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The dynamics of tansy ragwort, Senecio jacobaea L. , and the

cinnabar moth, Tyria jacobaeae (L.) were studied with the aid of a

system simulation model. The model development and validation

were based on knowledge of the plant and herbivore gathered from the

literature, four years of data from previous studies in Oregon, and

supplemental field studies conducted after early model development.

Life table data for the herbivore, and growth and regrowth studies

of the plant, provided information needed to estimate model para-

meters. Model-simulated annual changes in ragwort density and

cinnabar pupae were within acceptable limits of field estimates made

at a study site near Jordan, Oregon, during 1972-1977. After

validation of the model, sensitivity analyses and simulation experi-

ments were used to evaluate the potential of cinnabar moth as a

biological control of tansy ragwort. Model simulations were used

to suggest conditions under which cinnabar moth can reduce ragwort
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to low levels and maintain control, and to define when the herbivore

cannot control the weed without the aid of other tactics.

Maintenance of ragwort at low levels is associated with:

(1) defoliation above 95%, (2) ragwort regrowth after defoliation of

90% or less, (3) seed germination rate of 1% or less if regrowth is

good, (4) stage-specific herbivore mortalities of 25% or less, and

(5) an extended period of moth emergence with oviposition. of 40 eggs

per plant or higher. Significant deviation from these levels by any

one of these factors suppresses the ability of cinnabar moth to main-

tain low levels of the ragwort. The five conditions are interrelated

such that a change in one factor can be compensated for by an

opposing change in another.

Other control tactics were investigated in model simulations

to evaluate their compatibility with cinnabar moth. Simulation

experiments suggested that cinnabar moth used with cultural control

or the flea beetle, Longitarsus jacobaea L., can reduce ragwort

levels below the level achieved by cinnabar moth alone. These

results are qualified by assumptions concerning the activities of flea

beetle and the effects of cultural practices.

Whether cinnabar moth has high potential as a biological

control of tansy ragwort depends upon site-specific environmental

conditions and the desired level of control. In model simulations,

ragwort biomass decreased sharply only when plant growth and



regrowth was poor and defoliation level was high. With good

regrowth and high defoliation, ragwort biomass stabilized at

intermediate levels.
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PREFACE

The presentation of this study emphasizes collection of knowl-

edge about the plantherbivore system, results of experimental

work, and system model construction, validation and analysis.

In the preface, I report the chronological order of the model develop-

ment. This chronology provides a methodology that may be applied

to studies of other plantherbivore systems.

My introduction to the plant-herbivore system was in the

summer of 1974. I visited a field site in Linn County, near the

point of the first Oregon release of the herbivore, Tyria jacobaeae L.

That summer the plant, Senecio jacobaea L., had been nearly com-

pletely defoliated by the herbivore over a six acre area. Some

plant regrowth was observed but the majority of plants showed little

evidence of secondary growth. I was impressed by the defoliation

and puzzled by how the herbivore population could be maintained

after such extensive depletion of its food supply. I was informed

that many defoliated plants would regrow during the fall and that a

considerable amount of food would be available when the moth

emerged in the spring.

During the winter of 1974-1975, I became familiar with

literature on the plant and herbivore and examined all available data

from the study site. Four years of data on plant and herbivore

densities and herbivore mortality factors were provided by



W.P. Nagel and D. L. Isaacson (1971). Nagel and Isaacson also have

provided a strong understanding of the plant-herbivore system on

Which I have depended heavily throughout this study. Availability

of literature and the knowledge base provided incentive for organiz-

ing the existing knowledge of the system.

During the fall and winter of 1974-75 I began conceptualizing

the plant and herbivore as a system. In the process, I identified

several aspects of the system for which data were scarce or com-

pletely absent. During the spring, summer and fall of 1975, I

carried out some experiments on plant regrowth after defoliation

and monitored plant and herbivore field populations at the field site

previously studied by Nagel and Isaacson. These preliminary

experiments and field experience gave me a much better insight

into plant-herbivore interactions.

In the spring of 1975 I expressed an interest in building a

formal mathematical model of the plant-herbivore system to W.S.

Overton. With his strong guidance, a first-version system model

structure was laid out prior to the spring of 1976. This system

model allowed me to explicitly identify data that were needed to

fill gaps in knowledge, finish the model construction and estimate

the model parameters. Modeling was facilitated by construction of

the model in the FLEX Modeling Paradigm, which has been developed



at Oregon State University over the past seven years. Programming

and simulation made use of the FLEX Model Processer (White and

Overton 1974).

During 1976, experiments were designed and carried out to

gather these data. I was assisted by several other students in the

data collection, which continued until December of 1976. During

1977 many model simulation experiments were performed.

It is important to note that the model was extremely useful in

directing my research efforts. The early version model explicitly

determined what types of data were needed to answer the questions

of interest. Experiments were then designed to collect these data.

Model construction and analysis as well as laboratory and field

experiments were interwoven. What follows in this paper are the

results of this union between literature background, modeling and

field experimentation. The current version of the model is by no

means complete, but rather poses questions which must be answered

by field experiment.



A MODEL STUDY OF A PLANT-HERBIVORE SYSTEM

GENERAL INTRODUCTION

Tansy ragwort, Senecio jacobaea L., is an introduced species

that has become well established in many areas west of the Cascade

Mountain Range in Oregon. The ragwort is most often found on

lands of marginal agricultural value: unimproved pasture, clearcuts,

roadsides and abandoned lands. Owing to the toxic properties of this

weed, economic losses in the state are 4-5 million dollars annually

(Isaacson 1974). These heavy losses have generated a deep concern

for development of an adequate control program.

Chemical control of ragwort has not proven feasible because the

cost of herbicide applications often exceeds the financial return.

Similarly, the cost of cultural control through pasture improvement is

often prohibitive. Mechanical control measures have not been widely

accepted because much infested acreage is not considered to be

tillable. Biological control has generated much interest because

initial investment cost is low and there is no maintenance cost after

the agent becomes established.

The cinnabar moth, Tyria jacobaeae L., was released in

western Oregon in 1960, nearly 40 years after ragwort was first

reported in the state (Ritcher 1966). This native European herbivore
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of tansy ragwort was introduced into Linn and Coos counties, after

precautionary screening and starvation tests were performed by the

United States Department of Agriculture (Parker 1960). Under some

conditions, the larvae defoliate ragwort populations and appear to

provide limited control (Isaacson 1971). Although this herbivore has

the capacity to reduce ragwort density, its control potential is difficult

to assess (Nagel and Isaacson 1974). In western Oregon, ragwort

often recovers after being completely defoliated. Thus, to evaluate

the control potential of cinnabar moth the growth and regenerative

capacity of the plant, as well as herbovire defoliation performance,

must be considered.

In this study, tansy ragwort and cinnabar moth population

dynamics are viewed in a system context. A model of the plant-

herbivore system is used to study the performances of the species

under different sets of environmental conditions. This study is

presented in four major sections, each of which is a component of the

system model development or analysis.

Section I describes the natural history of the plant and herbivore.

This includes life history information from the literature as well as

experiments to gather data not available from the literature but needed

for model development and estimation of model parameters.

Section II provides an in-depth discussion of the plant-herbivore

system model conceptualization and construction. Model objectives,



subsystem structure, submodels within subsystems and model

assumptions are included. Translation of biological processes into

mathematical form is presented in detail.

Section III describes the behavioral and sensitivity analyses of

the model and how the system model was validated. These analyses

were performed by using the model to make numerous simulations

under different sets of conditions and studying the changes in model

output. Simulations designed to examine the compatibility of cinnabar

moth with other ragwort control tactics are also presented and

discussed.

Section IV is a summary of biological conclusions from studies

of model behavior. The potential of cinnabar moth to control tansy

ragwort and some considerations for development of pest management

strategies are explored.
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SECTION I: NATURAL HISTORY OF THE TANSY
RAGWORT-CINNABAR MOTH SYSTEM

Description and Distribution of Tansy
Ragwort, Senecio jacobaea L.

Tansy ragwort, Senecio jacobaea (Family:Compositae), is a

biennial or short-lived perennial herb. There are three phases of

plant growth: low growing seedling and rosette during the first year,

and stalked flowering plant during the second. A seedling is formed

by a plumule of leaves after appearance of the first two cotyledons.

The rosette measures 75-150 mm in diameter, has stalked leaves

that are pinnatifid with laciniate auricles and cottony hairs on the

undersides (Harper and Wood 1957).

Flowering plants have single or multiple stems 0.75-2.00 m

tall and scarcely branched except at the top. Flower heads are

bright yellow in a compact corymb. Black-tipped involucral bracts

are present and ray florets number 12-15. Seeds are 2 mm long and

have a parachute-like pappus attached at the distal end. Leaves are

ovate, obovate or with narrow segments, coarsely toothed or pinnati-

fid (Cameron 1935). Terminal leaves are large and confluent. The

lower leaves are smaller and yellowish. The rootstock is short and

stout with numerous fleshy roots reaching to a depth of 125 mm or

more but without creeping roots. Fleshy roots are white, 2.5 mm



5

thick with short branched roots given off at comparatively wide

intervals. These generally pass in a vertical direction through the

main mat of pasture roots and run horizontally underneath this mat.

Roots may extend laterally 100 mm or a greater distance in loose

soil (Poole 1938).

S. jacobaea, hereafter referred to as tansy ragwort or ragwort,

is endemic to much of the Palearctic region. It occurs from central

Norway south to Asia Minor and from England and France east to

Siberia (Harper and Wood 1957). It also occurs in North Africa but

is not well established there (Harper 1958). This weed has been

spread to many parts of the world. In the southern hemisphere, tansy

ragwort was reported from New Zealand in 1874 and has since spread

to Australia and Tasmania (Harper and Wood 1957). It has also

invaded South Africa and Argentina (Harper and Wood 1957). In North

America it is reported from both the Atlantic and Pacific coasts. In

the east, tansy ragwort occurs in Maine, New York, New Jersey and

Massachusetts and from Nova Scotia inland to Ontario (Harris et al.

1971, Isaacson 1971). On the west coast the weed is well established

from British Columbia to California (Isaacson 1971).

Introduction of S. jacobaea into North America occurred during

the 1850's. Greenman (1915) reports that tansy ragwort was apparently

introduced from Scotland in ballast material dumped at the port of

Pictou, Nova Scotia. The first known record of tansy ragwort in the
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Pacific Northwest is from Nanaimo, British Columbia in 1913 and the

plant was first discovered in Oregon in 1922 at a ballast dump site in

Portland (Isaacson 1971). Since 1922 the weed has spread to many

parts of Oregon and is now well established west of the Cascade

Mountains. Both coastal and Willamette Valley regions of western

Oregon are included in an estimated infested acreage totaling nine

million acres (Isaacson 1974). Tansy ragwort is beginning to spread

east of the Cascade Range. A survey made by the Oregon State

Department of Agriculture in 1976 produced numerous sightings of

tansy ragwort in the Cascade Mountains, especially in passes near

Mt. Hood. In addition, over 30 records of ragwort plants east of the

Cascades were verified (Isaacson, personal communication).

Toxic Properties and Economic Importance
of Tansy Ragwort

Winton Disease, also known as Pictou Disease, results from

eating quantities of ragwort either alone or mixed with hay. Toxicity

is primarily due to three alkaloids; Jacobine, Jacodine and Jaconine,

which are not lost upon drying of plant material (Harper and Wood

1957). The noxious weed can fatally poison horses, cattle, swine and

may also be harmful to sheep (Cameron 1935; Muth 1968). Early

symptoms of ragwort poisoning develop 1-5 months after grazing in

heavily infested areas, and symptoms may develop after cattle are

removed from infested areas (Cameron 1935). Cattle usually avoid
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stalked ragwort plants when other forage is available but in heavy

stands they may accidentally ingest rosettes along with grasses.

There is some indication that cattle may develop a lethal addiction to

the weed (Harper and Wood 1957).

Tansy ragwort is a very serious problem of the cattle industry

in western Oregon. In addition to poisoning as an economic problem,

other losses include displacement of forage, chemical control costs,

and contamination of seed and hay. Isaacson (1974) estimated that

annual losses to tansy ragwort in western Oregon due to favorable

forage displacement were nearly as large as the poisoning losses of

cattle and horses combined. Also, alkaloids can concentrate in honey

obtained by bees foraging from ragwort, but whether the measured

levels are harmful to human health is not known (Deinzer et al.

1977).

Life History of Tansy Ragwort

Development of tansy ragwort is influenced by stresses and

herbivore interference. Thus, normal patterns of development and

stress-induced deviations from normal will be discussed separately.

Stress conditions for ragwort include: extreme lack of moisture,

poorly drained soil, low amounts of sunlight and heavy competition

with other vegetation. Interference may be mechanical, such as

cutting during agricultural practices, or biological, such as insect or

vertebrate herbivore feeding on the weed.
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In the absence of extreme stress or interference, tansy ragwort

is usually a biennial or rarely, a short-lived perennial. Seeds are

shed during the summer months. The pappus allows seeds to para-

chute far away to colonize new areas but under humid conditions or

when the pappus is absent seeds may be dispersed only short distances

(Green 1937). Seeds may also be carried on water, become entangled

in animal feathers or hair and later released, be accidentally

transported by motorized vehicles, or spread through contaminated

seed and forage shipments.

Seeds may germinate in the fall or the following spring, or they

may enter a prolonged dormancy. Harper (1958) states that buried

seeds may remain viable for more than eight years but Poole and

Cairns (1940) have shown that viability drops by as much as 95% after

two years. Seed germination under field conditions is highly variable.

In the Dutch Dunes, van der Meijden (1970) estimated 0.9% germina-

tion of total seeds produced. Poole (1938) reports 5%-34% germina-

tion on different types of cultivated plots, 1%-10% germination in

pastures, Cameron (1935) cites seedling establishment rates ranging

from 0% in long grass and short continuous turf to 20% on hard exposed

soil and 53% on open soil. Harper (1958) suggests that apart from the

condition of the substrate, seedling survival is principally limited by

competition from other species. This implies that even if seed

germination rate is high, seedling establishment and survival to the

rosette stage may be much lower.
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If a seedling becomes established in the fall, it will continue

growing until winter. In the spring, the seedling will ordinarily

become a low-growing rosette and continue to add leaf and root bio-

mass until the second winter, at which time it will again become

dormant or enter a slow growth period, depending on the winter con-

ditions. During the second spring, the mature rosette will resume

rapid growth and produce a flowering stalk and seed. In western

Oregon rapid growth begins about March. Flowering stalks are

produced beginning in late April or May. Primary flowers open and

are insect-pollinated during June and July. Mature seeds are

distributed during August and early September, with fall germination

occurring in late September and October with the onset of fall rains.

If a seedling becomes established in the spring, it may follow

the pattern of those established the preceding fall if growth conditions

are good. If growth conditions are not good a spring-established

seedling may spend an extra year in the rosette stage.

As stated earlier, the normal biennial nature of tansy ragwort

can be altered by stress conditions, or mechanical or herbivore

interference. How edaphic and climatic factors influence the life

history of ragwort is not well understood, but variation in plant size

and vigor under different growing conditions has been reported.

Cameron (1935) suggested that alkaline soils, high in calcium car-

bonate, are good for ragwort growth but noted that ragwort also could



10

be found in fertile, highly acid soil (pH 5.2-4.7). Under subjectively

defined "poor" growing conditions where soil is dry, rocky and of low

fertility, ragwort plants are usually smaller and may spend two or

more years as rosettes before flowering.

Cameron (1935) also noted that both mechanical and insect-

feeding damage to flowers, leaves and stems alter ragwort develop-

ment. Damaged or defoliated flowering plants produce late secondary

shoots and flowers. Cameron (1935) estimated that the secondary seed

crop can be as much as 35% of that produced by uninjured plants.

Vegetative regrowth of defoliated ragwort plants from damaged

crowns and root fragments has also been reported (Dempster 1970,

van der Meijden 1970, Harris et al. 1971, Green 1974)., but

descriptions indicate a variable plant response, which appears to be

site-specific.

During 1976-1977, I gathered quantitative data on ragwort

growth in the presence and absence of defoliation. Experiments were

designed after theoretical models of plant growth and regrowth had

been postulated. These experiments were directed at estimating plant

growth and regrowth parameters for the models. These models are

discussed in detail later; the field and laboratory experiments are

discussed in Experiments I and II which follow.
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Tansy Ragwort Growth and Regrowth

The site selected for quantitative studies of ragwort growth and

regrowth was the Silbernagel farm near Jordan, Linn County, Oregon.

Population studies of tansy ragwort and cinnabar moth were initiated

here in 1970 by W.P. Nagel and detailed site descriptions, including

plant composition and site history, are given by Isaacson (1973).

The experimental area is a 6 acre unimproved pasture on the eastern

side of the Willamette Valley. The area was logged during 1963-1965;

woody slash material and decaying tree stumps are still scattered

over the site.

Primary objectives of the experiments were: (1) to establish

leaf biomass schedules for non-defoliated and defoliated ragwort plants

in the seedling, rosette and flowering plant age classes; (2) to esti-

mate numbers of primary flowers and seed production of non-

defoliated flowering plants; (3) to estimate secondary flower and seed

production of plants defoliated at different time intervals; and (4) to

estimate proportions of viable and dormant seeds from primary and

secondary seed crops. Field experiments to establish growth

schedules and flower production are described first and then laboratory

experiments to determine seed viability and dormancy are discussed.
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Experiment I: Leaf, Flower and Seed Production
in the Presence and Absence of Defoliation

Part A: Field Experiments on Growth and
Regrowth of Tansy Ragwort

To establish ragwort growth and regrowth schedules, I tagged

plants in early spring, experimentally removed foliage at different

times, and measured the foliage biomass of plants harvested according

to a planned schedule. Tagged plants were sprayed weekly with an

Orthene insecticide formulation. This spray appeared to be effective

in preventing insect feeding on sample plants.

Methods. In mid-April 1976, 105 tansy ragwort plants in each

of three size classes were tagged with identification numbers. Plants

smaller than 7.5 cm in diameter by 5.0 cm in height were classified

as seedlings. Plants larger than this but smaller than 12.7 cm wide

by 12.7 cm high were classified as rosettes. Plants wider and taller

than this were considered mature rosettes, which would become

flowering plants within the season. This classification was based on

field observations and plant size measurements made in previous

years at this site. Tagged plants were chosen subjectively over the

site but an effort was made to include plants in flat pasture, low brush

and woody slash areas and in shaded or partially shaded areas. At

5-week intervals beginning at week 5 (June 6) a portion of tagged

plants in each size class were totally hand-defoliated in a manner
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closely resembling cinnabar moth feeding activity. All leaves and

flowers were removed but petioles were left intact. At 5-week

intervals beginning on May 1 (week 0) tagged plants were harvested

according to the schedule in Table 1, dried and weighed to determine

above-ground biomass. This procedure was continued for 30 weeks.

Plants were dried for 24 hours at 105 oC prior to weighing. The

flowers, leaves and stems of all harvested plants were dried and

weighed separately. For harvested flowering plants having at least

20% fully ripened seeds and for which seeds had already disseminated

from 5-10% of the capitula, a sample of seeds was subjected to further

analysis (described in Part B). This procedure resulted in five

measurements of leaf biomass every 5 weeks for 30 weeks for non-

defoliated plants and for plants defoliated at weeks 5, 10, 15 and 20

(Table 1).

Results. Ragwort growth and regrowth schedules for flowering

plants, rosettes, and seedlings are plotted in Figure 1. Linear

regression equations were used to describe leaf biomass increase.

Class I refers to a class of plants defoliated at week 5. Class 2 plants

were defoliated at week 10, Class 3 at week 15, and Class 4 at week 20.

Note that regrowth flowering plants in Classes 1, 2, and 3 produced

less leaf biomass than non-defoliated flowering plants and that

Class 4 flowering plants produced no leaf regrowth during the 1976

season. The Class 1 flowering plant regrowth schedule indicates that



Table 1. Schedule of hand defoliation and harvesting of plants for biomass estimates at Jordan, Oregon, 1976. Five plants in each size class
(seedling, rosette and flowering plant) were sampled at each interval.

Defoliation Week 0 Week 5 Week 10 Week 15 Week 20 Week 25 Week 30 Class

Class May 1 June 5 July 10 August 14 Sept. 18 Oct. 23 Nov. 25 Total

Undefoliated 5 5 5 5 5 5 7 35

Defoliated at
Week 5 Defoliated 5 5 5 5 5 25

Defoliated at
Week 10 Defoliated 5 5 5 5 20

De foliated at
Week 15 Defoliated 5 5 5 15

Defoliated at
Week 20 De foliated 5 5 10

Total harvested in each size class 105
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Figure 1. Tansy ragwort growth and regrowth schedules at
Jordan, Oregon, 1976.
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flowering plants defoliated early in the season produced less vegeta-

tive regrowth than plants defoliated later in the season. This sug-

gests that early defoliation, during the period when flowering plants

put energy into stem production, results in low foliage and low

secondary flower production, but replication of this result is

necessary before one can draw any conclusion (Table 2). It is also

interesting to observe that cinnabar moth larvae have never been

observed to totally defoliate plants this early in the season so that this

observation will not affect the model behavior discussed in Section III.

Table 2 lists growth and regrowth linear regression equations

for each schedule and the average number of flowers produced per

plant. Defoliated plants in Classes 1 and 2 produced fewer flowers

than did non-defoliated flowering plants. Flowering plants in Classes

3 and 4 produced no secondary flowers. As shown in Figures lb and

lc, achieved regrowth was less than the biomass of non-defoliated

plants for all four classes of defoliated rosettes and seedlings. The

amount of regrowth decreased as defoliation date was later in the

season,

Part B: Estimates of Seed Viability and Dormancy

Seeds from non-defoliated and defoliated plants described in

Part A were counted and viability and dormancy were determined. A

tetrazolium test was used to determine seed viability (Lindendein 1965)



Table 2. Coefficients of linear regression equations for tansy ragwort growth and regrowth
schedules at Jordan, Oregon, 1976. Above-ground biomass (excluding stems) is the
dependent variable, expressed in grams dry weight; time after defoliation (weeks) is
the independent variable.

an

g
Lid

ca,

,--t

0

0
0
f=4

t1.0

Co

Defoliation
Class

Biomass Equation Number of Flowers
y = a + b (week)

a b
Standard

Mean Error

Non- defoliated
Defoliated at week 5

week 10
week 15
week 20

Non-defoliated
Defoliated at week 5

week 10
week 15
week 20

Non-defoliated
Defoliated at week 5

week 10
week 15
week 20

4.70
0.05
0.05
0.05

no regrowth

0.92
0.05
0.05
0.05
0.05

0.111
0.05
0.05
0.05
0.05

0.254
0.091
0.165
0.157

0.044
0.058
0.033
0.016
0.015

0.013
0.012
0.006
0.012
0.004

165.48
68.50

107.75
none
none

15.00
17.73
48.18
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and germination tests were conducted on selected seed samples.

Ungerminated seeds were either non-viable or dormant and the

incidence of each was determined by the tetrazolium test. The

difference between the estimate of viable seeds and number of seeds

germinating was recorded as number of dormant seeds.

Methods. Seed counts were made for each of 5-10 capitula from

each harvested plant. The capitula were stored in separate plastic

bags to avoid mixing of seeds that were jarred loose from the flower

heads, After seeds from a given plant were counted, they were pooled

and 50 seeds were placed into each of two petri dishes. One dish of

seeds was used for the tetrazolium test, the other was used for the

germination test. Seeds used in both tests were stored in shaded

containers at room temperature from the time of harvest until late

August to October.

The specific procedure for tetrazolium testing of S. jacobaea

seeds and the solution used were obtained from the Oregon State

University Seed Laboratory. Approximately 50 seeds from each

sample plant were preconditioned by soaking in tap water at 28oC for

16 hours. Seeds were then removed from the water, pierced through

the center with a fine needle so that the needle point went through both

seed coats and embryo. Four milliliters of 1% tetrazolium solution

was then added to the pierced seeds and they were held at 38°C for

5-7 hours. Stained seeds were then blotted dry with paper towels and
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placed in 4-5 drops of clearing solution and baked at 38°C for 1 hour.

After baking, the stained embryo was easily visible through the

transparent seed coat when observed under a dissecting scope.

For the germination tests, petri dishes containing approximately

50 seeds each were filled with tap water and held at room temperature

for 16 hours. Seeds were then transferred to damp filter paper in

plastic containers with sealed lids to avoid moisture loss, and placed

in an environmental chamber. Chamber conditions were: 12 hours

of light at 1000 foot candles, and 25°C, 12 hours darkness at 10°C.

Approximately five drops of water was added daily to each container.

Containers were examined daily; germinated seeds were counted,

removed and results were recorded. Germination tests were started

on October 27, 1976 and continued until January 3, 1977. Seeds not

germinated by January 3 were considered to be non-viable or dormant

and were subjected to the tetrazolium test described earlier.

Results. The results of the tetrazolium seed viability test for

non-defoliated and defoliated flowering plants are cited in Table 3.

Seed counts for non-defoliated and four classes of defoliated flowering

plants are summarized in Table 4. Although the numbers of seeds per

capitulum were about the same for non-defoliated and early-defoliated

plants, the latter produced far fewer flowers and the secondary seed

crops showed lower proportions of viable seeds (Tables 4 and 5). As a

result, the total number of viable seeds produced by early-defoliated



Table 3. Viability of tansy ragwort seeds from plants that were hand-defoliated at various times.

Defoliation Class

Number
Seeds

Tested
Normal
Embryo

Abnormal
Embryo

Sterile
Seeds

Percent
Viable Seeds

Mean S. E.

Non-defoliated 990 692 93 205 69.85 3.84

Defoliated at week 5 202 95 33 74 47.00 15.78

Defoliated at week 10 200 79 58 63 39.50 10.14

Defoliated at week 15 None produced 0.00

Defoliated at week 20 None produced 0.00

Table 4. Number of viable seeds produced by non-defoliated and four classes of defoliated flowering plants.

Seeds per
Capitulum

Average
Proportion of

Viable

Average Total
Number of

Viable Seeds

Average Number
of Capitula
per Plant

Defoliation Class Mean S. E. Seeds per Plant Mean S. E.

Non-defoliated 65.64 1.23 0.70 7546.73 164.68 15.02

Defoliated at week 5 59.33 4.70 0.47 1910.13 68.50 17.73

Defoliated at week 10 64.83 1.72 0.40 2759.25 107,75 48.98

Defoliated at week 15 None None None None None None

Defoliated at week 20 None None None None None None



Table 5. Estimates of ragwort seed viability and dormancy from germination tests (mean ± standard error).

Defoliation
Class

Number
seeds

tested
Percent Germinated Seed

Mean S. E.

Percent Viable Seed
Mean S. E.

Percent Dormant Seed
Mean S. E.

Non-defoliated 1000 63. 20 3. 36 67. 30 3. 30 4. 10 1. 15

Defoliated at week 5 200 60. 50 20.24 63. 50 21. 23 2. 50 0.96

Defoliated at week 10

Defoliated at week 15

Defoliated at week 20

200

none produced

none produced

63. 50 6. 99 68.00 5. 35 4. 50 4.50
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plants was only 25-37% that of the primary seed crop of non-

defoliated plants. Flowering plants defoliated late in the season

froze while the flowers were still in the buds.

Results of seed germination tests are summarized in Table 5.

The total number of viable seeds was computed by adding the number

of germinated seeds and the number of non-germinated seeds, which

were shown by the tetrazolium test to be viable. Under favorable

germination conditions, the proportion of dormant seed for both non-

defoliated and early-defoliated plants was 3-5% of the total seed crop.

In unfavorable germinating conditions one would expect a larger

proportion of dormant seed but the influence of suboptimal conditions

was not examined and is suggested as another possible extension of

these experiments.

Comparison of viable seed estimates in Tables 3 and 5 shows a

marked difference. In the germination tests, no difference in the

proportion of viable seed produced by non-defoliated and early-

defoliated plants was apparent. However, a marked decline in viable

seed produced by defoliated plants was evident when only the tetra-

zolium test was performed. This discrepancy arises from error

associated with subjective evaluation of seeds with abnormal embryos

as shown by the tetrazolium test. Seeds that showed a cloudy or partly

stained embryo were classified as non-viable but results of the germi-

nation tests suggest that some of the abnormal seeds were mature



enough to germinate under conditions in the environmental

chamber.

Tansy Ragwort Response to Defoliation

23

The response of S. jacobaea to mechanical damage has been

investigated by Cameron (1935) and Poole et al. (1940). These

workers documented three alternatives for damaged plants: to

produce a secondary seed crop, become perennial, or die. Green

(1974) hand-defoliated flowering plants to simulate cinnabar moth

feeding activity. He measured secondary leaf and seed production

and the proportion of plants showing regrowth the following summer.

My field observations of plants defoliated by Tyria jacobaeae in

western Oregon indicated that rosettes and seedlings also could regrow

quite effectively but the type of regrowth response of individual plants

was variable. In 1975 at several western Oregon study sites and a plot

at the Oregon State University Entomology Farm, I observed the

following responses of flowering plants defoliated by cinnabar moth:

(1) plants regrew only flowers, set seed and died after seed

dispersal;

(2) plants regrew leaves and flowers, set seed and died after

seed dispersal;

(3) plants regrew leaves and flowers, set seed but did not die after

seed dispersal;
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(4) plants produced only leaf regrowth and survived as various

sized rosettes, and

(5) plants regrew vegetatively the following spring, after over-

wintering as live rootstock.

In addition to these responses by defoliated flowering plants, I also

observed vegetative regrowth of totally defoliated rosettes and seed-

lings.

These observations provided the incentive for quantitative

estimates of the regrowth capacity of individual plants discussed in

Experiment I but the proportion of defoliated plants in each defoliation

class which responded to each of the alternatives was not provided

by that experiment, To study these proportions Experiment II was

designed.

Experiment II: Field Estimates of Tansy Ragwort
Regrowth after Defoliation by Cinnabar Moth

This experiment was designed to measure the plant response to

defoliation by caterpillars and to quantify the proportion of defoliated

plants that exhibit regrowth of various types. Tagged plants were

observed periodically through the season of moth activity.

Methods. Experiment II was carried out during the 1976 growing

season at the Jordan site. The site was partitioned into 175 square

quadrats, measuring 15 m on a side. In each quadrat where sufficient

ragwort plants could be found, two flowering plants, two rosettes and
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one seedling were tagged with identification numbers. Beginning in

mid-May and continuing to mid-September the following data were

collected at a weekly interval for every tagged plant:

(1) number of cinnabar moth egg masses and number of eggs

per mass;

(2) number and stage of all cinnabar moth larvae occupying

the plant;

(3) percent defoliation of host plant, and

(4) number of regrowth leaves and flowers after total cinnabar

moth defoliation of host plant.

On November 1, 1976, all plants were observed again in a

pre-frost survey of regrowth plants. The regrowth plants were

classified by the same criteria as in Experiment I. In addition,

rootstocks were examined and the number and condition of secondary

flowers were described. The same survey was repeated on November

30, 1976, after a week of hard frost had arrested plant growth.

Results. The proportions of plants that showed some type of

regrowth or overwintered as rootstock are summarized in Table 6.

Over 90% of the totally defoliated flowering plants, rosettes, and

seedlings survived and most produced visible regrowth within the

same season. The 1976 summer was wetter than average and this

probably aided the regrowth of defoliated plants. Dempster (1975)



Table 6. Summary of regrowth and mortality of ragwort plants after cinnabar moth defoliation at Jordan, Oregon, 1976.

Type of Plant

Number
Defoliated

Plants
Observed

Number
Dying

without
Regrowth

Number Producing
Secondary

Seed
Then Dying
(Category Aft

Number Producing
Vegetative
Regrowth

Only
(Category B)

Number Producing
Both Secondary Seed

and Vegetative
Regrowth

(Category AB)

Number
of

Over-
wintering
Rootstocks

Flowering plant 230 21 (9%) 84 (37%) 71 (31%) 26 (11%) 28 (12%)

Rosette 247 12 (5%) 219 (8990 16 (6%)

(212)a (6%) (184) (87%) (8%)

Seedling 116 6 (5%) 108 (93%) 2 (2%)

(103)a (6%) (95)(92%) (2%)

aSome rosettes and seedlings had tags lost after the first set of observations in September and before the second set of observations in November.
Bracketed numbers indicate numbers of rosettes and seedlings observed after missing tags were noted. These numbers were used to compute

proportions listed in Table 7.
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noted that vegetative regrowth of cinnabar moth-defoliated ragwort

plants was far greater after unusually wet summers.

Types of vegetative regrowth, and proportions responding to

the different regrowth alternatives, are summarized in Table 7.

Eighty-seven percent of defoliated seedlings regrew as seedlings,

59% of defoliated rosettes regrew as rosettes and about one-third

regrew quickly enough to be mature rosettes before winter. Of the

defoliated flowering plants that produced vegetative regrowth, over

60% regrew as small rosettes which could probably not produce

flowering stalks the following summer.

Mechanisms responsible for the variable vegetative response

of defoliated plants in each class were not investigated here but would

be necessary to gain a good enough understanding of plant regrowth

to allow predictions of plant response to defoliation in different

habitats. Elucidation of such mechanisms would be a valuable

extension to this preliminary investigation.

Total defoliation resulted in only 9% mortality without regrowth

in flowering plants and 5% for rosettes and seedlings (Table 6). Under

harsh winter conditions the overwintering rootstocks might not sur-

vive and would add to defoliation mortality. If it were assumed that

none of the live rootstocks observed on November 30 were to survive

the winter, defoliation mortalities would then increase to 21%, 11%

and 7% for flowering plants, rosettes and seedlings, respectively.



Table 7. Summary of within-season vegetative regrowth responses of tansy ragwort plants defoliated
by cinnabar moth larvae, Jordan, Oregon, 1976.

Type of Response Number Responding Proportion Responding

Flowering plant--Mature rosette 27 0.28
Flowering plant--Small rosette 59 0.61
Flowering plant- -Seedling 11 0.11

total 97 1.00

Rosette- -Mature rosette 63 0.34
Rosette- -Small rosette 108 0.59
Rosette- -Seedling 13 0.07

total 184 1.00

Seedling--Small rosette 12 0.13
Seedling- - Seedling 83 0.87

total 95 1.00
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Summary Discussion of Tansy Ragwort
Response to Defoliation

Experiment I clearly indicated that timing of defoliation is

important in determining the regrowth pattern of a defoliated ragwort

plant. Timing affects both regrowth of leaf biomass and secondary

flower production. This regrowth capacity of defoliated ragwort

plants is potentially important in the dynamics of ragwort herbivores.

Cinnabar moth dynamics could be influenced by the amount of regrowth

produced within the season if plant response occurs quickly enough

to provide additional food for cinnabar larvae after all plants have

been defoliated. Secondly, if seedlings become established from

seeds produced by secondary flowering, then additional edible leaf

biomass would be available for cinnabar moth larvae the following

summer. Both of these factors could be important in allowing herbi-

vore numbers to remain high enough to achieve a high level of ragwort

defoliation.

No secondary flowers were produced by plants defoliated after

week 15 (August) and no regrowth occurred on plants defoliated after

week 20. This suggests that in areas where the growing season is

short and winters harsh, defoliated plants may suffer high mortality,

or at least not regrow until the following spring. This would result in

lower ragwort density during winter months than would be observed

in milder areas. It was especially surprising to find that over 90% of
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defoliated seedlings regrew within the season. A possible explanation

of this is that many of the plants classified as "seedlings" were not

true seedlings but, rather, small rosette propagules that met the

seedling size class criteria. In another sample of similar seedlings,

80% had a larger root system than would be expected in true seedlings.

This is not surprising because the study area has a history of heavy

moth defoliation and many plants are in fact regrowth plants. As a

result of the large root systems, the seedlings had a higher regrowth

capability than true seedlings.

Experiments I and II document a good capacity for regrowth

after defoliation, at least in years with wet summers. In addition to

vegetative regrowth, secondary flowers are also produced and these

yield some viable seed. These regrowth and seed responses could

allow ragwort to persist even if cinnabar moth completely defoliated

the ragwort population every year.

Description and Distribution of the Cinnabar
Moth, Tyria jacobaeae (L.)

The cinnabar moth, Tyria jacobaeae (L.) is a member of the

family Arctiidae (Lepidoptera). The species has been referred to

under four generic names; Hypocrita, Callimorpha, Euchelia, and

Tyria. The common name, cinnabar moth, is quite descriptive of

the adult moth, which has bright red hindwings and cinnabar-colored
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markings on the forewings. The wing spread measures approximately

30-45 mm. Eggs are round and measure 0.65 mm in diameter. They

are laid in clusters of various sizes but average approximately 40

eggs per cluster. The eggs are bright yellow when first laid but the

color fades in older eggs; just prior to hatching, eggs are greyish with

the black cuticle of the larval head capsule easily visible.

All five larval stages are quite similar in general appearance,

size being the most obvious difference. First instar larvae are 2 mm

in length and greenish-yellow in color. Second instar larvae are

4 mm long and striped with alternating black and greenish-yellow

bands. Third and fourth instar larvae are respectively 8 mm and

13 mm in length, both having characteristic alternating yellow and

black horizontal bands. Fifth instar larvae, 15-25 mm in length,

also have the yellow and black banding pattern and in addition a gold

triangle on the dorsal surface of the first thoracic segment, behind

the dark black head. Cameron (1935) gives detailed measurements of

head capsule and body length for each larval stage. The pupa is dark

reddish brown. Pupal size is highly variable (Cameron 1935,

Dempster 1971, Myers 1976) but approximately 10-12 mm in length

and 0.4-0.55 mm in width.

Cinnabar moth is found in Great Britain, continental Europe

and some parts of west-central Asia (Cameron 1935). The moth has

been introduced as a biological control agent in New Zealand,
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Australia, and North America (Dempster 1971, Isaacson 1971,

Green 1974; Harris et al. 1975). It is established in California,

Oregon, and Washington (Hawkes 1968, Isaacson 1971), as well as

British Columbia and Atlantic provinces in Canada (Harris et al.

1975). Cinnabar moth populations in France, Switzerland, and

Sweden have been sources of collections for introductions into North

America (Myers 1976).

The ecological distribution of Tyria jacobaeae is more restricted

than its host Senecio jacobaea. Dempster (1971) mapped the distribu-

tion of cinnabar moth in England and Wales, showing the moth to be

common throughout England but distributed sparsely on poorly

drained soils. Van der Meijden describes the distribution of Tyria

jacobaeae as being more restricted in open, drier parts of the

Netherlands Dunes than the distribution of Senecio jacobaea.

Life History of Cinnabar Moth

Tyria jacobaeae adults begin to emerge from overwintering

pupae in mid-April to May in Oregon. Emergence may continue for

up to 10-12 weeks but usually the period is somewhat shorter than

this (Isaacson 1971). Mating takes place within a few days after

adults emerge. Egg laying commences shortly after mating if host

plants are available. Cameron (1935) shows that moths mate and

deposit all eggs within a week. Although tansy ragwort is the primary
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host of cinnabar moth, oviposition and feeding sometimes occur on

other Senecio species. Alternate hosts include S. vulgaris L.,

S. triangularis Hook, and S. sylvaticus L. I have moved third and

fourth instar larvae from S. jacobaea to S. vulgaris; they readily fed

and later successfully pupated. In the field it is unusual to find

larvae feeding on species other than tansy ragwort but these other

species could be important alternate sources of food if ragwort is

depleted.

Eggs are deposited in masses on the undersides of host plant

leaves. Green (1974) showed that the frequency of oviposition on

stemmed plants can be significantly higher than on rosettes but that

the size of the clusters on stemmed plants and rosettes is not differ-

ent. The duration of the egg stage is 5-14 days, or longer if cool

temperatures are persistent. Cameron (1935) showed that eggs

hatched in five days in an incubator at 23°C, while under field con-

ditions approximately 13 days were required. In 1975 I monitored

egg masses under field conditions and found the mean hatching time

to be 13.40 + 0.48 days. All eggs within a given mass usually hatch

within a week,

Duration of larval instars is also temperature dependent.

Isaacson (1971) studied the length of each of the instars under different

temperatures. He found that total duration of larval stages ranged

from 18 days at 26.7°C to 33 days at 18.3°C. Despite this temperature
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effect on developmental time, there were no differences among the

five larval stages at either level of temperature.

There are some behavioral differences among larval stages

with respect to feeding and redistribution. First instar larvae feed

on the undersides of the leaf on which they hatched and rarely dis-

perse to other leaves unless knocked off of the host. Second and third

instar larvae feed on leaves and flower buds and aggregations are

looser as development progresses. Fourth instar larvae tend to con-

centrate their feeding on the upper parts of the plant and are more

spread over the plant than are earlier instar larvae (Green 1974).

Both third and fourth instar larvae will redistribute and feed on

other plants if the original host is defoliated. Green (1974) showed

that the probability of locating a plant after redistribution is a

function of plant density and is lower for third and fourth instar

larvae than for fifth instar larvae. Fifth instar larvae are more

solitary feeders than are earlier stages. Fifth instar larvae have the

ability to disperse as far as 100 m from their host plant (van der

Meijden 1973), but dispersal exposes them to an increased level of

predation (Wilkinson 1965).

Isaacson (1971) and Green (1974) studied food consumption for

each of the larval stages and found fifth instar larvae to be by far the

largest consumers. First and second instar larvae consume a

negligible amount of foliage, third instar larvae consume a small but
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measurable amount, and fourth instar larvae consume about three

times as much as the first three instars combined. Fifth instar

larvae consume more than 75% of all food needed for pupation and can

therefore eat foliage out from under" earlier larval stages.

Fifth instar larvae seek out suitable pupation sites. Van der

Meijden (1973) found a significant preference for pupating in grass

compared with moss or lichen. I have found much higher numbers of

pupae in quadrats containing woody slash or tree stumps than in those

containing only grassy vegetation (Stimac and Isaacson 1977). In

Oregon, pupation takes place during July and August and pupae over-

winter until the following spring. Cinnabar moth has only one

generation a year.

Cinnabar Moth Longevity and Oviposition

Shortly after emergence, the adults mate and usually begin

oviposition within several days. The time necessary to complete

mating and oviposition will vary with weather conditions, sex ratio

and synchrony of male and female emergence. I have observed

isolated females that lived more than 30 days but female moths lived

less than 16 days if allowed to mate and oviposit. Unmated females

often deposited small egg batches, usually less than 10 eggs per

batch, which were infertile. Isolated virgin females nearly always

oviposited on the sides of holding containers. During spring and
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summer 1975 egg masses on ragwort plants at Jordan were monitored

for egg mortality, egg mass size and egg hatching times. At this

time cinnabar moth females were observed to oviposit on non-host

plants when no normal host plants were available. It is not known if

these females had mated.

Many workers have discussed variation in the number of eggs

per mass (Dempster 1971, Green 1974, Myers 1976, van der Meijden

1976). Myers (personal communication) has noted differences in egg

mass sizes among different cinnabar moth populations. Although

egg mass size and fecundity has been shown to be highly variable

(Dempster 1971), no specific data on the length of time required for

oviposition were available in the literature. Therefore, female

longevity, mating time and length of oviposition period were examined

in a field experiment during spring and summer 1976.

Experiment III: Estimates of Cinnabar
Moth Longevity and Egg Laying

The purpose of this experiment was to estimate cinnabar moth

longevity, duration of preoviposition and oviposition periods, and

size and number of egg masses laid. Egg mass sizes were recorded

at Jordan in 1975 but individual cinnabar moth females were not

followed.

Methods. Fifth instar larvae were collected from a number of

Oregon coastal and Willamette Valley populations in June-August 1975
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and placed in 5 gallon containers with an abundance of tansy ragwort.

When larvae pupated they were placed into moist peat moss in petri

dishes to overwinter. Dishes were stored in the laboratory and the

peat was moistened regularly to prevent desiccation.

When adults emerged in the spring of 1976, they were sexed and

individuals were placed in separate paper cups. After one day,

pairs of males and females were placed in small containers for

another day, to encourage mating. After the second day, mating pairs

were transferred into field cages of two sizes. Each of 15 mated

pairs were transferred into individual cages (0.61 m x 1.22 m high)

containing one mature rosette. Twelve pairs were transferred into

larger cages (1.83 m x 3. 66 m x 0.91 m high) containing six mature

rosettes. For each of the 27 mating pairs the following data were

recorded daily: (1) condition of male and female moths; (2) number

of egg masses laid; and (3) number of eggs per egg mass. Egg

masses were removed after the number of eggs was counted and

recorded.

Results. The average longevity of female moths was 11.8 days

but the average preoviposition and oviposition period was only 8.1

days (Table 8). The range of eggs laid per female is large;

Dempster (1971) reported a range of 73-295 and the range for my

experiment was 18-433. The number of eggs per mass ranged from

18-144 with an average size of 42.54. These data compare favorably



Table 8. Cinnabar moth female longevity, preoviposition and fecundity in field cages.

Female moth Life Preoviposition and Number of Total Eggs/ mass
identification span oviposition period egg masses eggs Mean

number (days) (days) laid laid
S. E.

Treatment 1
(1 host plant/ cage)

1 13 13 8 333 41.6 11.7

2 8 4 1 18 18.0

3 10 6 4 92 23.0 7. 0

4 16 15 11 211 19.2 3. 7

5a 11 10 13 424 32.6 7. 0

6 10 9 3 356 118.7 22.5

7 12 10 9 324 36.0 6, 9

8 11 11 4 152 38.0 15.2

9 12 6 3 433 144. 3 19. 7

10 10 7 6 199 33.2 3. 8

11 13 4 13 333 25. 6 5. 3

12 13 4 2 68 34, 0 2. 0

13 13 8 5 260 52.0 14. 5

14 13 13 10 257 25, 7 6. 9

15c 11 1 1 4 4.0

Treatment 1 average 11. 85 8.46 6. 08 233. 54 46. 87



Table 8. (Continued)

Female moth Life Preoviposition and Number of Total Eggs/ mass

identification span oviposition period egg masses eggs Mean S. E.

number (days) (days) ) laid laid

Treatment 2
(6 host plants/cage)

1 12 9 4 106 26.5 7.0

2 9 6 7 250 35.7 8.6

3 8 7 7 170 24.3 2.6

4 10 4 2 130 65.0 33.0

5 10 8 5 185 37.0 8.9

6 14 13 9 428 47.6 9.2

7
b

8 0

8 15 6 10 229 22.9 S. 6

9 13 7 3 113 37.7 15.2

10 8 0

11c 13 1 1 7 7.0

12 14 10 8 239 29.9 5.0

Treatment 2 average 11.67 7.78 6.11 210.64 36.29

Overall average 11. 77 8. 12 6.09 222.09 42.54

a) This replication was omitted from computations of averages because another female entered cage during trial.

b) These females were omitted from computations of averages because preyed upon by spiders before any eggs laid.

c) The females were omitted from computation of averages because only one very small egg mass was, laid on the first day, then behavior seemed

unusual.
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with the 41.40 eggs per mass recorded in the field at the Jordan

site during the 1976 egg monitoring study.

Two treatments were used in an attempt to examine the influence

of host plant density on oviposition behavior: (1) one plant per cage

and (2) six plants per cage. However, it became apparent that

moths were far less active in the smaller cages than in the larger

ones. As separation of cage effect from host plant availability was

not possible, no statistical comparison between the two treatments

was made.

Mortality of Cinnabar Moth

Identified factors influencing mortality of cinnabar moth, Tyria

jacobaeae, can be divided into two dependent groups: (1) mortality

inflicted by natural enemies and (2) mortality resulting from food

shortage. In years when mortality due to natural enemies is high,

starvation mortality will be relatively low, especially if the former

is inflicted on earlier stages which consume relatively little foliage.

Conversely, when starvation mortality is high, the natural enemies

that respond in a density dependent manner will have less effect in

reducing cinnabar moth numbers. Such a relationship is apparent in

cinnabar moth life tables for populations in England (Dempster 1971,

1975) and Oregon (Isaacson 1973; Stimac and Isaacson 1977). Direct

mortality of cinnabar moth which results from adverse weather con-

ditions has not been documented.
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Natural enemies reported in native areas of Senecio acobaea

Tyria jacobaeae are somewhat different than those in areas where the

plant and herbivore have been introduced. Listed in Table 9 are

major cinnabar moth predators and parasites in native and introduced

areas. Cameron (1935) gives an extensive parasite list which includes

rare species of Hymenoptera and Diptera. Dempster (1971) discusses

the magnitude of both natural enemy and starvation mortality factors

for all stages of cinnabar moth in England, while Hawkes (1973),

Isaacson (1973) and Stimac and Isaacson (1977) have discussed

mortality factors for California and Oregon populations. In both

England and western North America, egg mortality from hatching

failure, predation and parasitism is low relative to mortality in later

stages. Mortality of young larvae, which can be as high as 80%, is

primarily due to arthropod predation in both England and western

North America. In England arachnids and ground beetles are

important early larval predators (Dempster 1971). Hawkes (1973)

attributes early instar larval predation in California to an earwig, a

sowbug, and three species of ground beetles. Isaacson (1973) sug-

gested that in Oregon several unidentified spiders were also involved

in predation on early larvae. Parasitism of early instar larvae has

not been found to be important in Europe or North America.

Starvation of early instar larvae can result from late instar

larvae redistributing onto plants occupied by early stage larvae and



Table 9. Major predators and parasites of Tyria jacobaeae L. in native and introduced areas.

Natural Enemy Stage(s) Killed Reported Area Reference

Predators
Invertebrates
1. Arachnida, Phalangida

Phalangiurn opilio L. Egg, larva I-IV England Dempster (1971)

2. Araneida
Oxyptila scabricula (West) England Dempster (1971)

Theridion ovatum (Clerck) Larva I-IV
Xysticus cristatus (Clerck) Larva I-II
Meta segrnentata (Clerck) Larva I England Dempster (1971)

Pachygnatha degeeri Sund. Larva I
Lycosa amentata (Clerck) Egg, larva I

3. Acarina
Anystis baccarum (L. ) Egg, larva I-II England Dempster (1971)

Erythraeus phalangoides de Geer England Dempster (1971)

Balaustium sp. Egg Canada Green (1974)

4. Insecta, Coleoptera
Harpalus rufipes (de Geer) Egg, larva I-IV England Dempster (1971)

H. rufitarsus (Duftschmid) --
_H. brevicollis (Serville) Egg

Abax parallelopipedus (P&M. ) Egg, larva I-II England Dempster (1971)

Feronia melanaria (Illiger) Egg, larva I-IV
F. cuprea (L. )
Metabletus foveatus (Geoffroy) --
Trechus quadristriatus (Schrank) Larva I-II
Notiophilus biguttatus (F.) Egg, larva I England Dempster (1971)

Bembidion lampros (Herbst) Egg
Amara aulicus (Panzer) Larva I
Amara sp. Larva I California Hawkes (1973)

Anthicus antherinus (L ) Egg, larva I
Tachyporus spp. Larva I
Rhagonycha spp. Larva II



Table 9. (Continued)

Natural Enemy Stage(s) Killed Reported Area Reference

4. Insecta, Coleoptera(continued)
Calathus fuscipes Goeze Larva, pupa Canada Wilkinson (1965)

C. ruficollis (Dejean) Egg, larva I-IV California Hawkes (1973)

Pterostichus melanarius Ill. Larva, pupa Canada Wilkinson (1965)

Pterostichus sp. Egg, larva I-IV California Hawkes (1973)

5. Heteroptera
Chaerocoris paganus Fabr. Egg, larvae Australia Bornemessiza (1966)

Heterotoma merioptera (Scopoli) Larva I-II
Calocoris norvegicus (Gmelin) Larva I-II England Dempster (1971)

Anthocoris nemorum (L. ) Egg, larva I
Nabis rugosus (L )
Nabis sp. Larvae Australia Bornemessiza (1966)

Cermatulus nasalis (Westw. ) Larvae Australia Schmidl (1972)

6. Dermaptera
Forficula auricularia (L ) Egg England Dempster (1971)

Egg, larva I and Adult California Hawkes (1973)

7. Neuroptera
Chrysopa sp. Larva II England Dempster (1971)

8. Mecoptera
Panorpa sp. Egg, larva I England Dempster (1971)

Harpobittacus nigriceps Selys Australia Bornemissza (1966)

9. Hymenoptera
Lasius alienus Forst Larva N-V Netherlands van der Meijden (1973)

Formica polyctena Forst Larvae Netherlands van der Meijden (1973)

Camponotus sp. Larva II- IV Oregon Myers & Campbell (1976)

10. Crustacea, Isopoda
Armadillidium sp. Egg, larva I Dempster (1971)

Philosia muscorum (Scopoli) Egg, larva I
Porcellio scaber Latreille Egg, larva I California Hawkes (1973)



Table 9. (Continued)

Natural Enemy Stage(s) Killed Reported Area Reference

Predators (continued)
Vertebrates
1. Mammalia, Rodentia

Peromyscus maniculatus rubidus (Osgood) Pupa California Hawkes (1973)
P. maniculatus ( Walker) Pupa Oregon Isaacson (1973)
Apodemus sylvaticus L Pupa England Dempster (1971)
Eutamias sp. Adult Oregon Isaacson (1973)

2. Insectivora
Talpa europaea L. Pupa England Dempster (1971)

3. Reptilia, Squamata
Sceloporus occidentalis Baird & Girrad Pupa Oregon Isaacson (1973)

4. Ayes, Passeriformes
Starlings (unidentified) Larvae New Zealand Green (1974)from Miller (1970)

5. Cuculiformes
Cacomantis pyrrhophanus Larvae Australia Schmidl (1972)

Parasites
1. Insecta, Hymenoptera

Apanteles popularis Haliday Larva V England Dempster (1971)
Netherlands van der Meijden (1970)

Meteora versicolor Wesmael -- Netherlands van der Meijden (1970)
Ichneumon sp. Pupa Canada Green (1974)
Ichneumon perscrutator Wsm. Pupa England Cameron (1935)
Echthromorpha inrricatoria (Fabr. ) Pupa Australia Bornemessiza (1966)
Melanichneumon subcyaneus

neutralis (Creson) Pupa California Hawkes,( 1973)
Melanichneumon sp. -- Oregon Isaacson (personal communication)
Psychyphagus omnivorus Walk. Pupa England Cameron (1935)
Telenomus sp. Egg Canada Harris et aL (1975)

2. Diptera
Lespesia archippivora (Riley) Pupa California Hawkes (1973)

Exorista mella ( Walker) Pupa Oregon Isaacson (1973)
i4=.

Chaetophthalmus sp. -- Australia Bornemessiza (1966) 4
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eating the foliage out from under young larvae. The young larvae with

poor dispersal ability then starve or are preyed upon before another

host can be found. The magnitude of this intraspecific competition of

late larvae with eggs and early larvae can result in 25-30% mortality

on early stages.

Dempster (1971) reported predation to be less important as

larvae grow but van der Maijden (1973) showed that two ants, Lasius

alienus Forst and Formica polyctena Forst, inflict high mortality on

late instar cinnabar moth larvae in the Netherlands. I have also

observed unidentified ants feeding on redistributing fourth and fifth

instar larvae in Oregon but only infrequently. In both England and

Oregon, starvation is a major mortality factor of late instar larvae

(Dempster 1971, Isaacson 1973).

Parasitism exerts some control of cinnabar moth in the Old

World but is of minor significance in North America. In England the

braconid, Apanteles popularis Hal., kills 5-36% of fully grown larvae

(Dempster 1971). This parasite attacks first or second stage cater-

pillars but does not kill the host larvae until the fifth instar.

A. popularis is not reported from North America. Hawkes (1973)

reported an ichneumonid and two tachinid parasites in California but

they were not considered to be of great importance because percentage

of parasitism was low. Isaacson (1971) also reported a small number

of Oregon larvae parasitized by unidentified tachinids and has recently
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noted the appearance of the pupal parasite, Melanichneumon sp. (D.

Isaacson, personal communication).

Vertebrate predation on cinnabar moth pupae is also quite

different in England and North America. Dempster (1975) reported

that in England 50%, and up to 96%, of the overwintering pupae were

killed by predators. The mole, Talpa europaea, was identified as the

major consumer but field mice, Apodemus sylvaticus, would also eat

pupae when offered them. Though the deer mouse, Peromyscus

maniculatus rubidus, and the western fence lizard, Sceloporus

occidentalis, both fed on cinnabar moth pupae in the laboratory

(Isaacson 1971, Hawkes 1973), overwintering pupal mortality

reported in the western United States is quite small relative to that in

England. Hawkes (1973) estimted 14% pupal predation and Isaacson

(1973) found no significant overwinter predation. Stimac and

Isaacson (1977) suggested one reason for greater pupal predation in

England may be less protected pupation sites. At Weeting Heath in

England, pupation occurs on the soil surface or among roots of

vegetation, while at the Jordan site most pupation is in woody slash

and stumps. Pupation sites in stumps are difficult for vertebrate

predators to penetrate because the rough, hard bark must be nearly

shredded to remove the pupae.

The microsporidian, Nosem.a sp., has been reported to cause

some pupal mortality (Hawkes 1973, Green 1974, Harris 1975).
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Cameron (1935) and Dempster (1971) reported three species of fungi

isolated from pupae. The combined losses from fungi were estimated

to be 16-20% (Cameron 1935), about the same magnitude as Nosema-

induc ed mortality in Oregon pupae. Both the fungi and the micro-

sporidian are commonly referred to as an emergence failure mortality

factor.

Predation on adult moths by arthropods and vertebrates has

been reported but is believed to be of little significance in reducing

cinnabar moth numbers. Dempster (1971) observed adult moths

being eaten by the crab spider, Xysticus cristatus Clerck. Hawkes

(1973) suspected several rodents of feeding on cinnabar moths and

also reported observing earwigs feeding on female moths on potted

plants. Isaacson (1971) reported the chipmunk, Eutamias sp., fed on

adult moths but did not specify whether this feeding was on live moths.

However, he confirmed by personal communication that he observed

chipmunks collecting and consuming live moths during cool mornings

when the moths are inactive.

A Structured View of Cinnabar Moth Mortality

All cinnabar moth mortality factors were classified into three

types of mortality: (1) background, (2) intraspecific competition, and

(3) starvation, Structuring mortality in this manner defined the

different types of mortality mechanisms which were explicitly modeled.



48

Background mortality included all factors that could be assumed

to be constant through the season. Parameter values representing

stage specific mortalities were derived from field estimates made at

the Jordan site during 1971-76 (Isaacson 1971, Stimac and Isaacson

1977). These mortalities include egg predation by earwigs, early

larval disappearance from unknown causes, late larval predation by

ants, overwintering pupal predation by vertebrates and emergence

failure from disease.

Intraspecific mortality was defined as the mortality that

redistributed fifth instar larvae imposed on earlier stages when the

former outcompete young larvae for food. This mortality mechanism

was modeled with a functional representation, which is discussed in

detail later.

Starvation mortality was defined as the mortality that larvae

suffer when their food demand was not met because foliage was

unavailable. This type of mortality was also functionally represented

in a model and is discussed in detail in the cinnabar subsystem model

section. It is recognized that intraspecific mortality is actually a

form of starvation but the two were separated in the model because

starvation is modeled as an inability to find food during redistribution

search for new host plants. Intraspecific competition between large

and small larvae is modeled as a separate mechanism so that it can

be treated separately from other starvation mortalities if deired.
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Effects of Cinnabar Moth on Tansy Ragwort

Complete or nearly complete cinnabar moth defoliation of tansy

ragwort over large areas has been reported in England (Camerson

1935, Dempster 1971), the Netherlands (van der Meijden 1970, 1976),

California (Hawkes 1968) and Oregon (Isaacson 1971). Cameron (1935)

cited satisfactory control of ragwort by cinnabar moth, evidenced by

reduction in ragwort biomass and a 66-100% reduction in seed pro-

duction, Van der Meijden (1976) compared ragwort cover in areas

with and without cinnabar moth. He estimated a 32% reduction in rag-

wort cover after one year of heavy defoliation in the attacked area,

39% after two years and 54% after three years. In areas where the

cinnabar moth population died out, ragwort cover increased to levels

exceeding that in the area where the moth was never present. Hawkes

(1968, 1973) reported that the cinnabar moth substantially suppressed

ragwort, providing partial control. Nagel and Isaacson (1974) esti-

mated a 66% reduction in ragwort biomass and significant reduction in

the number of flowering plants, after four years of heavy defoliation.

Their study, in Coos County, Oregon, began six years after the

original release.

Despite these reports of heavy defoliation and partial or sub-

stantial control, Dempster (1971) reported violent fluctuations in

ragwort numbers during a period of intermittent heavy defoliation by

cinnabar moth. He suggested that failure of cinnabar moth to contain
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ragwort at low levels resulted from ragwort regeneration after

defoliation, and/or from poor survival or extinction of the cinnabar

moth. Earlier, Cameron (1935) drew similar conclusions when

describing the situations under which cinnabar moth could be an effec-

tive control of tansy ragwort. Control occurred when poor soil

conditions precluded vegetative regeneration and secondary seed pro-

duction after defoliation. Van der Meijden (1970) discussed poor rag-

wort regrowth after defoliation due to drought and frost. He suggested

that these factors were more important than cinnabar moth in ragwort

control and that the effectiveness of cinnabar moth was dependent upon

them,

Population Dynamics of Tansy Ragwort
and Cinnabar Moth

Although fluctuations in the densities of Senecio jacobaea and

Tyria jacobaeae were qualitatively described as early as 1907 (van

der Meijden 1970), quantitative measurements of fluctuations in the

two species at any given site are relatively rare. This is probably

due to the time and expense required to quantify density of the species

over a period long enough to observe fluctuations or to determine that

the populations are stationary. Dempster (1971, 1975) studied a

tansy ragwort-cinnabar moth system at Weeting Heath in Norfolk,

England. Population changes in the ragwort and herbivore at this site
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were compared with those at a western Oregon site that was monitored

for six years (Stimac and Isaacson 1977). Changes in plant and pupal

densities at the English and Oregonian sites are shown in Figure 2.

At Weeting Heath, both plant and moth populations have fluctuated

violently over the 8-year period of observation. In contrast, at the

Jordan site in western Oregon the herbivore has been successful in

reducing ragwort density and has maintained the weed at relatively

low densities for six years. Stimac and Isaacson (1977) attempted to

explain the observed differences in population fluctuations in terms of

cinnabar moth mortality factors at the two sites and differences in

ragwort response to defoliation.

Stimac and Isaacson (1977) concluded that cinnabar moth para-

sitism by Apanteles popularis and high overwintering pupal predation

at Weeting Heath, coupled with explosive ragwort regeneration during

occasional wet summers were probably sufficient to account for high

amplitude population fluctuations at the English site. At the Jordan

site, intensive parasitization and high overwintering pupal mortalities

were absent, allowing cinnabar moth numbers to remain high enough

to achieve nearly total defoliation of the ragwort every year. Densi-

ties of the plant and herbivore appeared to fluctuate very little during

a 5-year period. Plant regeneration after defoliation was consistently

good but not explosive as described by Dempster (1971) in the English

system,
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One may infer from Figure 2 that highly fluctuating tansy rag-

wort and cinnabar moth populations are characteristic of native areas

and non-fluctuating populations are typical of introduced areas.

This, however, does not appear to be the case. Myers (1976) gives

evidence of a fluctuating system in Canada and there are indications

that highly fluctuating tansy ragwort-cinnabar moth populations are

present in other parts of western Canada (J. Myers and P. Harris,

personal communication).

One of the purposes of building a simulation model was to make

a quantitative assessment of the potential of cinnabar moth to contain

ragwort under specified sets of environmental conditions. With such

a model many different combinations of cinnabar moth mortalities

and ragwort regrowth success could be simulated, allowing examina-

tion of population changes under a wide range of site specific

environmental conditions, The remaining sections of this thesis will

focus on the construction and behavioral analysis of such a tansy

ragwort-cinnabar moth system model and on the capacity of the

model to simulate population dynamics of the plant and herbivore.
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The subsystem identification shown in Figure 3 is modular,

such that each object population and the environment comprise a

separate module. This modular identification of subsystems allows

concentration on smaller subsets of variables, which facilitates

adding detailed mechanisms to a particular subsystem if this detail

is needed to obtain acceptable model behavior. Also the modular

structure can easily accommodate the addition of other modules

that could represent other tansy ragwort biological control agents

or management tactics. For example, if another major herbivore

were present in a given tansy ragwort environment, the activity of

this herbivore could be coupled to the plant subsystem in the same

manner as in the cinnabar moth module. Thus, modules can be

"plugged in and out" as needed to simulate the dynamics at a particu-

lar site. Overton (1974, 1977) further discusses the general

advantages of decomposition of a whole system model into modular

subsystem models.

An Overview of Subsystem Structure

The two proper subsystems are identified according to their

state variables. At the annual level of resolution the following

variables are specified:
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S1 (Cinnabar Moth Subsystem) S2 (Tansy Ragwort Subsystem)

(Number of)

x1 = fall pupae

(Number of)

x
1

= viable seed

5C.
Z

= dormant seed

x3 = flowering plants

x4 = rosettes

x5 = seedlings

However, the two subsystems really couple at weekly resolution, so

that a higher order representation is needed. Weekly resolution

state variables are given in Figure 4 with couplings identified.

These couplings identify inputs and outputs of each subsystem; the

state variables are needed for representation of subsystem internal

processes that are important in updating coupling variables.

Coupling C
1, 2

shows plant defoliation and occupancy outputs

of the cinnabar moth subsystem that are inputs of the tansy ragwort

subsystem. Three variables represent defoliation in each class of

plants and one output variable gives the number of occupied flowering

plants that are defoliated during each week of cinnabar moth activity.

The fifth coupling variable gives the net number of newly occupied

flowering plants. It is important to note that occupancy and

defoliation are accomplished in the moth subsystem. Using the

five inputs provided by the cinnabar subsystem outputs, the ragwort

subsystem can maintain records of its current status.



Cinnabar Moth Subsystem Variables
State Output Cinnabar Moth Subsystem

Variables Designation Variables Subsystem Inputs Couplings

x
1

Number of spring pupae

X2' x3 Number of adult moths

x4, ..., x9 Number of larvae per plant, by stage
x

10
Number of fall pupae

x11 Number of flowering plants receiving

x
12

, , x
16

x20

x21' x22' x23

eggs this week
Number of flowering plants occupied by
the various stages of larvae
Number of flowering plants occupied by eggs
Number of defoliated flowering plants,
by class
Number' of plants, by class, defoliated
this week
Number of newly occupied flowering plants

Number of occupied flowering plants which
were defoliated this week

2 z ,z ,z
Y21' Y22 Y23 1

Y27 z
1

C1,

Y28 z
5

Figure 4. A list of state variables, inputs, outputs and couplings for the weekly resolution subsystem
models; couplings: CI, 2, C2,1, C3,

I
and C3,

2
refer to Figure 3.



Tansy Ragwort Subsystem Variables
State

Variables Designation

Number of unoccupied plants, by classX3' X4' X5

X6' X7' X8 Number of rootstock, by class

x9, , x19 Number of regrowth plants, by class
and time defoliated
Number of occupied flowering plants
Size of plants, by class

x20

Environmental Subsystem Outputs
Site specific ragwort growth and
regrowth parameter values

Environmental Subsystem Outputs

Degree-day schedule
Site specific insect mortality parameters

Output Cinnabar Moth Subsystem
Variables Subsystem Inputs Couplings

Y3' Y4' Y5
zi, zz, z3

C2,11

y22, y23 z4' z5' z6

=TableA --- b. i 1, ..., 42 C33,

Table B z
7

Table C --- b. i=1, ..., 9
1

Figure 4. (Continued)

C3,
1
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Coupling CZ,
1

shows six outputs of the ragwort subsystem are

inputs of the cinnabar subsystem. Three variables give numbers of

unoccupied plants in each class and three other variables specify the

size (biomass) of plants in each class. This information allows the

herbivore to occupy and defoliate available host plants and determines

the amount of food that larvae receive.

Couplings C3,
1

and C
3, Z

are inputs of the population subsystems,

given as table values, which represent the environment at a given site.

Degree-days, a measure of accumulated heat units, is one environ-

mental input into the cinnabar moth subsystem. The schedule of

degree-days for Jordan is shown in Appendix II. This information is

used to emerge moths and hatch eggs. Both processes are discussed

in detail later. Tansy ragwort growth and regrowth parameters are

specified as table values that reflect the environmental influences on

biomass increase. Actually, growth and regrowth rates at any given

site are influenced by many environmental variables. Rather than

model the influences of environmental variables on plant growth and

regrowth parameters, these can be estimated directly for each site.

Table C represents a list of tansy ragwort site-specific growth

and regrowth parameters, which were measured at the Jordan site

(Appendix I). Background mortality factors of cinnabar moth

(Table B) represent a vector of inputs from the environmental

subsystem which provides parameter values to the herbivore
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subsystem. These parameters could also be modeled to be adjusted

as a function of a number of environmental variables but presently

this is not an objective.

An overview of subsystem structure provides some insight

into how subsystems fit together to form the whole system. This is

an important part of model conceptualization because it unites

system model conceptualization and construction. Subsystem

modules should not be constructed without first considering how

modules will be coupled together, Model behavior is dependent

upon both mechanistically modeled subsystems and the manner in

which mechanistic parts are coupled together. Overton (1972)

discusses the mechanistic and holistic aspects of modeling biologi-

cal systems and Klir (1969) provides a more general treatment of

the subject.

System Model Construction

After identification of subsystems and couplings, specification

of internal subsystem structure is the next step in the system model

construction. Internal subsystem structure consists of the functions

and submodels which define the relations between inputs and outputs.

The internal structure of a biologically identified subsystem need

not include all real world details that are known about the biological

processes that occur within the subsystem. Simple artificial
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structures can often be used in place of complicated or partially

understood processes. However, whenever such artificial struc-

tures are used, these deviations from reality must be specified

along with other model assumptions.

In discussing the internal structure of subsystems, a short

verbal description of model assumptions and deviations from reality

will precede derivation of process functions and submodels. The

object is not to derive for the reader every equation in every sub-

system, but rather to summarize how important processes were

conceptualized and modeled. Listings of all equations in each sub-

system are in the appended Flexforms and a FORTRAN program of

each subsystem is also appended.

A few comments on notation will lessen the difficulty of under-

standing the subsystem internal structure discussions. The Flex

notational convention is used throughout. Inputs are always denoted

by the letter z, state variables by the letter x, process functions

(or internal functions) by the letter g, and dynamic (update) equations

by the letter f. The letter b is used to denote a parameter, and the

letter y represents a system or subsystem output. Parameters are

usually coefficients in process functions or dynamic equations.

Variables can be thought of as fast changing quantities and para-

meters as slowly changing or constant. Further details of the Flex

convention can be found in White and Overton (1974).
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Cinnabar Moth Subsystem

The weekly resolution cinnabar moth model is designed to

account for the essential features of tansy ragwort defoliation and

cinnabar moth population dynamics at the site level. The model

construction is primarily based on data and observations collected

at the Jordan site during 1971 to 1977. The objective criterion of

the model is that annual changes in cinnabar moth abundance and

levels of tansy ragwort defoliation are realistically represented.

In constructing the cinnabar moth model some critical assump-

tions and deviations from reality were made in the process of

developing structural features capable of providing desired model

behavior. These assumptions are listed below.

1. Emergence pattern is assumed to be a function of accumulated

heat units; temporal variation in adult emergence is provided.

Mortality due to emergence failure is imposed at the time of

emergence.

2. Mating occurs within the same week as emergence, and ovi-

position occurs the following week if unoccupied host plants

are available. There is no weekly variation in fecundity.

3. Eggs can only be laid on flowering plants and rosettes. Seed-

lings cannot receive eggs. If eggs are laid on rosettes, the

plant is classified as defoliated and no further accounting of
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these eggs is made. It is implicitly assumed that these eggs

hatch into larvae that do not reach pupation.

4, There is no variation in egg quality. All egg masses are the

same size and eggs laid on a given day will hatch simultane-

ously when their hatchingthreshold is reached. Hatching

threshold is defined in terms of accumulated degree-days

since eggs were laid,

5. Eggs suffer mortality each week they remain unhatched. Egg

masses that do not reach their hatching threshold within

5 weeks after being oviposited suffer 100% mortality.

6. There is no individual or population variation in larval

developmental time. Each larval stage is assumed to be

1 week in duration with pupation occurring 1 week after the

fifth instar begins.

7. Mortality is structured in two forms, intraspecific and back-

ground. Background mortalities are specified by site specific

parameters for each stage and have no functional representa-

tion. Intraspecific mortality on eggs and larval instars

can occur when fifth instar larvae redistribute and feed; this

source of mortality has a functional representation. Back-

ground mortalities are imposed on individuals on all plants

whereas intraspecific mortality is imposed on cohorts on

specific plants.
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8. Background mortalities are stage specific and are uniformly

imposed at the end of the stage.

9. Food consumed by first and second instar larvae is neglected;

larval instars III, IV and V are assumed to be the only feeding

stages. Individual food demand for a particular stage is the

same for all cohorts, except that larvae require more food if

they are forced to redistribute.

10. Only fifth-instar larvae can successfully redistribute to other

tansy ragwort host plants; it is assumed that redistributing

mortality of instars I-IV is 100%. Fifth instar larvae may

redistribute when their host plant is totally defoliated and

may redistribute in a specified order to any class of ragwort

plants in an attempt to fulfill their food demand. Redistribut-

ing larvae disperse sequentially to seedlings first, rosettes

second and then to flowering plants. Fifth-instar larvae

redistribute in specified sized groups and consume all

available foliage on plants that are occupied before redistribut-

ing again.

11. The model is spatially closed. No immigration or emigration

occurs in either population.

12. Pupation occurs when larval food demand is met. If foliage is

available to redistributing larvae some larvae will pupate. The
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number of larvae that pupate after each sequential redistribu-

tion is proportional to total food consumed by all redistributing

larvae.

13. Pupation lasts until May 1, which is assumed to be the begin-

ning of the spring season.

14. Overwintering pupal mortality is imposed on May 1.

A state variable representation of the cinnabar moth subsystem

is presented in Figure 5. Lists of all input, state and output

variables are appended in Appendix I. Figure 5 shows two chains of

state variables, one representing numbers of individuals per plant

for each stage and the other representing numbers of plants occupied

by insects in each stage. No one plant is occupied by more than one

stage at a given time, The first chain can be thought of as a

developmental chain, the second as a host plant occupancy chain.

Advancement along each chain takes place weekly. Advancement

along the developmental chain represents the growth and develop-

ment of insects occupying a particular plant. Advancement along

the occupancy chain represents the changes in numbers of plants

occupied by a particular cohort. The status of a particular cohort

at a particular time is given by the corresponding element from

each chain which represents the developmental stage of that cohort

at that time.
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The cinnabar moth subsystem model is discrete and deter-

ministic. Difference equations, identified by the specification of f

functions, are used to update state variables. Each week, variables

in each chain are modified and advanced one step in the chain

(Figure 5). Processes involved in this updating are emergence, egg

laying, hatching, mortality, growth and development, feeding,

redistribution and pupation (Figure 6). Submodels for these

processes are described in detail below.

Adult Emergence Model

Spring pupae, the initial value of x
1

for an annual run, is

input from the annual resolution model, as x
1(0)

the value of x29

in the annual resolution model. Each week, surviving pupae which

do not emerge that week are subjected to a background mortality,

parameterized by b1. Of those females which are scheduled to

emerge, an additional proportion, b2, are subjected to "emergence

failure" mortality. The number of adults that emerge each week is

computed as a proportion of the pupae that have not yet emerged,

with that proportion given by the g1 process function:

0 if x24 b24 31

x24 b31 if b
31

< x24 < b
32b

32
- b

31

1 if x24 b
32
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where x24 = number of accumulated degree-days,

b
31

= number of accumulated degree-days needed for first
adults to emerge,

b
32

= number of accumulated degree-days at which all adults
have emerged.

This process function is represented in Figure 7 as a ramp function.

The proportion of pupae emerging is zero for x24 (accumulated

degree-days) below b31, 1 for x24 above b
32

and linearly inter-

polated between. Adult emergence can be made completely syn-

chronous by setting the value of b31 equal to b32. The larger the

difference in the value of these parameters, the larger the number

of emerging adult cohorts (increased asynchrony).

Emergence failure and sex ratio are accounted for by:

= number of female moths emerging --- gixiri (1 - b2)

where x1 = pupae not yet emerged,

r
1

= proportion female,

b2 = female emergence failure rate.

Oviposition Model

Eggs can be laid on rosettes or flowering plants if unoccupied

host plants are available. If no unoccupied host plants are available

at egg laying time, the eggs that would be laid suffer 100% mortality.

The numbers of rosettes and flowering plants receiving eggs are

given by the following equations:
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moths.
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where g
2

is the egg laying weighting factor for flowering plants, r2

is the number of egg masses per female moth, x2 is the number of

female moths ovipositing, b
27 is the number of egg masses laid on

a plant, z1 is the number of unoccupied flowering plants, and z
2

is

the number of non-defoliated, unoccupied rosettes.

Note that the number of flowering plants and rosettes receiving

eggs is constrained by the number of available host plants. The

weighting factor for laying on flowering plants takes into account

both the preference for egg laying on a flowering plant, and the

number of available host plants in rosette and flowering plant classes,

b
11

z
1

g22 b
11

z
1

+ b
12

z
2

where bll and b
12

are the flowering plant and rosette preference

coefficients respectively.
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Egg Hatching Model

Egg hatching is modeled as a process that depends upon inputs

of heat units from the environmental subsystem. Eggs are hatched

if they accumulate degree-days exceeding the hatching threshold.

A memory structure is used to keep record of how many egg masses

are laid during each time interval and how many degree-days each

cohort of eggs accumulates. Egg mortalities are im?osed at the

time of egg hatching.

Let g6 be the hatching function for eggs laid last week, b13

the egg hatching threshold expressed in accumulated degree-days

and z
7

the number of degree-days accumulated during a week. Let

x17 be a state variable that keeps count of the potential presence of

unhatched eggs. Then,

g6

1 if z
7

> b13 and x17 >0

0 otherwise

The value 1 indicates eggs hatch if the number of degree-days

accumulated during the week exceeds the value of the hatching

threshold and unhatched egg masses are potentially present.

If eggs do not hatch after one week, then another function

makes a similar check after the second week of exposure. This

hatching function, g7, hatches eggs if the number of accumulated

degree-days in the second week after eggs were laid, z7, plus the



number accumulated during the previous week, [z7(k-1)], exceeds

the hatching threshold, b13.1.-1 Let g7 represent the hatching

function for eggs laid two weeks previously. Then,

g7

1 if (z7 + [z7(k-1)] ) >b13 and x17 > 1

otherwise

81

In total five hatching functions of this form (g6, g7, g8, g9, g10) are

used to check hatching conditions for five weeks after any egg mass

is laid. If hatching thresholds are not exceeded during the five

week period, eggs suffer 100% mortality,

The number of flowering plants on which eggs hatch is

expressed by g 2/
12" Let x11(k) represent the number of flowering

plants on which eggs were laid last week, g37 the intraspecific

mortality on eggs, b4 the weekly background mortality on eggs, and

x25 the memory variable for intraspecific mortality occurring prior

to hatching. The term (1 g 37) is the current week intraspecific

survival, where g
37 represents the proportion of flowering plants

occupied that week by redistributed fifth instar larvae. As pre-

viously stated, it is assumed that such redistribution imposes

1/In the FLEX convention, z7 implies z7(k), the value of z7 for
occasion k, x7 implies x7(k), etc. Memory variables require
explicit identification of the time index, as for example, x7(k-1)
is the value of z7 one occasion prior to occasion k.

?Square brackets about a state variable are used to emphasize that
xj(k-j) represents state variable i at j occasions prior to the
occasion k; the value of (k-j) is not to be multiplied by the variable
xi when it follows that variable in this manner.
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mortality on all earlier stages occupying those plants. x25 is last

week's value of (1 g37

Then,

g12= (A+B+C+D+E) (1 -g37)

and A = g6 x11

B = g7 [xii(k-1)] x25

C = g8 [x11(k-2)] [x25(k-1)] x25

D = g9 [xii(k-3)] [x25(k-2)] [x25(k-l)] x25

E = gl0 [xii(k-4)] [x25(k-3)] [x25(k-2)] [x25(k-1)] x25

The total number of eggs hatching in the current week is given by

g
11

= [A(1-b 4) + B(1-b )2 + C(1-b 4)3 + D(1-b 4)4

,+ E(1-b4) 5 j (1-g37) x4

Note that if x4 were variable over weeks, it would distribute over

the elements of g11. The average number of eggs per plant hatching

in a given week is computed by gii/g12.

The important features of the egg hatching model that merit

special attention are: (1) egg hatching is driven by an environmental

variable, accumulated degree-days; (3) background and intraspecific

mortalities are imposed on unhatched eggs; and (3) memory

variables are used to account for the history of events influencing

egg hatching so that the egg hatching process is conditioned by both
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environmental inputs and mortality processes occurring from the

time of oviposition until the hatching threshold is exceeded.

Larval Growth, Feeding, Development
and Mortality Models

Larvae are assumed to grow according to a nominal schedule

with an associated nominal food demand. Food requirements of first

and second instar larvae are so low that they are treated as zero.

Pre-fifth instar food requirement per plant is specified by g17,

g
17

= b
14

ti

k-2)] (1-b7/2) + b15 [x8(k-1)] (1-b8/2)

where b14 and b
15

are the per capita food demands of third and

fourth instar larvae, b and b
8

are weekly background mortality

rates of third and fourth instar larvae. The expression

[x7(k-2)] (1-b7 /2) is the average number of third instar larvae

feeding on a plant and [x8(k-1)] (1-b8 /2) is the average number of

fourth instar larvae that feed on a plant. This is computed at the

beginning of the fifth instar, and all quantities reflect the experience

of the cohort, which is now in the fifth instar.

If residual foliage is greater than a
17

after accounting for

possible feeding by redistributed fifth instar larvae, then the larvae

on these plants enter fifth instar status; otherwise they suffer 100%

mortality. It is assumed that only fifth instar larvae car,
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successfully redistribute if they run out of food before meeting their

food demand to reach pupation status.

The total food demand for a per plant cohort of fifth instar

larvae to reach pupation is given by g18'

g18 g17
17

+ b16 [ (1-b
9

/2)x
9]

where b16 is the amount of food consumed per individual during the

fifth instar, x9 is the weekly background mortality on fifth instar

larvae, and [ (1-b
9
/2)x9] is the average number of fifth instar

larvae per plant. The expression,

g19

"f g18 > z4

0 otherwise

is a redistribution function. It allows fifth instar larvae to redis-

tribute if the g
18

food demand is greater than the biomass of the

host plant (indicated by g19 = 1 condition).

The per capita food demand of fifth instar larvae that

redistribute is given by g20,

g20

0 if g19

b
41

= 0,

(g18 z4) otherwise
(1-b9/2)x9

where b
41

is a per capita food demand coefficient, for redistributing
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larvae, z
4

is the biomass of the host plant and /2)x9 ] is the

average number of fifth instar larvae per plant. 3/

Larval Redistribution Model

This model is designed to redistribute fifth instar larvae that

have defoliated their host plants before meeting their food require-

ment. Rather than redistributing each larva, this model is aimed

at redistributing a pool of fifth instar larvae, which must consume

additional foliage to meet the individual food demands. The redis-

tribution model does not include all details of searching behavior

that would be observed in the field. Instead the redistribution and

feeding of larvae on the several classes of plants is modeled as a

sequential set of events. This artificial structure is a deliberate

deviation from reality. The two major deviations are that larvae

redistribute in groups and that they all initially redistribute to

seedlings, then to rosettes and then to flowering plants, if neces-

sary. A partial justification for the artificial structure is that

The b41 parameter is the additional food demand for a redistribut
ing fifth instar larva, The assumption is that in searching for
additional host plants, a redistributed larva expends energy so
additional food must be consumed to reach pupation. The value of
b41 is set at 13.5. This value was chosen after examining defolia-
tion in numerous simulation runs with b41 values ranging from 2.0
to 20.0. The necessity for the b41 parameter suggests that experi-
ments are required to determine the energy costs and associated
food requirements of larvae that redistribute to other plants.
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adequate plant defoliation and herbivore pupation behavior are

obtained by the simple sequential process.

Figure 8 is a diagrammatic representation of the sequential

redistribution events, showing the process functions involved at

each stage. Process equations symbolized by g functions are

appended in the cinnabar moth Flexform. There are 15 sequential

steps involved in the redistribution events shown in Figure 8 and

discussed below:

1. Calculate
1

, the food demand per plant for larval cohort

to pupate.

2. Check to see if larval redistribution is necessary, g
19.

This

function tests the value of g
18

against the size of the host

plant. If food demand is greater than plant size, then plants

are classified as defoliated and the redistribution submodel

is activated.

3. Calculate g20, the residual per capita food demand of a

redistributing fifth instar larva. This determines the amount

of additional foliage a redistributed fifth instar larva must

consume in order to pupate.

4. Calculate g21, the food demand of redistributed group. The

group size is set by the b
17

parameter and is important in

determining how heavily host plants are loaded with redis-

tributing larvae.
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5. Calculate total number of fifth instar larvae to redistribute,

g22. Background mortality of fifth instar larvae is imposed

here, prior to redistribution.

6. Calculate g23, the number of groups to redistribute.

7. Calculate g26, weighting for redistribution to seedlings, Not

all redistributing larvae will disperse to seedlings but the

number that do is a function of seedling, rosette and flowering

plant density. The weighting factor allows more larvae to

redistribute to seedlings as the number of seedlings becomes

large, relative to the numbers of rosettes and flowering plants.

8. Calculate g27, the number of seedlings that receive redis-

tributed fifth instar larvae. This number is restricted to a

maximum value equal to the total number of remaining seed-

lings at any time step or some proportion of this total, which

can be set with the b
33

parameter. If seedlings are spread

out and/or concealed by other foliage such that they are

difficult for larvae to find, the value of b
33

should be set to a

low value. This allows a seedling refuge, which may be

important in plant population persistence and system stability.

9. Calculate g 30,
the number of groups of larvae that pupate after

feeding on seedlings, The number of redistributing groups

must be adjusted after each sequential feeding because those

larvae which satisfy their food demand will pupate and must
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be removed from the pool. The specifics of pupation are

discussed later in the population model.

10. Calculate g31, the weighting for redistribution to rosettes.

This weighting factor is similar to the one for seedlings but is

a function of only rosette and flowering plant densities, since

seedling redistribution has preceded this step.

11. Calculate g28, the number of groups to redistribute to rosettes.

12. Calculate g32, the number of rosettes receiving redistributed

groups. The maximum number of rosettes to which groups can

redistribute is set in the same manner as for seedlings. Thus,

larval efficiency for finding rosettes can be set by the b
34

parameter, the value of which will depend upon site specific

spatial and plant cover characteristics.

13. Calculate g34, the number of groups that pupate after feeding

on rosettes.

14. Calculate g35, the number of groups of fifth instar larvae to

redistribute to flowering plants. Larvae cannot redistribute

to seedlings and rosettes a second time so g
35

includes all

groups of larvae that did not pupate after feeding on the original

host plants, seedlings, and/or rosettes.

15. Calculate g36, the number of flowering plants receiving

redistributed groups of fifth instar larvae. Both occupied and

unoccupied flowering plants can receive redistributed larvae.
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16. If occupied plants receive larvae, the fifth instar larvae are

given the food or the amount needed to pupate, whichever is

less. If the amount needed by the redistributing larvae is

enough to totally defoliate the flowering plant, then mortality

is inflicted on the other occupants representing other cohorts:4/

If the fifth instar larvae do not meet their total food demand

before defoliating these plants, mortality is imposed on them

as shown in the pupation-death alternative at the bottom of

Figure 8.

Background fifth instar larval mortality is imposed before

redistribution, but mortality from predators, parasites and starva-

tion is also imposed on redistributing larvae with parameters b36,

b37 and b38. In the model this mortality occurs just prior to

pupation. The model appears to involve the assumption that all

redistribution mortality occurs while larvae are searching for

pupation sites and not when they are searching for additional foliage.

This model structure is artificial and its justification is that it

gives adequately realistic model behavior for defoliation and

Criteria for considering plants in each class as totally defoliated
can be set by values of three parameters in the cinnabar moth sub-
system: b21 for seedlings, b22 for rosettes and b23 for flowering
plants. The values of these parameters represent the proportion
of foliage of a given plant in a given class which must be consumed
to consider the plant totally defoliated. These values should be
set between 0.70 and 1.0 because plants which have had 70-100%
of foliage removed, but with petioles remaining, respond in the
same manner.
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pupation processes. There are no data to distinguish between the

two sources of mortality, and one kind can account for both.

Pupation Model

There are four possible times when fifth instar larvae can

meet their food demand and pupate: (a) after feeding on the original

host plant; (b) after redistributing and feeding on seedlings; (c) after

redistributing and feeding on rosettes, and (d) after redistributing

and feeding on flowering plants. Each possible pupation event is

represented by a separate pupation function and the sum of these

four functions gives the total number of larvae that pupate in any

given time step.

The number of larvae pupating without redistributing is

represented by g43.

g 19) (1 b ) x
9 9 x16

where (1 - g19) is the proportion of larvae that meet their food

demand on the original host plant and do not redistribute. The

factor (1 b9 x9)x16 is the total nu.mber.of fifth instar larvae after

background mortality is imposed.

The other three pupation functions are of the same general

form so that only g44, the function for number of redistributed fifth

instar larvae pupating after feeding on seedlings will be discussed



in any detail.

g44 = b
17

g
30

(1 - b
36)
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where b
17

is the size of fifth instar redistribution groups, g30 is'30
the number of groups pupating after feeding on seedlings and b36 is

the redistribution mortality of fifth instar larvae while searching for

and feeding on seedlings. The (1 b36) term in g44 represents the

proportion of larvae that successfully redistribute to seedlings,

feed, meet their food demand and find a pupation site without

being killed by natural enemies. Mortalities that occur during the

overwintering period are imposed at the time of annual update (or

nominally on May 1).

All information needed to compute g
44

is available from the

larval redistribution model and parameter values. The value of g
30

is computed in the redistribution model as:

g
2 9

/g
1

'27

where g
29

is the amount of food derived from seedlings, g
21

ise

food demand per redistributed group and g
27

is the number of seed-

lings that receive redistributed fifth instar larvae. This function

allows pupation of some larvae if enough seedling foliage is available

to meet the food demand of those larvae. Those larvae that do not

pupate after feeding on seedlings are placed back in the redistribution
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pool with the same food demand as before redistribution to

seedlings.

Under field conditions, some larvae pupate successfully,

even though there is a food shortage. This occurs because of

variation in developmental rate and differences in the number of

insects per plant and plant size. The g
30

function provides for

partial success, without explicitly modeling variation in the factors

involved.

Ragwort Defoliation Model

Ragwort plants can be defoliated either by primary feeding

or by feeding of redistributed larvae. Flowering plants and rosettes

can be defoliated if the food demand of the larvae, which developed

from eggs laid on these plants, is greater than the biomass of the

plant. An assumption is that rosettes with eggs will always be

defoliated but flowering plants may or may not, depending on plant

biomass and the magnitude of egg loading. Seedlings, rosettes and

flowering plants are all subject to defoliation by redistributing

larvae and the number of plants defoliated by them is computed

separately for each class of plants.

The number of plants in a given class which are totally

defoliated by redistributed fifth instar larvae is calculated in the

same manner for all three classes of plants, so only the seedling
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defoliation function will be discussed.

g27
min )

g2121 '30 6

where g27, g
21

and g
30

are defined above and z
6

is the biomass of a

seedling in the week the computation is made. Biomass as used

here refers to the amount of edible foliage which is available to

cinnabar larvae. The defoliation model is within the cinnabar moth

subsystem because defoliation is a cinnabar moth activity. Outputs

from the model become inputs for the tansy ragwort subsystem

model so that the status of the plant population can be reassessed

at weekly intervals during the cinnabar moth activity period.

Tansy Ragwort Subsystem

The tansy ragwort population is modeled at two levels of

resolution, weekly and annual. During the period of cinnabar moth

defoliation activities the weekly resolution subsystem keeps account

of plant growth, status, and summer response to defoliation. The

annual resolution model uses the information from records kept by

the weekly resolution model in carrying out the annual plant

activities: advancing plants to new developmental classes, seeding,

germination, regeneration of plants from rootstock, and overwintering

rootstock mortality. The weekly resolution model operates from
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the onset of the spring season (May 1) through the summer and

early fall (25 weeks). The annual resolution model updates the plant

subsystem during the fall and winter period and reinitializes the

weekly resolution model with new plant numbers the following spring.

The weekly resolution model simulates within-season tansy ragwort

dynamics and the annual resolution model mimics yearly changes in

ragwort age structure and biomass.

The annual and weekly resolution tansy ragwort activities

are represented in state variable diagrams (Figure 9a and 9b). At

the annual resolution level: flowering plants seed and die, new

seeds enter dormancy or germinate, dormant seeds germinate,

seedlings become rosettes, and rosettes become flowering plants.

These activities take place only once a year. Activities that occur

at the weekly resolution are shown in Figure 9b. Ragwort plants

are occupied and sometimes defoliated by cinnabar moth. Some of

the defoliated plants regrow within the season, some die without

regrowth while others remain as live rootstock. Separate state

variables are used to keep records for each size class of unoccupied

plants and regrowth plants defoliated during weeks 1-5, 11-15, and

16-20. Three state variables are used to keep record of the number

of rootstocks from each size class of plants.

Figure 9c shows the correspondence between weekly and

annual resolution activities. State variables in the weekly resolution
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Figure 9c. Transition between weekly and annual resolution tansy
ragwort models, including annual resolution activities.
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model are updated every week during the 25 week season of cinnabar

moth activity. Values of state variables at the end of this period

are transferred to state variables in the annual resolution subsystem

model as shown in Figure 9c. Rootstocks become flowering plants,

rosettes and seedlings, Unoccupied flowering plants produce viable

seed, then die; unoccupied rosettes become flowering plants and

unoccupied seedlings become rosettes. Regrowth flowering plants

produce some secondary seed, remain as flowering plants or

become classified as rosettes. Regrowth rosettes become flowering

plants, remain as rosettes or become classified as seedlings.

Regrowth seedlings remain as seedlings. A more detailed dis-

cussion of regrowth alternatives is provided later in descriptions

of annual resolution model updating functions.

Weekly Resolution Tansy Ragwort Subsystem

The primary purpose of this module is to keep record of the

numbers and sizes of host plants and whether they are occupied by

the herbivore, defoliated and regrowing, or defoliated with live root-

stock but no regrowth. This requires a weekly updating of the plant

population status of 18 classes of plants (Figure 9b). For each

class, the number of plants and biomass per plant is maintained.

All classes of plants in the weekly resolution tansy ragwort
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subsystem model are listed in Figure 9d. These elaborate the

structure of Figure 9.

Critical assumptions of the weekly resolution tansy ragwort

model are listed below.

1. Defoliated plants that regrow are not defoliated a second time.

2. Growth and regrowth trajectories of ragwort plants are linear

throughout the season (Figure 1). There appears no reason to

question the linearity assumption, given the resolution and

accuracy of the available data. The growth trajectory for

non-defoliated flowering plants is modeled as a ramp function,

linear for 17 weeks and with no further growth during the

season.

3. Termination of growth for all other classes is set at week 30.

This assumption could be eliminated if cinnabar moth larvae

were allowed to redistribute onto regrowth plants. However,

elimination of this assumption would only be important if plants

which suffer multiple defoliations also suffer high mortality or if

this allowed greater survival of pupae. At the present time there

are insufficient data to understand this phenomenon but it is sus-

pected that under some conditions multiple defoliation could reduce

survival of defoliated plants. Multiple defoliation could only occur

when plants put on new growth quickly enough to allow redistributing

larvae access to the secondary foliage. Since defoliation by
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State
variable Description

x3 Number of unoccupied flowering plants

x4 Number of nondefoliated rosettes

x5 Number of nondefoliated seedlings

x6 Number of flowering plant rootstocks

x7 Number of rosette rootstocks

x8 Number of seedling rootstocks

x9 Number of regrowth flowering plants defoliated
weeks 1-5

x10 Number of regrowth flowering plants defoliated
weeks 6 -10

x11 Number of regrowth flowering plants defoliated
weeks 11-15

x12 Number of regrowth rosettes defoliated weeks 1-5

x13 Number of regrowth rosettes defoliated weeks 6-10

x14 Number of regrowth rosettes defoliated weeks 11-15

x15 Number of regrowth rosettes defoliated weeks 16-20

x16 Number of regrowth seedlings defoliated weeks 1-5

x17 Number of regrowth seedlings defoliated weeks 6-10

x18 Number of regrowth seedlings defoliated weeks 11-15

x19 Number of regrowth seedlings defoliated weeks 16-20

x20 Number of occupied flowering plants

Figure 9d. The state variables of the weekly resolution tansy
ragwort subsystem model.
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cinnabar moth, into the three classes of the annual resolution

model (Figure 9c). Numbers and initial biomass of plants in each

of the three classes and number of spring pupae are used to

reinitialize the weekly resolution modules at the beginning of each

spring season. Thus, the primary purpose of the annual resolution

module is to update and integrate the tansy ragwort and cinnabar

moth populations after a season of plant growth and herbivore

activity.

Five h functions are used to represent annual ragwort activi-

ties and to update numbers of plants in each class, after completion

of annual activities. The h
1

function computes the total number of

viable tansy ragwort seeds as the sum of seeds produced by the four

classes of flowering plants,

h1 = b19 x3 + b20 b14 x9 + b21 b15 x10 + b22 b16 x11

where x3 = number of non-defoliated flowering plants,

x9

x number of regrowth flowering plants which were
10 ,

I

defoliated during weeks 1-5, 6 -10, and 11-15
x

11
respectively,

where b19, b20,
b

21
and b 22

represent number of seeds produced

per plant in the four classes, and b14, b15 and b16 are the propor-

tions of plants in the regrowth classes which produce secondary

seed then die.
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The h2 function updates the size of the dormant seed pool,

adding new viable seeds which become dormant, and removing seeds

which germinate or die,

h
2

= b
1

h
1

+ (1 - b
3

b 4) x2

where x2 = number of dormant seeds in pool,

b
1

= proportion of viable seed that will enter dormancy,

b3 = proportion of dominant seed that germinates, and

b
4

= dormant seed mortality rate.

The h
3

function computes the number of flowering plants for

the next spring as the sum of flowering plants which derive from

rootstocks, non-defoliated rosettes, regrowth rosettes and regrowth

flowering plants,
15

h
3

= b
5

b
11

x
6

+ b6 blz x7 + x4 + b(
i2-12 Xi)

11
+ b

28
( E x.)
1=9

where x6 = number of flowering plant rootstocks,

x7 = number of rosette rootstocks, and

x4 = number of undefoliated rosettes.

The h
4

function updates the number of rosettes as the sum of

rosettes which derive from rootstocks, non-defoliated seedlings,

regrowth rosettes and regrowth flowering plants,
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15

h4 = b7 b11 x6 + b8 b12 x7 + x5 + b17 (iE:=12 xi)

+ b25 x9 + b26 x10 + b27 x11

where x6 and x7 are as defined for h3, b
7

and b
8

are proportions of

rootstocks that regrow as rosettes, and b
11

and b
12

are rootstock

survival rates,

x5 = number of non-defoliated seedlings

x12

x13

x14

x15,

numbers of rosettes defoliated during weeks 1-5,
6-10, 11-15 and 16-20 respectively.

and b
17

is the proportion of these that regrow as rosettes. x9,

x10 and x
11

are regrowth flowering plants as defined for h
1

and

b
25,

b26 and b
27 are proportions of these that regrow as rosettes.

The h
5

function updates the number of seedlings as the sum of

seeds that break dormancy and germinate, seeds produced by flower-

ing plants that germinate without entering dormancy, seedlings that

derive from rootstock and defoliated seedlings and rosettes that

regrow as seedlings:

h5 = b2(1 bi)hi +133 x2 + b10 b13 x8 + b x
b9 12 x7

+ b1
19 15
E x. + b ( x.) ,

i=16 1 24 i=12 1
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where h
1

= number of seeds produced in the current year

x2 = size of the dormant seed pool

b
1

= proportion of seed entering dormancy

b
2

= germination rate for new seeds

b
3

germinationermination rate for dormant seeds

x8 = number of seedling rootstocks

b
10

= proportion of seedling rootstocks regrowing as
seedlings

b
13

= seedling rootstock overwintering survival rate

x
7

= number of rosette rootstocks

b
9

= proportion of rosette rootstocks that regrow as
seedlings

b
12

= rosette rootstock overwintering survival rate

x
16

x17
numbers of seedlings defoliated during weeks 1-5,

x18 6-10, 11-15 and 16-20 respectively

b
18

= proportion of defoliated seedlings that regrow as
seedlings

x12)

x13
numbers of rosettes defoliated during weeks 1-5, 6-10,
11-15 and 16-20 respectivelyx14

x15/

b
24

= proportion of defoliated rosettes that regrow as
seedlings
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The h
6

function updates the number of cinnabar moth pupae by

imposing overwintering pupal mortality, b
29

h
6

= (1 - b29) x6

where x6 is the number of fall pupae.

The annual resolution tansy ragwort model contains assump-

tions about ragwort, some of which are deviations from field

observations:

1. Non-defoliated seedlings are rosettes the following year and

non-defoliated rosettes are flowering plants the following

year. An implicit assumption here is that seedlings cannot put

on enough growth in one year to become flowering plants the

second year. The justification for this assumption is that

most ragwort seeds in western Oregon probably germinate

either in late fall or the following spring and seedlings will

usually spend one year as very small rosettes and the second

year as average size rosettes. My observations suggest this

is generally the case but under some conditions this may not

hold true.

2. Regrowth plants in a given class behave the same as previously

non-defoliated plants in the same class. At the annual

resolution, all plants which are integrated with a single class

will be treated equally in the next year. For example,

defoliated rosettes that regrow as plants small enough to be



107

classified as seedlings are considered to be no different than

true seedlings which arose from newly germinated seeds. The

rationale is that true seedlings and small regrowth propagules

can both be treated as seedlings because they behave approxi-

mately the same. Classes of plants are identified in terms

of vegetative size so true seedlings and small regrowth propa-

gules both classify as seedlings at the beginning of the season.

True seedlings and small regrowth propagules were tagged

and observed during the 1976 season at Jordan. No differences

in growth rates were observed.

3. Defoliated seedlings cannot regrow as rosettes or flowering

plants.

4. Defoliated flowering plants cannot regrow as seedlings. I

have observed that occasionally a defoliated flowering plant

will produce numerous seedlings from the rootstock.

5. A constant proportion of dormant seed germinates each year.

The implicit assumption here is that environmental conditions

do not influence seed dormancy.

All assumptions are generally consistent with observations

and empirical evidence. When environmental conditions are sub-

stantially different from those observed for this study, these

assumptions should be re-evaluated.
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Site-Specific Parameterization of the Model

The tansy ragwort-cinnabar moth system model is constructed

to simulate site-specific dynamics of the plant and herbivore

populations. The spatial dimension of the site model is not

explicitly defined, although the Jordan study site is approximately

six acres. The spatial limitations of the model are reflected by

values of the site-specific parameters. Estimates of cinnabar moth

background mortalities as well as redistributing larval searching

efficiencies and mortalities are site-specific. Parameters of the

weekly and annual resolution tansy ragwort subsystems are also

dependent on site-specific conditions for soil nutrients and moisture,

which influence plant growth and regrowth schedules.

A site-specific model provides a single model structure that

can be used to simulate population dynamics at numerous sites by

reparameterizing the model for each site and providing appropriate

site-specific environmental inputs. The model being reported here

was built explicitly for the Jordan site but designed to contain

mechanistic realism necessary for extrapolation and parameteriza-

tion for other sites.

For the behavioral analysis, described in the next section,

the model was parameterized for the Jordan site. Data presented in

Experiments I, II and III were used to estimate some parameter

values. Other parameters, such as herbivore background
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mortalities, were estimated from life table data collected at

Jordan during 1971-1976 (Isaacson 1971, 1973, and Stimac and

Isaacson 1977b).
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SECTION III: SYSTEM MODEL VALIDATION
AND BEHAVIORAL ANALYSES

Concept and Methods of System Model Validation

System model behavior must be consistent with our under-

standing and perception of the behavior of the real-world system.

Overton (1977) has developed this theme in discussing a general

strategy of model building. The three paragraphs that follow are

paraphrased from that paper.

System model objectives state how the model should behave

in the region of our experience and into which regions extrapolation

of model behavior is desired. Desired model behavior is explicitly

specified by incorporating validation criteria into the objectives as

statements of prescribed behavior.

Validation of a system model in the region of experience or

within the bounds of a data base is empirical. The object of model

construction is to create model behavior that is satisfactorily close

to the prescribed behaviors. The degree of satisfaction can be

judged empirically. However, when a model is used to make pre-

dictions outside the region of experience, model structures must be

compatible with prevailing theory. Thus, validation of the capacity

for extrapolation is primarily theoretical. Extended validation can

be used to assess the reliability of predictions, using subsequent

observation or experiment as the basis for tests.
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The empirical and theoretical aspects of system model valida-

tion are strongly related to hypothesis testing and curve fitting.

Just as a hypothesis cannot ordinarily be proven to be true, a

system model cannot be validated in an absolute sense of proving

that a particular model form is correct, or even best. Conse-

quently, system model validation is properly associated with the

concept of adequacy. The model is deemed to be adequate when

validation criteria are met.

The strategy outlined by Overton (1977) is also apparent in the

earlier specifications of model objectives and behavioral criteria

and also in the following treatment of the validation procedure for

the tansy ragwort-cinnabar moth model.

Validation Criteria for the Tansy Ragwort-
Cinnabar Moth System Model

Validation criteria for this model are incorporated into the

three model objectives and statements of prescribed model behaviors

given on pages 57-S-S. Objective 1 prescribes that levels of tansy

ragwort defoliation by cinnabar moth larvae and changes in ragwort

and cinnabar moth numbers be realistically represented. The

behaviors prescribed by Objectives 2 and 3 cannot be quantitatively

assessed because quantitative data on plant and herbivore densities

are not available where loss of control or combined tactic control

has been observed. Thus, factors which the model suggest as being

responsible for maintenance or loss of ragwort control can be only
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qualitatively validated and examined for consistency with prevailing

insect population theories.

Specifically, the criteria for quantitative validation of the

tansy ragwort-cinnabar moth system model are:

1. Simulated densities of tansy ragwort flowering plants, rosettes

and seedlings do not differ significantly from estimates made

from field samples collected spring 1972 to spring 1977 at

Jordan.

2. Simulated densities of cinnabar moth pupae are not signifi-

cantly different than those estimated from field samples

collected from fall 1971 to fall 1976 at Jordan.

Simulated and Observed Population Changes

The basis for validation of the system model can be sum-

marized as an examination of observed and simulated density

trajectories for three classes of tansy ragwort plants and cinnabar

moth pupae over a five year period. If the system model can give a

valid representation of the real system behavior, it should be able

to mimic annual changes in host plant and herbivore densities for

a given set of initial conditions and parameter values as measured at

a particular field site. Given ragwort and pupal densities and site,'

specific parameter values as measured for the Jordan field site, the
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model should be able to simulate density changes in these quantities

in close approximation to the observed changes.

The standard simulation run was used to validate the system

model. The initial values of state variables were numbers of rag-

wort plants from spring of 1972, and numbers of cinnabar pupae

from fall 1971. Also the Jordan site parameter values specifying

temperature regime, ragwort growth and regrowth rates, and cinna-

bar moth mortalities were given from 1972 field estimates. A one

year simulation was run. Then, ragwort regrowth parameter values

were changed to represent better ragwort regrowth which was

observed at the Jordan site during 1973-1977 (D. Isaacson, personal

communication). Four additional years of simulation were then made.

Figures 10 and 11 show the results of five years of simulation

as compared to observed densities of ragwort plants and cinnabar

pupae. The dotted lines in these figures represent confidence

envelopes of the observed trajectories. The envelopes were con-

structed by connecting 99% confidence interval values for each field

estimated mean density. The observed means and confidence

intervals for each year are shown in Table 10 along with model

simulated values.

The fit of simulated density changes of the host plant and

herbivore to observed changes is within the confidence range of the

field estimates. This indicates no significant difference between
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Figure 10. Observed and model simulated mean densities of Jordan
tansy ragwort and 99% confidence envelope of field
estimates.
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Table 10. Observed and model simulated mean densities and confidence intervals of tansy ragwort and cinnabar moth pupae at Jordan, 1972-77.

99 Confidence Limits
Simulated Estimated Upper Lower

Plant Class Year Mean Density Mean Density Value Value

Flowering Plants

Rosettes

Seedlings

Pupae

1972 2. 28 4. 48 0.076
73 0.4644 0. 3922 0. 8307 0.0
74 0. 1957 0.9655 2. 21 0. 0
75 0. 1416 0. 3667 0. 60 0. 13
76 0. 1019 0. 26 0. 5548 0. 0
77 0.0847 0. 075 0. 1570 0. 0

1972 6. 08 10. 77 1. 39
73 0.8874 O. 9216 1. 55 0. 29
74 0.9128 O. 9310 2. 38 0.0
75 0.6759 1. 79 2. 92 0. 6558
76 0.5995 0. 80 1. 49 0. 1067
77 0.4726 0. 525 1. 20 0. 0

1972 18. 02 32. 18 0.0
73 4.8956 5. 06 7. 90 2. 22
74 4.4161 1. 10 2.58 0.0
75 5. 6849 5. 37 8. 09 2. 65
76 4.9712 7. 94 15. 97 0. 09
77 4. 5822 8. 10 15. 27 0. 0

1971 2.28 2. 97 4. 7426 1. 1975
72 1.7552 1.40 2. 21 O. 5819
73 0.4833 0. 58 1. 0511 0. 2381
74 0. 6189 0. 70 1. 3650 0. 0350
75 0.5050 1. 57 3. 9625 0.0
76 0.4292 0. 40 0. 8867 0. 0
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model output and observed density changes. Most points of the

simulated trajectories for densities of flowering plants, rosettes,

seedlings and pupae are close to the observed density; 23 of the 24

values are within their respective confidence envelope. The excep-

tion is the 1974 seedling density value. It is plausible that the lower

1974 observed seedling density was a result of a poor field estimate.

Mean seedling density and confidence interval were computed from

samples taken in June 1974 as opposed to April for all other years.

Since size criteria were used to classify plants, late sampling in

1974 would have resulted in underestimating seedling numbers in

that year. Because of plant growth during late April and May,

some seedlings were probably misclassified as rosettes.

As a result of this close agreement between system model

behavior and observed plant and herbivore population behavior, the

tansy ragwort-cinnabar moth system model was judged to adequately

represent site-specific dynamics of the populations and to fulfill the

quantitative validation criteria.

In addition, model behavior was also consistent with field

observations made at Jordan from 1972 -77. During this period

defoliation levels were observed to be consistently high. In 1972,

1975 and 1976 field estimates of defoliation ranged from 85% to 99%.

Simulated defoliation levels for these years were within this range

(Table 12). Also, timing of simulated defoliation matched well
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with timing of defoliation as observed by D. Isaacson (personal

communication) and the author,

Suggestions for Extended Validation
of the System Model

There are three possible areas of extended validation toward

which additional work should be directed: (1) experimental verifica-

tion of model predicted patterns of ragwort and cinnabar densities

for several other western Oregon valley and coastal sites; (2) quali-

tative verification of within-season ragwort defoliation patterns at

both a coastal and valley site, and (3) experimental site manipulation

to test model predictions of system behavior, given different types

of perturbations.

Extended validation of area 1 would require, for valley and

coastal sites, quantitative annual spring estimates of flowering

plant, rosette and seedling densities and fall estimates of pupal

densities. In addition to these annual estimates, within-season

measurements of cinnabar moth defoliation of each class of plants

would be needed for extended validation of area 2. Site-specific

growing conditions and herbivore mortalities might also have to be

specified but initially one could assume these to be the same as

measured for Jordan.

A third and crucial area of extended validation is needed to

verify the model's ability to simulate loss of control or effectiveness
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of combined tactics in preventing loss of control. This area of

extended validation would involve simulation of heavy overwintering

pupal mortality and subsequent ragwort population behavior. The

field test would be to remove a portion of the pupae at a site where

pupal density is known and compare ragwort responses to model

predictions. The combined effect of herbicide applications and

cinnabar moth activity could be simulated by reducing the initial

number of ragwort plants prior to initiation of the model run.

Model predictions could then be experimentally tested by making an

herbicide application at a given site where cinnabar moth is over-

wintering and measuring both ragwort and pupal densities the follow-

ing year.

Behavioral Analysis of the System Model

The behavioral analysis of the tansy ragwort-cinnabar moth

system is directed toward several categories of questions. Each

category is examined with a series of model simulations, which

expose different behavioral characteristics of the model. These

simulations represent experiments designed to examine aspects of

system model behavior over the normal range of experience and

outside the region of direct experience. The latter stage of

behavioral analysis in the region of prediction addresses "what if"
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perturbations and simulation of the ramifications of such events.

Simulated system model behavior under different sets of initial

conditions, different levels of herbivore performance,and different

magnitudes of plant response to defoliation, provides information

on host plant-herbivore dynamics. This is then used to evaluate

the potential of cinnabar moth to control tansy ragwort, and to

explore possible ragwort management strategies.

General Model Behavior

The standard simulation run that was used for model validation

provides a summary of the annual population behaviors of tansy

ragwort and cinnabar moth from 1972-1977, as observed at the

Jordan site. As shown in Figures 12 and 13, ragwort densities,

total leaf biomass and cinnabar pupae of the standard run underwent

a sharp decline during 1972 but then appeared to stabilize. From

1973 to 1977 neither ragwort biomass nor cinnabar moth pupae

changed dramatically, although leaf biomass showed a steady

decline.

Identification of mechanisms responsible for the sharp decline

in plant and herbivore densities can provide insight about the factors

involved in reducing the magnitude of an infestation and the response

of the herbivore population to a dramatic change in host density.

The small density changes observed for four years following the
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decline suggests that the weed can be maintained at low levels under

certain conditions. Other points of interest are to determine how

the apparent equilibrium could be maintained for long periods of

time, and to determine which factors allow further ragwort reduc-

tion or stimulate ragwort increase.

The questions that will be examined are:

1. What are the causal factors for decrease in ragwort biomass ?

2. Under what conditions can a low density of plant and herbivore
be maintained in equilibrium?

3. What events are sufficient to perturb populations from
equilibrium status ?

Question 1 can be investigated directly from examination of

the inputs and parameter values in the standard model run. Ques-

tion 2 requires additional simulations to examine whether the

apparent equilibrium is maintained and to determine conditions

for maintenance. Question 3 requires numerous model simulations

with various sets of initial conditions and parameter values.

Decline in Plant and Herbivore Populations

The system model was purposefully built and parameterized

to yield behavior consistent with observations at the Jordan site.

Many parameter values used in the model could not be estimated

directly from field data because quantitative historical data were

not available. For example, parameters for plant growth and
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regrowth after defoliation were estimated directly in 1976 (Experi-

ments I and II) but not for other years. To obtain parameter values

for 1972 conditions it was necessary to try many combinations of

plant parameter values, until a set was discovered that yielded a

satisfactory "decline behavior." Comparison of these 1972 para-

meter values with values measured in 1976, and used for 1973-77

when population levels remained fairly constant, gives some insight

into probable factors influencing decline in ragwort density.

Compared with conditions in 1973-1977, 1972 was qualitatively

observed to be a poor regrowth year (D. Isaacson, personal com-

munication). Thus many of the plant subsystem parameters were

assigned values that reflected poor regrowth after defoliation during

1972 (Table 11). The differences in these two sets of parameter

values indicate that poor seed germination with high plant mortality

after defoliation is sufficient to allow a sharp decrease in ragwort

density.

Reasons for decline in the cinnabar pupal population are not

as clear as those for ragwort. In order to obtain a large decline in

pupal density (shown in Figure 13), larval redistribution mortalities

for 1972 were set to values more than five times as high as the values

for 1973-76. This requirement of such large parameter changes to

achieve acceptable model behavior raises the following questions

concerning pupal decline:



Table 11. The annual resolution tansy ragwort subsystem model; descriptions and values of parameters.

Parameter Description 1972
Value

1973-77
Value

b1

b
2

b3

b
5

b17

b18

b
23

b24

b
27

b
28

Proportion of viable seed entering dormancy

Proportion of non-dormant seeds that germinate

Proportion of dormant seeds that germinate

Proportion of flowering plant rootstocks that regrow into
flowering plants

Proportion of regrowth rosettes that regrow as rosettes

Proportion of regrowth seedlings that regrow as seedlings

Proportion of regrowth rosettes that regrow as
flowering plants

Proportion of regrowth rosettes that regrow as seedlings

Proportion of flowering plants defoliated weeks 11-15
that regrow as rosettes

Proportion of defoliated flowering plants that regrow as
flowering plants

. 001

. 005

.05

01

. 15

. 025

. 05

.01

0

0

. 01

. 01
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1. Why would herbivore redistribution mortality be higher at
higher plant densities ?

2. Are there other model parameters that were overestimated
in 1972 for which the change in redistribution compensates ?

The first question could be answered by identification of a

density-dependent predator of the herbivore. Van der Meijden

(1973) showed that predation on cinnabar larvae increased as ant

density increased. However, there is no evidence that ants or

other predators were responsible for the 1972 decline at Jordan.

If herbivore mortality in 1972 was high because pupal density was

high, the mortality factor was not identified. Further investigation

is needed.

The second question may be answered in terms of the 1972

ragwort growing conditions. D. Isaacson (personal communication)

observed poor regrowth during 1972 so there also is good reason to

believe that ragwort growth may have also been poor in that year.

The ragwort growth schedules used for the 1972 season were the

same as 1973-77 because no 1972 quantitative estimates were

available. If a poorer 1972 growth schedule had been used for the

1972 season, starvation mortality would have been higher. Smaller

host plants would cause dispersal of some larval cohorts in earlier

instars and larvae would suffer 100% mortality. In addition, smaller

plants would make less food available to late instar larvae that

successfully redistributed. Thus, it is plausible that overestimated
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1972 ragwort growth schedules made it necessary to also over-

estimate redistribution mortality in order to apparently achieve

adequate model behavior. This is a good example of how parameter

changes in one subsystem can influence parameter values and/or

output in another subsystem.

The above explanation supports the hypothesis that the herbi-

vore population is driven by the condition of the host plant popula-

tion. If this is true, then the herbivore can hardly be expected to

decrease the host population in the presence of environmental con-

ditions highly favorable to good plant growth and regeneration. It

is thus implied that extraordinarily good growth and regrowth

conditions can lead to the possibility of the plant escaping the insect's

control. It remains to discover those environmental conditions

under which the herbivore has the potential to prevent increase, or

even to cause decrease in the plant population biomass. It should

be recalled that these views are consistent with the point of view

developed in the natural history section.

Maintenance of the System
within a Neighborhood

In the standard simulation run, the numbers of ragwort plants

and cinnabar pupae remained almost constant from 1973 to 1977.

Parameter values for all subsystems were unchanged during these

four years. The levels of ragwort defoliation varied slightly but
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remained consistently high. Table 12 shows simulated yearly

defoliation levels for three classes of ragwort plants.

To examine whether the apparent steady state observed for

1973-1977 could be maintained with continuation of historical environ-

mental conditions, the system model was used to simulate five

additional years beyond the standard run. Using standard parameter

values and degree-day schedules, the model was started with 1977

output values of ragwort plants and cinnabar pupae. Plant growth

and regrowth schedules were the standard schedules. Figure 14

shows annual projected changes in ragwort biomass and cinnabar

pupal density from 1977 to 1983. The ratio of ragwort biomass to

pupae varied little from 1977 to 1983 so the plant-herbivore system

appeared either to be approaching or have already achieved a steady

state. "Steady state" is used here to denote small variations around

the mean value, over the time period of the simulation experiment.

Model simulations were run to examine the dynamics of the

plant and herbivore for plant populations with various age structures.

The model was parameterized with standard run values (listed in

Appendices). Initial ratio of biomass to pupae, and initial rosette

to flowering plant ratio, were varied to represent a range of

different plant population conditions. Initial proportion of seedlings

and initial pupal density were held constant. Table 13 contains the

initial conditions for the standard run and each of the eight additional



Table 12. Ten years of simulated ragwort defoliation levels from the extended standard simulation
run.

Percent Plants Totally Defoliated
Year Seedlings Rosettes Flowering Plants

73 100.00 100.00 98.98

74 96.99 99.09 99.44

75 99.00 99.97 98.71

76 96.10 99.71 99.55

77 96.02 99.63 99.44

78 96.20 98.33 98.82

79 99.53 99.28 95.57

80 93.28 94.28 90.07

81 86.99 99.93 99.67

82 95.65 99.75 99.58
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Figure 14. Annual projected changes in tansy ragwort biomass and
cinnabar pupal density at Jordan, Oregon, 1977-1983.



Table 13. List of initial conditions of the standard simulation run and eight additional simulation
experiments with ragwort biomass output after ten years.

Initial
Flowering plant:Rosette

Ratio

Initial
Biomass:Pupae

Ratio

Initial Total
Ragwort

Biomass (gms )

Total Ragwort
Biomass after

10 Years

Standard 1.91 2.02 138,482 37,840

1 1.91 3.32 228,407 61,941

2 1.91 0.87 59,614 19,777

3 0.95 1.00 68,717 23,748

4 0.95 2.54 174,690 65,226

5 0.95 3.48 239,040 47,157

6 7.00 1.02 70,000 108,344

7 7.00 2.02 138,482 57,249

8 7.00 3.00 206,161 62,083
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experimental runs. Figures 15 and 16 show the results of the eight,

10-year simulations as compared to the standard validation run.

In seven of the eight runs, ragwort biomass declined over the first

five years then fluctuated only slightly in the following five years.

Run 6, which had the lowest initial ragwort biomass and highest

initial rosette to flowering plant ratio, showed an increase in rag-

wort biomass for three years followed by small variations in bio-

mass during the subsequent seven years. At the end of the tenth

year of simulation, all runs except Run 6 showed a 58%-80% reduc-

tion in ragwort biomass, while Run 6 showed a 55% increase. All

eight runs showed a decrease in pupal density after ten years of

simulation.

The biomass and pupal trajectories, resulting from the range

of different initial conditions in the simulation experiments, point out

several important behavioral characteristics of this model.

Consider the Run 6 simulation experiment. In this run with standard

environmental conditions, low initial ragwort biomass, and plant

age structure weighted toward small plants, ragwort biomass

increased, despite 100% defoliation of the flowering plants and

rosettes and nearly 96% defoliation of the seedlings. This result

suggests that there are bounds on the types of ragwort populations

which cinnabar moth can control and that the conditions of Run 6

are near that boundary.
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Closer inspection of Run 6 output shows a dramatic decline

in pupal density in the first year. This resulted from high larval

mortality in the first year of the simulation run, from two primary

sources: (1) the high ratio of rosettes to flowering plants led to

many eggs being laid on rosettes, with subsequent larval mortality,

and (2) the low numbers of flowering plants forced multiple egg

laying on plants already occupied and larvae from these eggs

suffered subsequent mortality from competing with earlier cohorts

of larvae. Plants regrew well and in the following year only 42%

of the flowering plants were defoliated by the depressed herbivore

population. Pupal density doubled in that year, and was high enough

to produce larvae that defoliated 90% of ragwort plants in all classes

the third year. Pupal numbers also increased 54% over the pre-

vious year. This "catching up" of the herbivore population allowed

ragwort biomass and cinnabar pupal density to stabilize for the

remaining seven years.

The output of the eight simulation runs also show a number

of steady state trajectories for the plant and herbivore, after the

third year of simulation (see Figures 15 and 16). This bundle of

trajectories suggest the existence of a steady neighborhood for

plant biomass and herbivore pupal density trajectories;

The concept of a steady neighborhood draws heavily from the

theory of neighborhood (or Liapunov) stability. Formal mathematical
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definitions of stability are detailed by Freeman (1965) so only a

conceptual discussion is presented here to demonstrate how the

model behavior is consistent with the theory. The theory of neigh-

borhood stability provides that an equilibrium state is considered to

be stable if the system, starting from an initial state sufficiently

close to the equilibrium, remains in the neighborhood of the equili-

brium for all time. This means that the system quantities remain

in the neighborhood of the equilibrium values. Steady neighborhood,

then, refers to a vicinity within which the system can vary and still

be considered in the same "state." If the system leaves the steady

neighborhood as a result of a stimulus or perturbation, it may seek

another neighborhood.

Figure 17a shows a diagram of a theoretical equilibrium

state of variable x with a hypothetical neighborhood. Notice that

trajectory A varies around the zero change line but stays within the

neighborhood. Trajectories B and C are not steady for that neigh-

borhood. Next examine Figure 17b, which shows ragwort biomass

from the simulation experiments in the same form as the theoretical

model diagram in 17a. Note that the bundles of biomass trajectories

remains within the bounds of the defined steady neighborhoods. If

one of the biomass trajectories was perturbed outside the identified

neighborhood, it is implied that it would remain in another until

perturbed again.
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Identifying perturbations that cause ragwort biomass to

greatly increase or decrease should be a major focus in developing

management strategies for ragwort control. This entails defining

bounds of steady neighborhoods. Before examining factors influenc-

ing trajectory perturbation, a review of maintenance requirements

would be helpful.

The standard ten year simulation run showed little change in

ragwort biomass and pupal density after the third year. During the

seven years of steady state maintenance, five conditions are

important. The first three are observed behaviors and the latter

two are prescribed conditions (parameters).

1. Levels of defoliation in each of the three classes of ragwort
plants were consistently greater than 95%.

2. Regrowth of defoliated plants was good. In all years, 90%
of plants in each class showed some regrowth after total
defoliation.

3. Most flowering plants were defoliated late enough in the
season that secondary seed production, though present, was
never high. Flowering plants defoliated in the first ten weeks
of the season ranged from 0-7.5%; during weeks 11 to 15 the
level was 92% or more.

4. Density-independent background mortalities of eggs, larvae
and pupae were all less than 25%. Mortality resulting from
starvation and intraspecific competition for food allowed
adjustment of the herbivore population size as a function of
host plant availability.

5. Seed germination success was held constant at 1%.

In the above list, percentages given for ragwort defoliation,

regrowth, seed germination and insect mortalities should not be
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assumed to be threshold values for steady-state maintenance. It is

obvious that there is much room for compensation among these

factors. For example, a decrease in the level of defoliation could be

compensated for by decreased percentage of regrowth plants or

lowered seed germination. Similarly, late defoliation of all flower-

ing plants would preclude secondary seed production and decreased

ragwort regrowth (see Tables 1 and 3), which could compensate

for increased seed germination or lowered percentage of defoliation.

There are many factors involved in steady state maintenance

and a number of model parameters are associated with each factor.

Some of these parameters are compensatory so precise definitions

of criteria for steady state maintenance is unlikely. However,

given different sets of site-specific parameter values, this model

can be used to predict the resulting plant and herbivore dynamics for

these specific conditions, That is, the system model is capable of

indicating how a particular parameter change, resulting from a

control tactic, will filter through the system and what the effects

on the plant and herbivore populations would be. This is encourag-

ing, but it must be kept in mind that explicit specification of how

control tactics influence model parameter values is not in itself

an easy task.
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Sensitivity Analysis of the Model

Sensitivity analysis is an appraisal of the effect of a perturba-

tion, parameter change, or structural change in the model. The

appraisal can be analytical or experimental. Both types of sensi-

tivity analyses were used to appraise the tansy ragwort-cinnabar

moth system model. A partial differential sensitivity analysis was

used to examine state variable and parameter sensitivities in the

annual tansy ragwort subsystem model. Experimental simulation

runs were used to examine factors influencing ragwort defoliation

and biomass changes.

A Partial Derivative Sensitivity Analysis
of the Rav,wort Subsystem

The purpose of the partial derivative analysis was to identify

sensitive state variables and parameters in the annual resolution

tansy ragwort subsystem updating functions, the h functions. The

object of the analysis was to specify the state variables and para-

meters for which a small change in value would yield a large change

in model outputs. This information can be valuable in two ways:

(1) it indicates which parameters need to be estimated precisely,

and (2) it identifies the parameters which describe the "change

susceptibility points" of the system. The first bit of information is
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important in assigning parameter estimation efforts and the second

is valuable in focusing on the points where control tactics should be

directed.

Methods. The partial derivatives of each h function with

respect to each parameter and state variable were derived. For

example,

h =13 x +b b x +b b x +b b x and
1 19 3 20 14 9 21 15 10 22 16 11

Ohl Oh
1- x3 and

b
19

x3 b19

Partial derivatives for all five h functions are appended. To com-

pute sensitivity values for ranking parameters and state variables,

the value of the partial derivatives in a nominal simulation run was

multiplied by a weighting factor. For example,

Ohl
sensitivity of h1 with respect to b19 =

19

x3 1319

h'
1

b19i
h

1 evaluated
at

nominal

where x3 is the nominal run number of flowering plants, b
19

is the

nominal run value for the number of seeds produced per plant and

h
1

is the total number of viable seeds produced in the nominal run.

The scaling factor is needed to put all parameters and variables on
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a comparable scale of measurement so that direct comparisons can

be made. The nominal run values used in computing sensitivity

values were from RUN 1 described earlier.

Results, Sensitivity values of the h functions with respect to

various parameters and variables were ranked from most sensitive

to least sensitive. The highest eight sensitivity values are shown in

Table 14 and all others are appended. Two parameters and one

variable associated with seed production and mortality were the

most sensitive. The number of seeds produced by a nondefoliated

flowering plant was by far the most sensitive parameter, followed

by number of nondefoliated flowering plants and mortality of dormant

seeds. This result indicates that large changes in system model

outputs are associated with the production of viable seeds. Seed

production and survival hold an explosive potential for changes in

ragwort numbers. High seed production results from plants not

being defoliated by cinnabar larvae. Prevention of seed set by

herbivore feeding activity is thus of critical importance in maintain-

ing a low level plant-herbivore equilibrium. This requirement of

high levels of defoliation will be discussed more explicitly in a later

section.

Four parameters associated with ragwort regrowth and one

representing seed germination success also had high sensitivity

values. These results suggest that ragwort regrowth and seed



Table 14. Sensitivity values of h functions with respect to various variables and parameters.

Parameter
or

Variable
Description of parameters

and variables
Sensitivity

Value Function
Description of

h Functions

b
19

x3

b
18

x18

b
17

b
23

b28

Number of seeds produced by an
undefoliated flowering plant

Number of undefoliated
flowering plants

Dormant seed mortality

Proportion of defoliated seedlings
that regrow

Number of regrowth seedlings

Proportion of defoliated rosettes
that regrow

Proportion of viable seeds that
germinate

Proportion of regrowth as flowering
plants

20.02

0.94

-0. 90

0.87

0.80

0.80

0.79

0.64

Proportion of defoliated flowering plants 0.56
that regrow as flowering plants

hl

hl

h
2

h
5

h
5

h
4

h
5

h
3

h
3

viable seed production

viable seed production

size of dormant
seed pod

number of seedlings

number of seedlings

number of rosettes

number of seedlings

number of flowering
plants

number of flowring
plants
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germination are less sensitive than seed production but still are

important contributors to changes in ragwort numbers. The ability

of defoliated plants to regrow and the success of seed germination

could be viewed as mechanisms which allow the plant population to

"bounce back" from herbivore activity.

The sensitivities of state variables and parameters as deter-

mined by the partial derivative analysis should not be viewed as

indicators of the most important factors in the total system model,

but rather as general indicators of the sensitive quantities in the

model. It is clear that changes in several parameters may effect

a state variable in a compensatory manner. However, the partial

derivative sensitivity values can be used to suggest incremental

changes in the initial conditions and parameter values, which could

be used in setting up experimental simulations to study the effects

of these changes on system model outputs. Because seed production

parameters were suggested by the partial derivative analysis to be

sensitive, and because defoliation can severely limit seed produc-

tion, experimental simulations were used to examine factors

influencing defoliation. Ragwort regrowth and seed germination

parameters were also suggested as being sensitive. Consequently,

experimental simulations to examine the effects of incremental

changes in these parameters were also made.
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The rationale for these experimental sensitivity analyses can

be understood in terms of chains or nets of perturbation effects.

An incremental change in the value of a parameter or initial value

of a state variable can cause a behavioral change stimulus that will

alter model output. Let a be a vector of parameter or initial state

variable values, 9. the change stimuli and 4 the resulting value of

an output. We can define the influence of 2. on as the sum of the

affects from the several pathways representing the change stimuli:

f(.) (I)

e
2

This idea was applied to examine factors influencing biomass output

(41) through defoliation (91), ragwort regrowth (92) and seed

germination (9 ).

Factors Influencing Defoliation Levels

Four sets of factors influencing defoliation were examined

using simulation experiments (Table 15). Incremental changes were

made in values of parameters and initial value of state variables

associated with overwintering pupal mortality, egg loading of host

plants, herbivore adult emergence pattern and larval searching

ability. The 1977 standard run output values and parameters were

used as a base of comparison. Experimental treatments,



Table 15. Results of simulation experiments to examine factors influencing defoliation levels and associated ragwort biomass changes.

Treatment

Percent Defoliation Percent Biomass
Change after

One Year

Flowering
Plants Rosettes Seedlings

a) Overwintering pupal mortality
10% 94. 19 97.43 98.11 -9. 04
20% 92. 82 95. 88 95.63 +0. 01
40% 85. 41 96. 52 98. 22 -3. 49
504 85, 35 99.93 99. 66 -11. 80
60% 62, 25 99.72 99.77 -1. 31
70% 29, 10 73. 59 90. 53 +72.52
80% 19.00 47.07 63.05 +187.87
90% 9. 50 23.45 32. 19 +308. 80

b)
Nominal run (0%)

Egg loading (Number eggs/ plant)
96. 02 99.63 99.54 -15. 54

20 0. 00 100.00 0.00 +308. 58
40 98. 69 99. 95 98.81 -14. 19
80 98. 11 99. 74 99. 16 -15. 91

120 96. 85 99.94 99. 29 -15.91
200 97. 40 99.94 99.28 -10.44

c)
Nominal tun (60)

Emergence pattern
96, 02 99. 63 99. 54 -15. 54

early, complete synchrony 100, 00 95. 30 70.00 +75. 51
early, almost synchronous 97. 52 94. 34 76. 85 +54. 31
late, complete synchrony 94. 72 89. 82 70. 00 +80.28
early, asynchronous 99. 28 99.64 98.70 -14.70
early, highly asynchronous 100. 00 100.00 100.00 -19. 59

d)
Nominal run

Larval searching ability
96, 02 99.63 99.54 -15. 54

seedling poor, rosette poor 99. 89 99. 22 79.51 +40.02
seedling fair, rosette fair 99. 47 99. 23 83.91 +27.29
seedling average, rosette average 97. 03 99. 16 85, 58 -0. 51
seedling good, rosette good 95. 83 99. 60 99. 56 -15. 83
seedling excellent, rosette excellent 96. 02 99. 63 99. 54 -15.90

1--,Nominal run 96. 02 99. 63 99, 54 -15.54 )4-
as
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incremental changes in parameter values and resulting levels of

defoliation and ragwort biomass output are shown in Table 15.

Defoliation levels dropped off sharply when overwintering

pupal mortality exceeded 60%. When pupal mortality was 60% or

less, ragwort biomass generally decreased. It is interesting to

note that at 20% overwintering pupal mortality, levels of ragwort

defoliation for rosettes and seedlings were lower than in the 60% run

and ragwort biomass decreased slightly at 60% but showed no change

at 20% (Table 15). Although this result may appear to be counter-

intuitive, it really is not if intraspecific mortality is examined. At

60% pupal mortality the number of plants receiving eggs is less than

at lower levels of overwintering pupal mortality. Levels of intra-

specific mortality decrease because fewer plants are occupied by

early stages when larvae redistribute. This results in more larvae

surviving to fifth instar, redistributing, feeding, defoliating seed-

lings and rosettes, and pupating.

At 70% overwintering pupal mortality, ragwort defoliation

levels decline dramatically, resulting in a 73% increase in ragwort

biomass in one year. At 90% pupal mortality, a three-fold increase

in ragwort biomass was observed in one year. Thus, in the model

there is a relatively sharp threshold of pupal mortality, below which

there is little influence on plant biomass and above which the plant
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responds dramatically. This is clearly a dominant feature of the

model behavior with many management and research implications.

Egg loading, the number of herbivore eggs laid on a ragwort

plant, was varied from 20 to 200 (Table 15). At 20 eggs per plant,

flowering plants and seedlings were not defoliated because the food

demand was insufficient to allow defoliation of large flowering plants,

and pupation occurred without redistribution. Since the model

assumes no eggs are laid on seedlings, the lack of redistribution

resulted in no larval feeding on seedlings. Rosette defoliation was

still assumed to be complete for all plants receiving eggs. All

rosettes received eggs because of light loading and were therefore

classified as defoliated. RagwOrt biomass increase was greater

than three-fold after one year at egg loading of 20 eggs per plant.

Levels of defoliation were high for all treatments with egg loading

densities of 40 to 200. All of these runs showed 10 to 16% decrease

in ragwort biomass. Plant biomass was not sensitive to egg loading

above 40 eggs per plant.

The effect of cinnabar moth emergence pattern on ragwort

defoliation and biomass change was examined by varying the time

and spread of adult emergence. This involved manipulation of

two cinnabar moth subsystem parameters (b
31

and b
32)

governing

timing and synchrony of emergence. The level of defoliation

increased when the emergence period was extended. Runs with
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extended emergence showed high levels of defoliation and 15% to

20% decrease in ragwort biomass in one year. This was primarily

due to decreased intraspecific competition for food among larval

cohorts, because the cohorts were spread out in time. Runs with

more synchronous emergence showed lower levels of defoliation,

especially for seedlings, and associated 54% to 81% increases in

biomass. Again, a threshold phenomenon is identified, with many

different behaviors separated by the threshold.

The influence of larval searching ability on defoliation was

examined by making simulation runs with incremental changes in

herbivore subsystem parameters for the maximum number of seed-

lings and rosettes on which the redistributing larvae could feed. Of

all responses, seedling defoliation was the most sensitive to changes

in larval searching ability. When parameter values allowed larval

groups to feed on 4.5 rosettes and 27.7 seedlings (as compared with

6.5 and 40.0 in the standard run), defoliation levels were high

enough to cause a slight decrease in ragwort biomass. Poorer

larval searching ability resulted in lower levels of defoliation and

an increase in ragwort biomass. Better larval searching ability

resulted in higher defoliation and up to 16% decrease in ragwort

biomass.

Comparison of defoliation levels and biomass changes (Table

15) suggests that when defoliation levels of any class of plants was
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below 85%, ragwort biomass increased within one year. When

defoliation levels exceeded 93% for flowering plants and 96% for

rosettes and seedlings, ragwort biomass decreased. These

defoliation percentages and associated biomass changes are depen-

dent upon plant regrowth and seed germination success. If regrowth

or seed germination were less than 90% and 1% as assumed in these

runs, the levels of defoliation required to prevent ragwort biomass

increase could be lower than described above.

Sensitivity Analysis of
Germination and Regrowth

A simulation experiment was made to examine the effects of

an increase in seed germination from 1%, as in the standard run,

to 10%, as might be expected in a habitat with exposed patches of

soil or reduced ragwort competitors. Regrowth was assumed to

be 90%, as in the standard run. At 1% seed germination success, a

16% decrease in ragwort biomass was observed after one year. At

10% germination success, a 2% biomass increase was observed.

This suggests that higher levels of seed _germination can counter

the nominal run decrease, or perhaps even result in ragwort

biomass increase.

Another series of simulation experiments examined the effects

of different levels of ragwort regrowth after defoliation, when seed
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germination was 10%. The incremental regrowth values and results

of these simulations are shown in Tables 16 and 17. One set of one

year simulation experiments examined changes in ragwort biomass

and seedling numbers at 10% seed germination, constant defoliated

plant mortality of 10% for flowering plants and 5% for rosettes and

seedlings. The proportion of plants regrowing within the season

was varied from 1.0 to 0.10 (Table 16).

At 10% seed germination, a defoliated plant mortality of 30%

caused a 15% decrease in ragwort biomass but a 25% increase in

seedling numbers. This compares (Tables 16 and 17) with the

change in ragwort biomass and seedling number for

the standard run with 10% defoliated plant mortality at 1% seed

germination. The comparison suggests that if seed germination

increases, mortality of defoliated plants must also increase to

prevent an increase in biomass. At higher levels of germination

without a simultaneous increase in mortality of defoliated plants,

or some other compensating change, ragwort biomass can be

expected to increase.

In Table 17 (as compared with Table 16) it is apparent that

drastic reduction in proportion of plants which regrow within the

season has little effect on changes in biomass and seedling number.

Note that in simulations shown in Table 16, the percentage of

defoliated rosettes and seedlings that regrew within the season was



Table 16. Simulated changes in ragwort biomass and seedling numbers at 106 germination success, variable mortality of defoliated plants and
constant proportions of plants regrow ing within the season.

Treatment

Proportion Proportion of Surviving Percent Percent
of Defoliated Plants Change in Change in

Defoliated Regrowing Within-Season Ragwort Seedling
Plants Flowering Rosettes and Biomass Numbers
Dying Plants Seedlings after 1 Year after 1 Year

A 0.00 0.90 O. 95 +11.16 +53.39

B O. 10 0.90 O. 95 +2.52 +44.01

C O. 20 0.90 O. 95 -6.13 +34.62

D O. 30 O. 90 O. 95 -14.77 +25.23

E 0.40 0.90 O. 95 -23.41 +15.85

F 0.50 O. 90 O. 95 -32.05 +6.46

G O. 60 O. 90 O. 95 -40.69 -2.92

H 0.70 0.90 O. 95 -49.33 -12.31

1 O. 80 0.90 O. 95 -57.97 -21.70

j O. 90 O. 90 O. 95 -66.61 -31.08

Standard at
1% germination 0.10 0.90 0.9S -15.60 -9.79



Table 17. Simulated changes in ragwort biomass and seedling numbers at 10:,_ germination success and different levels of defoliated plant
regrowth and mortality.

Treatment

Proportion of
Defoliated

Plants Dying

Proportion of Surviving
Defoliated Plants Regrowing

within-Season

Percent
Ragwort
Biomass
Change

Percent
Change

in Seedling
NumbersFlowering Plants Rosettes and Seedlings

A 0. 00 1.00 1. 00 +9. 59 +54. 89

B 0. 10 0.90 . 90 +2. 30 +43. 08

C 0. 20 0. 80 . 80 -4. 88 +31. 78

D 0. 30 0. 70 . 70 -12. 41 +20.98

E 0. 40 0. 60 . 60 -20. 31 +10. 69

F 0. 50 0.50 . 50 -28. 58 +0. 90

G 0. 60 0.40 . 40 -37. 21 -8. 39

H 0. 70 0. 30 . 30 -46. 20 -17. 16

I 0.80 0.20 .20 -55.56 -25.44

J 0.90 0.10 . 10 -65.28 -33.21

Standard at
1,/ germination 0. 10 0.90 0.95 -15. 60 -9. 79
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set at 95% but in simulations shown in Table 17 the proportion was

varied from 10%-100%. Defoliated plants that do not die or regrow

within the season, overwinter as rootstock and regrow the following

spring. This is the reason for small differences observed between

simulations with a high proportion of regrowth within the season

(Table 16) and those with a variable proportion of regrowth within

the season (Table 17), This suggests that the ability of defoliated

ragwort plants to overwinter as live rootstock is potentially an

important mechanism for maintenance of the plant populations.

These simulation experiments suggest that poor ragwort

regrowth can compensate for poor defoliation or good germination

success. The implication is that poor ragwort regrowth is extremely

important in causing biomass decrease under conditions of good

defoliation and good (1% to 10%) germination success. Conversely,

good ragwort regrowth is important in allowing biomass stabiliza-

tion or increase under varying conditions of plant defoliation and

germination success. Changes in ragwort biomass are closely

associated with (1) levels of defoliation, (2) regrowth capacity of

defoliated plants, and (3) seed germination success.

Evaluating Compatibility of Cinnabar Moth
with Other Control Tactics

Valuable insight needed for development of ragwort manage-

ment strategies can be obtained by using the validated model to
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evaluate the compatibility of cinnabar moth with other ragwort

control tactics. The idea is to enter the effects of other control

tactics into the system model, run simulations, and evaluate output

in terms of changes in ragwort biomass and cinnabar pupal density.

To accomplish this, a thorough understanding of the working

mechanisms of other tactics is required. Assumptions about the

effects of other tactics must be made where gaps in knowledge of

these mechanisms exist.

The effects of other tactics, known or assumed, can be

entered into the system model in several ways. One way is to change

an initial value of state variables to approximate the effects of a

control tactic that acts during the cinnabar moth overwintering

period. An example of such a tactic is reduction in initial values of

flowering plant, rosette and seedling state variables, which would

reflect the direct effects of an early spring or late fall herbicide

application. Another means of entering effects of other tactics into

the system model is by changing model parameter values associated

with ragwort or cinnabar moth populations. Examples of this type

of change are: (1) decrease values of ragwort regrowth response

or seed germination parameters to reflect the effects of increased

plant competition resulting from cultural control practices, and

(2) change ragwort growth, regrowth and seed production parameters

to reflect effects of other biological control agents.
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The compatibility of cinnabar moth with each of three other

control tactics was investigated with system model simulation

experiments. One simulation experiment examined the combined

effectiveness of an herbicide application, prior to the first year,

followed by cinnabar moth activity in subsequent years. A second

experiment evaluated the effects of cinnabar moth activity in an

infested area where cultural control was practiced. The third

experiment examined the combined effects of cinnabar moth and a

flea beetle that feeds on ragwort roots. For each simulation experi-

ment, assumptions and changes in state variables and parameters

are specified and discussed.

Herbicide Application and Cinnabar Moth

The net effect of an herbicide application made during cinnabar

moth pupation would be a reduction in the numbers of ragwort plants

prior to spring herbivore activity. This effect was entered into the

simulation model by reducing the values for initial numbers of

flowering plants, rosettes, and seedlings. Assumptions concerning

herbicide impact on the ragwort population were:

1. Herbicide application would kill 50% of the ragwort plants in
each size class. Plants not killed by the herbicide were
assumed to be unaffected (i. e. not of inferior quality).

2. The reduction in ragwort density by the herbicide application
was assumed to not directly influence oviposition behavior,
larval feeding, or larval redistribution success of cinnabar
moth.
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The model was initialized with 1973 standard run conditions,

except that the numbers of flowering plants, rosettes and seedlings

were reduced by 50% to incorporate effects of the herbicide. A

ten-year simulation was run and results are shown in Figure 18.

The results are summarized by changes in ragwort biomass and

cinnabar pupal density. The herbicide application run resulted in a

"stable" ragwort biomass that was 40% lower than in the standard

run. Pupal density was also lower, as was ratio of biomass to

pupae. These results indicate that an initial reduction in ragwort

biomass from herbicide could allow the herbivore to contain the

plant at lower levels.

It must be remembered that it was assumed that the herbicide

had no influence on larval herbivore behavior. If larval searching

ability were negatively influenced by the reduced plant numbers, the

cinnabar moth activity and herbicide application may not be as

compatible as indicated by this simulation experiment.

Cultural Control and Cinnabar Moth

For the purpose of this simulation experiment, cultural controls

were identified as avoidance of overgrazing, and the encouragement

of favorable grasses which compete with ragwort and interfere

with germination. The following assumptions were made:

1. All classes of ragwort plants are affected equally. Ragwort
growth and regrowth schedules are not affected by cultural



140,000

120,000

100,000-

8 0,000

6 0,00 0

4 0,00 0

20,000

hie

73 74 75

2.00

1.7 5

1.5 0

1.2 5

1.00

0.75

'°17d
00bor .. .. ..........

-k 77 78 719 80 811

b

Herbici de
or0.50

..... . ond c
0.25 w. ........ te ..... .....

Time (years)

..... ..
...4

82 83

73 74 75 76 77 7 79 80 81 82 83

Time (years )

163

Figure 18. Ten year simulated changes in ragwort biomass and
cinnabar pupal density with cinnabar moth alone and
cinnabar moth with initial herbicide application.



159

control; only the proportion of plants regrowing and seed
germination are affected.

2. Increased plant competition reduces ragwort regrowth by
50% and rootstock regrowth by 85-95%.

3. Seed germination is reduced by 30% and dormant seed
mortality is increased by 50%.

4. Cinnabar moth activity is assumed not to be directly affected
by reductions in plant numbers.

Table 18 gives the parameter values for the annual ragwort sub-

system simulation runs. The differences in standard and cultural

control parameter values are explicit representations of hypothesized

cultural control effects on the ragwort population.

Results of a five-year simulation experiment are compared to

the standard run (Figure 19). Cultural control combined with cinna-

bar moth resulted in a rapid decrease of ragwort biomass to a very

low level. Ratio of plant biomass to pupae after five years was

lower than in the standard run with cinnabar moth alone. This

result suggests that the two tactics are compatible because cultural

control and cinnabar moth together act to reduce and contain ragwort

at a lower level than does cinnabar moth activity alone. Again, this

result is dependent upon the assumptions specified.

Ragwort Flea Beetle and Cinnabar Moth

The tansy ragwort flea beetle, Longitarsus jacobaeae L., is

presently being evaluated as a ragwort control agent. Larvae of
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this beetle feed in the roots of ragwort during the fall and winter

months, when cinnabar moth is overwintering as a pupa. Adult

beetles emerge in spring or summer and feed on ragwort leaves;

they may undergo a summer estivation before ovipositing on or near

ragwort roots (Frick 1970, Frick and Johnson 1973). Quantitative

measurements of the effects of the ragwort flea beetle are not

available but qualitative descriptions are given by Frick (1970).

D. Isaacson (personal communication) has observed that high den-

sities of the beetle drastically reduce seedling survival and the

quality of rosettes. Based on these qualitative descriptions the

following assumptions were made:

1. Flea beetle populations remain high enough to infest all
ragwort plants. The adult feeding activity occurs before
heavy cinnabar moth defoliation; the feeding damage is
negligible on flowering plants and rosettes but inflicts 50%
mortality on seedlings.

2. Root feeding activity of the beetle larvae reduces ragwort
regrowth and seed production:
a) 25% reduction of primary seeds produced per plant;
b) 75% reduction of secondary seeds produced per plant;
c) 10% reduction in proportion of defoliated flowering plants

that regrow, 25% reduction and 90% reduction respec-
tively in proportion of rosettes and seedlings that regrow;

d) rootstock regrowth is assumed'to be zero.

Incorporation of these assumptions into the annual resolution tansy

ragwort subsystem model parameters is shown in Table 18. In

addition to these parameter changes, the initial number of seedlings

was reduced by 50% for the flea beetle simulation experiment.
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Table 18. Parameter values of the annual resolution tansy ragwort subsystem for standard, cultural
control and flea beetle simulations.

Parameter Descriptiona Standard
Cultural
Control

Flea
Beetle

bl Seed entering dormancy .01 .01 ,01

b
2

Non-dormant seed germination . 01 . 007 , 01

b
3

Dormant seed germination . 01 . 007 .01

b
4

Dormant seed mortality . 90 . 95 . 90

b
5

Flowering plant rootstock regrowth . 80 . 005 0

b6 Class 1 rosette rootstock regrowth . 30 . 005 0

b
7

Class 2 rosette rootstock regrowth . 80 . 005 0

b
8

Class 3 rosette rootstock regrowth . 50 . 005

b
9

Class 4 rosette rootstock regrowth .90 . 25 0

b10 Seedling rootstock re growth . 90 . 40 0

b11 Flowering plant rootstock survival .90 .45 0

b12 Rosette rootstock survival . 80 . 125 0

b13

b14

Seedling rootstock survival

Seeding of flowering plants

.70 . 125 0

b15

defoliated weeks 1 -S (Class 1)

Seeding of flowering plants

. 80 . 80 10

b16

defoliated weeks 6-10 (Class 2)

Seeding of flowering plants

. 80 80 10

defoliated weeks 11-15 (Class 3) 0 0

b17 Rosette regrowth to rosettes . 70 . 35 .53

b18 Seedling regrowth 90 .45 09

b19

b20

Undefoliated flowering plant seed production

Class 1 defoliated flowering plant seed

8059 8059 6044.25

b
21

production

Class 2 defoliated flowering plant seed

1743 1743 435.75

production 1518 1518 379.50
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Table 18. (Continued)

Para meter Description Standard
Cultural
Control

Flea
Beetle

b
22

Class 3 defoliated flowering plant seed
production 0 0 0

b
23

Rosette regrowth to flowering plant . 10 . 05 . 075

b
24

Rosette regrowth to seedlings .10 . 05 .075

b
25

Class 1 regrowth flowering plant to rosettes .20 . 10 . 18

b
26

Class 2 regrowth flowering plant to rosettes . 20 . 10 . 18

b
27

Regrowth flowering plant to rosettes . 70 . 35 . 63

b
28

Regrowth flowering plant to flowering plants . 20 . 10 . 18

a
Refer to Appendix I for more complete description of parameters.
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Results of the flea beetle-cinnabar moth simulation experiment

are summarized in Figure 20. Ragwort biomass was reduced to a

low level by the combined action of flea beetle and cinnabar moth.

After five years of simulation, the ratio of ragwort biomass to

pupae was lower than in the standard run. These results suggest

that, in the absence of perturbations, the combined action of rag-

wort flea beetle and cinnabar moth is to reduce ragwort biomass

to a low level and contain it there.

Comparison of Figures 19 and 20 shows that flea beetle and

cinnabar moth reduce ragwort biomass to nearly the same degree as

do cultural control and cinnabar moth. The reason for this is that

both flea beetle and cultural control are assumed to affect ragwort

regrowth and seedling establishment, as is seen by inspection of

Table 18. Successful seedling establishment is reduced by both

tactics; cultural control does this by decreasing seed germination,

flea beetle by reducing seed production. However, cultural control

reduces seedling establishment to a greater extent than does flea

beetle.

These results actually reflect assumptions made regarding

the effects of control tactics on model parameters. The reasons

discussed here are results of parameter changes as they filtered

into model behavior. If the assumptions concerning how tactics

affect parameters are poor, then the comparison discussed for
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Figures 19 and 20 may not be valid. For this reason, additional

research to explicitly examine the effects of other tactics on rag-

wort and cinnabar moth population parameters would be extremely

helpful in gaining a better understanding of co-tactic effectiveness.

Summary of Evaluation of Cinnabar
Moth with Other Tactics

The suggestion that cinnabar moth is compatible with herbi-

cide application, cultural control or ragwort flea beetle, needs to

be qualified. Very little is known about the effects of each of these

tactics directly on ragwort or indirectly on cinnabar moth. The

simulation experiments suggest that if cinnabar moth behavior is not

affected, then these other tactics will add to the level of ragwort

control given by cinnabar moth alone. However, these predictions

must be validated by field and laboratory experiments before much

confidence is placed in them. It is possible that any of the tactics

explored could seriously affect cinnabar moth oviposition, larval

redistribution success or other important herbivore behaviors. The

real world response would then be quite,different from the simulated

behavior,

Despite the amount of guesswork that had to go into the com-

bined tactic simulation experiments, they still are valuable, if

viewed with skepticism. The simulations demonstrate that, given
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current knowledge of cinnabar-ragwort dynamics and not unreason-

able assumptions regarding the interaction of cultural practices and

flea beetle activity, each may be considered as a potentially

valuable co-tactic with cinnabar moth in managing tansy ragwort.

Further, the experiments suggest the types of information needed

to make reliable compatibility evaluations. They also outline a

methodology for using the system model to examine alternative

combinations of control tactics. When the proper quantitative

information becomes available, this methodology or variations of

it, can be used for additional simulation and prediction.
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SECTION IV: SUMMARY AND CONCLUSIONS

Potential of Cinnabar Moth to Control Tansy Ragwort

Cinnabar moth and tansy ragwort populations were studied by

experiments and model simulations, with explicit focus on the

populations at Jordan, Oregon. The conclusions in this section

are made with regard to the behavior of the model. They are con-

clusions with regard to the system studied, only by inference. This

inference is justified by the degree of reality of the model, and a

considerable part of the thesis was devoted to discussion of model

validation. To eliminate awkward phrasing and constant qualifica-

tion, the conclusions will be expressed in terms of the system

rather than the system model.

Generality of the model and the understanding of system

behavior arise from: (1) the degree to which model structure and

mechanisms are based on general knowledge of tansy ragwort and

cinnabar moth life histories and behaviors, and (2) the degree to

which the Jordan populations are representative of populations in

other areas. In this study, an emphasis was placed on discovering

general characteristics of the plant-herbivore system in order to

evaluate the control potential of cinnabar moth. To address this, it

is necessary to examine the nature of "control. " Control of a pest

population is often simplistically interpreted as greatly reducing the
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size of the target population. However, control can also be defined

in a manner that requires the ability both to reduce the pest popula-

tion size and to maintain the population at the reduced level. The

latter definition is used throughout this section.

The behavior of the tansy ragwort-cinnabar moth system can

be summarized in terms of the following properties:

1. The cinnabar moth population will increase to a level compatible
with the level of the ragwort population; at this level the
herbivore will heavily defoliate ragwort.

2. Continued heavy defoliation reduces a high level of ragwort to
a moderate level within a "steady neighborhood."

3. If abnormal environmental conditions cause the ragwort to
increase, the herbivore will increase in response to the change
in its host and eventually cause the system to return to the
steady neighborhood.

4. If ragwort biomass is reduced, the herbivore population
follows, and will maintain the plant at the lower level, in a
lower steady neighborhood.

Any of these properties can be altered by factors which cause a

large decrease in population size or activity of the herbivore. In

consideration of cinnabar moth as a "control tactic, " it is important

to recognize that the level of the steady neighborhood is determined

by the prevailing environmental factors of the site.

Evaluation of the potential of cinnabar moth to control tansy

ragwort is related to the effectiveness of the herbivore in maintain-

ing ragwort biomass at a low level, once the weed is reduced to that

level. The model was analyzed with the purpose of identifying:
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(1) causal factors which are responsible for ragwort reduction, and

(2) conditions under which a low equilibrium of ragwort biomass is

maintained. These properties define the ability of cinnabar moth to

bring ragwort under control and to prevent its resurgence.

A dominant feature in the behavioral and sensitivity analyses

of the model is that changes in ragwort biomass are strongly

associated with: (a) levels of ragwort defoliation, (b) regrowth

response of ragwort after defoliation, and (c) success of seedling

establishment. Whether cinnabar moth brings ragwort under control

slowly or rapidly, attaining control requires high levels of defolia-

tion. In simulation runs using standard environmental conditions,

ragwort biomass declined by as much as 80% over a five year period

when defoliation was consistently high. Dramatic reduction of

ragwort biomass was always associated with poor ragwort

regrowth and low seedling establishment, both of which were

considered to be non-standard conditions.

In the behavioral analyses of the model, maintenance of rag-

wort at low levels was associated with five factors:

1. Defoliation above 95%.

2. Ragwort regrowth of 90%.

3. Seed germination of 1%.

4. Herbivore background and redistribution mortalities of less
than 25% and 10%, respectively.
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5. Asynchronous adult emergence with egg loading above 40
eggs per plant.

Significant deviation of any one of these factors from the above

levels was shown to inhibit the ability of cinnabar moth to maintain

low levels of ragwort. Ragwort biomass increased dramatically as

a result of one of the following factors: (a) defoliation at 80%;

(b) regrowth at 100%; (c) seed germination at 10%; (d) pupal

mortality at 70%, or (e) egg loading at 20 eggs per plant. High

defoliation level and low germination rate prevent an explosive

increase from ragwort seed production. If larval and pupal mor-

talities are moderate, good regrowth of defoliated plants provides

sufficient food to maintain the herbivore at levels high enough to

achieve the required defoliation level. Asynchronous adult

emergence, and the resulting temporal spread of larval cohorts,

reduces the degree of intraspecific competition and delays hatching

until some larvae are assured sufficient food to pupate.

Sensitivity analyses also provided insight into the types of

events responsible for loss of ragwort control, Poor ragwort

defoliation (below 90% at 1% seedling germination), good seed

germination (above 10% at 70% regrowth), and good regrowth (above

70% at 10% seed germination, above 90% at 1% seed germination)

are all examples of stimuli which resulted in loss of ragwort con-

trol. Examples of events that allowed low defoliation were as
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follows:

1. Overwintering pupal mortality greater than 40%.

2, Synchronous emergence and egg laying leading to high levels
of intraspecific competition.

3. Low egg loading of host plants (below 20 eggs per plant).

4. Poor larval searching ability (below 4.5 rosettes or 27.7
seedlings per redistributed larval group).

Although not tested in the sensitivity analyses, high background

egg and/or larval mortalities would also result in low levels of

defoliation.

All of these factors, expressed in terms of model features,

must be interpreted in terms of ecological, cultural and environ-

mental factors when one addresses a particular instance of the

control question. For example, one would expect the level of the

steady neighborhood to increase if environmental factors cause

changes in any model property associated with "loss of control."

Presently, there is a lack of knowledge concerning the explicit

relationships between environmental variables and growth and

regrowth of ragwort. Consequently, explicit quantitative assess-

ment of the control potential of cinnabar moth over a wide range of

environmental conditions is not possible. However, qualitative

assessment of control potential at a particular site can be made with

knowledge of general principles of the effects of environmental

factors on growth and population dynamics of the plant and herbivore.
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Considerations for Developing Ragwort
Management Strategies

Tansy ragwort, being a colonizing species, has explosive

potential for increase through the seed production pathway. When

heavy defoliation occurs, persistence of an infestation is due to good

regrowth capabilities of the plant. Seed production and regrowth

were identified by the sensitivity analyses as critical control points.

Consequently, ragwort control strategies should include the use of

control tactics directed toward reducing ragwort seed production

and regrowth. Use of cinnabar moth as a biological agent is a

tactic, which under some conditions, can provide adequate control of

seed production. However, the regrowth behavior of the plant must

not be ignored. Other control tactics that are compatible with

cinnabar activity and which reduce ragwort regrowth after defolia-

tion should be considered as co-tactics for ragwort management.

The use of cultural control or ragwort flea beetle are suggested.

In model simulations, cinnabar moth used in conjunction with

cultural control or flea beetle gave far better control than cinnabar

moth alone; ragwort biomass was reduced approximately 85% when

these were co-tactics with cinnabar moth, These simulations were

made with the assumption that the co-tactics had no effect on model

parameters other than those which were the target of the control

practice. Subject to possible inadequacy of these assumptions, it is
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suggested that control tactics will be useful in association with

cinnabar moth if the mode of action is reduction of ragwort regrowth

or seedling success.
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Appendix I. Flexform Documentation of the

Tansy Ragwort-Cinnabar Moth System Model

FLEXFORM

Page 1 of 7

Title: Tansy Ragwort-Cinnabar

Moth System Model

Investigator: J. L. Stimac

Date: August 1977

Temporal Resolution: Year and week (hierarchical)

Spatial Resolution: Site

Quantities Modeled: Numbers of insects per plant, numbers of plants,

biomass of plants

Annual Resolution:

Weekly Resolution: S
1

The Cinnabar Moth

Population

Dynamics Syste

SO

The Tansy Ragwort-

Cinnabar Moth System

S
3

The Environmental

System

S
2

The Tansy Ragwort

Weekly Resolution System



FLEXFORM

Page 2 of 7

Resolution: Annual

X Variable List

x
2

x3

180

Title: The Tansy Ragwort-Cinnabar

Moth System Model

Subsystem: The Ghost System

Module: S0

Description

Number of viable ragwort seeds produced

Number of dormant ragwort seeds

Number of flowering plants

x4 Number of rosettes

x5 Number of seedlings

x
29

Number of pupae

x6,...,x28 Internal variables defined by subsystem S
2

Y Variable List

Y1 xl

Y2 x2

y3 = x3

Y4 x4

y5 = x5

Y6 x29

Description

Number of viable ragwort seeds produced

Total number of dormant ragwort seeds in pool

Number of spring flowering plants

Number of spring rosettes

Number of spring seedlings

Number of spring pupae



FLEXFORM

Page 3 of 7

181

Title: The Tansy Ragwort-Cinnabar

Moth System Model

Module: SO

Description of Variable So S
1,1

S
1,2

Number of viable seeds

Number of dormant seeds

x
1

x
2

Number of flowering plants

Number of rosettes

Number of seedlings

x3 Y3

x
4

z
2

7
4

z
3

Y5

Number of flowering plant rootstocks x
6

Number of rosette rootstocks x
7

Number of seedling rootstocks x
8

Number of regrowth flowering plants
defoliated weeks 1-5

Number of regrowth flowering plants
defoliated weeks 6-10

Number of regrowth flowering plants
defoliated weeks 11-15

Number of regrowth rosettes defoliated
weeks 1-5

Number of regrowth rosettes defoliated
weeks 6-10

Number of regrowth rosettes defoliated
weeks 11-15

Number of regrowth rosettes defoliated
weeks 16-20

Number of regrowth seedlings defoliated
weeks 1-5

Number of regrowth seedlings defoliated
weeks 6-10

Y
6

Y
8

Y10

Y11

Y12

Y13

Y1 4

Y
15

Y16

Y17
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FLEXFORM

Page 4 of 7

Title: Tansy Ragwort-Cinnabar

Moth System Model

Module: SO

Variable Correspondence List (continued)

Description of Variable S
o 51,1 51,2

Number of regrowth seedlings defoliated

weeks 11-15

Number of regrowth seedlings defoliated
weeks 16-20

Y
x18 18

x19 Y19

Net newly occupied flowering plants

Number of newly defoliated flowering
plants

Number of newly defoliated rosettes

Number of newly defoliated seedlings

Number of occupied flowering plants
defoliated this week

x
20

Y27
zl

x
21

Y21
z
2

x
22 Y

22
z
3

x
23

Y23
z4

x24 Y28
z
5

Size of flowering plant

Size of rosette

Size of seedling

Number of occupied flowering plants

x
25

z4
y21

x
26

z
5

Y22

x
27 z6

Y23

x
28

z
8 Y20

Number of pupae
Y

x29 y10

H Functions

hl = b19x3+b2014x_+b
9 211)15x10

b22b16x11

h
2
= b

1
h
1
+(1-b

3
-b

4
)x

2

Description

Total number of viable seeds pro-

duced

Number of seeds in dormant seed pool
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Page 5 of 7

183
Title: Tansy Ragwort-Cinnabar

Moth System Model

Module: S0

H Functions (continued) Description

h
3

= b
5
b
11

x
6
b
6
b
12
x
7
+x

4

15 11
+b

23
( E )+b

28
( E x.1 )

i =12 i=9

h
4

= b
7
b
11

x
6
+b

8
b
12
x
7
+x

5

15

+b
17

( E x.)+b
25

x
1=12 1 9

+b
26

x
10
+b

27
x
11

h
5

= b
2
(1-b

1
)h

1
+b

10
b
13
x
8

19

+b
9
b
12
x
7
+b

18
( E x.1 )

1=16

15

+b
3
x
2
+b

24
( E x.1 )

1=12

h
6
= (1-b )x

29 29

B Parameters

Number of spring flowering plants

Number of spring rosettes

Number of spring seedlings

Number of spring pupae

Standard Run
Value Description

b1 0.01

b
2

0.01

b
3

0.01

b
4

0.89

Proportion of viable seed that will
enter dormancy

Proportion of non-dormant seeds that
germinate

Dormant seed germination rate

Dormant seed mortality rate



FLEXFORM

Page 6 of 7

B Parameters
Standard Run

Value

b
5

b
6

0.10

0.10

b
7

= (1 -b5) 0.90

b
8

0.10

b
9

= (1-b
6
-b

8
) 0.80

b10 0.80

b
11

0.90

b
12

0.25

b
13

0.25

b
14

0.80

b
15

0.80

b
16

0.00

b
17

0.70

184

Title: Tansy Ragwort-Cinnabar

Moth System Model

Module: SO

Description

Proportion of flowering plant root-
stocks that regrow into flowering
plants

Proportion of rosette rootstocks that
regrow into flowering plants

Proportion of flowering plant root-
stocks that regrow into rosettes

Proportion of rosette rootstocks that
regrow into rosettes

Proportion of rosette rootstocks that
regrow into seedlings

Proportion of seedling rootstocks
that regrow into seedlings

Overwintering flowering plant root-
stock survival

Overwintering rosette rootstock
survival

Overwintering seedling rootstock
survival

Proportion of flowering plants defol-
iated weeks 1-5 that produce seed
then die

Proportion of flowering plants defol-
iated weeks 6-10 that produce seed
then die

Proportion of flowering plants defol-
iated weeks 11-15 that produce seed
then die

Proportion of regrowth rosettes that
regrow as rosettes that year



FLEXFORM

Page 7 of 7

Standard Run
B Parameters Value

b
18

0.90

b
19

8059.00

b20 1743.00

b
21

1518.00

b
22

0.00

b
23

0.10

b
24

0.10

b
25

0.20

b
26

0.20

b
27

0.70

b
28

0.20

b
29

0.00

185

Title: Tansy Ragwort-Cinnabar

Moth System Model

Module: SO

Description

Proportion of defoliated seedlings
that regrow as seedlings that year

Number of viable seeds produced by
an undefoliated flowering plant

Number of viable seeds produced by
a flowering plant defoliated weeks
1-5

Number of viable seeds produced by
a flowering plant defoliated weeks
6-10

Number of viable seeds produced by
a flowering plant defoliated weeks
11-15

Proportion of regrowth rosettes
that regrow as flowering plants

Proportion of regrowth rosettes
that regrow as seedlings

Proportion of flowering plants defol-
iated weeks 1-5 that regrow as
rosettes

Proportion of flowering plants defol-
iated weeks 6-10 that regrow as
rosettes

Proportion of flowering plants defol-
iated weeks 11-15 that regrow as
rosettes

Proportion of defoliated flowering
plants that regrow as flowering
plants

Overwintering pupal mortality



FLEXFORM

Page 1 of 14

Resolution: Week

186

Title: The Cinnabar Moth Subsystem

Module: S1

X Variable List Description

xl Number of spring pupae

x2 Number of adult mated female moths

x
3

Number of adult male moths

x4 Potential number of eggs per plant

x
5

Number of first instar larvae per plant

x6 Number of second instar larvae per plant

x
7

Number of third instar larvae per plant

x
8

Number of fourth instar larvae per plant

x
9

Number of fifth instar larvae per plant

x
10

Number of fall pupae

x11
Number of flowering plants with new eggs

x12
Number of flowering plants with first instar larvae

x13 Number of flowering plants with second instar larvae

x14
Number of flowering plants with third instar larvae

x15 Number of flowering plants with fourth instar larvae

x
16

Number of flowering plants with fifth instar larvae

x
17

Number of weeks that eggs would have accumulated
without hatching given a specified environment

Not used

Total number of flowering plants occupied by eggs

Number of defoliated flowering plants

Number of defoliated rosettes

x18'xl9

x20

x21

x
22
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 2 of 14 Module: S1

X Variable List
(continued) Description

x23 Number of defoliated seedlings

x24
Number of cumulated degree-days

x
25

Proportion of flowering plants with eggs which
survived redistribution feeding of fifth instar
larvae last week

Inputs:

Z Functions (Weekly Inputs Description

z1 = x3 in S0 Number of unoccupied flowering plants

z2 = x4 in S0 Number of unoccupied rosettes

z3 = x
5

in S0 Number of unoccupied seedlings

z4 = x
25

in S0 Size of flowering plant (gms., dry wt.)

z5 =
x26

in S
0

Size of rosette (gms., dry wt.)

z6 = x27 in S
0

Size of seedling (gms., dry wt.)

z
7

= Table B Week accumulation of degree-days

z8 x28 in SO
Number of occupied flowering plants

Annual Input (Initial Condition) Description

XN
1
= X

29
in S

o
Number of spring pupae

Y Functions (Outputs) Description

yi =xi i = 1, 20

y
21

g
24

+ g
42

(See x variable list for descrip-
tion)

Number of flowering plants defol-
iated this week
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 3 of 14 Module: S
1

Y Functions (Outputs) Description

y
22

g
4

4. g
41

y
23

. g
40

Y24 x24

Y25 x25

16

y
26

= E xi +x
20

Y27

Number of rosettes defoliated this
week

Number of seedlings defoliated this
week

Number of accumulated degree-days

Proportion of flowering plants with
eggs which survive redistribution
feeding of fifth instar larvae

Number of occupied flowering plants

-x16(k-1)-g50 if g24
0

and x17 = 5

-x16(k-1)
if g24 = 0, x17 5

g50 if g24 # 0, x17 5

otherwise

y
28

= g
24

+ g
48

+ g
49

Number of newly occupied
flowering plants (net)

Number of occupied flowering plants
which are defoliated this week



189

FLEXFORM Title: The Cinnabar Moth Subsystem

Page 4 of 14 Module: S1

G Functions (Process Functions) Description

0 if x24 < b
31

x24-b31
gl

b
32
-b

31

if b31 < x
24

< b
32

= min

g
4

= min

if x24 > b
32

b z
11 1

11z141)12z2

2r2x2
b
27

g
5

= b
27

r
3

1 if z
7

> b
13

and x
17

> 0
g
6
=

0 otherwise

if [z7+z7(k-1)] > 1313

g
7

= and x17 > I

0 otherwise

Proportion of pupae that emerge

Egg laying weighting factor for
flowering plants

Number of flowering plants on
which eggs are laid

Number of rosettes on which eggs
are laid

Number of eggs laid on a plant
if eggs are laid

Hatching function for new eggs
(1 indicates hatching)

Hatching function for eggs laid
one week previously (1 indicates
hatching)
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 5 of 14 Module: S1

G Functions (Process Functions) Description

g8

1

0

if [z7+z7(k-1)+z7(k-2)]

and x17 > 2

otherwise

> b13

Hatching function for eggs laid
two weeks previously (1 indi-
cates hatching)

g
9

if [z7+z7(k-1)+z7(k-2)+z (k-3)] > 1313

Hatching function for eggs laid
and x

17
> 3

three weeks previously (1 indi-
cates hatching)

otherwise

1 if [z7+z7(k-1)+z7(k-2)+z7(k-3)

+z7(k-4)] > 1)13
0
'10

and x
17

> 4

0 otherwise

1
(1-b

4
)+g

7
x
11

(k-1)(1-b
4

)
2
x
25

÷g8x11
(k-2) (1-b4)

3
x25x25 (k-1) Total number of eggs

hatching in the current
gll

4-g9x11
(k-3)(1-b4)

4
x25x25(k-1)x25(k-2) week

Hatching function for eggs laid
four weeks previously (1 indi-
cates hatching)

4-glOx11
(k-4)(1-b4)

5
x25x25(k-1)x25(k-2)x25(k-3)](1-g37)x4

[86x11-Eg
7x11(k-1)x25+gell(k-2)x25x25(k-1)

g12 f:g9x11
(k-3)x25x25(k-1)x25(k-2)

1-g10x11
(k-4)x25x25(k-1)x25(k-2)x25(k-3)1(1-g37)

Number of
flowering
plants on
which eggs
hatch in the
current week
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 6 of 14 Module: S1

G Functions (Process Functions) Description

g = (1-b )x
13 5 5

g
14

= (1-b
6
)x

6

g
15

= (1-b
7
)x

7

g
1

= (1-b )x
8

Number of first instar larvae
that moult on each flowering
plant

Number of second instar larvae
that moult on each flowering
plant

Number of third instar larvae
that moult on each flowering
plant

Number of fourth instar larvae
that moult on each flowering
plant

g17 b14

b7
[x7(k-2)(1- Ty)]+1315[x8(k-1)(1- --y

b8

)]

g
18

= g
17
+b

16
[x

9
(1 )]

2

g
20.

g
21

= b
17

g
20

if g18

otherwise

if g19 = 0

(g
18-z 4)

b

(1-

Food demand per plant
for larval cohort to
reach fifth instar

Food demand per plant for
larval cohort to pupate

Redistribution function for
fifth instar larvae (1 indi-
cates redistribution)

Residual per capita food demand
of fifth instar larvae when re-

otherwise distributing from host flowering
plant

Food demand per redistributed
group of fifth instar larvae,
when redistributing from host
flowering plant
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Page 7 of 14

192

Title: The Cinnabar Moth Subsystem

Module: S
1

G Functions (Process Functions) Description

g
22

= (1-b
9
)x

9
x
16

g
19

g22

g23 b
17

g24

g
25

= z
1
+z

8
-g

24

g
26.

g
27

= min

b
23

z
4

b
20

z
3

b
19

z
2
+b

20
z
3
+b

18
g
25

g28 g23-g30

g
29

= g
27

z
6

g 29

z

Total number of fifth instar
larvae that redistribute

Number of b17 size groups of
fifth instar larvae that re-
distribute

Original host flowering plants
defoliated by fifth instar
larvae

Total number of undefoliated
flowering plants

Potential proportion of fifth
instar larvae to redistribute
to seedlings

Number of seedlings receiving
redistributed fifth instar

g 26g 23
larvae

Number of groups of fifth in-
star larvae to redistribute to
rosettes

Amount of food derived from
seedlings

Number of b17 size groups of
g fifth instar larvae pupating

g
30

= min
after feeding on seedlings

21

g27
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 8 of 14 Module: S
1

G Functions (Process Functions) Description

b
19

z
2

Weighting for fifth instar

g31
larval redistribution to

b
19

z
2
+b

18
g
25 rosettes

b34 z2
Number of rosettes receiving
redistributed fifth instar

832
= min

larvae
b
40

g
31

g
28

g
33

= g
32

z
5

g
34

= min

g
36

= min

g33

821

832

Amount of food derived from
rosettes

Number of b17 size groups of
fifth instar larvae pupating
after feeding on rosettes

Number of groups of fifth
instar larvae to redistribute
to flowering plants

Number of flowering plants
receiving fifth instar larvae
from redistribution

Note: In g30 and g34, the terms g27 and g32 were mistakenly replaced by
(g26g23) and (g28g31), respectively in model simulation runs
made prior to October 1977. The effect of this mistake was
negligible.
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194

Title: The Cinnabar Moth Subsystem

Module: S1

G Functions (Process Functions) Description

g42

g37
g25

g
38

. g
36

g 38

g
39

= min
g21

35

g
40

= min

g
41

= min

fg21g30

z6

g
27

g36

g
42

= min

g21g39

z4

g
43

= (1-g
19

)(1-b
9
)x

9
x
16

Proportion of undefoliated
flowering plants receiving
fifth instar larvae from
redistribution (Note: (1-g37)

is the proportion of undefol-
iated flowering plants surviv-
ing intraspecific mortality)

Amount of food derived from
flowering plants

Number of b17 size groups of
fifth instar larvae pupating
after feeding on flowering
plants

Number of seedlings totally
defoliated by redistributed
fifth instar larvae

Number of rosettes totally
defoliated by redistributed
fifth instar larvae

Number of flowering plants
totally defoliated by redis-
tributed fifth instar larvae

Number of fifth instar larvae
pupating after feeding on
host flowering plant
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Title: The Cinnabar Moth Subsystem

Module: S1

G Functions (Process Functions) Description

g
44

r--b,
17

g
30

(1-b
36

)

g
45

= b
17

g (1-b
37

)

g
46

= b
17

g
39

(1-b
38

)

g
47 (1-g19)g43+(g444-g451-846)g19

Number of fifth instar larvae
pupating after redistribution
feeding on seedlings

Number of fifth instar larvae
pupating after redistribution
feeding on rosettes

Number of fifth instar larvae
pupating after redistribution
feeding on flowering plants

Total number of fifth instar
larvae that pupate

4

g
48

= g
37

( E x
11

(k-i)) Number of flowering plants

i=0 occupied by eggs and defoliated
by redistributing fifth instar
(intraspecific mortality on
eggs)

15

49
g
37

( E x.)
j=12

g
50

= (1-g
10

)x
11

(k-4)

Number of flowering plants
occupied by first, second,
third or fourth instar larvae
which are defoliated by re-
distributing fifth instar
larvae (intraspecific mortality
on larval instars 1-4)

Number of flowering plants on
which eggs die due to not
hatching within five weeks
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 11 of 14

F Functions

E1,1 -131x1(1-g1)-glx1

= g irixi(1-b2)-x2
E2,2

f = g (1-r )x (1-b
3,3 1 1 1 3 J

f4,4 g 5-x4

g11f=
5,5

g12

E6,6 g 13-x6

E7,7 g 14-x7

E8,8 g 15-x8

x5

E9,9 g 16-x9

f
10,10 g47

f
11,11 g3-x11

f
12,12

= g
12
-x

12

f
13,13 ( 1-g37)x12-x13

f
14,14 ( 1-g37)x13-x14

f
15,15 ( 1-g37)x14-x15

Module: S
1

F Functions

= (1-g
37

)xf
16,16 -x16

10

1-( E gi)
i=6 minf

17,17

f
20,20

5-x17

3
_g

12
_g

48

f
21,21

= g
24
+g

42

f
22,22

= g
4
+g

41

f
23,23

= g 40

f
24,24

= z
7

= (1-g37)-x25f
25,25

otherwise
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FLEXFORM Title: The Cinnabar Moth Subsystem

Page 12 of 14

B Parameters
Standard Run

Value

b
1

0.105

b
2

0.130

b
3

0.130

b
4

0.150

b
5

0.250

b
6

0.250

0.250

b
8

0.100

b
9

0.100

b
10

b
11

0.600

b
12

0.400

b
13

9.0

b
14

0.021

b
15

0.076

b
16

0.639

b
17

2.0

Module: S1

Description

Weekly background pupal mortality

Emergence failure rate in females

Emergence failure rate in males

Weekly background egg mortality

Weekly background mortality of first
instar larvae

Weekly background mortality of second
instar larvae

Weekly background mortality of third
instar larvae

Weekly background mortality of fourth
instar larvae

Weekly background mortality of fifth
instar larvae

Not used

Preference coefficient for egg laying on
flowering plants

Preference coefficient for egg laying
on rosettes

Egg hatching threshold in cumulative
degree-days

Weekly food consumption of third instar
larvae

Weekly food consumption of fourth instar
larvae

Weekly food consumption of non-
redistributing fifth instar larvae

Size of fifth instar redistribution
group
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FLEXFORM Title: The Cinnabar Moth Subsystem
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B Parameters
Standard Run

Value

Module: S1

Description

b
18

0.200 Fifth instar larval preference coeffi-
cient for redistribution to a flowering
plant

b
19

0.600 Fifth instar larval preference coeffi-
cient for redistribution to a rosette

b
20

0.200 Fifth instar preference for redistribu-
tion to a seedling

b
21

0.950 Seedling coefficient for considering
seedling totally defoliated

b
22

0.700 Rosette coefficient for considering
rosette totally defoliated

b
23

0.700 Flowering plant coefficient for consid-
ering flowering plant totally defoliated

b
24

Not used

b
25

Not used

b
26

Not used

b
27

1.500 Number of egg masses laid on a plant

b
28

Not used

b
29

Not used

b
30

Not used

b
31

50.0 Cumulated number of degree-days needed
for emergence of first adults

b
32

110.0 Cumulated degree-days at which all pupae
have emerged into adults

b
33

0.700 Maximum proportion of remaining seedlings
that redistributing fifth instar larvae
can find

b
34

0.800 Maximum proportion of remaining rosettes
that redistributing fifth instar larvae

can find
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B Parameters
Standard Run

Value

b
35

0.800

b
36

0.100

b
37

0.100

b
38

0.100

b
39

40.0

b
40

6.50

b
41

13.50

R Parameters Value

r
1

0.46

r
2

5.00

r
3

40.00

Module: S
1

Description

Maximum proportion of remaining flowering
plants redistributing fifth instar
larvae can find

Redistribution mortality of fifth instar
larvae while searching for and feeding
on seedlings

Redistribution mortality of fifth instar
larvae while searching for and feeding
on rosettes

Redistribution mortality of fifth instar
larvae while searching for and feeding
on flowering plants

Maximum number of seedlings on which a
group of redistributing fifth instar
larvae will feed

Maximum number of rosettes on which
group of redistributing fifth instar
larvae will feed

Food consumption coefficient for redis-
tributing fifth instar larvae

Description

Sex ratio expressed as proportion of
females

Weekly oviposition rate of egg masses
per female

Number of eggs per egg mass



FLEXFORM

Page 1 of 8

Resolution: Week

X Variable List

x
3

x4

x
5

x
6

x7

x8

x
9

xi°

x
11

x
15

200

Title: The Tansy Ragwort System

Module: S
2

Description

Number of unoccupied flowering plants

Number of undefoliated rosettes

Number of undefoliated seedlings

Number of flowering plant rootstocks

Number of rosette rootstocks

Number of seedling rootstocks

Number of regrowth
weeks 1-5

Number of regrowth
weeks 6-10

Number of regrowth
weeks 11-15

Number of regrowth

Number of regrowth

Number of regrowth
11-15

flowering plants defoliated

flowering plants defoliated

flowering plants defoliated

rosettes defoliated weeks 1-5

rosettes defoliated weeks 6-10

rosettes defoliated weeks

Number of regrowth rosettes defoliated weeks
16-20

x16
Number of regrowth seedlings defoliated weeks 1-5

x17

x18

x19

x20

Number of regrowth seedlings defoliated weeks
6-10

Number of regrowth seedlings defoliated weeks
11-15

Number of regrowth seedlings defoliated weeks
16-20

Number of occupied flowering plants
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Title: The Tansy Ragwort Subsystem

Module:

Z Functions (Inputs) Description

z1 = XS20 in So Number of newly occupied flowering plants (Net)

z
2
= XS

21
in S

0
Number of defoliated flowering plants

z3 = XS22 in So Number defoliated rosettes

z
4
= XS

23
in S

0
Number of defoliated seedlings

z5 = XS24 in S0 Number of occupied flowering plants that are
defoliated by redistributed fifth instar
larvae

Y Functions (Outputs) Description

y. = z. i = 3,...,20 (See x variable list for description)

y
21

= g
14

Size of flowering plant

Y22 g
15

Size of rosette

v
'23 g16

Size of seedling

12

24
g1
-

E Total ragwort biomass (of unoccupied plants)
'

i=7

Note: XS is a value of x which has been updated during the current
time step by a module which was processed prior to the module
being processed. This device eliminates lags in behavior
which are generated by decomposition.
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S Special Functions Description

Si
b
1
+b

2
(k) if k < 17

b
3

otherwise

Module: S
2

Size of undefoliated flowering plant

s2

s
3

=

S
4

s
5

= b
13
+b

14
(k)

0 otherwise

{I

b
4
+b

5
(k-5) if k > 5

0 otherwise

b
7
+b

8
(k-10) if k > 10

0 otherwise

b
10
+b

11
(k-15) if k > 15

0 otherwise

Size of flowering plant defoliated
week 1-5

Size of flowering plant defoliated
week 6-10

Size of flowering plant defoliated
week 11-15

Size of undefoliated rosette

s
6

=

b +b
17

(k-5)

0

b
19
+b

20
(k-10

s
7

=

f',..

b
22
+b

23
(k-15)

0

if k > 5

otherwise

if k > 10

if k > 15

otherwise

Size of rosette defoliated week 1-5

Size of rosette defoliated week
6-10

Size of rosette defoliated week
11-15
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Title: The Tansy Ragwort Subsystem

Module: S
2

S Special Functions Description

S
9

=

b
25
+b

26
(k-20) if k > 20

s
10

=
29

(k)

s
11

s
12

=

s
13

otherwise

b
32

(k-5) if k > 5

0 otherwise

tb
34
+b

35
(k-10) if k > 10

0 otherwise

b
37
+b

38
(k-15) if k > 15

0 otherwise

Size of rosette defoliated week
16-20

Size of undefoliated seedling

Size of seedling defoliated week 1-5

Size of seedling defoliated week
6-10

Size of seedling defoliated week
11-15

b
40
+b

41
(k-20) if k > 20

Size of seedling defoliated week
s14 16-20

0 otherwise

G Functions (Process Functions) Description

g
1
= b

50
(1-b

49
)z

2

(1-b
49

) ( 1-b 50
)z

2

Number of defoliated flowering
plants that regrow within
current season

Number of defoliated flowering
plants that overwinter as root-
stock
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Title: The Tansy Ragwort Subsystem

Module: S
2

G Functions (Process Functions) Description

g
3

= b
52

(1-b
51

)z
3

g
4

= (1-b
51

)(1-b
52

)z
3

g
5

= b
54

(1-b
53

)z
4

g
6
- (1-b

53
)(1-b

54
)z

4

g7 = six3

88 s2x91-s3x1es4x11

g9 s5x4

+ x + x +s x= s x .s 7 13 s 14 8 15g10

gll s 10x5

g12 s llx164-s12x174-s13x18-1-s14x19

g
13

= Table of plant sizes

g
14

= s
1

g15
S
5

g16 s 10

Number of defoliated rosettes
that regrow within current season

Number of defoliated rosettes
that overwinter as rootstock

Number of defoliated seedlings
that regrow within current season

Number of defoliated seedlings
that overwinter as rootstock

Biomass of undefoliated flowering
plants

Biomass of defoliated flowering
plant regrowth

Biomass of undefoliated rosettes

Biomass of defoliated rosette
regrowth

Biomass of undefoliated seedlings

Biomass of defoliated seedling
regrowth

Output of special function values

Size of undefoliated flowering
plant

Size of undefoliated rosette

Size of undefoliated seedling
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F Functions

Module: S
2

F Functions

f3,3 -z1-z2-1-z5

f4,4 -z3

f5,5 = -z

f
6,6

= g
2

f7,7 g4

f8,8 g6

f
9,9

=

f
10,10

f
11,11

12,12

f
13,13

4

g
1

if 1 < k < 5

0 otherwise

g
1

if 6 < k < 10

0 otherwise

g
1

if 11 < k < 15

0 otherwise

g3 if 1 < k < 5

0 otherwise

g
3

if 6 < k < 10

0 otherwise

f
14,14

f
15,15

f
16,16

f17,17

f
18,18

f
19,19

f
20,20 zl

g
3

if 11 < k < 15

0 otherwise

g
3

if 16 < k < 20

0 otherwise

g
5

if 1 < k < 5

0 otherwise

g
5

if 6 < k < 10

0 otherwise

g
5

if 11 < k < 15

0 otherwise

g
5

if 16 < k < 20

0 otherwise

-
z5
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Title: The Tansy Ragwort Subsystem

Module: S
2

Standard Run
B Parameters Value Description

b b
2'

b
3

4.69, 0.254, 9.03 Growth parameters for sl

b
4'

b
5'

b
6

0.05, 0.09 ---- Growth parameters for s
2

b
7'

b
8'

b
9

0.05, 0.165 ---- Growth parameters for s
3

0.05, 0.157 ---- Growth parameters for s
4

b
10,

b
11'

b
12

b
13,

b
14'

b
15

0.05, 0.918 Growth parameters for s
5

b
16'

b
17'

b
18

0.05, 0.058 ---- Growth parameters for s
6

b
19,

b
20'

b
21

0.05, 0.033 ---- Growth parameters for s
7

b
22'

b
23'

b
24

0.05, 0.016 ---- Growth parameters for s
8

b
25'

b
26'

b
27

0.05, 0.015 ---- Growth parameters for s
9

b
28,

b
29'

b3
0

0.111, 0.013 ---- Growth parameters for s
10

b
31,

b
32'

b
33

0.05, 0.012 ---- Growth parameters for s
11

b
34'

b
35'

b
36

0.05, 0.006 ---- Growth parameters for s
12

b
37'

b
38'

b
39

0.05, 0.012 ---- Growth parameters for s
13

0.05, 0.00 ---- Growth parameters for s
14

b
40'

b
41'

b
42

b
43-48

Not used

b
49

0.10 Proportion of defoliated
flowering plants that die
after single defoliation

b
50

0.90 Proportion of living defoliated
flowering plants that regrow
within current season

b
51

0.05 Proportion of defoliated
rosettes that die after
single defoliation
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B Parameters
Standard Run

Value

Module: S
2

Description

b
52

0.95 Proportion of living defoliated
rosettes that regrow within
current season

b
53

0.05 Proportion of defoliated seed-
lings that die after a single
defoliation

b
54

0.95 Proportion of living defoliated
seedlings that regrow within
current season



Initial Conditions for Run Beginning in Different Years

ao
(D

List of Initial
Conditions

Module S0:

1972 Run 1973 Run 1977 Run
0
rnVariable Description

XN1 0.00 2.92 x 10
7

1.33 x 10
6

Number of viable seeds

XN2 0.00 2.92 x 10
4

1.44 x 10
4

Size of dormant seed pool

XN
3

8.93 x 10
4

1.82 x 10
4

3.32 x 10
3

Number of spring flowering plants

XN
4

2.38 x 10
5

3.48 x 10
4

1.85 x 10
4

Number of spring rosettes

XN
5

7.05 x 10
5

1.92 x 10
5

1.79 x 10
5

Number of spring seedlings

XN
29

1.16 x 10
5

6.87 x 10
4

1.68 x 10
4

Number of spring pupae

Module S
1

:

XN
1

1.16 x 10
5

6.87 x 10
4

1.68 x 10
4

Number of spring pupae

Module S :

2
3

XN
3

8.93 x 10
4

1.82 x 10
4 3.32 x 10 Number of spring flowering plants

XN
4

2.38 x 10
5

3.48 x 10
4 1.85 x 10

4
Number of spring rosettes

XN
5

7.05 x 10
5

1.92 x 10
5

1.79 x 10
5 Number of spring seedlings

H
1-4
11'

H
o
11- m

1-3m
0

CA CO

rt
rD
O zi

o 4
ca,

11
o

al,

rt
C")
1-4
0



Appendix II. Schedule of Weekly Accumulation

of Degree-Days for the Standard Run.

D000 EEEEE GGG 0000 AAA Y Y SSS
O 0 E GGDOA AY Y S S
0 0 E G 0 DA A YYS
D 0 EEEE G 0 0 AAAAA Y SSS
0 0 E G GG 0 0 A A Y S
D 0 E GGDDA A Y S S
DODD EEEEE GGG D030 A A Y SSS

00001 - 41 10 10 9 8 7 13 10 IC 10
00002 10 10 20 15 23 20 20 20 20 C

00003 55 10 10 9 8 7 13 lt 10 10
00004 10 2C 15 20 20 20 20 20 C

100.05 - 10 1) 9 8 7 13 10 10 10
00006 l 10 20 15 20 20 20 2L 20 0

00007 41 10 10 9 8 7 13 10 10 13
0G003 1C 10 20 15 20 20 20 2L 20 C

0i0009 41 10 10 9 8 7 13 10 10 10
000/0 10 10 20 15 20 20 20. 20 20 C

0011
00012 -
00013

41

55
10

1
100
10

10
2
10

15
9

9

8
20
8

7
20
7

13
20
13

10
20
10

10
20
10

it
0
10

OGC14 1C 10 20 15 2J 20 20 20 20 0

00015 41 10 10 9 8 7 13 10 10 10
00016 IC 10 20 15 20 20 20 2C 20 0

00017 10 10 9 3 7 13 10 10 10
00011 10 10 20 15 20 . 20 20 20 20 0

00019 - 41 10 10 9 8 7 13 10 1C 1C
00C20 10 10 23 15 23 20 20 20 20 0

EOF ON INPUT UNIT



30001 -
OG032 -
0000,3 -
GOCCI4 .-

00005
OCCO5 -
OUCV -
OLOG -
OCOC9
°Cell
OCUit -
G0012

-
OCC14 -
tar15 -
0C ^16 -
IC1117 -
00C11 -
0C1.719
OLC,21 -
00C21
30122 -
UCC23 -
00724 -
OCC25 -

Appendix III. Listing of Subsystem Function Files in FORTRAN.

GGG H H 000 SSS TTTTTGGHHOOSS I
G HHOOS T
G HHHHH 0 0 SSS T

S1 GG H H 0 0 IGGHHOOSS T
GGG H H 000 SSS T

FUNCTION 1-01(K,XS43,R,Z)
DIMENSION XS(1),9(1),R(1),Z(1)
1-e1 =9(19)*XS(3)+B(2-)4.3(14)*XS(9)+9(21)*9(15)4X5(I0)

C 1-9(22)*B(16)*XS(11)
RETURN
ENO
FUNCTION H32(K,XS,3,R,Z)
DIMENSION XS(1)13(1),R(1),Z(1)
HC2=3(1)*H(1),-(1-3(7)-3(4)14X0(2,E)
RETURN
ENO
FUNCTION 1-103(K,YS,3,R,Z)
DIMENSION XS(1),3(1),R(1),Z(1)
HC3=R(5)43(11)*XS(6)46(6)*B(12)4XS(7)+XS(4)
C +1(23)*(XS(12)+XS(17)+XS(14)+XS(15))
C 4-3(2804(XS(9)+XS(1)+XS(11))
kETURN
FN!
FUNCTION H04(K,XS,9,R,Z)
DIMENSION XS(1)48(1),R(1)1Z(1)
HC4=(7)4-3(11)4XS(6)18(8)43(12)4XS(7)+XS(5)49(17)*(XS(12)+.

C XS(13).XS(141 +)(S(15))+3(25)*XS(9)+B(26)*XS(10)+
0 1(27)*XS(11)
RETURN
ENO



aGE26 - FUNCTION 1-43F(K,XS,61R,L1
00027 DIMENSION XS(1)99(1),R(1),Z(1)
0CL21 - Hi;5=9(2)*(1.-341))*H(1)49I/0)*9(13)*YS(3)43(9)*8112)*XS(7)+
0CC29 - C 3(13)*(XS(1614-XS(17)+XS(18)+XS(19))+3(3)*X0(2,0)+
00C33 C 3(24)4(X5(12)+XS(13)*XS(14)+XS(15))
00031 RETURN
0CC32 - ENO
CCC33 - FUNCTION HCE(K,XS.3,R,Z)
CO034 - 'DIMENSION XS(1),B(1),R(1),Z(1)
OCCZ5 - HC6=(1.3(29))*XS(29)
00C36 - FETURN
0C! 37 - ENO
30031 - SU1ROUTINE YOOMP(K0,9,R,Y)
OCC39 - DIMENSION X(1)0(1),F(1),Y(1)
00040 DC 1C 1=195
1C041 10 Y(I)=X(II
0CC42 Y(6)=X(29)
00043 RETURN

EOCC44 - NO
EOF ON INPUT UNIT
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0
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0
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.
0
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0
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- 3
5
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N
I
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=
K
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1
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0
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-

Z
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T
0
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I

0
0
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0
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OCC31
00C32
0CC33
OCC34
OCC35
Cor36
J0037
00C38
3CC 39
00040
OCid41
00042
00043
00044
00145
00f46
00047
.00041
00049
30050
00051
00052
000 53
00E54
00'755
00056
00057
00059
00059
000 60
30061
00062
06E63
00064
30065
OCC65
00067
00068
00061
00070
00071
00072

c MOTHG1
FUNCTION G01(K.X,3,R,Z)
DIMENSION X(1).3(1),R(1),7(1)
GC1=(X(24)-3(31))/M32)-3(31))
IF (8(31).GE.Y(24)) GO1=0.
IF (X(?4).GE.B132)) GO1=1.
FETURN
END
FUNCTION G02(K.Y,3.P.Z)
DIMENSION X(1),B(1),R(1),Z(1)
Gt:2=9(11)*Z(1)/(9(11)*Z(1)+3(12)*7(2))
IF (7(1).EO.C..AND.Z(2).E0.0.1 G02=0.
RETURN

FUNCTIONCTION G03(K.X.B,R.Z)
DIMENSION X(1).13(1),R(1).7(1)
Ge3=FMIN(G(02)4R(2)*X(2)/3(27).Z(1))
IF (3(27).E0.0.) G03=G.
RETURN
END
FUNCTION Gn4(K,x,3,R,z)
DIMENSION X(1).3(1),R(1),Z(1)
GC4=FMIN((l.G(32))*R(2)*X(2)/3(27)17(2))
IF (9(27).E0.0.) 004=0.
RETURN
END
FUNCTION G35(K.X.99R.7)
DIMENSION X(1)03(1).R(1).7(1)
G5=R(3)*3(97)
RETURN
ENO
FUNCTION 006(K,X,B.R.2)
DIMENSION X(1).3(1),R(1).2(1)
G06=0.
IF (Z(7).GT.3(13).AND.X(17).GT.:4.) G06=1.
RETURN
END
FUNCTION G07(K,X,P.RIZ)
DIMENSION X(1).3(1),R(1).Z(1)
GL7=C.
IF (Z(7)+Z0(7,1).GT.It13).A40.X(17).GT.1.) 007=1.
RETURN



00C 73 - ENO
00074 - FUNCTION GC9(K,X,B,R,7)
0CC7; - DIMENSION X(1),B(1),R(i)17(1)
CC75 - Gu3=-C.

0CC77 IF (Z(7)+ZD( 7,1)410(7,2).GT.3(13).AND.X(171.GT..2.) G03=1.
0C+_ 73 - RETURN
por79 ENO
OCr80 - FUNCTION G09(K,Y,B,R,71
GCL81 - DIMENSION X(11,3(1),R(1),Z(11
CCC82 - LC1=C
3CC83 - IF (7(7)+7D(7,1)+70(7,214-7_0(7,3).GT.B(13).AND.X(17).GT.3.) GC9 =1.
OER4 - F;:ETUR.N
OCr5 - ENO
GUS"; - FUNCTION Glr(K,X,B,RIZ)
0GC57 - DIMENSION X(1),9(1),R(1),Z(1)
00L81 - G11=0.
Cerd9 - IF (7(7)+70(7,1)+20(7,21 +70(7,3)+Z1(7,4).
0CC9L - CGT.3(13).ANO.X(17).GT.4.1 G1G=1.
00C91 - RETURN
OLr92 ENO
0GC93 - FUNCTION G11(K,X93,2,Z)
GOC94 - DIMENSION X(1)0(1),R(1),Z11)
OCG95 - A1=(1.-8(4))*(1.-G(37))
L0C96 - A2=A1*(1.-(4))*Y(25)
00C97 - A3=A24(1.-3(4))*X0(25,1)
OCC93 - 44=A34(1.-3t4))*X0(25,2)
OCC99 - A5=A44(1.-8(4))*X0(25,3)
0E101 - C11-7-(G(6)*X(11.)4AlfG(7)1-XD(1/11)4A2+G(5)*X0(11,2)4113
0C1L1 - C +G(9)*XO(11,3)4A4+6(10)*XD111,4)*A5)4X(4)
OL102 RETURN
0C103 - ENO
30104 - FUNCTION G12(K,x,s,P,z)
oL1o5 DIMENSION X(1),3(1),R(1),Z(1)
0L106 - A2=X(25)*(1.-G(37))
0C107 - A3=A2*X0(25,1)
OL103 A4=1131',(0(25,2)
00139 - A5=A44XD(25,3)
00113 - G12=G(6)*A(11)411.-Gt37))+G(7)*X0(11,1)*A24G(5)*X0(11,2)4A3
00111 - C 4G(9)*XD(11,3)*A44G(10)*X0(11,41sA5
06112 - RETURN!
00113 - ND
GO114 - FUNCTION G13(K,X,3,R,Z1
CO/1F DIMENSION XX1)0(11,R(1),Z(1)
LC115 - G13=(1.-8(5))*X(5)
0C117 - RETURN
00118 - ENO Iv

1-
1.P.



0(.119 -
0C12?
U121 -
00122 -
00123 -
0C124 -
CC125 -
00126 -
00127 -
0012R -
00129
00130
0C131
00132 -
0C133 -
0C134 -
(10135 -
0C136 -
0C137 -
00133 -
00139 -
0014'1 -
00141 -
00142 -
0L143 -
0n144 -
3£145
oriv)
Gc147

-
0C149 -
0L150 -
0C151 -
00152 -
0C153 -
0t154 -
0C155 -
00156 -

FUNCTION G14(K,X,3tRia)
DIMENSION X(1),3(1),R(1),Z(1)
G14=i1.-9(6))*X(6)
RETURN
ENO
FUNCTION G15(K,X,B,R,7)
DIMENSION X(1).3(1),R(1),Zt1)
G15=t1.-9(7))*Y(7)
RETURN
END
FUNCTION G16(K.XO,R,Z)
DIMENSION Xi11,3(1),R(1),Z(1)
G16=(1.-3(3))4X(8)
RETURN
ENO
FUNCTION G17(K,Y.9iR,Z)
DIMENSION X(11,3(1),R(1),Z(11
G17=9(14)*(X0(7,2)*(1.-9(7)/2.))48(15)*(XD(8.1)*(1-9(8)/20)RETURN
ENO
FUNCTION G1I(K,X,3,R,Z)
DIMENSION X(1)0(1),R(1),Z11)
G13=G(17)+3(16)4(X(9)*(1.-(9)/2.))
RETURN
ENO
FUNCTION G19(K,X,3,R,Z)
DIMENSION X(1),3(1),' (1),Z(1)
G19=0.
IF (G(18).GT.Z(4)) G19=1.
RETURN
END
FUNCTION G20(K,X.B.R,71
DIMENSION X(11,3(1),R(1),7(11
A99=1.-8(9)/2.
G20=8(41)*(tG(13)-Z(4))/(A39*Xt9)))
IF (G(19).EO.C.) G2C =G.
RETURN
END



0C157 FUNCTION G21(K9X99,R,Z)
00155 DIMENSION X(1)99(1),R(1),Z(1)
00159 G21=3(1714G(20)
00161 RETURN
00161 ENO
0616? FUNCTION G22(K,X,B,R,7)
001E3 DIMENSION X(1),3(1),R(1),Z(1)
00164 G22=(1.3(9))*X(9)*X(16)*G(19)
00165 RETURN
00165 ENO
00167 .. FUNCTION G23(KIX,3,R,Z1
001614 DIMENSION X(i),3(1),R(1),Z(1)
06169 G23=G(22)/3(17)
00171 RETURN
00171 ENO
00172 FUNCTION G24(K.X,9,R,Z)
00173 DIMENSION X(1)11(1),R(1),7(1)
00174 G24=!_'.

or175 IF (G(151.ST.3(23)47(4)) G24=X(16)
00175 RETURN
06177 RNO
0r173 FUNCTION G25(K/Y9910,97A
00179 DIMENSION X(1),B(1),R(1),Z(1)
00150 G25=Z(1)+7(5)G(24)
00181 RETURN
00182 END
00151 FUNCTION C26(K,X,3,R,7)
00154 DIMENSION X(1),3(1),R(1),Z(1)
00185 626=9(20)47.(3)/(3(19)*Z(2)+B(20)41t3)+3(18)*G(25))
00156 RETURN
00187 END
00185 FUNCTION G27(K,X,B,R,Z)
DC189 CIMENSION X(1),3(1),R(1),Z(1)
00190 G27=FMIN(B(53)*Z(3),B(39)*0(261 *0(23))

00191 RETURN
00192 EN!)
00193 FUNCTION G28(K,X,B,R,Z)
00194 DIMENSION X(11,1(1),Rt1),Z(1)
0E195 625=G(23)G(30)
00196 RETURN
0019' END
00199 FUNCTION G29(K,X,B,R,Z)
00199 DIMENSION X(1),3(1),R(1),Z(1)
0020a G29=G(?71 4q(61
CC201 RETURN

tv

.00202 ENO
1--.

cs,



00203 - FUNCTION G30(K,X,B,R,Z)
00204 - DIMENSION X(1),3(1),R(1),Z(1)
00205 - G30=C.
00206 - IF (G(21).EO.C.) RETURN
00207 - 630=FMIN(G(29)/G(21),G(27))
00201 - RETURN
00209 - ENO
00211 - FUNCTION G31(K,X,B,R,Z)
00211 - DIMENSION X(1),3(1),R(1),Z(1)
00212 - G31=3(19) 4Z(2)1(9(19)*7(2)4.9411)4G(25))
30213 - RETURN
00214 - END
30215 - FUNCTION G32(K,X,B,R,Z)
00216 - DIMENSION X(1)13(1),R(1),7(1)
00217 -

UMIIN(3(34)*Z(2),G(31)*G(28)*3(40))00211 .-
00219 - END
00221 - FUNCTION G37(K,X43,R,Z1
00221 - DIMENSION X(1),B(1),R(1),Z(1)
00222 - G33=G(32)*Z(5)
30223 - RETURN
G0224 - ENO
00225 - FUNCTION G34(KIX,B,R.Z)
30226 - DIMENSION X(1),3(1),R(1),7(1)
00227 - G34=0.
00229 - IF (G(21).EO.C.) RETURN
00229 - G34=FMIN(G(33)/G(21),G(32))
0023' - RETURN
00231 - FNO
0023? - FUNCTION G35(K,X,9,,7)
00233 - DIMENSION X(1),3(1),R(1),7(1)

234 - G35=G(28)-G(34)
UC235 - RETURN
00236 - END
00237 FUNCTION G36(K,X,3,R,Z)
00231 - DIMENSION X(11,3(1),R(1),Z(1)
00239 - G36=FMIN(9(35)*G(25),G(35))
00241 - RETURN



00241 -
00242 -
00243
00244 -
00245 -
00246 -
0C247
00241 -
6C249 -
00251
00251
00252
00253
30254
00255
06256
00257
00251
00259
0026'
00261
30262
00263
00264 -
06265
00266 .-
00267
00268
00269
0027)
00271
00272
00273
00274
00275
00276
00277
00271
00279
00281 -
00291
0028?
00283

ENO
FUNCTION G37(K,X,R,P,7)
DIMENSION X(1),B(11,R(1),Z(1)
C37 =0(42) /0(25)
FETURN
END
FUNCTION G38(K,X,B,F,Z)
DIMENSION X(1),9(1),R(1)17(1)
031=0(36)*7(4)
RETURN
EN)
FUNCTION G39(K,X,P,R,Z)
DIMENSION Y(1),Bt11,R(1),Z(1)
G39=0.
IF (G(21).E0.(,) RETURN
G39=FMIN(G(38)/G(21),G(35) )
RETUFN
ENO
FUNCTION 040(KIX,B,R,7)
DIMENSION X(1),9(1),R111,Z(1)
G49=FMIN(G(27),G(30)4G(21)/Z(6))
RETURN
EN)
FUNCTION 041(K9XIBIR,Z)
DIMENSION X(1)0(1),R(1),Z(1)
G41=FMIN(G(32),G(34)*G(21)/Z(5))
RETURN
ENO
FUNCTION 042(K,Y,81R,Z)
DIMENSION X(1),3(1),R(1),Z(1)
G42=FMIN(G(36),G(39)*G(21)/7(4))
RETURN
ENO
FUNCTION 043(K,Y,B9R.7)
DIMENSION X(1),3(1),RL),Z(1)
G43=(1.-0(191)*(1.9(9))*Y(91*X(161
RETURN
END
FUNCTION 044(K,X,B,R,7)
DIMENSION X(1),3(1),R(1)vZ(1)
G44=B(17)4G(30)*(1.3(36))
RETURN
END



00284 -
00285
00235
00287 -
00288 -
00289 -
00290 -
00291
00292 -
00293
00294
00295
00295 -
0G297 -
00298 -
00299
00330 -
00301
0E702 -
00303
00304 -
10305 - 10
00305
00307 -
00308 -
00309 -
00311 -
00311
30312
00717 -
00314
00315 -
00315 -
00717
00318 -
00319 -C
007217
00321 -
00322 -
0C323
00324

FUNCTION G45(KIX99,R,Z)
DIMENSION X(1),3(1),R(1)9Z(1)
G45=9(17) 4G(34)*(1.-9(37))
RETURN
EN
FUNCTION G4E(K,X,3,P,Z)
DIMENSION X(1),B(1),R(1),Z(1)
G46=B(17)4G(39)*(1.-.B(36))
RETURN
END
FUNCTION G47(K,X,B,RIZ)
DIMENSION X(1)913(1),R(1),Z(1)
G47=G(43)+(G(44)+G(45)+G(46))
RETURN
ENO
FUNCTION G48(KtX,B,P,Z)
DIMENSION X(1)0(1),R(1),Z(1)
SUM=C.fl
I=IFIX(X(17))
DC 10 J=1,I
JJ=J-1
SUM=X0(11,JJ)
G48 =G(37)4SUM
RETURN
END
FUNCTION G49(K,Y,3,P97)
DIMENSION X(1)99(1),R(1),Z(1)
G49=G(37)*(X(12)+X(13)+X(14)+X(15)1
PETURN
END
FUNCTION G50(K9X,B,R,Z)
DIMENSION X(1)0(1),R(1),Z(1)
GE0 =(1.-.G(10))*X0(11,4)
RETURN
END

MOTHF1
FUNCTION F0101(K0989R,Z)
DIMENSION X(1),9(1),R(1),Z(1)
F0101=(-8(1)*X(1)4(1.-G(1)))-(G(1)*X(1))
RETURN
END



00325
00326
00327
G0325
00329
00331
00331
00332
00333
00334
00335
00336
.00337
00331
00339
JC341
00341
00342
30343
00344
00345
00346
00347
00345
00349
00351
0 0351
00352
00353
00354
00355
00356
30357
00753
00359
00361
00361
3036?
00363
00364
00365
00366
00367

-
-
-
-
-

-
-

-
-
,-

-
-
-
-
-
--

-
-
-
-
-
-
-
-
.
-
-
-
-
-
-
.-

-
-

-
--

-
-
-
-

1

FUNCTION F1202(K,X,B,R97)
DIMENSION Y.(1),3(1),R(1),Z(1)
FC202=-X(2)+G(1)*R1il*X(1)*(1.-3(2))
RETURN
ENO
FUNCTION F0303(K,Y.9.R,Z)
DIMENSION X(1),9(1),R(1),Z(1)
FC303=-X(3)+G(1)*(1.-R(1))*X(1)*(1.e(3))
FETURN
END
FUNCTION F1404(K,Y,94R,Z)
DIMENSION X(1),9(1),R(1)17.(1)
F0404=G(5)-X(4)
FETURN
END
FUNCTION FL505(KIX,91R,Z)
DIMENSION X(1),3(1),R(1),Z(1)
IF(G(12).E0.0.) GO TO i
PZ5J5=(G(11)/G(12))-X(5)
RETURN
F0505=-X(5)
RETURN
END
FUNCTION F0606(KIXIB,R,Z)
DIMENSION Y(1),3(1),R(1),Z(1)
FC6J6= G(13) -X(6)
RETURN
ENO
FUNCTION F0707(K,X,B,R,Z)
DIMENSION Y(1),1(1),R(1),Z(1)
FC707=G(14)-Y(7)
RETURN
ENO
FUNCTION F0501(K4X,31R,Z)
DIMENSION X(1)0(1),R(1),Z(1)
F0308=G(15)-X(3)
RETURN
ENO
FUNCTION F0909(K,X,9,R9Z)
DIMENSION X(1),3(1),R(1),Z(1)
FiA09=G(16)X(9)
RETURN
END



00368 -
00359 -
0C370 -
00171 -
0C372 -
00373 -
00374 -
0C375 -
00376 -
00777 -
00378 -
00379 -
0078J -
00381
00382 -
00383 -
00384 -
00385 -
00386 -
0C38'
00388 -
0C389 -
0C390
30391
00392 -
00793 -
10394 -
00395 -
00396 -
0C397
00398
0E399 -
30400 -
00401 -
00402 -
Jb403 -
00404 -
O0405 -
10406 -
00407 -
0040,8 -

FUNCTION E1011(K,X,9,F,Z)
DIMENSION X(1).3(1),R(1),Z(1)
F1010=G(47)
RETURN
ENO
FUNCTION F1111(K,X,B,R,7)
DIMENSION X(1)13(1),R(1),Z(1)
F1111=G(3)-Y(11)
RETURN
END
FUNCTION F1212(K,X,B,R,Z)
DIMENSION X(1)13(1),R(1),Z11)
F1212=(G(12))-X(12)
RETURN
FRO
FUNCTION R1313(K019,R,Z)
DIMENSION X(1),3(1),R(1),Z(l)
F1313=(1.-G(37))*X(12)-X(13)
RETURN
END
FUNCTION F1414(KOv3,R,Z)
DIMENSION X11)0(1),R(1),Z(1)
F1414=((1.-G(37))4X(13))-X(14)
RETURN
END
FUNCTION F1515(K,X,B,R,Z)
DIMENSION Xil),311),R(1),741)
F1515=1(1.-G(37))*X(14))-X(15)
RETURN
ENO
FUNCTION Fi616(K,X19,R,Z)
DIMENSION X(1),9(1),R(1),7(1.)
F1616=((1.-G(37))*X(15))-X(16)
PETURN
ENO
FUNCTION F1717(K,X,39R,Z)
DIMENSION X(1),B(1),R(1)97(1)
F1717=FMIN(1.-(G(6)+G(7)+G(8)+G(9)+G(10))95.-Xt17))
RETURN
ENO
FUNCTION F2020(K,X,1,R,Z)



00409 -
aLulo -
co411 -
0G412 -
f&413 -
00414 -
00415 -
00416 -
00417 -
00419 -
00419 -
00420 -
00421 -
00422 -
L0423 -
U0424 -
00425 -
00426 -
00427 -
00429 -
U0429 -
00431 -
00431 -
00432 -
G0433 -
DC434 -
00435 -
00436 -
00437
00431 -

DIMENSION X(1)1'3(1),R(1),Z(1)
F2020=G(3)-G(12)-C,(49)
IF (X(17).E0.5.) F2C2C=F2020-G(51)
RETURN
Er)
FUNCTION F2121 (K,X,31R,Z)
DIMENSION X(1),B(1),R(1),7.(1)
F2121--;G(24)+G(42)
RETURN
END
FUNCTION F2222 (K,X,,R,Z)
DIMENSION X(1),8(1),R(1),Z(1)
F2222=G(4),-G(41)
RETURN
ENO
FUNCTION F2323 (K,X,B,R.,Z)
CIMENSTON X(1),1(1),R(1),Z(1)
F2323=G(40)
RETURN
ENO
FUNCTION F2424 (K,X-93,R,71
OIMENSTON.X(1) ,3(1),R(1),Z(1)
F7424=7(7)
RETURN
ENO
FUNCTION F2525 (K,X,3,R,Z)
DIMENSION X(1),3(1),R(1),Z(1)
E2525=t1.-G(37)1-Y(25)
EETUFN
ENO



00439 -C
UG441 -
00441 -
J0449 -
00443 -
00444 -
00445 -
00446 -
00447 -
0C44R -
0C,449 -
00450 -
00451 -
00457 -
0E453 -
00454 -
00455 -
00456 -
00457 -
Ot!453
00,59 -
00469 -
0C1,61

MOTHY1
SUBROUTINE YCOMP(KO,B,R,Y,YS,T)
DI1ENSION X(1)13(1),R(1),Y(1),XS(11
DC 10 I=1,20

10 Y(I)=X(I)
IF (K.E0.0) RETURN
Y(21)=G(24)+G(42)
Y(22)=G(4)+G(41)
Y(23)=G(40)
Y (24) =X (24)
Y(251=X(25)
Y(26)=X(2)+X(12)+X(13)+X(14)fX(15)+Xt1E)
Y(27)=G(3)
IF (G(24).EO.C.) Y(27)=Y(27)-AD(16,1)
IF (Y (17).E0.5.) Y(27) =Y (27)-G (5C)

Yin)=G(24)+G(43)+G(49)
CALL VAROUT (Y(21),XS(21))
CALL VAROUT (Y(22),XS(22)1
CALL VAROUT tYt23)XS(23))
CALL VAROUT (Y(27),XS(20))
CALL VAROUT (1,(2,),XS(24)1
IF(MOD(K,20).EQ.0) CALL VAROUT(Y(11),XS(29))
RETUQN

00462 - END
EOF ON INPUT UNIT



TTTTT
T
T

AAA
A A
A A

N
N
NN

N
N
N

SSS Y
S S Y

S

Y
Y

Y Y
T AAAAA N N N SSS Y

T A A N NN S V

T A A N N S S Y

T A A N N SSS r

06001
O6002
U6003
JCCO4
36E05
U6006
60007
06E05
06009
aoriJ
00611
06E12
90C13
00C14
00C15
10016
00017
00011
06019
06020
56621
60E22
00023
0.0024
6025

00E26
ocr27
cern
08r29
06030
OCP31
60C32
G0C33

CCC

C

-
-

10

SU4ROUTINE 7COmP(K0(0,R.7.T01T,G,XS)
DIMENSION X(1).3(1),R(1).Z(1),G(1),XS(1)

CALL VARIN (Z(1),XS(26))
CALL VARIN (Z(2).XS(21))
CALL VARIN (Z(3),XS(22))
CALL VARIN (Z(4),XS(23))
CALL VARIN (7(5).XS(24))

IF(40D(K,2E).NE.0) RETURN

REINITIALIZATION

CALL VARIN(X(3),X(3))
CALL VARIN(X(4),X(4))
CALL VARIN(X(51,X(5) )
X(6)=X(7)=X(8)=X(9)=X(10)=0.
X(11)=X(12)=X(13)=X(14)=X(15)=X(16)=X(17)=X(11)=X(19)=X(20)=C;.
RETURN
ENO

SPECIAL FUNCTIONS FOR RAGWORT GROWTH AND REGROWTH
FUNCTION S1(Kl3)
DIMENSION 3(1)
AK=LOAT(K)
IF (K.GE.17) GO TO 10
S1=3(1) +B(2)4AK
RETURN
S1=3(3)
RETURN
ENO
FUNCTION S2(K.1)
DIMENSION 3(1)
S2=0.
IF (K.LT.5) RETURN
AK=FLOAT(K)

66U34
66035
00036

S2=9(4)+B(5)*(AK-5.)
RETURN
END



00037
00031
00019
00040
001141
00042
jOC43
10044
00045
10046
JOC47
CC 48

OCC49
0005:i
ij0051
OCC52
00053
30054
00055
00056
00057
O0051
08059
CU60
00061
00062
J0063
00064
00065
ourb6
00067
aor6%3
00069
00070
00071
30072
00(73
00E74
30075
00076
01077
00071
00E79
00011
00081
00(82

FUNCTION S3(K93)
DIMENSION 3(1)
S3=0.
IF (K.L.T.10) RETURN
AK=FLOAT(K)
53=3(7) 4-3(1)*(AK10.)
RETURN
ENO
FUNCTION S4(K93)
DIMENSION 3(11
S4=0.
IF (K.LT.15) RETURN
AK-= FLOAT(K)
S4=3(13)+B(11)*(AK15.)
RETURN
ENO
FUNCTION S5(K,3)
DIMENSION 3(1)
AK=FLOAT(K)
S5=3(1)+E(14)*AK
RETURN
END
FUNCTION S6(K,3)
DIMENSION 3(1)
S6=0.
IF (K.LT.5) RETURN
Ak=-F.LOAT(K)
56=1(15)+E(17)4(AKE.)
RETURN
ENO
FUNCTION S7(K,3)
DIMENSION 3(1)
ST=0.
IF (K.L.T.Ifl) RETURN
AK=FLO4T(K)
57=3(19)+3(20)*(AK10.)
kETURN
ENO
FUNCTION S9(K43)
DIMENSION 3(1)
S8=1.
IF (K.I.T.15) RETURN
AK=FLOAT(K)
SP=3(22)+B(23)*(AK15.)
RETURN
END



000.83 -
00084 -
00085 -
00(.85 -
00087
00088 -
00P89

-
00691 -
00092
30093 -
00C'94 -
0E095
0.0096 -
00E97 -
30C98 -
30u99
00100 -
G0101 -
-00102 -
00103 -
0C104 -
00105
00106 -
3L107
LL101
00109 -
0E113 -
00111 -
00112 -
00111 -
0C114 -
0C115 -
00115 -
00117
00118 -
0G119
00123 -
GC121 -
00122 -
00123
00124 -
00125 -
00126 -
00127 -
00128 -

FUNCTION S9(K19)
DIMENSION 3(1)
C9=2.
IF (K.LT.231 RETURN
AK=FLOAT(K)
S9=3(25)+3(26)*(AK-20.)
RETURN
ENO
FUNCTION SlO(K3)
DIMENSION 3(1)
AK=FLOAT(K)
513 =3(28) +3(29) AK
RETURN
FND
FUNCTION S11(K,B)
DIMENSION 9(1)
Si1=C.
IF (K.LT.5) RETURN
AK =FLOAT (K)
S11=9(31)4-3(32)*(AK-5.)
kETURN
ENO
FUNCTION S12(K,B)
DIMENSION 3(1)
S12=r2.
IF (K.LT.10) RETURN
AK=FLOAT(K)
S12=8(3414-3(35)*(AK-10.)
RETUFN
ENO
FUNCTION 513(KB)
DIMENSION 3(1)
513=0.
IF (K.LT.15) -P,ETURN
AK=FLOAT(K)
S13=3(37)+3(38)*(AK-15.)
RETURN
ENO
FUNCTION S14(K-11)
DIMENSION 13(1)
S14=0. -

IF (K.LT.20) RETURN
AK=FLOAT(K)
S14=6(40)+B(411*(AK-2C.)
RETURN
ENO



0[129 -C RAGWORTG1
00130 FUNCTION G0i(K,X,8,R,7)
00131 DIMENSION x(i),a(1),R(1),z(1)
0013? GC1=-.8(50)*(1.3(49))4Z(2)
0C133 RETURN
30134 END
00135 FUNCTION G02(KIX,B,RIZ)
or136 DIMENSION X(1),3(1) ,R(1),Z(1)
60137 - G5?=(1.3(4g))*(1.315;7))47(2)
CC135 RETURN
00139 END
001411 'FUNCTION G33(K.X.9,R17)
06141 DIMENSION Y(1)13(1),R(1)17.(1)
0014? GC3=B(52)4(1.3(51))*Z(3)
00143 RETURN
00144 END
00145 FUNCTION G24(KIY,R,R,7)
00146 DIMENSION X(1)99(1),R(1117(1)
.01:147 Gi-J4:(1.B(52))*(1.9(51) )''Z(3)
00143 RETURN
1)0141 END
30150 FUNCTION GO5(K,X,B,R,Z)
00151 DIMENSION X(1)93(1),R(1),Zt1)
00152 G:51:R(54)4(1.3(53))*Z(4)
00153 RETURN
OC154 END
00155 FUNCTION G06(K,X,B,R17)
00156 DIMENSION X(1),3(1),R(1),Z(1)
00157 - GE6=(1.3(54))*(1.3(53))*Z(4)
00191 RETURN
60159 END
0016C FUNCTION D07(K,X,B,Ra1
00161 DIMENSION X(1),3(1),R(1),Z(1)
00162 KK=MOD(K,20)
E163 (7,7=S1(KK,1)*X(3)

00164 . RETURN
00165 END
00166 FUNCTION G01(K,X,3,R,Z)
00167 DIMENSION X(1)93(1),R(1)17(1)
0L163 KK=MOD(K,20)
00169 GC3=S2(KK,3)4"X(9)4-S3(KKI3)4Y(10)4S4(KK,3)41X(11)
00170 RETURN
00171 END



00172
00173
110174
00175
00176
00177
00171
00179
03181
001P1
00182
001 83
ael94
00185
00186
00187
0018'
00189
00191
00191
00192
CC193
10194
00195
00196
00197
00198
00199
00230
00201
PP202
00203
00204
00205
00205
00207
00208
00209
00210
00211
00212
00213
30214
00215
00216
00217

- C

FUNCTION G39(K,X.B.R,Z)
DIMENSION X(11.3(1)1R(1).Z(1)
KK=MOD(K120)
GC9=S5(KK.3)4;%(4)
CETURN
ENS
FUNCTION 01C(K.X.9.Pa)
DIMENSION X(1),3(1),R(1).Z(1)
KK=MOD(K.23)
G10=S6(KK.3)*X(12)+S7(KK.3)*X(13)+58(KKIR)*Y(14)
#S1(KK.3)*X(15)
RETURN
Fro
FUNCTION 011(W,X.B,R,7)
CIMENSION Y(1)13(1),P(1),Z(1)
KK=MOO(K,27)
G11=513(KK.3)*X(5)
RETURN
ENO
FUNCTION 012(K.X,B.P.Z)
DIMENSION X(1) 03(1).R(1)4/(1)
KK=MO0(K.21)
012=511(KK,3)4X(16)+512(KK.B)4X(17)+513(KK.3)*X(18)
C4S14(KK,3)*X(19)
FETURN
END
FUNCTION 013(K.X.9.R.Z)
DIMENSION Y(1)11(1).R(1).7(1.)
DIMENSION A(14)

DUMMY G FUNCTION TO OUTPUT S FUNCTION VALUES
G13=0.
KK=M00(K.20)
A(1)=S1(KK.B)
A(2)=S2(KK.3)
A(3)=S3(KK,B)
A(4) =S4(KK,3)
A(5) =S5 (KK,3)
A(6)=S6(KK.3)
A(7)=S7(KK.B)
A(8)=Si(KK,3)
A(9)=59(KK,3)
A(10)=S10(KK.9)
A(11)=S11(KK.9)
A(121=S12(KK.9)
A(13)=S13(KK.9)
A(14)=S14(KK.8)



00215 - WRITE (24..1000) K.KK,(A(I),I=1.14)
P0219 - 1CCO FORMAT(t-ti2I4,7F14.2/9X,7F14.2)
00221 - RETURN
00221 - END
00222 - FUNCTION G14(K.X.9.E.Z)
Or223 DIMENSION Y(1),3(1)1R(1)._7(1)
X30224 - KK=MOD(K120)
00225 - G14=S1(KK,3)
00226 - RETURN
00227 - END
00225 - FUNCTION G15(K,X,3.R.7)
00229 - DIMENSION X(11,B(1).Q.(1),7(1)
0C231 - KK= MCJ(K,2))
00231 .. G15=S5(KK.9)
0023? - RETURN
00233 - END
00234 - FUNCTION G16(K1X13,R,Z)
D0235 - DIMENSION Y(1),B(1),9(1).Z(1)
00236 KK=40O(K,20)
30237 - G16=S1l(KK.B1
00233 .. kETUEN
30239 -
CO241 -C

ENO
RAGWORT r FUNCTIONS

00241 - FUNCTION F0303(K.A.O.R.7)
00242 -- DIMENSION X(11,3(1),R(1),7(1)
00243 FC303=Z(1)-7(2) 4-2(5)
00244 ... RETURN
30245 - ENO
00246 FUNCTION FC9G9(K,X,B,R,Z)
30247 -- CIMENSION X(1)0(1),R(1).Z(1)

FC909=10024i --
30249 - KK=mO0(Ks21)
00250 - IF (KK.GE.1.AND.KK.LE.5) F09,i9=G(1)
00251 - RETURN
00252 - END
0E253 - FUNCTION F1010 (K,X,3,R.Z)
00254 .- DIMENSION X(11,3(1),R(11,Z(1)
00255 - F1110=1.
00256 - KK=MOD(K.20)
00257 - IF (KK.GE.6.11NO.KK.LE.10) F1110=G(1)
00255 - RETURN
00259 .- END__



00260
00261
00262
0E263
0C264

FUNCTION F1111 (KIX99,97)
DIMENSION X(1),3(1),R(1),7(1)
F1111=3.
KK=M00(K,20)
IF (K<.GE.11.AND.KK.LE.15) F1111=G(1)

0,2265 RETURN
00266 ENO
00267 FUNCTION F0404 (K,X,39RIZ1
00261 DIMENSION X(1),3(1),R(1),7(1)
00269 Fii404=Z(3)
0b271 RETURN
00271 ENO
30272 FUNCTION F1212 (K,X1?,,RIZ)
00273 DIMENSION )(11),3(1),R(1)17(1)
JG274 F1212=1.
10275 KK=MOD(K,20)
00276 IF (KK.GE.1.ANO.KK.LE.5) F1212=G(3)
00277 RETURN
00273 ENO
0E279 FUNCTION r1313 (K,x,3,R,z)
00239 DIMENSION X(1),9(1),R(1),Z(1)
30281 F1313=1.
00287 KK=MOD(K120)
0E283 IF (KK.GE.6.ANO.KK.LE.10) F1313=G(3)
00284 RETURN
00285 ENO
0E266 FUNCTION F1414 (K,X,B,R,Z)
00287 DIMENSION Y(1).?,(1),R(1),7(1)
00268
30289

F1414=7._
Kk=MOD(K,20)

0029,1 IF (KK.GE.11.ANO.KK.LE.151 F1414=G(3)
0E291 RETURN
30292 ENO
JC293 FUNCTION F1515 (K,X,S,R,Z)
00294 DIMENSION X(1)0(1),R(i)17(1)
0E295 F1515-=1.
00296 KK=M01(K,20)
00297 IF (KK.GL.16.ANG.KK.LE.20) F1515=G(3)
30298 RETURN
00299 EN1
00300 FUNCTION F0505(K,X,31R4Z)
00301 DIMENSION Y(1)0(11,R(1),Z(11
1E302 F:7505=Z(4)
00303 RETURN
1E394 ENO



JG305
00306
J0307
0C305
00309
00310
00311
20312
00313
60714
J0315
00715
GC3/7
0,318
00319
00321
P0321
3C322
00323
00324
3C325
00326
00327
0G329
00329
00331
r0331
00332
C0333
0C334
00335
00336
00337 .-
00335
00339
00341
0341
00342
00343
JC344
00345
00346
00347
00745
00349
GC3F,3
00351
00752

FUNCTION F1616(K.X.cl,R,Z)
DIMENSION X(1).3(1),R(1),Z(1)
F1616=0.
KK=MCD(X,20)
IF (KK.GE.1.ANO.KK.L.5) F1616=G(5)
FFTU9N
ENO
FUNCTION F1717(K0(.3.R.Z)
DIMENSION X(1).3(1),R(1),7(1)
F1717=1.
KK=M00(K,20)
IF (KK.GE.S.PNO.KK.LE.10) F1717=G(5)
FETUP:N
FNO
FUNCTION F1818 (K.X.3,P,Z)
DIMENSION X(11.9(1),IR(1),7(1)
F1315=1.
KK=M03(K,20)
IF tKK.GE.11.AND.KK.LE.15) F1813=Dt5)
PETURN
ENO
FUNCTION F1919(K0(..907,7)
DIMENSION X(1).3(1),Rt1).7(1)
F1919=1.
KK=M00(K,20)
IF (KK.GE.16.AND.KK.LE.20) F1919=G(5)
FFTUFN
ENO
FUNCTION F0606(X.X.B1R,Z)
DIMENSION X(11,3(1),R(1).7(1)
FC606=G(2)
RETURN
ENO
FUNCTION F0707(K,X.B.F.Z)
DIMENSION X(1).9(1).9(1).7(1)
FO707=G(4)
RETURN
FNO
FUNCTION F2308(K,X,9,R,7)
DIMENSION X(11,3(1),9(1).Z(1)
F,;5GB=G(6)
FETUPN
END
FUNCTION F202C(K.Y.,9,P,Z1
DIMENSION X(1).3(11.R(1).Z(1)
F202C=7(1)7(5)
FFTURN
FNO



30353 -C RAGwORTY1
00354 - SU3ROUTINE YCOmP(K,X,B,R,Y,XS)
00355 - DIMENSION Y(11,1(1),R(1),Y(1),XS(11
0E356 - CC 10 T=3,20
00357 - 10 Y(I)=X(I)
00353 - IF (K.E0sC1 RETURN
00359 - Y(24)=G(7)+G(0)+G(9)+G(1C) +G(11)+G(121
DC 360 - KK=MOD(K,20)
00361 - Y(21)=G(141
C(362 - Y(22)=G(15)
0036! - Y(23)=G(1)
LC364 - CALL VAROUT CY(3),ys(3))
0E365 - CALL VAROUT (Y(4),XS(4))
CC366 - CALL VAROUT CY(5),XS(5))
C0367 - CALL VAROUT CY(6),XS(6))
00363 - CALL VAROUT (Y(7),XS(7))
00369 - CALL VAROUT (Y(8),XS(8))
00373 - CALL VAROUT (Y(9),xS(9))
U0371 - CALL VAROUT CYC1I,XS(10))
00372 - CALL VAROUT (Y(11),XS(11))
C0373 - CALL VAROUT (Y(12),XS(12))
00374 - CALL VAROUT (Y(13),XS(13))
00375 - CALL VAROUT tY(14),XS(14))
00376 - CALL VAROUT (Y(15),XS(15))
DC377 - CALL VAROUT (Y(16),XS116))
00378 - CALL VAROUT (Y(17),XS(17))
00379 - ,CALL VAROUT (Y(13),xs(18))
00383 - CALL VAROUT (Y(19),XSC19))
003e1 CALL VAROUT (Y(21),XS(25))
0387 - CALL VAROUT tY(22),XS(26))
00333 - CALL VAROUT (Y(23),XS(27))
00384 - CALL VAROUT tY(20),XS(21))
0E385 - RETURN
00386 - EN)
ECF ON INPUT UNIT



Appendix IV. Sensitivity Values of Parameters and Variables

in the Update, h, Functions of the Annual Resolution

Tansy Ragwort-Cinnabar Moth System Model.

Update Function

233

Description Nominal Value

h
1

= b
19

x
3
+b

20
b
14

x
9
+b

21
b
15

x
10 Number of viable ragwort

seeds
+b

22
b
16
x
11

Parameter
Or

Variable Partial Derivative

b
19 3b

Dh
1

- x
3

19

x3

b
20

ah
1
= b

1931(
3

Dh
1

3b
20

b
14
x
9

Nominal Value
of Derivative Scaling Factor

4,057

8,059

b
19

0.0494

0.0001

-
h
1

3
=

111

0

1,633,120

Sensitivity
Value

20.02

0.94

b
2

- 0.0001 0
h
1

3h
1

b
14 ab

- b
20
x
9

0 1
4

= 4.0 x 10
-7

0

14
h
1

x9
Dh

1

3x
9

- b
20

b
14

1,394

ah
1 b21

b
21 3b

21

- b
15
x
10

60

1

3h
1

b
15 31)

15

b
1
x
10

114,533

0

= 0.0009 0.06

b
15

- 4.0 x 10
-7

h
1

311
1 x10

x
10

ax

b
21

b
15

1,214 - 4.6 x 10
-5

10
h
1

0.06

0.06



Update Function hi. (continued

Parameter
or

Variable Partial Derivative

ah
1

b
22 all

= b
16

x
11

22

ah
1

b
16 ab

16

b
22
x
11

ah
1

x
11 ax

b
22

b
16

234

Nominal Value Sensitivity

of Derivative Scaling Factor Value

b
22

1,131 0 0
h
1

0

b
16

0
h
1

0

x
11

= 0.0023 0

0

11 1

Update Function Description Nominal Value

h = b h (1-b -b )x Size of dormant seed pool 20,684.80
2 1 1 3 4 2

Parameter
or

Variable Partial Derivative

bl
al)

ah
2

h
1

h
1 ah

ah
2

= b
1

1

b
3

= -x
2ab

3

x2

ah
2

x
2ab

4

ah
2

(1-b
3
-b

4
)

ax
2

Nominal Value Sensitivity
of Derivative Scaling Factor Value

1,633,120
1
= 4.5 x 10

-7
0.79

h2

h
0.01 = 78.95 0.79

h
1

b
3

ah,
- 20,685

11.

= 4.5 x 10
-7

-0.01
2

-20,685
4
= 4.35 x 10

-5
-0.90

h2

0.09 = 1 0.09
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Update Function Description Nominal Value

h
3

= b
5
b
11
x
6
+b

6
b
12

x
7
+x

4
Number of spring flowering 4057.27

15

+b23( E xi)

i=12

plants

Parameter
or Nominal Value Sensitivity

Variable Partial Derivative of Derivative Scaling Factor Value

ah
3 5 -4

b
5 ab

= b
11

x
6

384.5
11-3-=

1.97 x 10 0.08
5

Dh
3

b
11

b
11 ab

= b
5
x
6

341.8 - 2.22 x 10 4 0.08
11

h
3

311
3

x6
x
6 3x6

= b
5
b
11

0.72 = 0.11 0.08

Dh
b
6 DID

3
b
12

x
7 h

1,093
6
= 7.39 x 10

-5
0.02

6 3

Dh b

b
12 Db

3
= b

6
x
7

409.9
12

= 3.86 x 10
5

0.02
12

h
3

ah
3

x
7 ax

7

b
6
b
12

0 = 0.34

Dh
3

x4
1 1

A
= 0.014

)(4
h
3

0.01

Dh 15

alp

b

b
23

3
= E x. 25,958.40 = 2.46 x 10

5
0.64

23 i=12

Dh

31)

3
11 b

28
b
28

E x. 11,314.40 = 4.92 x 10
-5

0.56

28 i=9 1
h
3

Dh

0.20 0
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Update Function h
3

(continued)

Parameter
Or Nominal Value Sensitivity

Variable Partial Derivative of Derivative Scaling Factor Value

x
10

xii

28
0.20

x
10

- 0.019
h3

ah
3 x 11

axl,
b
28

0.20 0.929
h
3

ah
3

x12
3x12

b23

ah
3

x13 3x
13

b23

x14

ah
3

ax
14

b23

0.10

0.10

0.10

x
12

1.68
h
3

x13
1.69

h
3

x
14

- 3.02
h
3

0.004

0.19

0.17

0.17

0.30

ah
3

x
15 ax

b
23

0.10 h15 1.8 x 10-4 1.8 x 10
-5

15
h3

Update Function
15

h
4

= b
7
b
11
x
6
+b

8
b
12

x
7
+x

5
+b

17
( E x.)
i=12

+b25x9+b x +b27xli

Description Nominal Value

Number of spring
rosettes

Parameter
Or Nominal Value Sensitivity

Variable Partial Derivative of Derivative Scaling Factor Value

all
4

b
7 ah

b
11
x
6

384.52 = 3.54 x 10
-5

0.01

7
h4

b
11 ab

ah
4

= b
7
x
6

341.79 3.98 x 10
-5

0.01

11
h
11

4

all
4

x6 ax
- b

7
b
11

0.72
6
= 1.89 x 10-3

h
4

0.01



Update Function h
4

(continued)

Parameter
Or

Variable Partial Derivative
Nominal Value
of Derivative

b
8

b
12

x
7

x
5

b
17

X12

x13

x14

x15

b
25

x9

b
26

ah
4
-b

x.

1

1,093.00

683.12

0.40

1.00

25,958.50

0.70

0.70

0.00

0.20

75.45

alas 12
x
17

Dh
4

b
8
x
7Db

12

ah
4

b
12ax

7

b
8

ah

1
Dx4

ah
4

15

= E
alp

17 i=12

Dh
4

ax
b
17

12

all
4

3x13 17
b17

ah
4

= b17
x14 17

ah4

9)(15 17

ah
4

xab
25

9

ah
4

Dx
9

b
25

Dh
4

xDb
26

x10

237

Sensitivity
Scaling Factor Value

b
8
= 2.21 x 10

-5

h4
0.02

b
12

3.54 x 10
-5

0.02
h
4

x7

= 0.06
h
4

0.02

x5
= 0.04 0.04

h
4

17
= 3.09 x 10

-5
0.80

h
4

x12
0.30 0.21

h
4

13
- 0.304 0.21

h
4

x14
= 0.54 0.21

h
4

x
15

3.23 x 10 2.26 x 10
-5

h
4

8.8 x 10
-6

0.00
b

h
4

25

x9

7171;

= 0.00 0.00

b

8.8 x 10
-6

6.6 x 10
-4

h
4

26



Update Function h, (continued)

Parameter
or

Variable Partial Derivative

x
10

Dx

- b
26

Dh
4

10

b
27 Db

Dh
4

x11
27

311
4

x
11

- b
27ax11

Update Function

238

Nominal Value
of Derivative

Sensitivity
Scaling Factor Value

0.20

3,769.50

0.70

x
10

3.34 10
-3

10
-5

6.67 x 10

0.12

0.12

x
h
4

b
27

= 3.09 x
h
4

x
11

= 0.167
h4

h5 = b (1-b )h +b b x +b b x
5 2 1 1 10 13 8 9 12 7

19 15

+b2x2+b18( E xi)+b24( E xi)

i=16 i=12

Description Nominal Value

Number of spring
seedlings

Parameter
or Nominal Value Sensitivity

Variable Partial Derivative of Derivative Scaling Factor Value

Dh
b
2 Db2
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1
)h

1
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5

-
b1 al)

-b2h1
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5
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2
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1
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1 Phi

b
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Dh
5
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x
8
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b
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b
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x
8
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0.63

0.08
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5

b
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8.17

4.5 x 10
-6

= 3.5 x 10
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h
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b
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h
5

h8
5

4
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Update Function h5 (continued)

Parameter
Or

Variable Partial Derivative
Nominal Value
of Derivative Scaling Factor

Sensitivity
Value

b
9

b
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x7

x
2

b
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x16

x
17

x
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x19

x12

x
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