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Summary
Population models can be used as a deci-
sion tool in the assessment of potential
management plans, and can also improve
evaluation of biological control and inte-
grated pest management efforts. I illus-
trate this by discussing simple, data-
based matrix models for the population
dynamics of a thistle in New Zealand.
Analyses and simulations indicate which
are the most important state variables
(thus facilitating efficient data collec-
tion), and which life history transitions
are most crucial to population growth.
This information can be used to investi-
gate the potential of different control ef-
forts. In this example, it seems that no one
approach will control the weed, but that
an integrated management approach has
some chance of success. Models, used in
conjunction with experimental studies,
are a useful tool in planning and assess-
ing pest control strategies.

Introduction: Population
management
Population management as a general
problem has three main aspects: conser-
vation, harvesting and control. In the first
case, a manager is interested in increasing
the size of a population that is declining to
extinction, in the second, the aim is to
maintain the population of an exploited
species at a productive level, and in the
last, to cause a decrease in the numbers of
a pest. The common thread is the regula-
tion of population size and growth rate
under some management regime. Yet, in
spite of this, people often think about
these three in very different ways (as the
proliferation of books on ‘conservation’
and ‘biocontrol’, and the relative inaccessi-
bility of the fisheries management litera-
ture will testify). All three areas have fairly
strong theory already developed, with
conceptual (and mathematical) models. In
the work discussed here, the concern is
control, but it is important to learn from
the other two areas.

Why model?
A model is a representation of the struc-
tures and processes in a system, which is
used to describe and understand that sys-
tem. Mathematical models are just a more
complex and detailed extension of the ver-
bal and conceptual models we use every

day. For example, even an idea such as ‘I
think this insect population will eat enough
seeds to reduce plant densities in the fu-
ture’ is a model. Theory need not be ex-
pressed mathematically, but mathematical
formalism is often the most precise way of
conceptualizing an idea. The advantage of
using mathematics is that it provides a
common (and hopefully unambiguous)
framework in which to express ideas, and
which forces the investigator to be more
exact. Writing a model down can often
pinpoint aspects that are unclear, and
forces consideration of the assumptions
being made. So, in this respect, models are
used to test our understanding, as well as
to project into the future. This is extremely
valuable in complicated situations: while it
may be easy to guess what the effect of a
single factor might be in a simple situation,
when a great deal is going on, it can be
very hard to separate the effects of differ-
ent processes.

Why model in management?
The use of models is of particular impor-
tance in management situations. In order
to implement a successful control strategy,
information about the biology, life history
and ecology of the target species (in the
invaded, but also in the original habitat)
has usually to be assembled (Waage and
Mills 1992). Models can be useful in decid-
ing which empirical data to collect. Con-
trol of pest populations has been achieved
or attempted with a number of different
approaches. Strategies include chemical
means (including consideration of the tim-
ing and amount of applications), other
classical agricultural practices and biologi-
cal control, either separately, or together
as part of an integrated pest management
approach. The trouble is that there are so
many potential factors to consider –
armed with all this relevant information a
manager has somehow to make a decision
about which of several potential manage-
ment strategies will make most impact on
the pest species. What tools are available
to help in that decision process. Experience
helps, and ideally a series of experiments
could be undertaken to test the options.
However, this is not always practicable,
and can be enormously greedy of re-
sources. It is in such situations that models
can be of outstanding use.

Models of intermediate complexity
(Godfray and Waage 1991) can be devel-
oped relatively quickly (certainly on the
time scale of an initial release project), and
should ideally play a significant role in the
development of control plans. Different
plans can be tested in ‘computer experi-
ments’ which, in tandem with field studies
(resources permitting), can give a good
idea of approaches that have the best
chance of success. These projections pro-
vide information about the potential long
term effects of different management
strategies in a relatively short time. This is
information that is not going to be gener-
ated by any other source, and while the
answer should not be considered perfect,
it does provide justification beyond guess-
work for choosing a best option. Further-
more, the value of such studies is not
purely predictive. They provide a ‘sum-
mary’ of knowledge about the system and
how it is now, and they can be used to
assess strategies already in use, as well as
to investigate possible improvements.

Consider an example where a number
of potential control agents have been as-
sessed according to several criteria (e.g.
degree of adaptation to pest, quick re-
sponse to pest density changes, pest stage
attacked). How are these to be ranked?
How is the ‘best’ agent to be chosen? How
many should be released and in what or-
der? Inferior agents introduced first may
affect the later establishment of better
agents. There may be clear answers to
these questions in the context of the ecol-
ogy of the pest, but it would be hard to
tease apart all the threads without the use
of a model to help.

Early modelling attempts were fairly
general, aiming to address broad issues
and to make generalizations about suit-
able agents, or to explain, post hoc, success
or failure of control efforts (Beddington, et
al. 1978, Hassell 1980, May and Hassell
1981, Kakehashi et al. 1984). Recent ad-
vances include the use of stage-structured
models, in which individuals are classified
according to some state variable such as
age or size. This increase in biological de-
tail allows the researcher to think about,
for example, control of the most economi-
cally damaging life history stage (e.g.
Godfray and Waage 1991, Briggs 1993).
Such models are similar to those used for
other forms of management. For exam-
ple, conservation models of endangered
species aim to target efforts on the stage
that will most increase population growth
(e.g. models for turtles by Crouse et al.
1987, Heppell et al. 1996). Harvesting prob-
lems highlight issues of sustainability in
the face of uncertainty (Ludwig et al. 1993,
Rosenberg et al. 1993). It is important to
keep abreast of these efforts as well.

Relatively few models have been devel-
oped as decision tools for specific pest con-
trol cases (but see Warwick et al. 1993)
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though there are rather more for other
forms of management. There is a suite of
host-parasitoid models that has been used
to answer both general and more specific
questions about biological control of
insects (e.g. Beddington, et al. 1978, Hassell
1980, May and Hassell 1981, Murdoch
1990, Guttierez et al. 1988, Briggs 1993,
Murdoch and Briggs 1996), but only a few
models exist for weed systems (see
Powell, 1988, Cloutier and Watson 1989,
Lonsdale et al. 1995). So far, none really
address the potential of other forms of
control and integrated pest management.
However, the work I summarize here is
an example of the latter.

An example: Carduus nutans in New
Zealand
Carduus nutans is a major weed of
pastureland. In collaboration with Dave
Kelly of the University of Canterbury,
New Zealand, I developed simple, data-
based, matrix population models of C.
nutans, the nodding thistle (Shea and Kelly
in press). The aim of the study was to un-
derstand the ecology and life history of
this species in different parts of the coun-
try and to assess existing and potential fu-
ture control strategies.

Matrix models are discrete-time, stage-
structured population models. They pro-
vide analytical information about long-
term growth rates and eventual stable
stage and reproductive value distribu-
tions, as well as forming the basis for com-
puter simulations. Data-based matrix
models are relatively simple, but can be
modified to include density-dependent ef-
fects and environmental variability. These
models can be used to make predictions
about the future, given certain assump-
tions (Caswell 1989). At the same time,
they provide insight into the current state
of the population.

The matrix models of C. nutans were
used to investigate the potential success of
its natural enemy, Rhinocyllus conicus (a
receptacle weevil already released to pro-
vide control) as well as that of other man-
agement strategies. Elasticity analyses (de
Kroon et al. 1986) indicate that transitions
between the seedbank and small plant
stages are more crucial to population
growth than is the survivorship of larger
plants, especially in drier areas where
summer mortality is high. These seed-
related transitions are heavily affected by
R. conicus, but are unfortunately relatively
insensitive to perturbation. Simulations
using observed predation rates of about
36% (Kelly and McCallum 1990) indicate
that, while the weevil may suppress the
rate of population growth, at these
predation levels it is not likely to cause
a decline in the size of the thistle popula-
tion. In fact, an estimated reduction in fe-
cundity of about 65% would be required
for success, and this is far larger than

the largest recorded losses to this preda-
tor.

On the other hand, an integrated pest
management approach may have more
chance of success. For example, germina-
tion varies substantially from year to year,
and stochastic versions of the model indi-
cate that regular suppression of seedlings
from new seed and the seedbank, in con-
junction with a continued reduction in the
input of seeds to the seedbank, could re-
sult in control of the thistle. In many areas,
cultivation of dense pasture is common
agricultural practice, but unfortunately
this may not be practical in very arid re-
gions. However, it is clear that these mod-
els can also be used to address other po-
tential control measures, and to focus ef-
forts appropriately.

Conclusions
Despite an increase in the use of models in
biological control, it is still not always pos-
sible to explain the success or failure of a
control attempt (Beddington, et al. 1978,
Murdoch 1994). It must be remembered
that models are not perfect descriptions of
the system in question and a careful con-
sideration of all assumptions, explicit and
implicit, must always be made. Models are
only as good as the information which
goes into them: rubbish in will result in
rubbish out. Clearly, most progress in un-
derstanding will be made when theory
and experiment go hand in hand. Model-
ling, in conjunction with a thorough un-
derstanding of the processes occurring in
the field, should provide a powerful tool
for planning and assessing the success of
biological control and integrated pest
management efforts.
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Summary
The proposition that thistles may be con-
trolled in pasture biologically by inter-
ference from neighbouring pasture
plants is reviewed. Central to this ap-
proach is the hypothesis that the species
composition and vegetation cover of a
pasture influence birth and death rates in
thistle populations, and hence also, popu-
lation size. Experiments conducted
mainly in New Zealand, Australia, USA
and UK with species of Cirsium, Carduus,
Silybum and Onopordum confirm that
pasture grasses and legumes exert power-
ful inhibitory influences over seedling
emergence and seedling and rosette sur-
vival in thistles. Pasture grasses, particu-
larly perennial species, are generally
more effective than legumes. This ap-
pears to be related mainly to their higher
cover density, implicating competition as
a mechanism, although there is some evi-
dence that allelopathy may also operate.
Lolium perenne, Holcus lanatus and
Phalaris aquatica are particularly effec-
tive inhibitors of thistles. Pasture gaps
play a key role in thistle seedling emer-
gence and it is concluded that pasture
management that promotes a dominant
perennial grass component and an ab-
sence of small gaps is most likely to pre-
vent thistle invasions. Research is needed
on how grazing management and other
factors including soil fertility and soil
moisture influence the creation and clo-
sure of pasture gaps and the balance be-
tween grasses, legumes and thistles in
pastures.

Introduction
Spatial and temporal variation in the size
of thistle populations in pastures is com-
monly observed and often appears to be
related to pasture cover and species com-
position. This observation has lead to the
general hypothesis that interference from
sown pasture species plays a dominant
role in regulating population size in these
weeds. Thistle control recommendations
promoting interference from pasture spe-
cies have arisen from this hypothesis for
Cirsium vulgare (Scotch or spear thistle)
(Anon. 1978), Carduus nutans (nodding or
musk thistle) (Cregan and Scarsbrick 1977,
Popay et al. 1979), Carduus tenuiflorus (slen-
der or winged thistle) and C. pycnocephalus
(slender winged or shore thistle) (Bendall
1973), Onopordum acanthium (Scotch or cot-
ton thistle) and Onopordum illyricum (Illyrian
thistle) (Gammie 1972), and Silybum
marianum (variegated thistle) (Anon 1978,

Michael 1968a). The ecological evidence
supporting these control recommenda-
tions is reviewed in this paper and sugges-
tions for the direction of future research
on this topic are made.

Evidence for pasture interference
from experiments in which pasture
cover is manipulated

Cirsium spp.
Forcella and Wood (1986) investigated the
effect of two levels of pasture interference
on the demography of a natural popula-
tion of the biennial C. vulgare in an annual
pasture composed of Bromus rubens,
Lolium rigidum and Trifolium subterraneum
at Canberra, Australia, by leaving 1 ha of
the pasture ungrazed for three years, and
grazing 0.5 ha with sheep when forage
was available. The thistle plants in the
grazed pasture were, on average, larger,
with more flower heads per plant and
more seeds per head than plants in the
ungrazed pasture. Significant population
effects were evident by the second year. In
the third year 14 times as many seeds were
shed, and there were 18, 5 and 40 times as
many seedlings, rosettes and adult plants
respectively in the grazed pasture when
counted in April or May. Estimates of the
average annual transition probabilities be-
tween these life history stages for the
three years showed about 50% of rosettes
present in one year survived to become
adults in the next year regardless of graz-
ing. By contrast, the transition from seeds
produced in one year to seedlings the next
year was 1.5 times greater in the grazed
pasture (0.149 compared to 0.098), but the
transition most affected by pasture inter-
ference was that from seedling to rosette
which was five fold greater in the grazed
pasture (0.01 compared to 0.002). Seedling
mortality began in the autumn in both
grazed and ungrazed pastures, but pro-
ceeded at a greater rate during the winter
in the ungrazed pasture in each of the
three years.

Silverton and Smith (1989) planted seeds
of C. vulgare in the winter into a perma-
nent grass pasture in England under two
levels of summer grazing (using sheep)
and all combinations of some or no winter
and spring grazing; these grazing regimes
had been imposed for two years prior to
the experiment. The percentage seedling
emergence was determined during the
next six months, and at the same time that
the seedlings were counted for the final
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