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To assess the effect of summer moisture stress on the

capacity of tansy ragwort (Senecio jacobaea L.) to compensate

for defoliation by the cinnabar moth (Tyria jacobaeae LT7),

the performance of plants grown under different irrigation

regimes was measured. The proportion of plants producing

iew leaves following defoliation, the number of nodes at

which these leaves were produced, the biomass of the new

leaves, the proportion of plants producing secondary flowers,

the number of secondary capitula produced, and the rate at

which mature fruits were produced all increased with increas-

ing frequency of irrigation.

A comparison of natural ragwort populations at a site

with a relatively high amount of summer rainfall with a site

with little summer rainfall and a comparison of populations



during wet and dry years at the same site indicated that

the relationship observed between moisture stress and com-

pensation capacity under experimental conditions exists in

natural populations.

These results indicate that the full potential of the

cinnabar moth as a biological control agent of tansy ragwort

will be apparent in years with below average summer rainfall.

In wet areas the introduction of additional biological con-

trol agents should be considered. Investigation of the

influences of abiotic conditions on the interactions between

plants and their herbivores may be necessary in other studies

concerned with predicting the outcome of this interaction.
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Environmental Controls on the Capacity of Tansy Ragwort

(Senecio jacobaea L.) to Compensate for Defoliation

by Cinnabar Moth (Tyria jacobaeae /t.7)

I. INTRODUCTION

Studies of the biological control of weeds focus on the

dynamics of plant populations under herbivore attack. Char-

acteristics of plants that limit the damage caused by herbi-

vores are important to an understanding of these dynamics.

There are five general categories of such characteristics:

1) Some host plants escape from potential herbivores either

in time or in space. 2) The nutritional quality of some

host plants limits the growth, development, survivorship,

and reproduction of herbivores. 3) The structural charac-

teristics of some host plants inhibit or kill herbivores.

4) Some host plants produce chemicals which inhibit or kill

herbivores. 5) Some host plants can compensate for herbi-

vore damage and maintain at least partial homeostasis of

growth, development and reproduction. I call this ability

compensation capacity. It is one form of what, in crop

plants, is called tolerance to herbivore attack.

In each of these five categories interactions between

the host plant and its abiotic environment help to determine
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the effectiveness of these characteristics to limit herbi-

vore damage. Examples include: 1) Hypericum perforatum

(Hypericeae) which es capes damage from Chrysolina quadri-

gemina (Coleoptera: Chrysomelidae) when it grows in shady

areas (Huffaker, 1957). 2) Numerous examples of outbreaks

of herbivorous insects (reviewed by White, 1969, 1974, and

1976) which occur when drought stress causes an increase in

the nutritional quality of their host plants. 3) Condition-

ing by light intensity of the expression of resistance of

wheat to Cephus cinctus (Hymenoptera: Cephidae) through

changes in stem solidness (Maxwell & Jennings, 1980).

4) Pinus contorta (Pinaceae) which is vulnerable to attack

by Dendroctonus ponderosae (Coleoptera: Scolytidae) when

lack of water or nutrients reduces the production of def en-

sive resins (Waring and Pituian, 1980). In this study I have

used experimental manipulation and field correlation to

investigate the effects of environmental conditions on an

example from the fifth category of host plant characteris-

tics, the capacity of tansy ragwort, Senecio jacobaea L.

(Compositae), to compensate for defoliation by the cinnabar

moth, Tyria jacobaeae (L.) (Lepidoptera: Arctiidae), in

western Oregon. The abiotic environment is heterogeneous

both spatially and temporally, and this variation is often

stochastic. An understanding of the effect of environmental

conditions on a plant/herbivore interaction provides a basis
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for the development of theories about dynamics that are not

limited by the traditional assumptions that the behavior of

populations is homogeneous and deterministic (May, 1979).

Tansy ragwort is a biennial weed which has been intro-

duced from its native Eurasia to many coastal areas of the

world, including western North America from northern

California to British Columbia. The cinnabar moth, a uni-

voltine monophagous defoliator, has been widely introduced

as a biological control agent of the weed. During the early

summer of their second year of growth, ragwort rosettes bolt

and flower. Simultaneously, cinnabar larbae consume the

floral parts and the blades of cauline leaves. After the

larvae have reached the pupal overwintering stage the plants

are able to compensate for this defoliation; carbohydrates

stored in the roots (Otzen, 1977) are likely used to produce

new leaves and flowers. These secondary flowers are less

numerous and mature approximately three months later than

flowers on undefoliated plants (Poole and Cairns, 1940 and

Cameron, 1935). Modelling of the system (Stimac, 1977) sug-

gested that decreased compensation capacity is critical to

the success of biological control by the cinnabar moth.

Because ragwort's compensatory growth occurs under much

drier conditions than does the bolting and flowering of

undefoliated plants, I chose to investigate the relationship

between summer moisture stress and compensation capacity.
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This relationship was suggested by two types of evidence.

First, a relationship between the availability of water and

compensatory growth has been documented in studies of rag-

wort in its native range. Van der Meijden (1970) showed

that compensatory growth of dune populations of tansy rag-

wort in the Netherlands would not begin until a two week

period had elapsed in which the mean relative humidity was

above 70%. Dempster and Lakhani (1979) found a positive

correlation between the numbers of regenerative rosettes

produced in an English population of ragwort and the rain-

fall from July through September.

Second, water relations have been important in deter-

mining the success of several other attempts at biological

control of weeds. Control of Lantana camara (Verbenaceae)

in Hawaii was most successful in areas with an annual rain-

fall less than 40 inches (Andres and Goeden, 1971). Control

of Tribulus terrestris (Zygophyllaceae) was more successful

if plants were not irrigated (Kirkland and Goeden, 1978).

To investigate the relationship between summer moisture

stress and compensation capacity, I utilized three types of

variation in summer moisture stress: variation manipulated

artificially by irrigation, variation due to geographical

variation in climate, and variation due to temporal varia-

tion in weather patterns. I asked the following questions:
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What is the relationship between frequency of

irrigation and the water potential of tansy ragwort?

ib) Is this variation correlated with variation in the

compensation capacity of ragwort?

What is the regional variation in the water poten-

tial of ragwort populations in western Oregon?

2b) Is this variation correlated with variation in the

compensation capacity of ragwort?

Is the year to year variation in rainfall in western

Oregon correlated with variation in the compensation capacity

of ragwort?



II. MATERIALS AND METHODS

This chapter is divided into three sections. In the

first section I describe an experiment which established the

relationship between compensation capacity and the frequency

of irrigation during the period of compensatory growth. The

second section describes measurements made on wild popula-

tions of tansy ragwort to determine if a correlation exists

between geographical variation in plant water potential and

variation in compensation capacity in western Oregon. In

the third section I describe the data used to correlate year

to year variation in rainfall with variation in compensation

capacity.

A. Artificial Manipulation of
Moisture Stress

This experiment was done during the summer of 1980 at

the Oregon State University Entomology Farm, Corvallis,

Oregon. During April and May 1980, I transplanted 240 ros-

ettes from a wild ragwort population 16 km. north of

Corvallis at Camp Adair (Benton County). The rosettes were

all 10-15 cm. in diameter, although they may have differed

in age. The rosettes were watered until they were well

established and plants that failed to survive transplanting

6
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were replaced. The area into which the rosettes were trans-

planted was a weedy field. Dominant forbs were Daucuscarota

and Circium vulgare. Only individual weeds directly inter-

fering with access to the ragwort plants were removed.

I divided the rosettes into 48 sub-plots (five plants

per sub-plot) and grouped the sub-plots into six blocks.

Ten sub-plots were assigned to each experimental treatment

and eight to a control group in a randomized block design.

Treatments were as follows:

Control - undefoliated plants which received no
irrigation

Treatment 1 - defoliated plants which received no
irrigation

Treatment 2 - defoliated plants which received one
irrigation in mid-August

Treatment 3 - defoliated plants which received two
irrigations, one in mid-July and the
other in early September

Treatment 4 - defoliated plants which received ten
weekly irrigations between mid-July and
mid-September

In each sub-plot some of the plants remained vegetative

and I excluded these plants from the experiment. As a

result, sample sizes in all groups were not equal. There

were 24 flowering plants in the control group, 33 in Treat-

ment 1, 33 in Treatment 2, 32 in Treatment 3, and 35 in

Treatment 4. Several of the plants eventually produced more

than one flowering stalk. There was one multiple stemmed
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plant in the control group, two in Treatment 1, none in

Treatment 2, two in Treatment 3, and five in Treatment 4.

For the purposes of analysis, these were treated as a single

plant if their root systems were connected, and as separate

plants if their root systems were distinct. This determina-

tion was made when the plants were harvested.

Both indigenous and introduced cinnabar larvae defoli-

ated experimental plants. The first larvae were observed

in early June. On June 25, I introduced three larvae collec-

ted from adjacent wild ragwort plants to each experimental

plant because densities were not high enough to result in

complete defoliation. I also collected adult females from

a wild population and released them on experimental plants

to increase oviposition rates.

Control plants were protected from defoliation by

mechanical means. During the period in which oviposition

occurred I checked all of the control plants two or three

times weekly and removed with a stiff paint brush any egg

masses that I found. When larvae began dispersing (third,

fourth, and fifth instars) I surrounded the control plants

with circular plastic barriers 12 cm. high topped with

Tanglefoot® to prevent dispersing larvae from reaching

the plants. Any larvae that did manage to climb over the

barriers were removed by hand. This method of preventing

defoliation was not completely successful and nine of the
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24 control plants were damaged by cinnabar larvae. In all

but one case damage was only to floral parts. I excluded

all of the damaged control plants from analysis of this

experiment.

During the defoliation period all of the flowering

plants were observed weekly and I recorded:

number of egg masses present
number of larvae in each instar present
presence of cinnabar larval damage to floral parts
date of complete defoliation (only basal leaves and
the petioles of cauline leaves remaining)
height of the plant

When defoliation was completed, I built a canopy to

shelter the experimental plants from any natural rainfall.

The canopy had a wood frame which was covered with two sheets

of clear plastic from August 30 to September 8, the only

period during the summer when precipitation was predicted.

Irrigation treatments were initiated on July 11. Treat-

ment 4 received weekly irrigations from then until September

15. Treatment 3 was irrigated on July 23-26 and September

8-9. Treatment 2 was irrigated on August 17-18. On each

irrigation date I applied water for 30 minutes with a small

garden sprinkler. This was sufficient to bring the soil to

field capacity to a depth of ten cm., the root zone of rag-

wort. A rainstorm soaked the soil in all of the treatments

on September 11, just before the experiment ended.



After defoliation, I observed the flowering plants in

all treatments weekly and recorded:

height of the plant
number of nodes which had produced new leaves or
secondary flowers, and the height of these nodes
number of capitula present (divided into five
categories: primordia, buds, flowers, mature
fruit, and dispersed fruit. See Appendix for
definitions of these categories)
presence of cinnabar larvae
presence of any damage that could be attributed
to cinnabar larvae

In order to mOnitor the availability of water to the

plants in the experimental treatments, I measured soil water

potential by recording the resistance of gypsum blocks

(Delmhorst Instrument Company, Boonton, New Jersey) with a

model KS-i resistance meter) In five randomly chosen sub-

plots in each treatment I buried blocks 10 cm. deep (within

the root zone of tansy ragwort). The first readings were

taken on August 6, and subsequent readings every three or

four days until September 21.

Plant water potential was estimated by measuring xylem

sap pressure potential with a pressure chamber manufactured

by PMS Inc., Corvallis, Oregon. The technique for making

these measurements is described by Scholander (1965). I had

hoped to be able to make repeated measurements of the water

potential throughout the summer by using single leaves to

10

1The meter was calibrated by James Vomocil, Department
of Soil Science, Oregon State University.
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make each measurement. However, most of the plants had few

leaves large enough to use in the pressure chamber, so this

was not possible. Instead, I made a small number of measure-

ments on August 14 and August 28. On September 17 a larger

sample size was available as plants were being harvested.

On each date, I measured xylem sap pressure potentials at

dawn and in the early afternoon in order to determine the

magnitude of the typical diurnal fluctuation of this vari-

able (Scholander, 1965).

Half of the plants in each treatment were harvested

when I estimated that biomass had reached a maximum. Con-

trol plants were harvested on July 8, the date when maximum

biomass had been reached in previous years (MeEvoy, unpub-

lished data). In each of the four experimental treatments

phenology varied considerably among plants, so that I used

the developmental stage of the plant rather than a calendar

date to determine the harvest date. Biomass maxima (McEvoy,

unpublished data) were correlated with development of the

first mature fruit. Each plant was harvested within a thir-

teen day period in September on the date when at least one

mature fruit was present. Plants without secondary flowers

were harvested on September 22. Table 1 shows the harvest-

ing schedule in each treatment.

After harvesting, each plant was washed to remove the

soil around its root system. The height of the plant, the



TABLE 1. HARVESTING SCHEDULE. THE NUMBER OF
PLANTS FROM EACH EXPERIMENTAL TREATMENT

HARVESTED ON EACH HARVEST DATE

Number of Plants Harvested

12

Treatment

Sept. 9 Sept. 17 Sept. 22

1 4 6 7

2 4 3 10

3 3 4 8

4 5 8 5
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number of live and dead leaves, and the number of capitula

in each developmental stage were counted. Then I divided

the plants into six parts: dead leaves, live leaves, capi-

tula, stem, root crown, and root. All parts were dried

individually at 700 C for 72 hours and weighed.

Seed output of the plants in the control group was

determined by bagging capitula with cheesecloth bags to pre-

vent achene dispersal. Flowering heads were bagged on July 1

and harvested during the second week of August. The proce-

dure was different in experimental treatments so that I

could monitor rates of fruit maturation as well as total

seed production. I harvested capitula as the fruits matured,

but before dispersal occurred, every three days between

September 15 and December 10. In each group I counted the

number of achenes per capitulum inorder to estimate total

seed production.

Most comparisons among treatments were made using analy-

sis of variance or a non-parametric equivalent if the vari-

ances of the data were heterogeneous. Details are given in

the discussion of the results.



B. Geographical Variation
of Moisture Stress

In order to determine the range of water potentials

which ragwort exhibits in western Oregon, and to correlate

water potential with compensation capacity, I made a series

of observations at two sites. The sites were chosen to

represent the extremes of summer moisture stress in western

Oregon, using an index of moisture stress called the summer

water deficit. This figure is calculated using 30 year

averages of precipitation records and an estimate of total

potential evapotranspiration (Johnsgard, 1963). A population

at Cascade Head Natural Area (near Otis, Tillatnook County)

was used to represent populations that grow under conditions

of minimal moisture stress. The summer water deficit in this

area is 5.5 inches. To represent populations that grow under

conditions of maximal moisture stress I chose a population

at Camp Adair (near Corvallis, Benton County). The summer

water deficit in this area is 14.2 inches. At each site I

measured the xylem sap pressure potential of 20 plants at

dawn and early afternoon. The heights of the plants and the

number of capitula in each of five developmental stages was

also recorded. (See Appendix for a description of these

developmental stages.) I made two sets of measurements:

the first on July 26 at Cascade Head and July 29 at Camp

Adair, and the second on August 25 at Camp Adair and

14



2Defoliations were initiated by Diane Henneberger at
Camp Adair and Catherine MacDonald at Cascade Head.

15

September 2 at Cascade Head. At each site there were plants

defoliated by cinnabar moths shortly before the date of the

first measurements.2 The number of secondary capitula pro-

duced by the date of the second measurements was used to

represent compensation capacity.

Comparisons between sites were made using analysis of

variance or a non-parametric equivalent.



C. Temporal Variation of
Moisture Stress

In order to estimate the effect of year to year varia-

tion in rainfall on compensation capacity I used records of

the production of secondary capitula in ragwort populations

at Camp Adair, Benton County, Oregon. Plants were defoliated

by a hand simulation of cinnabar moth feeding. Records of

the numbers and developmental stages of capitula on undefoli-

ated plants were also available. Data had been collected in

1977, 1978 (NcEvoy, unpublished data), and 1980 (Henneberger,

unpublished data). The population studied in 1980 was 2 km.

south of the population studied in 1977 and 1978. The best

available records of rainfall were those from Oregon State

University, 16 km. south of the study site.

Comparisons among years were made using analysis of

variance or a non-parametric equivalent if variances of the

data were not homogeneous.

16



III. RESULTS

A. Artificial Manipulation of Moisture Stress

The results of this experiment are described in three

sections. In the first section I describe the data which

show that plant size and defoliation history are similar in

the four treatments used in this experiment. These data were

collected because earlier work (McEvoy, unpublished data)

had shown that compensation capacity depends on both factors.

In the second section, I report the measurements made of

soil and plant water potential in each treatment, in order

to establish that the irrigation schedules used in this

experiment resulted in differences in water potential among

treatments. In the third section are results which show that

the performance of plants following defoliation was posi-

tively correlated with. the frequency of irrigation during

the period of compensatory growth.

1. Measurements of the Initial Similarity
of Experimental Treatments

Because the capacity.of- ragwortto compensate for herbi-

vore attack depends on plant size, I wanted to insure that

plants in each treatment were of similar size. I measured

the maximum height reached by each plant before defoliation.

17
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Mean heights (± their standard errors) were 34.2 cm.

(± 2.48) in the control group, 30.3 cm. (+ 1.78) in Treat-

ment 1, 30.1 cm. (± 1.50) in Treatment 2, 32.5 cm. (+ 2.26)

in Treatment 3, and 34.0 cm. (± 2.05) in Treatment 4. Anal-

ysis of variance showed that there were no significant dif-

ferences among treatments (F = .53, p>.O5). Plants were

less than half the size of individuals which had not been

transplanted.

In order to be sure that the timing and intensity of

defoliation of plants in each treatment were similar, I

counted the number of cinnabar larvae on each plant at

weekly intervals and recorded the date when defoliation was

complete. The first larvae were observed on June 16 and the

last on July 31. Larvae were abundant (mean densities of

fourth and fifth instar larvae greater than 0.1 larva/plant)

from June 25 to July 8. The peak larval density, 1.6 larvae!

plant, occurred on July 1. Figure 1 shows the means for each

treatment on seven dates in June and July. A Kruskal-Wallis

non-parametric analysis of variance (Sokal and Rohlf, 1969)

showed that differences among treatments were significant on

June 16 (H = 8.0, p< .05) and on July 1 (H = 12.2, p< .01).

Despite these differences, defoliation proceeded synchron-

ously in all treatments. Figure 2 shows the percentage of

plants in each of the experimental treatments that was com-

pletely defoliated on a given day. None of the treatments

differ significantly according to Brandt and Snedecor's test



I-z

w

-I

19

TREATMENT1

A 2

1 1
TREATMENT 2

TREATMENT 3

TREATMENT 4

JUNE JULY JUNE JULY

Figure 1. Mean number of fourth and fifth instar larvae!
plant. Larval density is one measure of herbivore
pressure. On June 16 and July 1 there were sig-
nificant differences among treatments.
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Figure 2. Percentage of completely defoliated plants.
Treatments are indicated by the numbers inside
each bar. Defoliation proceeded synchronously
in all four treatments.
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of the homogeneity of percentages (Snedecor, 1956). All of

the plants were defoliated within a 20 day period, and 647.

of them within a 14 day period. This indicates that the

differences in larval densities probably reflect sampling

error, caused by the larvae moving from plant to plant,

rather than differences in the intensity of herbivore attack.

Some of the cinnabar larvae had not yet pupated at the

time that defoliated plants began to produce new leaves and

flowers. In order to determine if these individuals pre-

ferred plants in one of the experimental treatments, on

August 22 I counted the number of plants in each treatment

with new growth that had been damaged. In Treatment 1, l6

of the plants with new growth had been damaged; in Treatment

2, 87.; in Treatment 3, 107.; and in Treatment 4, 187.. Dif-

ferences among treatments were not significant according to

Brandt and Snedecor's test of the homogeneity of percentages

(Snedecor, 1956). These results, together with those in the

previous paragraph, indicate that the timing and intensity

of defoliation did not significantly differ among treatments.

2. Measurements of Soil and Plant
Water Potential

Figure 3:shows means of the measurements made of soil

water potential. Following each irrigation, soil water

potential increased to 0, indicating that the soil had



Figure 3. Soil water potential. Values are means of five
measurements of potentials ten cm. below the
soil surface. A indicates irrigation dates.

indicates dates with measurable rainfall.
The first four irrigations of plants in Treat-
ment 4 and the first irrigation of plants in
Treatment 3 occurred before measurements began.
-15 bars is the most negative potential measur-
able with this technique. Increased frequency
of irrigation increased the period of time dur-
ing which soil water potential was close to
zero. Rainfall on September 12 caused soil
potentials to reach 0, except in Treatment 2
where two of the measurements were highly neg-
ative.

22
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reached field capacity. The first irrigation of plants in

Treatment 3 occurred before the gypsum blocks used to make

these measurements were installed, so that no records of that

irrigation are available. For the same reason records of the

first four irrigations of plants in Treatment 4 are missing.

The increases of water potential in all four treatments on

September 12 were caused by natural rainfall of 1.0 cm.

Though the irrigation treatments supplied more water than an

average suer rainstorm, patterns of. soil water potential

following irrigation were similar to those following the

rainy period on September 12. Increased frequency of irri-

gation caused the soil water potential to be nearly zero for

longer periods of time.

These differences in soil water potential were reflected

by differences in xylem sap pressure potential of the plants

in the four treatments. Means of xylem potentials measured

between August 14 and September 17 are shown in Table 2. As

expected, in each treatment noon measurements were more nega-

tive than those made at dawn. There were significant differ-

ences among treatments both at dawn (H = 20, p< .001) and at

noon (H = 21, p< .001) according to a Kruskal-Wallis non-

parametric analysis of variance. Treatment 1 had the lowest

(most negative) potential, Treatment 4 the highest, and

Treatments 2 and 3 were intermediate. Xylem potentials

should always be less (more negative) than the potential of



Table 2. Xylem sap pressure potentials. Values are
means (± 957 confidence intervals) of
measurements taken over a one month period.
Lowest (most negative) potentials were in
Treatment 1, highest in Treatment 4, while
Treatments 2 and 3 had intermediate values.

XYLEM SAP
PRESSURE POTENTIAL

DAWN NOON

TREATMENT IRRIGATIONS

1 0 - 9.7 ± 3.5 -16.6 ± 1.6

N=5

1 -7.3 ± 1.6 -14.0 ± 2.6
N=5 N=5

-73 ± 1.3 -13.9 ± 1.0

N13 N=14

10 -48 ± 1.1 -11.8 ± 2.0
N14 N=14

25



the soil in which the plants are growing, though this was

not always true with these measurements. I suspect that

this was due to difficulties with the calibration of the

instrument used to measure soil water potential.

3. Measurements of Plant Performance

Figure 4 shows, for five dates between July 31 and

August 28, the proportion of plants in each treatment which

had produced new leaves following defoliation. On each of

the five dates there were significant differences between

treatments according to Brandt and Snedecor's test of the

homogeneity of percentages. These percentages were consis-

tently higher in Treatments 3 and 4 than in Treatment 1.

Early in the season Treatments 1 and 2 did not differ sig-

nificantly, but by the end of the season, following the

irrigation of Treatment 2, all of the treatments which had

been irrigated had a greater proportion of plants with new

growth than did Treatment 1. The decreases from one measure-

ment date to the next in Treatments 1 and 4 result from leaf

senescence on some of the plants.

Figure 5 shows the mean number of nodes per plant which

had new growth, either vegetative or floral, on each of six

dates from July 31 to September 17. A three factor analysis

of variance showed that there were significant differences

among treatments (F = 24.6, p<.001), among measurement dates

26



Figure 4. Percentage of plants with new leaves.
Treatment 1 (no irrigation). * = Treatment 2
(one irrigation). = Treatment 3 (two irri-
gations). 0 = Treatment 4 (ten irrigations).
Percentages indicated by the same letter in
the following table are not significantly
different (p >.05):

By the end of August, the proportion of plants
with new leaves was significantly greater in
all three irrigated treatments than in Treat-
ment 1.

27

7/31 8/8 8/14 8/22 8/28
Treatment 1 ab ab ab a a
Treatment 2 b bc b be be
Treatment 3 c c c C C

Treatment 4 cd d d cd cd



100

90

8O-

=40
F-

3O

2O

10-

0
JULY AUGUST

FIGURE 4

28



Figure 5. Mean number of nodes/plant with new growth.
Values are means/plant with 957 onfidence
limits for a sample size of 32.. = Treatment
1 (no irrigation). * = Treatment 2 (one irri-
gation). = Treatment 3 (two irrigations).
0 = Treatment 4 (ten irrigations). Means that
are not significantly different (p > .05) are
indicated by the same letter in the following
table:

7/31 8/8 8/14 8/22 8/28
Treatment 1 a a a a a
Treatment 2 a a a a b
Treatment 3 b c c c C

Treatment 4 c c c c C

By the end of August all of the irrigated
treatments had higher values than did the
nonirrigated treatment. Following the irriga-
tions of Treatments 2 and 3 the mean number
of nodes/plant with new growth increased.
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(F = 9.95, p< .001), and among plants within treatments

(F = 16.8, p<.00i). In addition, the interaction between

treatments and measurement dates is significant (F = 2.39,

p <.05). This interaction probably indicates that there are

significant differences among treatments in the changes

through time of the number of nodes per plant with new growth.

The mean number of nodes with new growth per plant in Treat-

ments 1 and 4 remained approximately constant throughout this

period, although the means in Treatment 4 were over twice

those in Treatment 1. The number of nodes with new growth

increased following the first irrigation of Treatment 3 in

mid-July and following the only irrigation of Treatment 2 in

mid-August. Plants in Treatment 3 had fewer nodes with new

growth than did plants in Treatment 4 early in the season,

but numbers were equal by the end of the season. The number

of nodes with new growth on plants in Treatment 2 was equal

to that of plants in Treatment 1 early in the season, but

was significantly greater (though still fewer than that of

Treatments 3 and 4) at the end of August. I repeated this

analysis after excluding all of the plants with no new growth

and found the same significant differences: among treatments

(F = 21.05, p<.00l), among measurement dates (F = 6.94,

p<.001), among plants within treatments (F = 12.20, p<.001)

and a significant interaction between treatments and measure-

ment dates (F = 2.00, p< .05). These results suggest that
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the differences found in the mean number of nodes per plant

with new growth result from differences in magnitude as well

as from the differences in the proportion of plants with new

growth.

The dry biomass of plants harvested is shown in Table 3,

as well as numbers of some of the parts into which plants

were divided. Values for control (undefoliated) plants are

shown, although these plants were not included in the analy-

sis of these data because they were harvested at a different

stage of maturity. Analysis of these data utilized a two-way

analysis of variance so that variation among blocks could be

estimated. No significant block effects were found. All of

the data were transformed so that variances would be homo-

geneous. A logarithmic transformation was used for the bio-

mass data and a square root transformation was used for the

count data. Because the biomass of both live leaves and

capitula had heterogeneous variances, even after the trans-

formations, I tested these data non-parametrically with

Friedmann's method for randomized blocks (Sokal and Rohif,

1969). Multiple comparisons utilized a least standard dif-

ferences procedure or a non-parametric test based on the

Mann-Whitney U statistic (Sokal and Rohlf, 1969).

Of the six parts into which plants were divided, three

showed significant differences among treatments: the biomass

of live leaves
(2 = 20.3, p< .01), the biomass of capitula
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Table 3. Biomass of plant parts. Values are means (± their
standard errors) in grams. * indicates plant parts
with significant differences among treatments. Means
followed by the same letter are not significantly
different (p>.05). Plants from the control group
were not included in the analysis. Sample sizes are
17 in Treatment 1, 18 in Treatments 2 and 3, 19 in
Treatment 4, and l3in the control group. Three of
the six parts have significantly greater biomass in
Treatment 4 than in the nonirrigated treatment.
Treatment 1 = no irrigation. Treatment 2 = one
irrigation. Treatment 3 = two irrigations. Treat-
ment 4 = 10 irrigations. C = control (undefoliated
and nonirrigated) plants.



DEAD LEAF

BIOMASS

LIVE LEAF*

1

.14

±.027

.01 a

TREATMENT

2 3

.12 .09

±,019 ±.012

.04 ab .06 ab

4

.21

±.035

.16 b

C

.40

±1050

.76

BIOMASS ±.002 ±.012 ±.021 ±.O'41 ±.105

CAPITULA* .05 a .09 a .18 a .40 .10

BIOMASS ±1019 ±.035 ±.054 ±.080 ±.019

STEM* .89 a .70 a .72 a 1.65 1.23

BIOMASS ±.066 ±.111 ±.151 ±.2'45 ±.227

ROOT CROWN .39 .26 .28 .38 .57

BIOMASS ±.058 ±.051 ±.071 ±,068 ±.108

ROOT .55 .37 .41 .57 1.37

BIOMASS ±.058 ±.071 ±.064 ±.092 ±.180

TOTAL * 2.04 ab 1.60 b 1.67 b 3.39 a 4.51

BIOMASS ±.209 ±.240 ±.292 ±.486 ±.515

NUMBER OF 10.4 8.9 7.1 10.7 39
DEAD LEAVES ±1.62 ±1,04 ± .75 ±1.19 ± .47

NUMBER OF* 3.4 a 3.1 ab 13.3 bc 21.2 c 18.8.

LIVE LEAVES ±1.12 ±2.29 ±3.46 ±4.24 ±1.47

NUMBER OF* 6,3 a 10.9 a 13.6 a 28.9 26,8

CAPITULA ±1.70 ±3.25 ±3.68 ±4.61 ±5.69

TABLE 3 34
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(.2
= 10.2, p <.05), and the stem biomass (F = 4.9, p< .01).

There are also significant differences among treatments in

the number of live leaves (F = 4.9, p <.01) and the number

of capitula (F = 6.4, p<.00l). In all five cases multiple

comparisons showed that there were significant differences

between Treatments 1 and 4. There were no significant dif-

ferences between Treatments 1 and 2, and the only signifi-

cant difference between Treatments 1 and 3 was in the number

of live leaves.

Figure 6 shows the percentage of plants in each treat-

ment that had produced secondary flowers on five dates in

August and September. By the end of the summer Treatments

3 and 4 were significantly different from Treatments 1 and 2

according to Brandt and Snedecor's test of the homogeneity

of percentages (Snedecor, 1956). There were no significant

differences between Treatments 1 and 2.

Figure 7 shows the mean number of mature capitula per

plant for each treatment on seventeen dates from September

17 to December 8. I calculated rates of production of mature

fruits from these data by assuming that the majority of

fruits had matured by October 23 and that the production rate

was approximately linear before that date. The regression

coefficients of linear equations fit to the first eleven mea-

surements estimate the rate at which the majority of fruit

were produced. The regression equations are given in



Figure 6. Percentage of plants with secondary flowers.
Treatment 1 (no irrigation). * Treat-

ment 2 (one irrigation). = Treatment 3
(two irrigations). 0 = Treatment 4 (ten irri-
gations). Percentages indicated by the same
letter in the following table are not signifi-

By September the proportion of plants with
secondary flowers was greater in the treat-
ments with two or more irrigations than in
the nonirrigated treatment.

36

cantly different (p>.O5):
8/8 8/14 8/22 8/28 9/8

Treatment 1 a a a a a
Treatment 2 a a a ab a
Treatment 3 a ab abc bc c
Treatment 4 a. ab be c c
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Figure 7. Fruiting schedule. Cumulative mean production of
mature capitula/plant. = Treatment 1 (no irri-
gation). *= Treatment 2 (one irrigation).
Treatment 3 (two irrigations). 0 = Treatment 4
(ten irrigations). Equations fitted to the values
from the first eleven dates are:
Treatment 1: Y = .02X + .67 (F = 1.9, p >.l)
Treatment 2: Y = .24X + .50 (F = 15.9, p< .001)
Treatment 3: Y = .24X + 2.6 (F = 10.5, p< .001)
Treatment 4: Y = .37X + 3.2 (F = 26.6, p< .001)
Mature fruits in all three irrigated treatments
were produced at a faster rate than fruits in
the nonirrigated treatment.
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Figure 7. The rate of fruit production was .024 capitulum/

day in Treatment 1, .24 capituluxn/day in Treatments 2 and 3,

and .37 capitulum/day in Treatment 4. All three irrigated

treatments had production rates significantly greater than

the rate in Treatment 1 (F = 5.20, p<.O5). This indicates

increased production in the irrigated treatments was due to

increased rates rather than a longer period of fruiting.

The asymptotes of the fruit maturation curves represent

the total number of mature capitula produced by plants in

each treatment. These values were approximated by using the

number of mature capitula on December 8. A value for con-

trol (undefoliated) plants was determined from the harvest

of mature capitula made in August. Figure 8 shows the mean

number of capitula in each group. A Kruskal-Wallis non-

parametric analysis of variance was used to test for signifi-

cant differences between treatments because variances were

not homogeneous. Treatment means were significantly differ-

ent (H = 20.7, p<.001). A non-parametric simultaneous

multiple comparisons test showed that the mean values in

Treatments 3 and 4 were significantly greater than those in

Treatment 1.

A similar analysis which excluded all of the plants

which did not flower indicated that significant differences

among treatments still existed (H = 46, p<.001). Because

of the unequal sample sizes, I was unable to make multiple
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Figure 8. Total production of mature capitula. C = undefoli-
ated plants. Treatment 1 = no irrigation. Treat-
ment 2 = one irrigation. Treatment 3 = two irri-
gations. Treatment 4 = ten irrigations. Each in
the frequency distribution represents one plant.
Means followed by the same letter are not signif-
icantly different (p.> .05). Increased frequency
of irrigation resulted in increased production of
mature secondary capitula. The mean value in
Treatment 2 is higher than the mean value in Treat-
ment 3 because of the unusually large number of
capitula produced by one plant in Treatment 2.
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comparisons among treatments. This result indicates that

differences among treatments are due to the numbers of

capitula produced, as well as the proportions of plants

flowering in each treatment.

The mean (± its standard error) of the number of achenes

per capitulum on undefoliated plants was 46.1 (± 1.26). In

Treatment 1 there were 42.4 (± 1.09) achenes per capitulum,

45.6 (± 1.64) in Treatment 2, 42.3 (± 1.07) in Treatment 3

and 45.4 (± 1.74) in Treatment 4. The mean number of achenes

per capitulum did not differ significantly among treatments

(F = 1.61, p>.O5) according to an analysis of variance.



B. Geographical Variation of Moisture Stress

In this section I give the results of measurements made

to test the prediction that the capacity of ragwort to com-

pensate for defoliation by the cinnabar moth is greater in

areas of western Oregon that typically have relatively high

amounts of summer rainfall than in areas with little summer

rainfall. Rainfall at the two sites I studied was consider-

ably different. For the duration of the study (the month of

August), rainfall at the valley site was .03 cm. and rainfall

at the coastal site was 3.12 cm. All comparisons between the

two sites were done with analysis of variance or with the

Mann-Whitney U test. Data in this section are given as means

(± their standard errors).

The first series of measurements was made to quantify

the differences in plant water potential at the two sites

studied. Xylem sap pressure potentials at both sites are

given in Table 4. Mean xylem potentials at the coastal site

at both dawn and noon were significantly higher (less nega-

tive) than the corresponding values at the valley site on

both of the dates when measurements were made.

In order to compare the effects of the differences in

rainfall at the two sites, it was necessary to eliminate the

effects of other factors that could influence compensation

capacity. In particular, I was concerned about the effects

44
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TABLE 4. GEOGRAPHICAL VARIATION OF XYLEM SAP PRESSURE POTEN-
TIALS. MEANS (± THEIR STANDARD ERRORS) FOR A SAMPLE SIZE OF
TWENTY. ALSO GIVEN ARE F RATIOS (AND THEIR SIGNIFICANCES)
FROM AN ANALYSIS OF VARIANCE BETWEEN SITES. IN EACH CASE,
POTENTIALS AT THE COASTAL SITE WERE HIGHER (LESS NEGATIVE)
THAN THOSE AT THE VALLEY SITE.

*Mann_J1itney U test substituted for an analysis of
variance.

July

Xylem Sap Pressure Potential

Coastal Site Valley Site F

dawn 8.3 10.8 7.3 .05

±.59 ±.57

noon -13.8 -14.7 6.5 .05

±.61 ±.37

August

dawn -9.6 -10.7 7.0 .05

±.24 ±.42

noon -12.5 -15.8 tJ438* .001

±.28 ±.57
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of differences inpiant size and development at the time of

defoliation since both can influence compensation capacity.

I measured plant height and the production of capitula (both

on undefoliated plants) as indices of plant size. Plants at

the coastal site were significantly (F = 65.5, p < .001)

shorter (70 ± 3.5 cm.) than those at the valley site (98 ±

3.0 cm.). They also produced significantly (F = 5.9, p<.05)

fewer capitula (109 ± 10.8) than did plants at the valley

site (158 ± 14.4). Together, these measurements indicate

that the population at the coastal site consisted of smaller

plants (although this is not true of coastal populations in

general) and should have less compensation capacity.

The developmental stage of the plants at the time of

defoliation was determined by classifying each capitulum

into one of five developmental stages and calculating a mean

developmental stage for each plant (see Appendix for details).

The mean developmental stage at the coastal site (1.71, range:

1.27-2.60) was significantly younger (U = 354, p< .001) than

that at the valley site (2.35, range: 1.63-2.98) at the time

of defoliation. Since plants that are defoliated early have

a greater compensation capacity than those that are defoli-

ated late in the season, these differences indicate that

plants at the coastal site should have greater compensation

capacity than those at the valley site.
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If these differences between the two sites are neglected,

compensation capacity at the two sites can be compared by

comparing the number of secondary capitula produced by plants

at each site. Plants at the coastal site produced signifi-

cantly (U = 128, p< .05) more capitula (69.3 ± 14.4) than did

plants at the valley site (31.7 ± 5.5). If these results

were adjusted to account for the differences in plant size

between the two sites, the magnitude of the difference in

compensation capacity between the two sites would increase.

The difference in phenology between the two sites, on the

other hand, would reduce the difference in compensation

capacity. In order to account for the difference in phenol-

ogy, I compared compensation capacity at the coastal site

with that of plants defoliated two weeks earlier at the

valley site. At this date plants at the valley site were at

a significantly (U = 367, p < .001) younger developmental

stage (1.19 ± .052) than plants at the coastal site (1.71 ±

.069). Plants at the coastal site produced significantly

(U = 132, p<.O5) more capitula (69.3 ± 14.4) than the plants

defoliated earlier at the valley site (41.3 ± 6.0). It

therefore seems possible to conclude that some of the greater

compensation capacity at the wet site is due to the lower

levels of moisture stress.



C. Temporal Variation of Moisture Stress

In this section I compare the amount of compensatory

growth in neighboring populations of tansy ragwort during

three years. During the first two years for which data were

available, summer rainfall was considerably above average.

In 1977 the rainfall between July 1 and September 15 was

5.51 cm., 1.60 cm. above average. In 1978 summer rainfall

was 9.47 cm.,, 5.56 cm. above average. During the summer of

1980, the third year for which date are available, rainfall

was 2.18 cm., 1.73 cm. below average. Comparisons between

wet and dry years were made with analyses of variance or with

the non-parametric Mann-Whitney U test. Data in this section

are given as means (± their standard errors).

In order to eliminate factors other than summer rainfall

that might affect compensation capacity, I compared plant

size and plant phenology during the three years. I used the

number of capitula produced by undefoliated plants as an

index of plant size. Production in 1977 and 1978 (167 ±

23.3) was not significantly (U = 403, p >..05) different than

the number produced in 1980 (109 ± 12.2). An index of plant

phenology was calculated as described in the previous section.

In 1977 and 1978 plants were defoliated at a significantly

(U = 564.5, p< .001) more mature stage (mean = 1.89, range:

1.00-2.74) than were plants in 1980 (mean = 1.19, range:

48
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1.00-1.91). Differences in phenology are probably due to

the cool, wet June in 1980, which slowed plant development.

Neglecting differences in plant phenology, plants in

the two wet years produced significantly (U = 428.5, p<.Ol)

more secondary capitula (40.6 ± 6.63) than did plants in the

dry year (22.5 ± 3.02). If these results were adjusted to

account for the differences in phenology, the magnitude of

the difference in compensation capacity would increase.



IV. CONCLUSIONS

Increased frequency of irrigation increased the xylem

sap pressure potential of tansy ragwort plants that had been

defoliated by cinnabar moths. These increases paralleled

increases in the water potential of the soil in the root zone

of the plants. After two months of compensatory growth,

plants that were irrigated weekly showed increases in a num-

ber of measures of compensation capacity. The proportion of

plants that were able to produce compensatory growth, the

number of nodes at which this growth occurred, and the bio-

mass of the compensatory growth all were greater than for

plants which received no irrigation. Also, the proportion

of plants that were able to produce secondary flowers, the

rate at which fruits were produced, and the total number of

mature capitula was greater.

Irrigation once during the period of compensatory growth

was sufficient to cause the proportion of defoliated plants

which were able to produce compensatory growth, the number of

nodes at which this growth occurred, and the rate of produc-

tion of mature fruits to be greater than in nonirrigated

plants. A second irrigation also caused an increase in the

proportion of plants which produced secondary flowers, the

number of mature capitula produced, and the number of new

50
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leaves produced. Rainfall sufficient to bring the soil to

field capacity once or twice in a summer is common in western

Oregon.

A comparison of a site with relatively high amount of

summer rainfall with a site with little summer rainfall and

a comparison of wet and dry years at the same site indicate

that the relationship observed between plant moisture stress

and compensation capacity under experimental conditions

exists in natural populations of tansy ragwort.

Ideally, 1 would like to be able to derive from the

results of this study a quantitative relationship between

summer rainfall and the capacity of ragwort to compensate

for cinnabar moth defoliation. This relationship would be

useful in the construction of population models similar to

that constructed by Stimac (1977). Two problems with the

experimental portion of this study make further investigation

necessary before this relationship can be derived. First,

the correspondence between irrigation and rainfall is diffi-

cult to establish, although measurements of xylem potentials

allow assessment of the availability of water from the per-

spective of the plant. The range of xylem potentials mea-

sured in the experimental treatments was similar to that

measured in natural populations. Second, the small size of

the transplanted individuals used in this experiment reduced

the compensation capacity of the experimental plants.
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The relationship between compensation capacity and the

efficacy of biological control is unclear. Some recent

behavioral analyses of the Stimac (1977) model indicated,

contrary to the original predictions, that reduced compensa-

tion capacity resulted in extinction of cinnabar moth popu-

lations due to starvation and a subsequent increase in rag-

wort density (Crenshaw, unpublished data). These results

have not been experimentally validated and may be a result

of the model assumption that the population is closed, which

bars cinnabar moths from recolonizing a ragwort population

following extinction. If the original analysis of the model

is correct, the results of this study should be considered

in the use of the cinnabar moth as a biological control

agent of tansy ragwort. The full potential of the cinnabar

mo-th to control ragwort populations will be visible in years

with below average rainfall. In regions of Oregon with high

sumner rainfall, introduction of other control agents may be

necessary to achieve satisfactory control. These results

also suggest that environmental controls of compensation

capacity are important to the interaction between tansy rag-

wort and the cinnabar moth. Similar investigations of the

influences of abiotic conditions may be necessary in other

studies concerned with predicting the outcome of interactions

between plants and their herbivores.
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APPENDIX



AN INDEX OF DEVELOPMENTAL STAGE

Capitula were classified into one of five developmental

stages according to the following criteria:

Primordia - capitula from the time that the radial symmetry

of the involucral bracts is clearly visible until they pass

to the bud stage.

Buds - capitula with involucral bracts that have opened

enough to expose the disk florets. The ray florets are pro-

jected distally and remain rolled up. The florets are pre-

anthesis and their yellow pigmentation is clearly visible.

Flowers - capitula whose ray florets have expanded laterally

and whose stigmas are exposed. This stage lasts as long as

the ray corollas persist. At the end of this stage the

pappus becomes visible.

Fruits - capitula whose achenes have a well developed pappus.

The achenes are dark and easily dislodged from the recep-

tacle.

Dispersed Capitula are those capitula disseminating disk

achenes. The ray achenes remain on the receptacle as the

involucral bracts expand laterally and then reflex into a

cup containing the ray achenes.

To calculate the index of developmental stage of a plant,

each of the capitula in the primordia stage were given a
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value of one, in the bud stage a value of two, in the flower

stage a value of three, in the fruit stage a value of four,

and in the dispersed stage a value of five. The mean of

these values for one plant was used as the index of develop-

mental stage.


