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Development of a supply–demand model to 
evaluate the biological control of yellow 

starthistle, Centaurea solstitialis, 
in California

Andrew Paul Gutierrez,1 Michael J. Pitcairn2 and Nada Carruthers3

Summary

Centaurea solstitialis Asteraceae (yellow starthistle) is an invasive weed from southern Europe that has
naturalized throughout western North America. To date, six seed-head insects have been released into
western North America. Of these, five have established and three are widespread. New natural enemies
that attack the root, stem, and leaves, are currently being examined for use as additional biological-
control agents. A physiologically based simulation model of plant growth and population dynamics
was constructed to investigate the combined impact of these natural enemies, the presence of positive
and negative interactions, and the potential for successful control of this weed. The model examines
the energy dynamics of the two-trophic system (plant and natural enemies) and assesses of the relative
losses due to different herbivores as modified by weather, plant community competition, and other
environmental factors. A basic premise of this approach is that all organisms face the same problems
of resource (energy) acquisition and allocation. The model assumes the following energy allocation
priority: first to respiration (maintenance costs), then to reproduction and, if assimilate remains, then
to growth. The shapes of the acquisition functions and maintenance costs are similar, with the net being
the amount of resources available for allocation. These analogies allow us to the use of the same model
to describe the dynamics of all interacting species. The importance of this modelling paradigm for eval-
uating the effectiveness of natural enemies has been demonstrated for several insect biological-control
systems (e.g. cassava mealy bug, coffee berry borer, cassava green mite and several whitefly species).
This is the first time this modelling paradigm has been used for a weed biological-control system. 
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Introduction

Yellow starthistle (Centaurea solstitialis L.) is a
noxious invasive weed of Eurasian origin. It infests
rangeland, grain fields, roadsides, orchards, natural
areas, and wasteland. Once established, yellow star-
thistle forms impenetrable stands that displace more
desirable forage by reducing soil moisture to extremely

low levels and by shading out other plants (DiTomaso
& Gerlach 2000). It is toxic to horses, but not to cattle
or sheep, causing a neurological disorder (equine
nigropallidal cephalomalacea) that may cause death if
feeding is extensive (Cordy 1978). The plant is an
important contaminant of commercial seed and hay,
and often establishes itself in alfalfa and cereal grains.
The long sharp spines on the flower head are a bane to
hikers and greatly reduce the recreational value of
grasslands and foothills areas throughout western North
America (DiTomaso & Gerlach 2000). 

Yellow starthistle was introduced to California in
the mid-1800s, probably as a contaminant of alfalfa
seed, and since then has successfully colonized much
of California (Maddox et al. 1985). A recent survey by
the California Department of Food and Agriculture in
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2002 found yellow starthistle present in 56 of 58 coun-
ties and infesting over 5.6 million hectares (14 million
acres) (Pitcairn unpublished data).

Yellow starthistle has been a target for biological
control since the 1960s. In total, six insects have been
released in California from 1969 through 1992 (Turner
et al. 1995), and five (three weevil and two fly species)
have became established; three are widespread (Table
1). All attack the flower heads and reduce seed produc-
tion by killing young flower buds or feeding directly on
the ovariole tissues and developing seeds. In addition,
an unintentionally introduced exotic fly Chaetorellia
succinea (Costa), which has a strong affinity for yellow
starthistle seed heads, has become widespread
throughout California (Balciunas & Villegas 1999).
Like the other seed-head insects, the larvae of this fly
feed on developing seeds in immature seed heads. 

Field studies estimate that the attack by these seed-
head insects can reduce seed production by as much as
60% (Pitcairn et al. 2000, Pitcairn & DiTomaso 2000).
Yet, despite this amount of seed destruction, a decline
in plant abundance has not been observed (Pitcairn et
al. 2002). Additional biological-control agents appear
to be needed before a reduction in plant density occurs. 

Since 1996, there has been a renewed effort to obtain
additional biological- control agents for yellow star-
thistle. A rust disease, Puccinia jaceae var. solstitialis,
which has been studied for several years, has been
approved for introduction in 2003. The disease forms

pustules on the leaves of the rosette and along the stem
of the bolting plant. In the laboratory, it was observed
to suppress growth, but its impact on yellow starthistle
seed production under California field conditions is
unknown. In addition, recent foreign exploration in
Turkey and southern Russia has identified at least eight
new natural enemies for consideration as biological-
control agents: a phytophagous mite and seven insects
that attack seedlings, rosettes, root, stem, and seed
heads (Table 2). 

The objective of classical weed biological control is
to introduce the fewest number of exotic natural
enemies needed to achieve control. Each release of a
biological-control agent adds an increment of unantici-
pated environmental and economic risk, while also
increasing the size, complexity, and redundancy of the
plant–herbivore system (McEvoy & Coombs 1999).
Before any natural enemy is approved for introduction
as a biological-control agent, it must undergo a series of
host-specificity tests to determine the risks of attack to
non-target plant species. This activity is expensive,
requiring at least 3–5 scientist years per control agent. 

We are at an opportune point in time to evaluate the
suite of newly discovered natural enemies for yellow
starthistle. Release of the rust disease was anticipated for
spring 2003, but its impact is unknown. For the eight new
natural enemies, host testing has begun only for the
rosette weevil, Ceratapion bassicorne (L. Smith,
USDA–ARS, pers. comm.). If we could evaluate and

Table 1. Flower-head insects introduced against yellow starthistle in California.

Species First year of release Status

Urophora jaculata Rondani 1969 Failed to establish

Urophora sirunaseva (Hering) 1984 Widespread

Bagasternus orientalis (Capiomont) 1985 Widespread

Chaetorellia australis Hering 1988 Locally established

Eustenopus villosus (Boheman) 1990 Widespread

Larinus curtus Hochhut 1992 Locally established

Chaetorellia succinea (Costa) Accidental introduction (probably 1991) Widespread

Table 2. List of potential natural enemies being considered for use as biological-control
agents against yellow starthistle.

Scientific name Common name Mode of attack

Puccinia jaceae var. solstitialis Rust fungus Attacks rosette leaves and bolting stems

Ceratapion bassicorne Rosette weevil Attacks rosettes and bolting plants 

Psylloides chalcomera Flea beetle Attacks rosettes and bolting plants 

Aceria spp. Blister mite Deforms and kills branch tips 

Tingis grisea Lace bug Attacks leaves and stems

Cyphocleonus morbilosus Root weevil Larvae tunnel in roots

Larinus filiformis Seed-head weevil Larvae feed on developing seeds

Phytoecia humeralis Stem beetle Larvae feed in stems

Lixus scolopax Stem weevil Larvae feed in stems

Botanophila turcica Rosette fly Attacks young seedlings and rosettes
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identify those natural enemies most effective for control
prior to testing and introduction, we could substantially
lower costs and reduce environmental risks. 

To address this issue, we are developing a computer
model to simulate the growth and population dynamics
of yellow starthistle along with its current and potential
natural enemies in California. The objective is to identify
life-cycle transitions that are vulnerable to attack and
influential on population growth and seed production. 

Methods

Physiologically based simulation models have been
developed for several agricultural crops: alfalfa (Guti-
errez et al. 1984), cotton (Gutierrez et al. 1977, 1991),
Grape (Wermelinger et al. 1991), coffee (Gutierrez et
al. 1998) and cassava (Gutierrez et al. 1988, 1999),
among others. These models have proven invaluable in
helping us understand the trade-offs between herbivore
damage and crop yield and how these trade-offs are
modified under different environmental conditions
(e.g. weather, pest control options and fertilization).
The basic premise of this approach is that all organisms
face the same problems of resource (energy) acquisition
and allocation (Gutierrez 1996). The model assumes an
energy allocation priority: first to respiration, then to
reproduction and, if assimilate remains, to growth. The
shapes of the acquisition functions and maintenance
costs are similar across species with the net being the
amount of resources available for allocation. These
analogies allow us to use the same model to describe
the dynamics of all interacting species.

Each organism is assumed to try to satisfy a physio-
logically based demand for resources via the process of
imperfect search, causing the supply obtained to always
be less than the demand. Growth, reproduction and
survival rates are reduced from the maximum by the
supply/demand ratio. In the model, only the units and
interpretation of the flow rates differ among species.
Hence, in this paradigm, biotic and abiotic factors
affect either the supply (production) or the demand
(sinks, e.g. fruits) side of the supply/demand ratio. In
some cases, both sides may be affected. This
supply–demand paradigm simplifies model develop-
ment and allows assessment of impact to the plant and
compensation by the plant in the face of herbivore
damage.

Important supply-side herbivores include defolia-
tors, sapsuckers, spidermites, nematodes, diseases and
others. Defoliators attack leaves and may cause wound-
healing losses, but the damage or compensation
depends on the age of leaves attacked and the loss rate.
The rust fungus kills leaf cells that intercept light,
reducing the amount of photosynthesis. Stem-borers
may slow the photosynthetic rate by reducing the trans-
location of water and nutrients, and in the extreme may
kill whole plants. These herbivores tend to reduce plant

vigour, induce developmental delays, and reduce
fecundity. 

Demand-side herbivores attack fruit (e.g. sinks),
reducing their demand, and reduce seed yield directly.
In some cases, the damage may cause premature death
of fruit that can alter the demand for photosynthate.
Most plants have a reproductive surplus that allows for
varying degrees of compensation for such damage. Of
crucial importance in compensation is the time and
energy lost in the death of fruit. Little time and energy
may be lost when small flower buds are killed as suffi-
cient replacement buds may be produced for compensa-
tion. Attacks on older fruit may result in considerable
losses in time and energy often, precluding compensa-
tion.

Dry matter data on growth by yellow starthistle
(unpublished) suggest that the allocation of biomass to
seed production is relatively large (40–50% of above-
ground biomass), and the number of seeds per seed
head is large (28–30 on average). All of the natural
enemies currently established in California for control
of yellow starthistle destroy some or all of the seed in
attacked heads. The weevil E. villosus affects both sides
of the demand ratio. Adult weevils feed on young
developing flower heads that die and fail to develop
while the larvae feed directly on developing seeds in
heads produced later. Field observations show that
adult feeding by this weevil will destroy 50–80% of the
first crop of flowers and effectively delay peak flow-
ering by 3–4 weeks (unpublished data). Some of the
new herbivores considered for introduction may kill the
whole plant, affecting the ability of survivors to
compensate. These are important dynamics that arise in
the yellow starthistle model. 

A version of a physiologically based model of the
energy dynamics of yellow starthistle and the seed-head
feeders has been developed and initial results look
encouraging (Fig. 1), but refinement of some model
parameters is still required. An advantage of this model-
ling approach is that the information needed to parame-
terize the model can be quickly identified and the
information gathered efficiently. Good information is
available from extensive field studies on yellow star-
thistle physiology (Maddox 1981), seed germination
(Callihan et al. 1992, Joley et al. 1992, 1997), pollination
biology (Maddox et al. 1996) and reproductive
phenology (Roche et al. 1997, M.J. Pitcairn, unpublished
data). Initial studies on dry matter allocation in yellow
starthistle were performed by A.P. Gutierrez and Hami
(unpublished data), while data on plant survivorship and
seed compensation under field conditions have been
gathered by Pitcairn (unpublished). Field studies of the
flowering pattern of yellow starthistle and the attack rates
of Bagasternus orientalis, Eustenopus villosus,
Urophora sirunaseva and Chaetorellia succinea have
also been completed (Pitcairn & DiTomaso 2000,
Woods et al. 2002). What is missing, however, is infor-
mation on the developmental rate and reproduction as a
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function of temperature for three of the four insects now
widely established. Nada Carruthers (United States
Department of Agriculture–Agricultural Research
Service; USDA–ARS) has commenced these studies for
C. succinea and is cooperating in model development.
Information on the other three insects is still lacking. 

Overview of the yellow starthistle 
model

The underlying metabolic pool paradigm and mathe-
matics for the development of physiologically based
model is summarized in Gutierrez (1996). The yellow

starthistle systems model consists of ns = 12 linked
“functional populations” (n = 1,…,ns). Yellow star-
thistle and the natural enemies are poikilotherms, hence
time and age are in degree-day units. Nonlinear devel-
opmental rate models could be used, but current data
were insufficient for these purposes. The plant model
consists of age-structured mass dynamics models for
leaf (n = 1), stem (2) and root (3) tissues as well as fruit
mass (4) and numbers (5) (Gutierrez et al. 1991) that
are linked via the metabolic pool model that predicts
daily photosynthetic rates under various plant states
and weather and its allocation in priority order to respi-
ration, conversion costs, reproduction and vegetative

Figure 1. Twenty years (seasons) of simulation of yellow starthistle at Davis with Eustenopus
villosus, Bagasternus orientalis, and Urophora sirunaseva and Chaetorellia
succinea and competition from annual grasses and early-season mortality from an
endemic rust: (a) phenology of plant stages, (b) total seasonal rainfall (mm) and
available soil moisture above the wilting point (litres per 2 m3), (c) the dynamics of
B. orientalis and E. villosus, C. succinea and U. sirunaseva.
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growth (see Gutierrez and Baumgartner 1984, Guti-
errez et al. 1991). Age-structured models are also used
to simulate the number dynamics of four introduced
natural enemies: B. orientalis, E. villosus, C. succinea,
and U. sirunaseva. In addition, models incorporating
the attack by a hypothetical stem-borer and a rust
disease are included. The stem-borer was included
because several natural enemies, such as the beetles,
Ceratapion bassicorne and Psylloides chalcomera, and
the fly Botanophila turcica, have been identified as
potential control organisms for yellow starthistle (Table
2). The effects of the pathogenic rust were included as
a convex function of daily rainfall intensity. Current
information on the biology of the potential biological-
control agents is sparse; hence the values in our model
are rough estimates. It is hoped that the necessary infor-
mation on biology will be obtained in studies
performed prior to host-specificity testing. Depending
on their biology, the insect species emerge in the spring
at different times from winter diapause and may
produce one or more generations. Diapause occurs over
winter, and emergence the following spring making the
link between seasons. Here we model the emergence
pattern across all cohorts using a Gompertz function
(cf. Gutierrez et al. 1977). Adults emerging from
diapause the previous season are the seed for this year’s
population.

The model simulates the time-varying mean and
variance of developmental times of each cohort in each
population throughout the season, tracking the number
of individuals in all age classes for each species. One
may view all of the seed-head insects as parasites with
super and multiple parasitism occurring. In cases of
multiple parasitism, E. villosus is dominant to all other
species, killing them in the process of its development,
and the trephiid fly, C. succinea appears to be partially
dominant to U. sirunaseva (unpublished data). Though
not too common, cases of successful development of
multiple species (B. orientalis, C. succinea, and U. siru-
naseva) in the same seed head has been observed
(unpublished data). 

Conclusion

The plant model integrates the effects of weather and
the damage caused by introduced natural enemies,
competition with grasses, and the effects of a patho-
genic rust. The model is modular in structure and hence
combinations of species may be run with simple
true–false instructions in the input file over several
years and in different ecological zones. 

Modelling plant population dynamics is increasingly
used to identify weed vulnerabilities and predict the
effect of biological-control agents on the population
size of the target weed (e.g. Sesbania punicea
(Hoffman 1990), Sida acuta (Lonsdale et al. 1995),
Carduus nutans (Shea & Kelly 1998), Cytisus

scoparius (Rees & Paynter 1997)). Experience with
these models has allowed investigators to make
concrete recommendations concerning control meas-
ures. Our model validates the observation that herbiv-
ores attacking capitula at the rates currently observed in
California are not likely to be efficacious. Our analysis
suggests that herbivores and pathogens that kill the host
plant when it has expended the maximum energy
towards growth or that greatly reduce seed production
below seedbank replenishment rates may prove to be
more successful. 
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