1 2 5 • 1 0 • 1 2 6 • 11. 127 • 1 0 • 1 2 8 • 1 0 • 1 2 9 • 1 0 • 1
30.,1.,31.,0.,32.,1.,33.,0.,34.,0.,35.,0.

•

•

•

•

•

•

•

•

•

PARAMETER SP=2617.0
PP=O.O
*never (PM+PG)>1!!!!
PARAMETER PM=0.16
PARAMETER PG(1:N)=0.66
*always ALTIJD (PE+PFG)=1!!!!
PARAMETER PFG(1:N)=0.576
*
PARAMETER PE(1:N) =0.424
PARAM EVENW=0.999025
*
PARAM EVENW=1.0

DYNAMIC
SL = INTGRL(ISL, RGR)
* temp calc. intgrl
TSL ( 0) = ( 1 . - pp) * s I • • •
TSL (1 :N) = (1. -PG (1 :N)) *SL (1 :N) * (1. -PM (1 :N))
* legen SL(O) in SL(1)
TSL1 = TSL(1)+TSL(O)
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* calculation final RGR after ploughing
* plough-routine after Kremer, 1998
RGR(O) = 0. ; ...
RGR(1:N) = -SL(1:N)+TSL1
*calculation other state vars
S = PLTG*SP
PLTG = (1.0-KR)*PLTV
CALL KILLRT(PLTV,AVGDEN,MECHEF,ROT,EVENW,KR,Q)
PLTV = ARSUMM(E,1,N)
E(1:N)
G(1:N)*(1.-PFG(1:N))
G(1:N)
SL(1:N)*PG(1:N)
*calculation help variables
SUMS=ARSUMM(SL,1,N)
ROT=AFGEN(ROTATE,TIME)
*
ROT=O.
* for no rotations, choose ROT=1 continuous WW; ROT=O no WW
* run control
TIMER STTIME=O.O ; FINTIM=20.0; DELT=1.0 ; PRDEL=1.0; IPFORM=S
TRANSLATION_GENERAL DRIVER='EUDRIV';
PRINT PLTV,PLTG,SL,S,G,KR,SUMS, ROT,TSL,Q,E

*

END
STOP
*================================================================*

*

*

* SUBROUTINE KILLRT (3.0)
* B.A. Pannebakker

*

*

*
*

*

* Adapts the weed kill rate to the plant density PLTV

*

*

* PARAMETERS

*

UNIT

*
*

*
*
*
*
*
*

INPUT
*
PLTV plant density before control
(plants.m-2)*
PLTGT temorary calculated plant density after control (plt.m-2)*
AVGDEN average plant density as found in the
*
field
(plants.m-2)*
MECHEF kill rate mechanical weed control
(year-1)*

*

*

*

*
*
(-) *

* ROT value for rotational cycle (1=winter wheat, O=other crops) *
* EVENW kill rate needed for equilibrium plant density
(year-1)*
* OUTPUT
* Q number of control actions
* KR calculated killrate

(year-1)*

*

*

* INTERNAL
*
* MAXCON maximum number of weed control actions in a year
(-) *
* I internal loop control variable
(-) *
*================================================================*
SUBROUTINE KILLRT(PLTV,AVGDEN,MECHEF,ROT,EVENW,KR,Q)
REAL PLTV,PLTGT,AVGDEN,MECHEF,ROT,KR,Q,EVENW
INTEGER I,MAXCON
MAXCON=4
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IF

7
8

(ABS(ROT-1.) .LT.1.0 E-6) THEN
IF (PLTV.GT.AVGDEN) THEN
DO 7,I=1,MAXCON
KR=1-((1-MECHEF)**I)
PLTGT=(1.-KR)*PLTV
Q=AINT(I)
IF (PLTGT.LT.AVGDEN) GO TO 8
CONTINUE
CONTINUE
RETURN

ELSE
KR=MECHEF
END IF
ELSE
KR=EVENW
END IF

RETURN
END
*================================================================*
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APPENDIX II: DEFINITION OF THE ABBREVIATIONS USED IN THE MODELS

t)

Name

Description

Units

AVGDEN

average plant density as found in the field

plants.m-2

E ( 1: N)

number of emerging plants from soil layer (1 :N)

plants.m-2

EVENW

kill rate needed for equilibrium plant density

year- 1

G ( 1: N)

number of germinated seeds in soil layer (1 :N)

seeds.m-2

ISL (0 :N)

initial number of seeds in soil layer (O:N)

seeds.m-2

KR

kill rate, fraction of plants killed by weed control

year- 1

ME CHEF

efficiency of mechanical weed control

year- 1

PE (1 :N)

fraction of germinated seeds emerging

year- 1

PFG(1:N)

natural mortality of germinated seeds in soil layer (1 :N)

year- 1

PG ( 1: N)

germination probability in soil layer (1 :N)

year- 1

PLTG

number of generative plants

plants.m-2

PLTV

number of vegetative plants

plants.m-2

PM (1 :N)

natural mortality ofburied seeds in soil layer (1:N)

year- 1

pp

fraction seed predation

year- 1

RGR(O:N)

annual increment of the seed population in soil layer (O:N)

year- 1

s

number of produced seeds

seeds.m-2

SL ( 0: N)

number of seeds in soil layer (O:N)

seeds.m-2

SP

seed production per plant

seeds.planf 1

TIME

time

year

TSL(O:N)

temporary calculated number of seeds in soil layer (O:N)

seeds.m-2

TSL1

temporary integral variable

seeds.m-2

I)

Abbrevations are given for the final models STEMED3 and CHEAL. For the models STEMED1 and

STEMED2, the array variables should be read as regular variables, i.e. SL(O)
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