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DEDICATION

“In the place my wonder comes from
There I find you

Your face shines in my sky”

(Bruce Cockburn, 1971)

To Bob -
You taught me so much during your brief time here — you are truly an old soul. The

kitties and T miss you daily.

And to Mom —
You have a quiet strength that I only wish I had. Your voice on the other end of the phone
has kept me sane on more than one occasion. And no, | haven’t found a job back in

Ontario yet!
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ABSTRACT

There has been little documentation of the success of introduced agents for classical weed
biological control. Field evaluation of an insect’s establishment, spread and early host
impact within its new environment must be performed before agent success can either be
documented or predicted. Population attributes of the endophagous biological control
agent, Mecinus janthinus Germar (Coleoptera: Curculionidae), and interactions with its
target weed, Dalmatian toadflax, (Linaria dalmatica {L.) Mill.) (Scrophulariaceae), were
explored across variable levels of resource availability and insect abundance. Patterns of
population growth and impact of this biocontrol agent were very consistent throughout
this study. Within four years of release, populations of M. jamthinus achieved outbreak
population levels and virtually eliminated the seed producing shoots from toadflax stands.
There is a tight but flexible relationship between oviposition site selection and offspring
performance in this endophagous herbivore, maximizing offspring survival even under
moderate to high M. janthinus densities. These attriﬁutes allow M. janthinus to be an

effective biocontrol agent under changing levels of resource availability.
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CHAPTER 1

Introduction and Stady Rationale

Classical weed hiscontrof

Classical weed biological control invoives the importation and release of exotic
biological control agents (i.e. insects or pathogens) to reduce the abundance of target
weeds to acceptable threshold levels {De Clerck-Floate and Bourchier, 2600). The
expectation of biccontrol is that agents will establish in their new environment, making
further releases unnecessary (McFadyen, 1998). Insect biocontrol agents, once
successfully established, can provide continued and cost-effective control of target weeds
(Crawley, 1989). There are examples of successful control of invasive plants by
introduced insects across a range of host types, including the aquatic plant Salvinia
molesta (Room et al., 1981), tree Sesbania punicea (Hoffman and Moran, 1998), and
perennial weed Senecio jacobaea (McEvoy ef al., 1991). However, only about 1/3 of
agents released worldwide are successful in establishing and controlling targeted weeds
{Crawley, 1990; Williamson and Fitter, 1996). So how does one determine whether a
biological control agent will establish, successfully achieve and sustain control over its

host plant?

Biological control represents an unique arena in which to study the principles of insect-
plant interactions. Crawley (1986«) described the introductions of plants and animals into

new habitats as “some of the most important field experiments ever carried out in



ecology”. The basis for biological control is population ecology; an understanding of the
influences on an agent’s population establishment, growth and spread is required before
thetr success can be predicted (De Clerck-Floate and Bourchier, 2000). Field evaluation
of an insect’s population dynamics and interaction with its host within its new
environment are key to maximizing its potential impact (De Clerck-Floate and Bourchier,

2000; De Clerck-Floate and Miller, 2002; McClay, 1965).

Biological control of Dalmatian toadfiax

Dalmatian toadflax, Linaria dalmatica (L.) Mill. (Scrophulariaceae), is an aggressive and
highly competitive weed originating from Southeastern Europe — Serbia, Moldavia and
Romania (Vujnovic and Wein, 1997). There are no reports of Dalmatian toadflax being a
troublesome weed in Europe (Alex, 1962). This attractive plant, originally introduced
into North America in 1894 as a showy ornamental (Alex, 1962), has since infested
rangelands (Robocker, 1974), open forests and rights-of-way in western North America
(De Clerck-Floate and Harris, 2002). Within Canada, toadflax has spread over thousands
of hectares of range and forest lands within the Southern interior of British Columbia
(BC) and Southwest Alberta (De Clerck-Floate and Harris, 2002). Similar to other
invasive plant species (Crawley, 19865), toadflax forms dense, monospecific stands and
out-competes native vegetation. Under high densities of L. dalmatica, losses in rangeland
production can be sustained, as valuable forage becomes displaced by this unpalatable
weed (Lajeunesse et al., 1993; Lange, 1958). A highly competitive, stress-tolerant plant

{Grime, 1977), toadflax is difficult to manage (Grubb et al., 2002) and has been a target



for bioiogical control since the 1960’s (De Clerck-Floate and Richards, 1997). All species
of Linaria are classified as primary noxious weeds under the Canada Seed Act, and both
Dalmatian and yellow toadflax are schedule A noxious weeds under the Regulation of
Weed Control Act in BC (Jeanneret and Schroeder, 1991). Cattlemen in BC consider this
weed their third control priority after the knapweeds and houndstongue. (De Clerck-

Floate and Harris, 2002).

L. dalmatica is a hemicryptophyte (i.e. most above-ground structures die in the fall),
herbaceous perennial (Lajeunesse ef al., 1993) with an “exceptional ability to establish by
seed” (Vujnovic and Wein, 1997). A single, large plant has been estimated to produce
400,000 (Lange, 1958) to half a million seeds in one growing season (Robocker, 1970).
Ongce established, toadflax also spreads vegetatively by lateral shoots and adventitious
root buds (Vujnovic and Wein, 1997). Each vegetative root bud has the capacity to
produce a new and independent plant (Lajeunesse ef al., 1993). Widely spreading
horizontal roots up to 10 feet from the parent plant (Lajeunesse ef al,, 1993), combined
with a deeply penetrating taproot (Alex, 1962), allow established plants to suppress other
vegetation by intense competition for limited soil moisture (Robocker, 1974). Annual
extension of lateral roots and seed production, combined with a long-lived seed bank,
permit a stand of toadflax to persist indefinitely (Robocker, 1974). This combined
asexual and sexual reproduction sirategy allows Dalmatian toadflax to adapt and

reproduce in diverse environmental conditions (Lajeunesse ¢f al., 1993).



Mecinus janthinus Germar (Coleoptera: Curculionidae), an univoltine, stem-boring
specialist herbivore on Linaria spp., was introduced from Southern Europe and Southern
Russia into Canada in 1991 for the control of Dalmatian toadflax (McClay and

De Clerck-Floate, 2002). The biclogy of this weevil has been well documented by
McClay and De Clerck-Floate (2002}, De Clerck-Floate and Harris (2002) for Canada,
and Jeanneret and Schroeder (1992) for Europe. Female M. janthinus are synovigenic,
laying eggs singly into toadflax shoots (Jeanneret and Schroeder, 1992) from early May
to late June in Southern BC. During oviposition, females chew holes into toadflax stems
prior to depositing an egg. Each oviposition site is covered by the female with a lid
(Jeanneret and Schroeder, 1992) and can be readily observed without magnification.
Numerous eggs (typically 2-100) are laid per toadflax shoot (De Clerck-Floate and
Miller, 2002), resulting in muitiple larvae developing within individual stems. Upon
hatching, M. janthinus larvae construct distinct tunnels of 1-3 cm in length through
shoots as they feed (Saner ef al., 1994). Development through three larval instars takes
place near the oviposition site, followed by pupation within the larval tunnels in mid-
surmimer. Weevils complete their development to adulthood in late August and remain in
the shoots until the following spring. Larval tunnels can be easily identified and traced by
dissecting the toadflax stems. It has been discovered that M. janthinus larval densities
within toadflax shoots can be reliably determined in shoot material collected post-weevil

emergence (De Clerck-Floate and Miller, 2002).

Beetles have been documented to be the most successful introduced biocontrol agents

(Crawley, 1989; Syrett et ai., 1996). During the initial screening of M. janthinus, this



shoot-borer was expected to have a greater impact on its host than either defoliators or
seed-feeders previously released as toadflax biocontrol agents (Jeanneret and Schroeder,
1991). Both adult and larval fzeding play a role in the damage incurred by toadflax
plants, Larval boring within stems causes structural weakness, resulting in premature
wilting and potential shoot death (Jeanneret and Schroeder, 1992). Shori-term studies
also indicated that attack by M. janthinus larvae significantly reduced toadflax shoot
biomass (Saner et al., 1994). The study by Saner et al. (1994) suggested that a rate of one
pair of M. janthinus per toadflax plant should decrease plant vigour and cause late-season
shoot and plant mortality. Data from 1994 weevil releases made throughout BC showed
that 100% toadflax shoot attack by M. janthinus can occur within 3 years of initial release
{De Clerck-Floate and Miller, 2002), causing complete suppression of flowering and

severe stunting of shoots.

Study location

All of the seventeen sample sites chosen for this study (Table 1.1) were located within the
same general climatic and geographic areas: no more than 20 km from the British
Colambia —~ United States border (N 49.0-49.1°%), extending west from Christina Lake

(W 118.2% to Rock Creek (W 119.0°) in the West Kootenay region of BC. Each site was
separated from others by at least one kilometre within a 95 km east-west corridor. All of
the sites were located within an elevation range of 525-950 m, the majority on south to
west-facing slopes with 20-80% inclines. Releases of M. janthinus were made on large,

dense stands of Dalmatian toadflax (400 m to >1 ha in area with densities of more than



6 plants/m®) growing on coarse textured-soil slopes. Study sites were characterized by a
dry, warm climate with average growing season precipitation of 136-169 mm, and a
range of growing season temperatures from 9.7-18.5°C (Lloyd e ai., 1990). Vegetation
consisted of open pasture, parkland grasses and shrubs interspersed with stands of
Ponderosa pine and Douglas fir. A single M. janthinus release of between 200 and 600
individuals had been made at each of the 17 sites used in this study by the BC Ministry of
Forests. Releases were made between 1994 and 2001 from previously established,
successful release sites in Kamloops and Grand Forks, BC (De Clerck-Floate and Harris,

2002).

It is important to note that extensive work has been done since 1991 to distribute and
establish M. janthinus onto toadflax patches throughout the Southern interior of BC.
There also has been some natural dispersal of the weevils to new patches. Asa
consequence, all of the sites chosen for this study had some level of weevil establishment
and quite variable M. janthinus colonization histories (i.e. differences in time since
establishment, origina! size of weevil release, rate of population increase). The release
sites, themselves, varied in original toadflax patch size, plant density and habitat
characteristics (i.¢. slope directions and degrees, elevations, biogecclimatic zones). To
address this variability, sites were chosen and categorized based on 2001 estimates of
weevil population abunda_.nce at the original point of weevil release. The methods used to
determine M. janthinus population abundance are, therefore, addressed in this

introduction.



Adult M. janthinus abundance can be reliably estimated using a technique for counting
emerged adults in the field (R. A. De Clerck-Floate, unpublished). The count data have
been found to correlate well with the density of aduits of the same generation dissected
from toadflax stalks prior to spring emergence {R. A. De Clerck-Floate, pers. comm.).
Adult weevil counts also can be used to reliably predict the population of offspring
reaching adulthood within the same season (Fig. 1.1). The technique consists of observers
walking at a steady pace while visually inspecting Dalmatian toadflax shoots within 30 m
of the point of original weevil release, and counting the adult weevils seen on stems and
leaves during a S-minute period. Adult M. janthinus are relatively large (3-5 mm in
length), conspicuous black insects against a backdrop of green host plant tissues, and can
easily be seen without disturbing the surrounding toadflax shoots. Two observers
performed the counts in each sample year, after taking repeated practice counts to ensure
the standardization of data collection. Counts made at study sites were consistent between
observers in both years (2001: tyoo1ea=-0.290, P=0.774, 2002: t5001a=0.925, P=0.358).
Each observer made a single count per study site in 2001, and two counts apiece in 2002.

The mean counts per minute at each of the 17 study sites are recorded in Table 1.1.

One central theme to this study is the comparison of M. janthinus characteristics and
behaviour, as well as host impact, under varying levels of weevil density. Study sites
were classified as “non-outbreak™ and “outbreak™ according to M. janthinus population
estimates. Weevil release sites designated as “non-outbreak™ were those most recently
established (1999-2001), with zero to low levels of host attack and <20 adult weevils

counted per minute, whereas those referred to as outbreak sites supported large



populations of M. janthinus (>20 weevils counted per minute}, attacking host shoots

since 1994-1998 (Table 1.1).

Study rationale

The success of 2 biological control agent largely depends on three variables (McFadyen,
1698). The first involves assessing the damage that individual biocontrol agents can
inflict on target plants, Chapter 2 of this study addresses the significance of adult

M. janthinus feeding to Dalmatian toadflax individual plants and populations. Previous
work by Jeanneret and Schroeder (1991, 19592) and Saner e af. {(1994) has determined
that feeding damage by M. janthinus larvae within toadflax shoots causes reduced
reproductive output and plant vigour. This study addresses the previously unexamined
contribution of adult M janthinus feeding on the sexual reproductive potential and

above-ground shoot production of Dalmatian toadflax plants.

To fully understand the impact of herbivory on target weeds, one must also evaluate the
ecology of the host, which in turn, determines whether the damage caused by a particular
agent is significant in reducing the population (Cullen, 1595). Several studies have
addressed the growth, establishment and resource allocation patterns of L. dalmatica
(Robocker, 1970, 1974; Robocker et al., 1972). This study {Chapter 2) indirectly
addresses toadflax reproduction and above-ground vegetative growth under different
levels of herbivore attack pressure (i.e. non-outbreak versus outbreak M. janthinus

populations).



Chapters 3 and 4 explore the third variable that contributes.to predicting the success of a
biological control agent, the ecology of the control insect. One underlying objective of
biocontrol programs is to manipulate populations of natural enemies 1o induce outbreak
dynamics in order to reduce target weed densities (De Clerck-Floate and Bourchier,
2000). Crawley (19864,5) found a correlation between the intrinsic rate of increase of
insect agents and the probability of their success. As Price (2000) described food as the
key resource that influences and modifies all other ecological relationships through the
trophic system, it was necessary to explore the bottom up (i.e. host plant) regulation of
M. janthinus within its new environment. Of particular interest was the examination of
effects of weevil population growth and resultant host impact on the population
characteristics of M. janthinus under reduced host availability. Chapter 3 evaluates the
relationships between the population density achieved by weevils from different
establishment periods and several insect quality estimates. Results of the study on

M. janthinus quality are discussed in terms of fitness, as per Roitberg et ai. (2001). The
host selection behaviour of ovipositing M. janthinus and implications of these choices
under different levels of insect crowding and host availability on offspring performance

were explored in Chapter 4.
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TABLE 1.1. Summary of adult M janmthinus abundance counts across 17 study sites near
Grand Forks, BC. Site types were categorized using the 2001 adclt weevil counts as NO
(non-outbreak) and OB (outbreak}.

Site Site Release Release Adult Count {(weevils/min)
Type Year Number 2001 2002
ABH®® OB 1998 400 38.7 35.1
Christina Lake™®™ OR 1997 200 79.7 57.4
Gilpin 1.0* OB 1996 100 48.2 34.9
Gilpin 2.15° OB 1997 200 61.3 36.1
Granby Dump™ 0B 1994 300 33.1 272
Lone Pine Pit™™ OB 1997 200 41.5 39.5
Morrissey® OB 1694 300 46.6 18.7
Overton™ OB 1994 300 27.4 38.0
Danshin® NO 2000 400 2.0 8.6
Eagle Ridge™ NO 2000 400 6.8 33.9
East Gilpin®® NO 1999 - 400 15.6 83.0
Norwegian™ NO 2000 400 0 1.0
Ponderosa® NO 2001 600 0.9 25.8
Rock Creek™ NO 2000 400 1.3 0.4
Sand Ck. 0.5% NO 1998 400 13.6 58.0
Sank Ck. 2.0* NC 1999 400 6.1 27.1
Snowball® NO 1999 600 4.0 3.3

* 30 permanent vegetation quadrats were established at these (n=16) sites and monitored
in both 2001 and 2001 (Chapter 2)

® 40 plants were individually tagged from these {n=6) sites and monitored during the
2001 and 2002 field seasons (Chapter 2)

¢ 10 toadflax shoots were collected from these (n=12) sites and dissected in 2001
{Chapter 4)
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FIGURE 1.1. Relationship between 2001 M. janthinus adult counts and subsequent
offspring densities within toadflax stalks across 16 study sites {excluding Ponderosa).
Mean offspring densities were calculated from 30 randomly sampled, senesced toadflax
stalks per site. £=0.934, P<0.001, v=0.007x, where y and x represent the density of adult
offspring and parent adult weevil count, respectively.
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CHAPTER 2

Impact of M. janthinus on Dalmatian toadflax

ntroduction

Classical biological control of weeds can be regarded as “experimental plant population
ecology” (Myers ef al., 1989). Many plants in alien environments experience increased
vigour and successfiil establishment as a resukt of improved environmental conditions or
escape from natural enemies (Blossey and Kamil, 1996; Crawley, 1986). Classical weed
biocontrol relies on the use of herbivores to suppress target plant densities and to restrict
seed production and dispersal (Isaacson ef al., 1996). By introducing biological control
agents against invasive weeds, we also can measure the direct impact of herbivory on
plant densities and other measures of plant performance, particularly within successful

systems.

One of the biggest criticisms of classical biological control remains that post-
establishment, field evaluation of the success of released agents is infrequent (Crawley,
1989; McClay, 1995). Although McEvoy (1985) recommends the use of manipulative
field experiments to assess the impact of insect biocontrol agents, it is often not possible
or practical to perform this type of study. One explanation for the lack of experimental
design during the evaluation of introduced biclogical control agents is that agent
establishment can be highly unpredictable (McEvoy, 1985). McFadyen (1998) also

suggests that lack of financial sponsorship for post-establishment evaluation of
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introduced agents has been a problem in many biocontrol systems. Additionally,
establishing and sustaining insect-free “control” plots can be costly and present logistic
difficulties, especially when using highly mobile insect agents during long term studies
(McClay, 1995). Researchers often use observational studies to elucidate patterns of
herbivory and host plant dynamics (Fay ef 4l., 1996; Hoffman et al., 1990). Although, in
many cases, results from surveys of natural populations can be difficult to interpret due to
the variability in host plant performance from other abiotic and biotic factors (Briese,
1696), the majority of impact studies examined by McClay (1995) employed the

observational approach (ie. 72%).

Long term monitoring of initial M. janthinus Germar (Coleoptera: Curculionidae) release
sites in British Columbia (BC) showed a correspondence between increases in weevil
populations and the incidence and intensity of M. janthinus attack on Dalmatian toadflax,
Linaria dalmatica (L.) Mill., over a four-year period (De Clerck-Floate and Miller,
2002). Further evaluation was necessary to determine how observed levels of weevil
attack and insect population density influence reproductive and vegetative output of both
individuai toadflax plants and populations of the weed. The current study evaluated the
relationships between M. fanthinus attack and several life history traits of Dalmatian
toadflax (e.g. patterns of growth and reproduction, as in Begon ef gl., 1590). Toadflax
plant growth and reproductive output were compared between recently established, low
weevil density sites (i.e. non-cutbreak) and well-established, high density (i.e. outbreak)
sites. Previous studies (Jeanneret and Schroeder, 1992; Saner ef al., 1994) atiributed host

impact by M. janthinus to larval feeding within toadflax shoots. It also was anticipated,
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prior to the release of M. janthinus in North America, that larval feeding would have the
greatest impact (Jeanneret and Schroeder, 1951). Hence, novel to this study, the
relationships between feeding by adult M. janrhinus and above-ground vegetative growth
and sexual reproduction of toadflax plants are specifically addressed. This study is
observationa! in nature, examining the interactions between M. janthinus and its host

plant under variable and ambient plant and insect densities post-weevil establishment.

Methods

Impaci of M. janthinus attack on toadilax ponulations

Sixteen of the total 17 sample sites, varying in both time since weevil release and number
of weevils originally released, were chosen in June 2001 from over 65 release sites in the
Boundary district of the West Kootenay region. These represented a range of weevil
establishment, based on adult weevil counts (Table 1.1). The sites were chosen to
illustrate impact under different intensities of weevil attack and to evaluate the effects of
early spring adult M. janthinus feeding on toadflax populations, particularly regarding
reproductive potential. At each of these sites, thirty 0.25 m’ permanent rectangular
quadrats were established in a grid pattern (i.e. 5 rows of 6 quadrats, each row and
quadrat spaced 2 m apart}. Quadrats were located within a 20 m radius of the location of
each original M. janthinus release. The mean proportions of shoots with apical meristem
damage (i.e. shoot tip damage) caused by M janthinus adult feeding, and the proportions

of reproductive versus vegetative shoots were caiculated per quadrat during 23-27 June,
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2001 and 18-21 June, 2002. Only shoot tips that had been destroyed by M. janthinus were
counted as damaged. Feeding damage by adult weevils could be clearly distinguished
from other causes of shoot injury. Shoots with visible flower buds or flowers were

classified as reproductive; all other shoots were classified as vegetative.

Non-linear regressions (Bates and Watts, 1988) were performed on each season’s data to
evaluate the relationships between adult weevil abundance {see Chapter 1) and the mean
proportions of shoot tips damaged and reproductive shoots by site, For these analyses, a

general logistic curve was chosen based on initial scatter plot data:

e(ax+b)

y=
where y represents either the mean proportion of shoot tips damaged per site or the mean
proportion of reproductive shoots per site across the adult weevil abundance counts from
the same sites (x). Both equation parameters (i.e. a and b) were iterated using Systat 10.2.
The relationship between the mean proportions of shoot tips damaged by M. janthinus
adults in each study season and the mean proportions of shoots that successfully
developed flowers or flower buds by late-June was analyzed using linear regression. Data
for the reproductive shoots were rank-transformed prior to the linear analysis, as data

were not normally distributed (Conover and Iman, 1981). No data were transformed for

analysis using the nonlinear regressions.



Impact of M. janzhinus attack on individual toadflax plants

More intensive studies were made on selected plants at six study sites (Table 1.1} to
determine the associations between M. janthinus abundance, adult and combined
adult/larval attack damage and toadflax plant reproductive and vegetative production. At
each study site, 20 plants with three to five robust shoots were selected within a 20 m
radius of the point of original weevil release. Twenty plants of similar architecture and
size were chosen at a 100 m distance from the release location. The ground around each
plant was excavated to ensure that plants were discrete individuals prior to marking with
flagging tape and a numbered metal tag. Shoot height, type (i.e. reproductive or
vegetative) and the presenice or absence of shoot tip damage caused by adult M. janthinus
feeding, were recorded for each shoot of each plant during the weeks of 23 June, 2001
and 18 June, 2002. During the last weeks of August 2001 and 2002, the total numbers of
shoots, and developed seed capsules per plant were recorded. Shoots from the tagged
plants were collected in August of both years and a sub-sample of two randomly selected
shoots per plant was dissected in the laboratory to determine the densiiies of offspring

M. janthinus within shoots. These densities were used to estimate total developing weevil
densities within each plant in each sample season. Comparisons of the proportions of
damaged shoot tips and reproductive shoots per plant, sexual reproductive output and
vegetative growth of toadflax plants were made across site categories (i.e. non-outbreak
versus cutbreak sites, n=3 sites per category) and sample years (2001 versus 2002) using
GLM ANOVAs, The analysis of mean number of shoots produced by attacked plants also

included sample period (i.e. late-June versus late-August) as a treatment factor. The data



for each plant performance measurement were not normally distributed and, thus, rank
transformed (Concver and Iman, 1981). Tukey HSD adjusted-pairwise comparisons were
made across site types, sample years and sample periods where appropriate. Spearman
correlation analyses were performed to evaluate the association between toadflax shoot
tip damage caused by adult weevil feeding and above-ground reproductive and vegetative
output of plants. Changes in seedpod yield, vegetative shoot production and linear shoot

growth from 2001 to 2002 were correlated with M. janthinus offspring densities.

To estimate the impact of M. janthinus adult plus larval feeding on toadflax plant sexual
reproduction, changes in seedpod number were translated into change in seed production
based on mean seed counts per pod taken from unattacked toadflax plants in Ft. MacLeod
in July 2002. One hundred seedpods were randomly collected from mature toadflax
plants in a densely populated stand on three sample dates: 4, 15, 30 July. Sampling during
the early seed production period (July-August) should reliably estimate the level of seed
production, as Robocker (1570) found that ~97% of seeds were produced in the first five
weeks of seed set. Sub-samples of 30 seedpods per collection date were dissected and
total seed numbers assessed. A Kruskal-Wallis one-way ANOV A was performed to
determine if the number of seeds per capsule were consistent across the reproductive
season. Mean seed production was used to estimate the changes in reproductive output of

toadflax plants in BC under different levels of weevil attack.

20



Data were analyzed using Systat 10.2 (linear regressions) and SPSS 10.0 (Spearman rank

correlations). Unless otherwise stated, untransformed mean data are presented with

accompanying standard errors.

Results

Impact of M. jamhinus attack on toadflax populations

Levels of mean shoot tip damage at non-outbreak sites ranged from 0.1-53% in June
2001 (Table 2.1). By contrast, more established sites with outbreaking weevil populations
had between 66% and 98% of all surveyed shoots with tip damage (Table 2.1). By June
2002, the mean proportions of shoot tips damaged at the same non-outbreak sites rose to
16-93% within quadrat samples (Table 2.1}. No fewer than 80% of shoot tips were
damaged in the quadrats surveyed at outbreak sites in 2002 (Table 2.1). Quadrat survey
data from both 2001 and 2002 showed that there is a changing within-year relationship
between the mean proportion of toadflax shoot tips damaged by adult M. janthinus
feeding in june and the abundance of spring-emerged weevil populations (Fig. 2.1). At
sites where adult weevil abundance was low in 2001 (i.e. at non-outbreak sites, 20

M. janthinus per minute count), the proportion of shoot tips damaged was below 40%
(Fig. 2.1a). Above abundance counts of 40 weevils per minute, shoot tip damage levels
were 90% or greater (Fig. 2.1a). Observed damage levels at non-outbreak sites were
slightly higher in 2002 than 2001, with over 60% of shoot tips damaged as adult weevil

counts reached 20 weevils per minute. As in the 2001 data, populations of M janthinus in
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2002 reached ievels of maximum host damage shortly after surpassing counts of 40 aduit

weevils per minute (Fig. 2.1b).

The damage caused by intensive adult M. janthinus feeding on toadflax apical meristems
resuited in significant reductions in the mean proportions of reproductive shoots within
surveyed toadflax stands (Table 2.2). Much lower proportions of shoots that would
become reproductive were observed at sites with high levels of adult feeding damage (i.e.
outbreak) (Fig. 2.2a,bh). Non-outbreak sites had, in general, from 3-30 times more
reproductive shoots within survey quadrats in 2001,and 5-47 times more reproductive
shoots in 2002 than in quadrats from outbreak sites. The mean proportion of reproductive
shoots per quadrat was also a ﬁlnétion of adult weevil abundance at study sites, with an
effectively complete loss of reproductive shoots in both 2001 and 2002 as M janthinus
counts reached about 50 weevils per minute in both sample years (Fig. 2.2¢,d). Above
this weevil abundance level, shoots with flowers and/or buds represented only 1-4% of

the total shoot population within quadrats)(Fig. 2.2¢,d).

Impact of M. janthinus attack on individual toadflax plants

Separating toadfiax plant attack data by the proximity of plants to the original

M. janthinus release area (i.e. within a 20 m radius of the release point versus 100 m
away), or by individual study site, did not improve the fit of any of the ANOV A models,
thus tagged plants were pooled across site categories for analysis (n=120 plants per

category). Shoot tip damage per plant was not significantly different between the sample

22



years (F; 474=1.518, P=0.219) in the ANOVA modet (*=0.344, n=478 plants). In both
sample years, there was a distinct pattern of increased shoct tip damage to plants at sites
with high adult weevil counts (Fig. 2,3a). Plants at outbreak sites had over 45% of their
shoots attacked in June 2001 (68%) and 2002 (47%), whereas shoot tip damage per plant
was 5% (20G1) to 20% (2002} at sites with newly established weevils (F; 474=198.292,
P<0.001). The interaction between sample year and site category was significant
(F1474=47.522, P<(.001), likely due to an unexpectedly large annual M. janthinus
population increase (25-fold) in one of the three non-outbreak sites used in the study

{Ponderosa, 2001 release).

Adult M. janthinus feeding on apical shoot tissues in early spring 2001 and 2002 was
related to reductions in the proportion of shoots per plant that successfully became
reproductive (Fig. 2.3b, Table 2.2). From the ANOVA model (r*=0.344, n=473 plants), it
was determined that plants from outbreak sites had significantly fewer reproductive
shoots than those at non-cutbreak sites (F1 460=193.531, P<0.001). Reproductive shoots
represented only 17% and 8% of the total shoots on plants at cutbreak sites in 2001 and
2002 respectively, whereas 39-67% of the shoots on non-outbreak piants had flowers or
flower buds when sampled in late June (Fig. 2.3b). There were significant differences
between the proportions of reproductive shoots on planis in 2001 and 2002
{F1460=43.323, P<(.001), with 9-29% fewer shoots per plant becoming reproductive in
2002, A significant interaction between site category and sample year was also present

(F1469=9.717, P=0.002).
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Attack by M. janrhinus adults on apical meristemn tissues was highly associated with
reduced seedpod production in both 2001 and 2002 (Table 2.2). Higher adult weevil
counts corresponded to reduced variability in seedpod output from 2001-2002 (Fig. 2.4).
Heavily attacked plants at outbreak sites produced significantly fewer seedpods in both
2001 and 2002, as compared to plants at non-outbreak sites {(F1104=321.939, P<(0.001}.
Plants at non-outbreak sites preduced over twice as many seedpods as plants at outbreak
sites in 2001 and 2002 (Fig. 2.5a). Seedpod production was significantly higher in 2001
(F1.304=62.642, P<0.001), according te the ANOVA model (*=0.492, n=398 plants).
There was no significant interaction between plants from different site categories and
sample years (F 304=0.512, P=0.475). The pooled mean number of seeds (u=328+6
seeds, n=90 pods) from seedpod collections at Ft. Macl.eod, Alberta was used to estimate
the sexual reproductive output of toadflax plants in BC (n=30 seedpods/sample date,
Kruskal-Wallis test statistic for sample date=1.605, df=2, P=0.448). By this estimate,
individuals from non-outbreak sites would produce 73,024-96,822 seeds, whereas plants

from outbreak sites achieved a production of only 25,428-45,314 seeds.

Adult M. janthinus feeding damage also had a strong negative correlation with the total
linear length of shoot material produced by toadfl