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Abstract

Classical biocontrol systems are sometimes treated as an exercise in community assembly. As
such, they include multiple species interactions. This thesis explores multi-species aspects in
classical weed biocontrol, using thistles as a case study.

The abundance, phenology and impact of three biocontrol agents were followed on
their target host, Carduus nutans L. and are described, for the first time in New Zealand for
two of them (Urophora solstitialis L. and Trichosirocalus horridus sensu (Panzer)).

Composition in New Zealand of the recently revised Trichosirocalus weevil species
complex was surveyed nation-wide. One species only was found, albeit exhibiting a wider
host range than anticipated from the published revision.

Interspecific interactions and individual and combined effect of multiple biocontrol
agents on C. nutans were tested in cage setups; the effect on the weed population was then
estimated by manipulations of an existing matrix population model for this weed in New
Zealand. The potentially better seed predator (U. solstitialis) was outcompeted by the worse
seed predator (Rhinocyllus conicus (Froehlich)) which has similar niche preference. Urophora
solstitialis was also adversely impacted by the crown-root feeder (T. horridus).
Trichosirocalus horridus affected C. nutans survival, even at the medium density used, and
significantly reduced potential seed production by 33%; in field densities, T. horridus is likely
to affect C. nutans even more. Urophora solstitialis was estimated to destroy about 28% of
the remaining seed in the absence of the other agents, and about 17% in the presence of T.
horridus. The estimated combined effect of T. horridus and U. solstitalis on C. nutans
population growth rate was greater than the effect of either agent alone.

In the face of growing weed invasions, multiple thistle species were used to test
‘multi-targeting’ as a novel approach to target groups of ‘sleeper weeds’. Both in a field
experiment and in a field survey, the seed predator R. conicus was found to attack and damage
some ‘non-target’ thistle species more in the presence of the target species (C. nutans) than in
its absence; however, levels of attack on non-target species were always modest.

The ultimate goal of biocontrol is to reduce weed populations. A field survey revealed
that current population densities of multiple thistle species in Canterbury are not obviously
lower than in the mid 1980s, when only R. conicus was present. This may be because
successful biocontrol has reduced the management input required to maintain the same thistle

density.
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Definitions
The area of plant invasions suffers from mixed use of terms. For the purpose of this work I

use terms as suggested by Richardson et al. (2000, p. 98):

Alien (also exotic, non-native) plants — Plant taxa in a given area whose presence there is due

to intentional or accidental introduction as a result of human activity.

Naturalised plants — Alien plants that reproduce consistently and sustain populations over
many life cycles without direct intervention by humans (or in spite of human intervention);
they often recruit offspring freely, usually close to adult plants, and do not necessarily invade

natural, seminatural, or human-made ecosystems.

Invasive plants — Naturalised plants that produce reproductive offspring, often in very large
numbers, at considerable distance from parent plants, and thus have the potential to spread
over a considerable area. In some cases, plant species that have self-introduced without
human agency may be considered invasive, especially if they have a negative effect on

endemic species (R.G.).

Weeds — plants (not necessarily alien) that grow in sites where they are not wanted and which

usually have detectable economic or environmental effect.

Thistle capitula throughout this work were harvested when ripe. A capitulum was considered
ripe when it has finished flowering, the florets have turned brown and the capitulum itself has
started turning brown, but no seed or pappus has abscised.

Capitula were collected at this stage to allow full seed development; the receptacle feeding

biocontrol agents attack takes place much earlier — at the bud stage.

Damage ranking. Throughout this work I have ranked damage caused to thistle receptacle
tissue as zero, little, medium and high. These correspond with:

Little — up to 10% of the receptacle damaged

Medium — between 10 and 50% of the receptacle damaged

High — more than 50% of the receptacle damaged



X

Throughout this work I use the terms ‘primary’, ‘secondary’ and ‘tertiary’ to describe the
position of thistle capitula (or clusters of capitula in the case Carduus pycnocephalus and
Carduus tenuiflorus). Primary position is at the terminus of the main stem and of the stems
branching off the main stem; secondary position is at the terminus of subsidiary branches;
and tertiary position is at the terminus of branches branching off the subsidiary ones. These

positions are illustrated in the following diagram:

Primary

\\\

<--- Secondary

Tertiary

[lustration of a thistle plant indicating capitula
position-types.



Chapter 1: Introduction

Classical biological control has been described as representing “an applied analogue to a basic
theme in ecology, assembly dynamics” (Holt & Hochberg, 2001, p. 15). Indeed, rarely can
biocontrol systems be simplified to the microcosm of a single pest and a single agent; rather, a
community is assembled, and multiple species are involved.

This thesis explores different aspects of multiple species involvement in a weed
biocontrol system. In so doing, it delivers on some of the core challenges weed biocontrol
faces as a field of applied science. I used thistles as a study system to address challenges such
as demonstrating population level effects of biological control on target weeds, improving our
ability to predict agents’ effectiveness, and seize the risk we face from ‘sleeper weeds’. The
study of biocontrol agents impact on their target thistles in this thesis progresses from the
individual capitulum (seed head) level, through the individual plant, to population level

simulations and actual field population level assessment.

1.1 Insect herbivory, weed biocontrol and the challenge in
demonstrating population level effects

For a long time insect herbivores were considered unimportant in plant population dynamics
(Hairston et al., 1960), be it due to top-down regulation by natural enemies or to bottom-up
regulation through resource available to their plant hosts (summarized in Crawley, 1997).
However, more recent research has shown that herbivores can affect individual plant
performance, change plant population dynamics, and shape plant communities (some
examples include Louda, 1982a, b; Brown et al., 1987; Louda et al., 1990; Sheppard et al.,
1990; Rees & Brown, 1992; Louda & Potvin, 1995; Louda & Rodman, 1996).

Insect herbivores have been intentionally used in classical biological control of weeds
since the early 1900s (Goeden, 1988; Julien & Griffiths, 1998), with some phenomenal
success stories (Goeden, 1988; McFadyen, 1998; McFadyen, 2003), but also with numerous
successful establishments of agents which show no effect on their target weed (Crawley,
1989; Julien & Griffiths, 1998; Denoth et al., 2002; McFadyen, 2003; McClay & Balciunas,
2005). While past weed biocontrol research focused on (apart from safety and host
specificity) agent successful establishment and impact on the individual plant, it is now well
realized that even substantial damage to the individual plant does not necessarily translate to a
population level effect (Crawley, 1988, 1989; Turnbull et al., 2000; McClay & Balciunas,
2005). Seed predators have raised special controversy: weeds are often characterised by high

reproductive capacity and reducing this capacity is often the target of biocontrol programmes;
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if the weed populations are seed limited, even relatively minor seed predation could result in
their decline (Janzen, 1971; Louda & Potvin, 1995); yet, in non-seed-limited plant
populations, an agent that consumes even the vast majority of the entire seed crop might have
no population-level impact (Janzen, 1971; Sheppard et al., 1994). A matrix population model
predicted that 69% seed reduction would bring Carduus nutans L. (nodding/musk thistle)
populations in New Zealand to decline (Shea & Kelly, 1998); much higher seed reductions
have been reported by C. nutans seed predators elsewhere (e.g., Woodburn & Briese, 1996),
but not in New Zealand. Matrix population models offer a robust method of linking of the
individual (nodding thistle plant in this case) and the population around a simple description
of the life cycle. Life cycle can be described in terms of age, size or their combination. The
dynamics of the population is determined through the vital rates: birth, growth, maturation,
fertility and mortality. The matrix is comprised from the probabilities of individuals in the
population to transit from each stage (size or age group) to the next over one time unit. The
matrix allows calculation of the population growth rate. In addition, it allows identifying the
transitions which contribute most to this growth rate and the transitions which are most
vulnerable to perturbation, and which may be the most suitable to target in a biocontrol
programme (Caswell, 2001; Shea & Kelly 1998).

To assess and judge the cause-effect relationship between biological control agents
and changes to weed status, long-term ecological research is required, that monitors weed
populations. This aspect has often been commented on as neglected in biocontrol programmes
(Simberloff & Stiling, 1996a; Crawley, 1997; McFadyen, 1998; Fowler et al., 2000; Delfosse,
2005), ultimately for funding reasons; funding agencies usually prefer addressing the next
weed problem than keeping the spending going on weeds that are no longer a problem
(McFadyen, 1998; Fowler et al., 2000; Delfosse, 2005). Biocontrol practitioners value long
term weed population monitoring for the purpose of hypothesis testing, for learning about
interactions within the biocontrol system, for improving the practice, for demonstrating
biocontrol benefits and for justifying future biocontrol programmes; yet funding for this type
of study is rarely available (Fowler et al., 2000; Delfosse, 2005).

This thesis formed a unique opportunity to assess the population density of thistles in
Canterbury two decades after a similar assessment took place (Bourdot & Kelly, 1986).
Within this time two biocontrol agents have been introduced to New Zealand against nodding
thistle (on top of one agent which was present at the time of the original assessment). Chapter
7 of this thesis presents this population level assessment, and attempts to relate the status of

thistle populations to biocontrol agents’ impact.



1.2 Risks to non-targets, risks from invasives and the challenge in
targeting ‘sleeper weeds’

The risk of adverse effects to non-target species introduced as classical biological control
agents has received much attention both from biocontrol critics (Howarth, 1983, 1991;
Simberloff & Stiling, 1996a; Strong, 1997; Simberloff & Stiling, 1998; Strong & Pemberton,
2000; Louda et al., 2003a, b) and supporters (Huffaker, 1959; Zwolfer & Harris, 1971; Harris,
1991; Frank, 1998; McFadyen, 1998; Fowler et al., 2000; Fowler et al., 2001; Sheppard et al.,
2003; Delfosse, 2005; Fowler & Withers, 2006). Improving predictability of non-target
effects in classical weed biocontrol is constantly called for (e.g., Louda et al., 2003a, b; Louda
et al., 2005). Cases of non-target effects receive high-profile publicity (e.g., Louda et al.,
1997; Strong, 1997). Demands are raised for a risk-free practice in which, not only the
physiological host range, but also the ecological (Louda et al., 1997; Louda et al., 2003a, b)
and chemical (Jordon-Thaden & Louda, 2003) host range, as well as every possible indirect
interaction in any possible community a mobile biocontrol agent may independently disperse
to, are known before the agent is approved (“guilty until proven innocent”, Simberloff &
Stiling, 1996a, p. 1970; Simberloff & Stiling, 1996b; Louda et al., 2003a; Louda & Stiling,
2004). Such demands, if they ever become requirements for the release of biocontrol agents,
would practically terminate biocontrol releases (Fowler et al., 2000; Sheppard et al., 2003).
Regardless, host specificity tests constantly improve, and both physiological and ecological
aspects that would not have been included in early days, are now an integral part of current
protocols (Wapshere, 1974; Harris, 1991; McFadyen, 1998; Thomas & Willis, 1998; Fowler
et al., 2000; Sheppard et al., 2003; Fowler et al., 2004; Paynter et al., 2004; Delfosse, 2005).
In addition, the process is more open for public comment (Sheppard et al., 2003; Barratt &
Moeed, 2005; Julien et al., 2007). However, more rigorous host specificity tests and
addressing public submissions also take longer and are costly (Fowler et al., 2000; Sheppard
et al., 2003; McClay & Balciunas, 2005; Julien et al., 2007).

The North American case of non-target effects by the thistle seed predator Rhinocyllus
conicus (Froehlich), a biocontrol agent of C. nutans, warrants mentioning both for the
perturbations it caused (and still causes) in the field of classical biocontrol, and for its
relevance to the system studied in this thesis. The request for approval to release the weevil in
the United States clearly stated that native North American Cirsium spp. thistles could support
weevil development (e.g., Zwdlfer & Harris, 1984). The risk to native thistles was viewed
acceptable by all reviewers, given the expected benefits from the likely control of this major
weed, and approval to release was given (Delfosse, 2005). More than two decades after

release, R. conicus was documented extensively attacking threatened native North American
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Cirsium spp. in a high-profile case (Louda et al., 1997; Strong, 1997). Rhinocyllus conicus
has since featured (mainly as a villain) in numerous publications, and the controversy
surrounding this agent is only increased by the fact it does not always suppress its target weed
very effectively (e.g., Kelly & Wood, 1991). The two main messages emerging from this case
in regards to non-target effects are that (a) host specificity tests for this agent were remarkably
complete (especially considering that they took place in the early 1960s) and that the host
range expansion was anticipated (Gassmann & Louda, 2001; Arnett & Louda, 2002; Delfosse,
2005); and that (b) values held by society as warranting protection, and human perceptions as
to what is an acceptable risk, change (Delfosse, 2005). Nowadays, attempts to identify
potential future conflicts of interests are an integral part of weed biocontrol, at least in New
Zealand (e.g., Stanley & Fowler, 2004). Without undermining their value, and in the spirit of
conflicting views and perceptions, it is worth noting that the native North American thistles
are considered weeds by some parts of society (e.g., Lamp & McCarty, 1982b; Guretzky &
Louda, 1997).

In reality, no amount of time would be sufficient to enable us to predict all possible
direct and indirect impacts of an alien organism in a new environment (Fowler et al., 2000;
Fowler et al., 2001; Moran et al., 2005), be it a pest or an intentionally introduced biocontrol
agent. Classical biocontrol introductions are deliberate invasions, and are not risk-free
(Fowler & Withers, 2006); however, while agent releases are delayed by extended host testing
and public hearings, exotic plants continue to become naturalized and invasive worldwide
(Culliney, 2005; Moran et al., 2005; Sullivan et al., 2005; Lambdon & Hulme, 2006; Bourdot
et al., 2007; Julien et al., 2007), inflicting changes to ecosystems (Fowler et al., 2001;
Crooks, 2002; Sheppard et al., 2003; Stanley & Fowler, 2004; Culliney, 2005; Delfosse,
2005; Moran et al., 2005), sometimes to the point where intervention is too late (Crooks,
2002). Hence there are both costs from too-hasty biocontrol agent release, and (less often
recognised) costs from delays in agent release.

New Zealand is under particular risk from the increasing number of invasive species
(Williams & Lee, 2001; Julien et al., 2007). Which naturalized alien is going to become the
next weed is hard to predict; yet some groups of plants are more likely candidates than others.
Naturalized species in these groups can be regarded as possible ‘sleeper weeds’, which are
likely to become invasive in due course. In this thesis I test whether non-target effects are
necessarily the Achilles’ heel of biological control (Louda et al., 2003b), or whether the vast
theory accumulated from studies of non-target effects could be channelled to beneficial paths

such as targeting multiple ‘sleeper weeds’.



1.3 Predicting agent effectiveness

Biological control of weeds has gone a long way in predicting the host range of candidate
agents. It is agreed that we are actually very good at this (Harris, 1981; McFadyen, 1998;
Pemberton, 2000; Arnett & Louda, 2002; Louda et al., 2003b). We have been far less
successful, however, in increasing our predictive power of agent effectiveness (Harris, 1981;
Myers, 1985; Denoth et al., 2002; Haefliger et al., 2006; Raghu & Van Klinken, 2006; Gerber
et al., 2007a), despite decades of theoretical and empirical attempts (Harris, 1981; Myers,
1985; Blossey, 1995; McEvoy & Coombs, 1999; Balciunas, 2004; McClay & Balciunas,
2005; Briese, 2006; Van Klinken & Raghu, 2006; Gerber et al., 2007a). Agent effectiveness
has always been important to agent selection (Harris, 1973, 1981; Goeden & Kok, 1986;
McClay & Balciunas, 2005). However, it tended to drop in hierarchy against host specificity
requirements and practicality of agent transportation and rearing (Sheppard, 2003; McClay &
Balciunas, 2005; Raghu et al., 2006). Predictive ability of agent effectiveness could benefit
biocontrol in many aspects. Firstly, the time to achievement of successful control could be
critically shortened. This is well illustrated in the well-known example of the moth
Cactoblastis cactorum (Bergroth), introduced to Australia for biological control of prickly
pear cactus Oputina stricta (Haworth). The moth was introduced 12 years into the
programme, 11" of 21 agents, and was the most effective of all agents (summarized in Raghu
& Van Klinken, 2006). Had C. cactorum effectiveness been predictable, O. stricta control
could possibly have been achieved much sooner. Secondly, the cost of biocontrol programmes
could be drastically reduced (and benefit-cost ratio increased) if effectiveness could be
predicted, and only effective agents tested for host specificity (McClay & Balciunas, 2005).
Thirdly, the risk for non-target effects would decrease. Ineffective agents which do not
suppress their target weed can sustain high populations, and could indirectly affect food webs
(McEvoy & Coombs, 2000; Holt & Hochberg, 2001).

Predicting agent effectiveness was recently identified as one of the biggest challenges
for weed biocontrol scientists applying ecological theory (Raghu & Van Klinken, 2006).
While prediction prior to introduction is most desirable, we have still much knowledge to gain
from past introductions that could be applied in the future, in an active adaptive management
strategy (Shea et al., 2002; Shea & Kelly, 2004).

Interactions between multiple biocontrol agents are a significant aspect of agent

effectiveness, which bears much room for improvement.
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1.3.1 Predicting effects of interactions between biocontrol agents

A common paradigm in biological control of weeds is that more than one agent is required to
produce successful control. Two differing hypotheses lead to this paradigm: (a) that multiple
sources of stress (which could be generated, for example, by multiple biocontrol agents) are
usually necessary to sufficiently affect the weed (Harris, 1981, 1991; Tipping, 1992), and (b)
that only one agent is required for successful control but, not knowing in advance which is the
‘silver bullet’ agent, multiple introductions increase the chances of it actually being
introduced (the ‘lottery ticket’ model, Myers, 1985). Evidence exists to support both
hypotheses, and the fact remains that introduction of multiple agents improves programme
success rate (Denoth et al., 2002).

It was believed in the past that a better biocontrol agent is, by definition, also a better
competitor; subsequently, if competition between agents resulted in the displacement of
either, the better biocontrol agent was alleged to outcompete the less effective agent (Huffaker
& Kennett, 1969). If this was the case, there would be no risk to the overall level of biocontrol
from introducing agents that later turn out to be less effective.

Competitive interactions between phytophagous insects are notably common amongst
phytophages feeding in discrete niches, such as seed predators, and amongst phytophages in
introduced systems, such as biological control systems, where the effects of natural enemies
are often excluded (Denno et al., 1995). Examples do exist of improved control by potentially
competitive agents. Even closely competing agents may have a complementary effect, with
their combination resulting in a stronger effect on the weed than with either species alone
(e.g., Berube, 1980; Myers & Harris, 1980; Hoffmann & Moran, 1992; Maron, 1998).
Nevertheless, it is nowadays realized that the better competitor and the better control agent
may not be a single entity, and that competitive interactions between biocontrol agents could
jeopardise control efforts. Briggs (1993), in modelling interactions between parasitoids,
showed that a better competitor could exclude a better biocontrol agent by, for example,
attacking earlier in the life cycle of the host, such as the non-damaging egg stage, thus
excluding parasitoids of later stages, while not necessarily having an effect on the density of
later, damaging, life stages. In weed biocontrol too, there exist empirical examples of
competitive interactions which negatively affect control efforts between agents that attack
similar plant parts (e.g., Woodburn, 1996a; Crowe & Bourchier, 2006), and between agents
that attack different plant parts, at different times (e.g., Milbrath & Nechols, 2004a). It was

wisely suggested that amongst multiple potential biocontrol agents, the species expected to be



a better competitor should only be introduced if the lesser competitor has not been able to
achieve control goals (Zwolfer, 1973; Harris, 1989a).

Testing for competitive interactions between potential agents in the country of origin,
prior to introduction, is highly valuable in suggesting the sequence of agent introduction that
is likely to produce the best control outcome (Davis et al., 2006). However, such tests are still
relatively uncommon (Gerber et al., 2007a), and cannot guarantee that results would be
replicated in the new environment of the invaded range; nonetheless, we can greatly benefit
from better understanding of competitive interactions between agents post introduction.

Carduus nutans biocontrol agents in New Zealand present a particularly challenging
system, with potential direct competitive interactions between the two seed predators (R.
conicus and Urophora solstitalis L.), as well as potential indirect interaction between the seed
predators and the spatially and temporally separated root feeder (Trichosirocalus horridus
sensu (Panzer)) (for clarification see Chapter 2). None of these interactions have been studied
in New Zealand, (except in a short survey of R. conicus and U. solstitialis as part of a study
by McNeill & Fletcher, 2005), and only some (the interaction between T. horridus and R.
conicus and between R. conicus and U. solstitialis) have been studied elsewhere (Tipping,
1992; Woodburn, 1996a; Milbrath & Nechols, 2004a).

1.4 Thistles as a case study

1.4.1 Why thistles

Thistles of the plant tribe Cardueae are represented in the New Zealand flora by at least 115
species, all of which are alien. At least nine species are economic weeds, and dozens other
species have been recorded as weeds elsewhere, some of which are already naturalized here
and thus may be ‘sleeper weeds’.

Three of the economically harmful thistle species are currently under biological
control programmes in New Zealand (all three are still significant economical weeds), the
longest of which, against C. nutans, dates back to the early 1970s, with partial success to date.
Furthermore, a robust matrix population model which was developed for C. nutans in New
Zealand (Shea & Kelly, 1998) and was recently updated (Jongejans et al., 2008) makes this a
highly informative study system. Therefore, thistles in New Zealand represent a challenging
group of weeds, with much scope for improvement of biocontrol, and unfortunately, with

much scope for weediness (and future biocontrol needs).
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1.4.2 System organisms

1.4.2.1 Thistles (Asteraceae)

Carduus nutans L. is a monocarpic annual or facultative-biennial herbaceous weed of
Eurasian origin. Seedlings form flat rosettes which, after fulfilment of age and vernalization
requirements, bolt (elongate a stem), flower and subsequently die (Medd, 1977). The
taxonomy of the species is complex, and hybridization with Carduus acanthoides L. is
possible, but most specimens in New Zealand are treated as C. nutans sensu stricto (Webb et
al., 1988; Popay & Medd, 1990).

Carduus nutans was first recorded in New Zealand in 1899 (Kirk, 1899). By 1940 it
had already become a problem and was got mentioned in an act of Parliament (Allan, 1940).
Like other thistles, it is assumed to have entered New Zealand as contaminants in imported
seed (Jessep, 1990). Flowering usually begins in late November (spring), peaks around
January, and depending on weather is largely completed by March but can continue well into
June (winter) (Webb et al., 1988; Popay & Medd, 1990; current study), or even longer (pers.
obs.).

Carduus pycnocephalus L. and Carduus tenuiflorus Curtis are annual species, which share a
similar demography; they germinate in autumn and produce numerous clusters of small seed
heads (capitula) from November to January, with a flowering peak around December (Kelly,
1988; Webb et al., 1988; pers. obs.). Carduus pycnocephalus and C. tenuiflorus were
recorded as “common” and “very plentiful” in Otago by Thomson in 1894 (Allan, 1940, p.
169). They have already become a problem and got mentioned in an act of Parliament by

1940 (Allan, 1940)

Cirsium vulgare (Savi) Tenore is a facultative-biennial, which grows to sizes similar to those
of C. nutans, and produces large capitula, similar in size to those produced by C. nutans.
Flowering occurs from November to March, and peaks around January (Webb et al., 1988;
pers. obs.). Under the older synonym C. lanceolatum (L.) Hill, it was recorded as “common to
locally abundant” by Hooker in 1867 (Allan, 1940, p. 169). By 1940 it had already become a
problem and got mentioned in an act of Parliament (Allan, 1940). Cirsium vulgare has

recently become the target of a biocontrol programme in New Zealand (Fowler et al., 2000).



1.4.2.2 Biocontrol agents

Rhinocyllus conicus (Froehlich) (Coleoptera: Curculionidae), nodding thistle receptacle
weevil, was introduced to New Zealand in 1972 (Jessep, 1989a). Adults emerge from
overwintering in early spring to feed on thistle foliage and stem, feeding which is not
particularly damaging to the plant, but is essential for egg maturation (Zwdlfer & Harris,
1984). Adults are active for a period of about eight weeks (Zwolfer & Harris, 1984; Milbrath
& Nechols, 2004a; pers. obs.). Jessep (1975) recorded an 18 week oviposition period in New
Zealand, but I suspect this includes a partial second generation in the warmer North Island
(Zwolfer & Harris, 1984, p. 43). A second generation can occur if larvae complete
development when daylight is longer than 16 h, but for the most part, there is just one
generation per year (Zwolfer & Harris, 1984). Eggs are deposited on the external lower
surface of the involucre bracts of thistle flower buds, each egg covered by a cap made of
masticated, cemented host plant particles (Zwolfer & Harris, 1984). In the native range,
normally no more than 30 eggs per capitulum are deposited (Zwolfer & Harris, 1984); but in
the introduced range, early capitula may receive hundreds of eggs each (Zwdlfer & Harris,
1984; Jessep, 1989a; Woodburn, 1996a). Larvae hatch after 6-9 days and tunnel their way
into the receptacle where they feed, for four larval instars, on callus induced by their
tunnelling; this feeding mode prevents seed development (Zwolfer & Harris, 1984; Harris &
Shorthouse, 1996). Pupation occurs within the thistle capitulum, and total development from
egg to adult lasts 45 to 55 days (Zwolfer & Harris, 1984). At one time, the species was
suggested to consist of several biotypes (Goeden & Ricker, 1978) or ecotypes (Zwolfer &
Preiss, 1983) with distinct host preferences and failure to develop on part of the acceptable
host range for R. conicus as a whole; an allozyme work later distinguished two subspecies — a
temperate one and a Mediterranean one, and suggested that the species Rhinocyllus oblongus
Capiomont & Leprieur was, in fact, the Mediterranean R. conicus subspecies (Klein & Seitz,
1994). The population introduced to New Zealand originates from the (temperate) Upper
Rhine Valley in Germany (Jessep, 1989a).

Trichosirocalus horridus sensu (Panzer) (Coleoptera: Curculionidae), nodding thistle crown
weevil, was introduced to New Zealand in 1982, from German origin (Jessep, 1989a). The
species was recently revised and is now considered a complex of at least three species
(Alonso-Zarazaga & Sanchez-Ruiz, 2002). The species composition in New Zealand is
examined in this thesis. Adults emerge in spring to feed on bolting thistle plants for 2-3 weeks
before going into aestivation (summer dormancy). Adults reappear in autumn, when they feed

and reproduce; batches of 1-6 eggs are deposited mainly into the midribs of thistle leaves (but
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also in the leaf lamina) during autumn and winter (rosette stage). Larvae reach the centre of
the rosette and the crown, where their feeding on meristematic tissue destroys growing tips.
After three larval stages the larvae leave the rosette to pupate in the soil. There is one

generation per year (Boldt & Campobasso, 1981; Woodburn, 1997).

Urophora solstitialis L. (Diptera: Tephritidae), nodding thistle gall fly, was introduced to
New Zealand in 1992 from a French origin (Hayes, 2007). Adults start emerging from galls in
early spring, after overwintering at the third larval instar, and continue emerging for about six
weeks (Woodburn, 1996b). Females are ready for mating and oviposition upon emergence,
and eggs are laid singly into developing floral tubes in closed thistle buds (Woodburn, 1996a,
b). Larvae spend their first instar inside the developing ovule and then eat their way down to
the receptacle, where they induce the formation of a lignified woody gall (Freidberg, 1984;
Moeller-Joop & Schroeder, 1986). Larvae spend about four weeks feeding and the pupal stage
lasts about two weeks (Persson, 1963). The gall induced by Urophora spp. flies is a powerful
metabolic sink that drains resources form the plant as a whole (Harris, 1989b). Urophora

solstitialis has two generations a year.

1.5 Thesis rationale

The overall aim of this thesis was to address some of the core challenges facing weed
biocontrol systems in multi-species environments, using thistles as a case study. The thesis
progresses from the fundamental issues of agent identification, abundance and impact, to
analysis of interspecific interactions and their potential population level effects on the host. It
then asks how agents with a preference for one weed host may affect multiple other closely
related hosts, and how this can be used to improve biocontrol, especially of ‘sleeper weeds’.
Finally, it compares populations of multiple thistle species in the early days of C. nutans

biocontrol programme and at present.

Just how critical correct identification of organisms in biocontrol systems is, is well
demonstrated in past and present cases (Thomas & Room, 1986; Goeden, 1988; Ding et al.,
2006; Morin & Edwards, 2006). Given that taxonomy occasionally gets revised, re-
identification well into a biocontrol programme is no less important than identification prior
to introduction of an agent. Following the revision of T. horridus (Alonso-Zarazaga &
Sanchez-Ruiz, 2002), it was believed that the fauna in New Zealand is likely to consist of
either one or two of the newly and/or redescribed species. A nation-wide survey of

Trichosirocalus sp. fauna, which is described in Chapter 2, aimed to resolve paradoxes arising
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from the species revision. This chapter has been accepted for publication (Groenteman et al.,
in press b) and is presented in its accepted version, accompanied by an addendum to
encompass developments which took place after manuscript acceptance.

Regardless of the identification outcome, three C. nutans biocontrol agents are already
in the country. The last was introduced almost 18 years ago; yet, with the exception of several
studies following the introduction of R. conicus (Kelly & McCallum, 1990; Kelly et al., 1990;
Kelly & McCallum, 1995; Shea & Kelly, 1998), there has been no principal study on the
abundance, phenology or impact of these biocontrol agents. Chapter 3 follows the three
biocontrol agents (abundance of T. horridus and abundance, phenology and impact of R.
conicus and U. solstitialis) on C. nutans at the plant level, in field surveys and as a by-product
of a field experiment.

Testing for possible interactions between potential biocontrol agents prior to
introduction is excellent practice. However this is still the exception rather than the rule
(Gerber et al., 2007b). Still, much can be gained from studying interactions in the system after
agent introductions, and refining of control strategies can continue in an active adaptive
framework. Chapter 4 investigates interspecific interaction between the three C. nutans
biocontrol agents already in New Zealand, for the first time, 18 years after the last of their
introductions, and asks whether their combination is more (or less!) effective than their
individual effects. This question is treated experimentally at the plant level, and inferences to
the population level are made through manipulations of C. nutans matrix population model.
One section of this chapter (Section 4.1) has been published (Groenteman et al., 2007). This
section is presented as a modified version of the published paper which had to follow strict
space limitations. It is complemented by an appendix (Appendix A) which details the
statistical analysis to back results presented in the manuscript.

The effectiveness of biocontrol needs to be radically improved in the face of future
invaders - ‘sleeper weeds’. In Chapter 5, the concept of ‘multi-targeting’ is suggested for
targeting closely related alien plant species as a group, after they have naturalised, but before
they have become invasive. This is to challenge, where appropriate, the accepted paradigm in
weed biocontrol, which targets individual species only after they have already become
invasive and environmentally and/or economically harmful. The multi-targeting concept is
tested in an experimental approach, complemented by a field survey. The experimental
approach in Chapter 5 generated some insights about oviposition preferences of R. conicus,
which are presented in Chapter 6. Chapter 6 has been accepted for publication (Groenteman et
al., in press b), and is presented in its accepted version. Although Chapters 5 & 6 arise from a

single experiment, the statistical analysis for Chapter 5 was done at a later date, after Chapter
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6 had already been accepted for publication. In Chapter 5 I ended up using only a subset of
the data, in contrast to Chapter 6, in which I used the full dataset. Therefore, some results may
appear inconsistent between the two chapters. Chapter 5 is accompanied by an appendix
(Appendix B), which reports some of the analyses on a larger subset. These results carry more
resemblance to those reported in Chapter 6.

A unique population level approach to thistles is used in Chapter 7, where present
population densities of multiple thistle species were measured for three regions of Canterbury,
and compared to historical data from the mid 1980s levels, before two of the three biocontrol
agents were released. It is asked whether thistle populations have changed in this time gap,
and whether any such change could be related to biocontrol agents activity.

Finally, Chapter 8 presents a synthesis of this research and puts the main findings in
context of research challenges in weed biocontrol (and thistle biocontrol in particular), in

general, and in New Zealand.



13

Chapter 2%: Which species of the thistle biocontrol agent

Trichosirocalus are present in New Zealand?

2.1 Introduction

The thistle biocontrol agent Trichosirocalus horridus (Panzer) was first introduced to New
Zealand in 1984 and was released in the Canterbury plains of the South Island (Jessep,
1989b). By 1989, established populations were available for distribution to further sites in
both the North and South Islands, and the weevil has been considered established in New
Zealand ever since. The weevils introduced to New Zealand are originally from Carduus
nutans L. from Neuenburg, Germany, and were established on C. nutans in Canada
(Agriculture Canada, Regina Station, SK) prior to their introduction (Jessep, 1989a, b; Julien
& Griffiths, 1998; P. Harris, pers. comm.).

Preliminary trials in New Zealand soon after the weevils establishment suggested it
readily attacked the three Carduus spp. present in the South Island, C. nutans, C.
pycnocephalus L. and C. tenuiflorus (the fourth Carduus sp., present only in New Zealand’s
North Island, C. acanthoides L., was not tested), and two Cirsium spp., C. vulgare and C.
palustre (L.) Scopoli. It did not attack C. arvense (L.) Scopoli, Silybum marianum (L.)
Gaertner, and Onopordum acanthium L. (Jessep, 1989b). The damage caused by weevil attack
to both Carduus and Cirsium spp. in these trials was substantial.

In 1992 T. horridus from New Zealand was introduced to Australia for C. nutans
control, and releases were initiated in 1993 (Woodburn, 1997). At the same time, scientists
from CSIRO Australia were engaged in research in Europe towards a biocontrol programme
for Onopordum spp. thistles (Briese et al., 1994). One of the highly prioritized biocontrol
agents was identified as T. horridus, partly because it had already been used successfully in
Virginia for controlling the related C. nutans thistle (Kok, 1986, cited in Briese et al., 1994).
The weevils were introduced from Europe into quarantine in Australia, where it was noticed
that they exhibited some consistent differences from the T. horridus introduced from New
Zealand for C. nutans control (T. Woodburn, pers. comm.). Specimens were sent to a
taxonomist (M. Alonso-Zarazaga), who re-described the species and revealed that, what was
until then regarded as one species, T. horridus, was in fact a complex of three species
(Alonso-Zarazaga & Sanchez-Ruiz, 2002). The samples sent from Australia included
specimens of the Onopordum specialist from quarantine, and specimens from the population

established on C. nutans near Canberra. The latter are considered progeny of the weevils

' This Chapter is now in press and may be cited as (Groenteman et al., in press b).
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introduced from New Zealand (Alonso-Zarazaga & Sanchez-Ruiz, 2002). The European
samples from Onopordum in quarantine in Australia were identified as a new species, T.
briesei Alonso-Zarazaga & Sanchez-Ruiz, with trophic linkage to the thistle genus
Onopordum (larvae and adults did not survive on Carduus spp. and Cirsium spp.). Specimens
from C. nutans from the Canberra region were also identified as a new species, T. mortadelo
Alonso-Zarazaga & Sanchez-Ruiz, associated with thistles of the genus Carduus, mainly C.
nutans (Alonso-Zarazaga & Sanchez-Ruiz, 2002). It was assumed that the weevils introduced
from New Zealand to Australia were either T. mortadelo or a mixture of T. mortadelo and T.
horridus. The species T. horridus was now associated with thistles of the genus Cirsium
(Alonso-Zarazaga & Sanchez-Ruiz, 2002).

In Australia, efforts to establish weevils originating from New Zealand on Cirsium
spp., were unsuccessful (A. Swirepick, pers. comm.), which settles with their identification as
T. mortadelo, the Carduus specialist. In New Zealand, however, the weevils occur on both
Carduus spp. and Cirsium vulgare, although their effect on C. vulgare populations is, for the
most part, somewhat poor. Trichosirocalus spp. are extremely attractive biocontrol agents for
weeds that exhibit a long-lived seed bank, such as C. nutans and Onopordum spp., as they
reduce the plants vigour such that they either produce less seeds or even die prior to any seed
production; and they also reduce plant biomass at the time that lapses until seed reserves in
the soil are depleted (Briese, 2006). It was therefore desirable to find out whether the
unsatisfactory control of C. vulgare in New Zealand was attributed to T. horridus, the Cirsium
specialist, not being present here. In 2006, a survey was conducted in New Zealand to record

which thistle species are attacked by which Trichosirocalus spp.

2.2 Methods and Materials

A field survey was initiated in autumn 2006 and lasted to the end of summer 2007. Regional
Councils’ staff visited release sites in different parts of the country, collected weevil
specimens and, where possible, estimated whether thistle populations had decreased since the
weevils’ introduction into their region. All thistle species present at each site were noted, as
well as the relative abundance of damaged rosettes (which can be readily distinguished by the
black frass secreted by the feeding larvae). Where weevils were found on more than one
thistle species at one site, they were collected separately for each thistle species. Sample size
varied between sites, depending on the difficulty to obtain specimens. All weevils were
preserved in 70% ethanol prior to identification.

For identification, all weevils were dissected under a stereo microscope. Their gender

was recorded, and the adeagusof each male was examined against the key provided in
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Alonso-Zarazaga and Sanchez-Ruiz (2002). All specimens were then mounted and deposited

at the University of Canterbury arthropod collection for future referencing.

2.3 Results and Discussion

Different responses from Regional Councils in different parts of the country resulted in large
variation in the number of samples collected per region. Eight regions (three in the North
Island and five in the South Island, Figure 2.1) and 51 sites were sampled and 744 adults were
dissected, 337 of which were males. In one region (Auckland), no weevils could be collected.
All males in all samples were identified as true T. horridus (Table 2.1). Where estimated, C.
nutans populations in New Zealand’s South Island appear to have decreased since T. horridus
introduction (Table 2.2).

o Carduus nutans

® Cirsium vulgare

o Cirsium arvense
Carduus tenuiflorus

® Onopordum acanthium

® Silvbum marianum

Figure 2.1: Regions of New Zealand visited in the survey with points marking: (A) thistle
species present in each region and, (B) species from which weevils were collected.
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Table 2.1: Geographic origin of Trichosirocalus spp. samples and species ID.

Region Number of Host thistle ~ Number of males Species ID'
sites sampled sp. examined
North Island
Central NI C. nutans 20 T. horridus
Greater Wellington 1 C. nutans 8 T. horridus
1 C. tenuiflorus 6 T. horridus
South Island
Tasman 1 C. nutans 20 T. horridus
North Canterbury 3 C. nutans 39 T. horridus
Mid Canterbury 2 C. nutans 19
2 C. vulgare 13
South Canterbury 29 C. nutans 158
5 C. vulgare 12 T. horridus
Central Otago 1 C. nutans 15 T. horridus
1 C. vulgare 5 T. horridus
2 O. acanthium 22 T. horridus
Total 44° 337 T. horridus
'Based on male aedeagus; identified using the key provided in Alonso-Zarazaga and Sanchez-

Ruiz (2002).
*In some sites weevils were collected from more than one thistle species.

Table 2.2: Estimates' of changes to C. nutans and C. vulgare populations since the
introduction of T. horridus.
Number of sites where populations were:

Estimated to have Estimated to have not Not estimated
declined declined (unknown site history)

C. nutans

North Island 3 3 0

South Island 16 6 17

C. vulgare

North Island 1 1 3

South Island 2 2 18

'Subjectively estimated by Regional Council staff who collected weevils, or by land owners.
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Table 2.3: Relative abundance of different thistle species in different regions of New Zealand,
and fraction of sites in which T. horridus adults and/or damaged rosettes were abundant.

Frequency of sites in
Relative abundance of which adult T. horridus

. . 1
Region Host species Presence thistle rosettes and/or damaged
rosettes were abundant’®

North Island

C. nutans 1/1 moderately common 0/1
Auckland C. vulgare 1/1 moderately common 0/1

C. nutans 3/3 very common 1/3
Central NI C. vulgare 2/3 moderately to very common 0/2
Greater C. nutans 2/2 rare 172
Wellington C. vulgare 2/2 rare 1/2
South Island
Tasman C. nutans 1/1 moderately common 0/1

C. vulgare 1/1 rare 0/1
North C. nutans 3/3 moderately to very common 3/3
Canterbury C. vulgare 2/3 rare 0/2
Mid C. nutans 373 varies 1/3
Canterbury C. vulgare 3/3 moderately common 0/3
South C. nutans 30/30 moderately common mostly 21/30
Canterbury C. vulgare 14/30 rare to moderately common 5/14
Central C. nutans 2/3 moderately common 2/2
Otago C. Vulgarg 2/3 rare to moderately common 172

O. acanthium 2/3 moderately to very common 2/2
NZ total C. nutans 45/46 29/45

C. vulgare 27146 727

'Presence is expressed as the fraction of sites in which the thistle species was recorded, out of
the total number of sites visited in each region.

*Rosette abundance was subjectively determined by Regional Council staff who collected
weevils.

Three main points can be highlighted: (i) there is no evidence for any species other than T.
horridus being present in New Zealand (Table 2.1); (ii) T. horridus readily attacks Carduus,
Cirsium and Onopordum thistles (Tables 2.1 and 2.3); and (iii) C. vulgare appears to be, for
the most part, not as strongly affected as C. nutans and O. acanthium by the weevil (Tables
2.2 and 2.3). The latter two points are inconsistent with the recent re-description of the species
(Alonso-Zarazaga & Sanchez-Ruiz, 2002). According to this description, T. horridus should
be able to feed on Carduus spp., but should show preference for Cirsium spp., in particular to
C. vulgare. In addition, it has been indicated that T. horridus might be seen on Onopordum
spp. in mixed thistle stands, but that it would not feed on it (M. Alonso-Zarazaga, pers.
comm.).

The presence and feeding of T. horridus on O. acanthium in New Zealand is of special
interest: in the early 1990s, not long after the weevil had been introduced to New Zealand and
had established, T. Jessep (who was responsible for its introduction and distribution),

realizing the weedy status of Onopordum spp. in Australia, decided to establish the weevil on
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O. acanthium in New Zealand, as a measure to prevent this thistle from becoming weedy here
(M. Turner, pers. comm.). Onopordum acanthium (the only Onopordum spp. present in New
Zealand) is not common, and can mainly be found in Central Otago. A site was located in
Central Otago, hosting an isolated dense O. acanthium stand, with no C. nutans to be found at
aradius of 10 km. In 1993, 1,300 weevils, collected from C. nutans, were released at the site
(M. Turner, pers. comm.). The weevils have established, and have dramatically reduced O.
acanthium density at the site over several years. Today, only few thistles are germinating,
fewer reach the flowering stage, and ones that do flower show reduced height and vigour (R.
Groenteman, pers. obs.). Moreover, with the loss of prickliness attributed to the weevil larval
feeding, the capitula appear palatable to the deer grazing on the farm, which further helps
depleting the soil seed bank. The landowner assured us that he does not manage thistles on the
farm by any other control means or land management practices. The weevils were never
redistributed from that original site; yet we were able to collect them from another O.
acanthium stand, about 50 km (aerial distance) away from the original site. At this distant site,
part of the plants were high and vigorous, and exhibited no weevil feeding signs, whereas
others appeared much less vigorous, exhibited feeding signs, and hosted the weevil (R.
Groenteman, pers. obs.). It seems that the weevils dispersed by themselves to the site, and
their impact is beginning to be noticeable. Adults that were collected from O. acanthium at
both sites were identified, again, as T. horridus. At the self-introduced site, adult weevils were
also collected from C. vulgare, and these, too, were identified as T. horridus (Table 2.1).

The results from the survey thus far present two paradoxes: firstly that T. mortadelo
was collected from New Zealand and shipped to Australia but has not been found in our
survey, and secondly, that T. horridus does not show a distinct preference for Cirsium thistles
in New Zealand as reported elsewhere.

What, then, might the origin of T. mortadelo in Australia be? It appears that although
CSIRO scientists have been engaged in searches for biocontrol agents in several European
countries in the mid 1990s, the only Trichosirocalus sp. introduced into Australia as a result
of this were the Onopordum specialist from Spain, later named T. briesei; and the only
weevils released on Carduus thistles a few years earlier were of New Zealand origin (A.
Sheppard, D. Briese, T. Woodburn, A. Swirepick, pers. comm.). If any Trichosirocalus spp.
had been collected from Carduus thistles in Europe as part of these surveys they would have
been examined in quarantine only, and not released (A. Sheppard, pers. comm.); whereas the
Carduus weevils used in the revision were collected from established populations in Australia

(D. Briese, pers. comm.).
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It has been suggested that T. mortadelo may have disappeared from New Zealand or
was out-competed by T. horridus. An examination of 30 specimens that were collected in
South Canterbury in 1990, as part of a Lincoln University Master thesis, does not support this
possibility. These specimens were collected at the original release site in New Zealand, where
the weevils have been established the longest. This, most probably, was the site that sourced
the weevils for the introduction to Australia. Sixteen of these specimens were males, and they
were identified as T. horridus. Thus, it is hard to believe T. mortadelo was there at the time
but was not represented in the sample.

A third paradox arises from the revision itself (Alonso-Zarazaga & Sanchez-Ruiz,
2002), and is supported by the personal communications surrounding this survey: that there is

no evidence for T. horridus presence in Australia.

2.3.1 Conclusions and Outlook

To conclude, it appears that the Trichosirocalus spp. fauna in New Zealand consists of
only one species, T. horridus, feeding on thistle hosts belonging to the genera Carduus,
Cirsium and Onopordum. It is unclear why the weevils in New Zealand exhibit host
utilization that is inconsistent with the recent revision. It also remains unclear where T.
mortadelo in Australia originates from and why T. horridus is absent there. A similar survey
in Australia would shed some light on these matters.

It is probably not desirable to re-introduce T. horridus from C. vulgare to achieve
better control of this thistle, since the specialized populations may interbreed with the existing
populations already well established on Carduus. However, it might be useful to harvest
weevils from the few sites in New Zealand where they do well on C. vulgare, and redistribute
those. It is certainly unjustified to introduce the Carduus specialist, T. mortadelo, since T.
horridus is well established on C. nutans and appears to have a significant negative effect on

this weed.

2.4 Addendum

Since this manuscript has gone into press, a few T. horridus from C. nutans in New Zealand
have been examined by Dr. Rolf Oberprieler, a weevil specialist at the Australian National
Arthropod Collection. The specimens from New Zealand were compared to two of the
paratype specimens from Australia used by Alonso-Zarazaga and Sanchez-Ruiz for the
description of the new species T. mortadelo (Alonso-Zarazaga & Sanchez-Ruiz, 2002). Dr.
Oberprieler’s conclusions could be summed up as follow:

1. The New Zealand specimens and the paratype specimens are the same species.
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2. Neither follows the T. mortadelo description that is given in Alonso-Zarazaga and
Sanchez-Ruiz’s key (2002). All are more similar to T. horridus.
3. This resemblance does not reject nor confirm that T. horridus and T. mortadelo are
two distinct species.
4. Without further study, we cannot confirm what species the New Zealand specimens

(or the Australian paratype specimens) are.

This comparison resolved two of the paradoxes raised in this chapter — (i) that T. mortadelo
was imported from New Zealand to Australia but was not found in my survey; and (ii) that
there appeared to be no evidence for presence of T. horridus in Australia. It was now clarified
that the weevils in New Zealand and the weevils in Australia which are considered
descendants of weevils from New Zealand, all belong to a single species. However, the
identity of this species, as well as the existence of the species complex remain unclear at this
stage.

Following the presentation of this study at the XII International Symposium on
Biological Control of Weeds in April 2007, the significance of clarifying the status of this
species complex has been identified by the USDA. USDA Agricultural Research Service
scientists and collaborators from Europe are planning to undertake morphological and genetic
studies of Trichosirocalus. Specimens are currently being collected from the native range and
from various parts of the introduced range (including New Zealand and Australia), and from
various thistle hosts. Morphological and genetic features of these specimens will be compared

in due course.

At this point, I cannot be certain of the identity of the weevils in New Zealand; I

regard them hereafter as T. horridus sensu (Panzer).
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Chapter 3: Abundance, phenology and impact of nodding
thistle biocontrol agents on nodding thistle in New Zealand

3.1 Introduction

Nodding (musk) thistle, Carduus nutans (Asteraceae), a monocarpic herbaceous facultative-
biennial, is a serious pasture weed in many parts of New Zealand (Delahunty, 1960; Jessep,
1989a). It reproduces by seeds only (Zwolfer & Harris, 1984; Popay & Medd, 1990), and is
highly prolific (Feldman et al., 1968; Kok, 1978; McCarty, 1982; Jessep, 1990; Popay &
Medd, 1990).

A biocontrol programme against C. nutans in New Zealand commenced in the early
1970s. The first biocontrol agent, introduced in 1972, was the receptacle weevil, Rhinocyllus
conicus (Coleoptera: Curculionidae), from C. nutans in Canada (Agriculture Canada, Regina
Station), with those insects having been originally sourced from the Upper Rhine Valley in
France (Jessep, 1989a). The weevil larvae develop by feeding on the receptacle tissue of C.
nutans (and other thistles), which prevents seed development (Zwdlfer & Harris, 1984).
Rhinocyllus conicus is normally univoltine and can exhibit a partial second generation, if first
generation larvae complete development when day length is 16 h or longer (Harris, 1984).
Rhinocyllus conicus was reported to reduce early season viable seed production of C. nutans
by 78% in Nebraska (McCarty & Lamp, 1982), however this figure is probably unreliable
(Kelly & McCallum, 1995). Rhinocyllus conicus appeared to have controlled the weed in
about six years from introduction in Virginia (Kok & Surles, 1975), with the estimated total
seed loss of about 35% (Surles & Kok, 1978). Similar decrease in C. nutans density was
recorded in Canada (Harris, 1984). A major contribution of R. conicus to successful C. nutans
control was recently recorded in Oklahoma (Roduner et al., 2003). In Australia, R. conicus is
estimated to reduce C. nutans seed production by 7 - 36% (Woodburn, 1996a; Woodburn &
Briese, 1996; Woodburn, 1997), whereas in New Zealand, it is estimated to reduce C. nutans
seed production by about 36% (Kelly & McCallum, 1990, mean of % predation between 1982
to 1986), which is insufficient to bring C. nutans populations to decline in either country
(Kelly & McCallum, 1995; Shea & Kelly, 1998; Shea et al., 2005). In its native range in
Europe, R. conicus is estimated to reduce C. nutans seed production by 35% (Sheppard et al.,
1994).

The crown-root feeding weevil Trichosirocalus horridus sensu (Panzer) (for
clarification see Chapter 2) (Coleoptera: Curculionidae) was the second biocontrol agent
introduced to New Zealand against C. nutans, in 1982, from Canada (Agriculture Canada,

Regina Station), with those insects having been originally sourced from Germany. They had



22

become established in New Zealand by 1984 (Jessep, 1989a). Trichosirocalus horridus larvae
consume meristem tissue in the crown-root zone of C. nutans rosettes. At high density, larval
feeding can kill a plant; surviving plants suffer reduced performance and their foliage
becomes spineless (Woodburn, 1997), which makes them more palatable to livestock (for an
extended discussion on plant performance under sub-lethal T. horridus densities see Chapter
4). Trichosirocalus horridus is univoltine, but has an extended oviposition period in New
Zealand (Jessep, 1989a). In Australia, T. horridus is estimated to reduce C. nutans seed
potential (i.e., seed production per plant) by 72% (Woodburn, 1997). In Oklahoma, C. nutans
densities decreased faster at sites with T. horridus (and R. conicus) than in sites with no T.
horridus (and only R. conicus) (Roduner et al., 2003) and in Virginia, T. horridus has
successfully reduced plumeless thistle, Carduus acanthoides densities at sites with little or no
C. nutans (Kok & Mays, 1991). It has to be noted, however, in light of the uncertainty
surrounding the taxonomic identity of T. horridus that, while the weevils in New Zealand and
Australia have been confirmed to belong to the same species, the weevils in North America
may or may not be of the same species. While the incidence of attack by T. horridus was
lower on small Carduus thoermeri Weimann (a synonym of C. nutans ssp. leiophyllus
(Petrovic€) Stoj. & Stef.) and C. acanthoides plants than on larger plants in Virginia (Sieburth
& Kok, 1982), both large and small Onopordum nervosum Boiss. thistles were attacked by
Trichosirocalus briesei in Australia (Briese et al., 2002). It was interesting to test the pattern
of natural abundance of T. horridus in relation to the size of the resource - C. nutans rosette in
New Zealand, bearing in mind it may not be the same species studied in North America.

The third C. nutans biocontrol agent, the gall-forming fly Urophora solstitalis
(Diptera: Tephritidae), was introduced in 1992 from a French biotype that was first
established in Australia (Hayes, 2007). Larvae induce the formation of woody galls in the
receptacle of C. nutans capitula, which not only prevent seed development within the attacked
capitulum, but are also strong sinks for nutrients from the entire plant (Harris, 1989a).
Urophora solstitialis is bivoltine; its first generation coincides with R. conicus, and its second
generation occurs in the absence of R. conicus, when the majority of late C. nutans capitula
are produced. In Australia, a 45% reduction in seed set was achieved in the first year after U.
solstitialis introduction (Woodburn, 1996b; Woodburn & Cullen, 1996), and the later 70%
reduction of C. nutans seed rain is attributed largely to U. solstitialis (Woodburn & Briese,
1996). In its native range in Europe, where a large number of natural enemies of C. nutans
and of U. solstitialis are present, it was estimated to account for only 15% seed reduction

(Sheppard et al., 1994). It has been suggested that U. solstitialis may be outcompeted by R.
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conicus when they occur together (Harris, 1989a), and this appears to be the case in the first
generation of U. solstitialis in Australia (Woodburn, 1996a).

Establishment in New Zealand of all three biocontrol agents is well documented
(Jessep, 1975, 1989b; Harman et al., 1996; Hayes, 2007). However, impact on the target
weed, C. nutans, has been studied for only R. conicus (Popay et al., 1984; Kelly &
McCallum, 1990; Kelly et al., 1990; Kelly & Wood, 1991; Kelly & McCallum, 1995; Shea &
Kelly, 1998).

In order to address this gap in knowledge on C. nutans biocontrol agents in New
Zealand, the current chapter sets three objectives: to (a) measure the abundance of T. horridus
larval stages in rosettes in Canterbury, (b) follow the phenology of R. conicus and U.
solstitialis, and (c) measure the impact of R. conicus and U. solstitialis on C. nutans seed

production. To achieve these objectives, field surveys and an experiment were incorporated.
3.2 Methods

3.2.1 T. horridus abundance in C. nutans rosettes

The pattern of T. horridus attack on C. nutans was surveyed in North, Mid and South
Canterbury. Three sites per region were haphazardly selected, in which C. nutans rosettes
were sampled twice, in winter 2005 and winter 2006. Sampling during winter represents peak
levels of larval infestation, and avoids effect of rosette mortality attributed to T. horridus,
which occurs in late spring. The sites were: North Canterbury (Culverden area): Isolated Hill
Rd. (IHR), 42°45.24° S 172°56.85” E; Leaches Rd. (LR), 42°43.51* S 172°56.45" E; The
Mound Rd. (MR), 42°47.09° S 172°55.62° E; Mid Canterbury (Rakaia Gorge area): Coalgate
(CO), 43°28.70° S 172°00.01” E; Homebush (HB), 43°28.09” S 172°01.21" E; Hororata (HO),
43°32.89° S 171°55.66° E; and South Canterbury (Ashburton area): Hamptons Rd. (HR),
43°56.41° S 171°57.16° E; Jamisons Rd. (JR), 43°45.19° S 171°49.58” E; Windermere Rd.
(WR), 43°57.80° S 171°35.71" E. At each site five points were randomly selected (by dividing
each paddock to an imaginary grid and computer-generating random coordinates) at which the
six nearest C. nutans rosettes within a radius of 3 m were dug up, their longest leaf length was
measured in cm, and the root crown taken to the lab. If not enough rosettes could be collected
at a certain point, more points were randomly selected, until a minimum of 30 rosettes per site
was reached. Work in Virginia found that larger rosettes were significantly more prone to
attack by T. horridus (Sieburth & Kok, 1982). Therefore, to assure sufficient sample size,
additional large rosettes (leaf length longer than 20 cm) were taken if fewer than three of the

six nearest rosettes at each point had a longest leaf length of less than 20 cm, to a total of up
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to three per point. Thus, altogether a site had a minimum of 30 and a maximum of 45 rosettes
collected, depending on the size distribution. In the lab, the crown-root diameter was
measured in mm, and T. horridus larvae counted and their instar recorded on at least 20 of the
rosettes per site (except in three cases where only 18, 13 and 17 crowns were processed per
site; Table 3.1). Leaf lengths and crown-root diameters were divided to three to four
categories. Categories were deemed a more informative way of presentation than continuous
variables if on-site estimates are ever to be attempted using these relationships. This is
because size categories can be fairly easily estimated, whereas continuous linear relationships
would require actual measurements before any useful inferences could be made. This is
especially true for leaf length categories which do not even require any destructive action to
estimate. The distributions of attack (number of larvae of all instars per rosette) per leaf length
category and per crown-root diameter category are presented. The effects leaf length and
crown-root diameter on the number of larvae per unit area of crown-root were analysed in

mixed effects models with site and year as grouping factors.

Table 3.1: The number of crowns processed for each site (coded as in the text above) in 2005
and 2006.

North Canterbury Mid Canterbury South Canterbury
IHR LR MR CO HB HO HR JR WR
2005 32 23 23 43 25 26 46 29 18
2006 13 20 20 17 20 20 20 23 20

3.2.2 Seed predators effect on C. nutans

Field experiment
Carduus nutans plants were grown in the University of Canterbury glasshouses from seeds

collected in summer 2005 around Canterbury. In late autumn 2005, 120 plants were
transplanted as small rosettes to the experimental plot, an uncultivated grassy area that was
regularly mown, at the Landcare Research Lincoln campus, as part of the multi targeting
experiment (Chapter 5). Carduus nutans plants were arranged in 12 plots (ten plants per plot)
within six blocks (the complete experimental design is given in detail in Chapter 5). The
experiment site was naturally colonised by R. conicus and U. solstitialis; no controlled
releases of biocontrol agents were made. The number of capitula was counted on each plant
when capitula were harvested. The plants were checked for ripening capitula frequently
(every two to ten days, depending on ripening rate of capitula. When each capitulum was
collected its height, position (primary, secondary or tertiary) and external diameter were

recorded. The frequent collection did not allow for any seed dispersal or predation by
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goldfinches. Capitula were stored to allow time for seed predator development, after which
their receptacle diameter was measured and any signs of attack by R. conicus and U.
solstitialis were recorded. Rhinocyllus conicus attack signs included egg cases (recorded as 0
—none, 1 - low, 2 - medium and 3 - high egg density), larvae, pupae, adults and typical
feeding damage. Urophora solstitalis attack signs included larvae, pupae, adults and excess
empty galls. The level of feeding damage in attacked capitula was ranked from 0 to 3 (0 —
none, 1 — little, 2 — medium and 3 — high damage), and viable seeds were counted for most
capitula. The first capitulum ripened on 19 December 2005, and collections continued until 16
May 2006. About two thirds of the 90 plants that bolted successfully were harvested in full
during this time, and the remainder plants for which not all capitula ripened by 16 May were
destroyed.

The number of viable seeds from unattacked capitula was regressed against capitulum
external diameter (in mm), accounting for non-independence of capitula within plants. The
analysis showed a poor fit to the data, with some capitula showing increasing seed number
with increasing diameter, while others showed low seed number across a range of capitulum
size (Results, Figure 3.3). It was suspected that capitula flowering later in the season may be
less successfully pollinated (due to poorer pollinators’ activity when temperatures drop).
Otherwise, capitula at secondary and tertiary positions may suffer from depleted plant
resources, which may result in lower seed-set. The effects of time in the season and capitulum
position on seed production were therefore tested in a mixed effects model, using plants, plots
and blocks as grouping factors. However, as not all plants and all plots had ripened capitula at
all combinations of times and positions, the model ignored these grouping factors, and only
used blocks as a grouping factor. This analysis showed that neither time in the season,
capitulum position or their interaction allowed good fits of seed number vs. capitulum area
(Table 3.4). I therefore did not use these data to further estimate seed output per capitulum.
Instead, in the absence of further testable factors for the poor fit of my data, I used the
formula calculated by Popay et al. (1984), which shows high correlation and which agrees
with other formulae for nodding thistle in New Zealand and Australia (Kelly & McCallum,
1990):

Seed output = (receptacle area in mm? x 0.76) + 76.8 (r* = 0.83)
To estimate seeds destroyed per seed predator, seed output was calculated for capitula

damaged by seed predators, using the Popay et al. (1984) formula; the actual seed counted

from these capitula were subtracted from this estimate (no negative values were allowed), and
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the new estimate, divided by the number of seed predators present in each capitulum, was
averaged for each seed predator. Capitula attacked by both seed predators were not included
in producing these estimates. Early larval instars of the seed predators were excluded because
their consumption is negligible in comparison to later instars. To account for variation in seed
destruction, the effects of larval density, capitulum position and time within the season were
explored.

Seed loss per plant was estimated for plants that had at least 80% of their capitula
harvested and processed (58 plants out of 90 plants that produced capitula). For each of these
plants, potential seed output was estimated in the absence of seed predation: actual seed
counts for unattacked capitula were combined with Popay et al.’s (1984) formula estimates
for attacked capitula (and for unattacked capitula that did not have their seed counted), to
estimate seed output per plant in the absence of seed predation. Seed output after seed
predation was estimated for each of these plants, using the same procedure as before for
unattacked capitula, but using actual seed counts for damaged capitula if such counts were
done, or estimating seed loss for damaged capitula that had not had their seeds counted from
the predation estimates calculated above. The estimate of seed production, accounting for
predation, was calculated for each seed predator separately, and for both seed predators

together. The proportion of seed loss was calculated using the quotient of these two estimates.

Field survey
During the time when the above experiment was running, one site that was used in the T.

horridus survey, the Hamptons Rd. site in South Canterbury, was followed for seed predator
attack: from 20 December 2005, one day after the first ripe capitulum was collected at the
experiment above, the site was visited approximately once a fortnight. The number of
flowering plants and the number of flowering capitula (capitula with at least one floret open)
were recorded, and all ripe capitula were collected, from a plot of 34 m length by 1 m width.
In the lab, these capitula were measured (external diameter and receptacle diameter), and the
presence, number, and instars of larval R. conicus and U. solstitialis recorded. Sampling
ceased in mid autumn, when very few plants were still flowering, but no seed predators were
found in two consecutive samples. This prompted the decision to stop collections from the
experiment above soon afterwards. The survey was repeated in 2006-07, but during this
season the thistles in this site were mowed three times, which would have killed any seed
predators and eliminated any second generation U. solstitialis. Only data from 2005-06 were
therefore used.

Seed predation per larval R. conicus and U. solstitialis calculated from the experiment

above were used to estimate seed loss in the field population: seed potential of collected
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capitula was estimated from the receptacle diameter, using the relationship established by
Popay et al. (1984). The number of seed lost per capitulum to either seed predator on each
collection date was estimated from the number of larvae recorded, using the estimates of seed
predation per larva calculated from the experiment above. A proportion of seed loss was then
estimated for each sampling date by calculating the fraction of flowering capitula present on
site on that date of the total flowering capitula counted throughout the season, and multiplying
by the proportion of seed loss estimated for that date from the processed capitula. Finally, the
latter proportions were summed to give a seasonal estimate of seed loss to either seed predator

and for both. These calculations were done for the 2005-06 season only.
3.3 Results

3.3.1 T. horridus abundance in C. nutans rosettes

In both 2005 and 2006, a trend of increased T. horridus attack with increased rosette size
(expressed as either longest leaf length or as crown diameter) was apparent (Figure 3.1). In
most cases, the maximum number of larvae found in a single rosette exceeded 100, and in all
regions and years more than half the rosettes had larvae (Table 3.2). Larger rosettes hosted

significantly more larvae per mm® crown-root (Table 3.3).

Table 3.2: Maximum number of T. horridus larvae found in a single C. nutans rosette and
percentage of rosettes with larvae in three regions of Canterbury over two seasons

North Canterbury Mid Canterbury South Canterbury
No. larvae % attacked No. larvae % attacked No. larvae % attacked
2005 119 72 199 55 253 80

2006 130 85 129 61 73 57
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Figure 3.1: Mean T. horridus larvae (all instars) per C. nutans crown at three to four leaf

length categories (A & B) and at four crown-root diameter categories (C & D) for three
regions of Canterbury in 2005 (A & C) in 2006 (B & D).

Table 3.3: Number of T. horridus larvae (log transformed) per mm” crown-root (a) at
increasing leaf length and (b) at increasing crown-root diameter: generalised linear mixed
effects model with Poisson distributions and with site and year as grouping factors.

(a) Based on 407 crown-roots from 9 sites and two years.

Fixed effects

df Estimate  Std. Error  z value P
Intercept 1 -2.334 0.272 -8.591  <0.001
Longest leaf length 1 0.036 0.013 2.841 0.005

(b) Based on 404 crown-roots from 9 sites and two years
Fixed effects

df  Estimate Std. Error  z value P
Intercept 1 -2.085 0.246 -8.463 <0.001
Crown diameter 1 0.036 0.019 1.888 0.059
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3.3.2 Seed predators effect on C. nutans

The degree of similarity between the questions asked in the field experiment and in the field
survey calls for the two datasets to be presented simultaneously.

The relationship between capitulum area and seed count in C. nutans in the
experiment exhibited two cohorts: one in which seed production increased linearly with
increasing capitulum area, and another, in which seed production was low and unrelated to
capitulum area (Figure 3.2). The linear relationship for the entire sample is (after accounting

for non-independence of capitula within plants):

Seeds per capitulum = 10.07 + 1.12 x external diameter (mm)

Based on 1975 capitula from 86 plants.
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Figure 3.2: Relationship between C. nutans capitulum area (calculated from external
diameter) and seeds produced per capitulum at the experimental site at Landcare Research
Lincoln campus.

An analysis of seed production per capitulum partitioned to capitulum position and
time in the season (Figure 3.3, Table 3.4) did not reveal a pattern that could accurately
predict the relationship between capitulum area and seed production. Therefore, where

seed estimates were required for C. nutans in this chapter and in the following
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Table 3.4: The effect of capitulum diameter, capitulum position, and time in the season on C.
nutans measured seed production: generalized linear mixed effects model with a Poisson
distribution and with block as a grouping factor.

Based on 1973 capitula from 6 blocks'.

Fixed effects
Df  Estimate  Std. Error z value P

Intercept” 1 4.734 0.038 123.40 <0.001
External diameter 1 0.566 0.002 231.25 <0.001
Secondary position 1 0.074 0.006 12.11  <0.001
Tertiary position 1 0.030 0.007 3.99 <0.001
Mid season 1 -0.028 0.005 -5.70  <0.001
Late season 1 -0.110 0.009 -12.56 <0.001

'For detailed experimental design see Chapter 5
*Intercept: primary position, early season

The flowering status of the site in South Canterbury during the time of the experiment is
presented in Table 3.5. Both 2005-06 and 2006-07 are presented, but 2006-07 is not discussed
any further. The proportion of capitula attacked by either seed predator reveals a similar
pattern in the field survey (2005-06) and the experiment (Figures 3.4 & 3.5 respectively; see
also Table 3.6 for the experiment). They portray a single generation of R. conicus attacking
early in the season, a low peak of first generation U. solstitialis 6-8 weeks later, which
overlaps with R. conicus, and a second generation of U. solstitialis about three months into
the season. At the experimental site, a partial second generation of R. conicus appeared to
attack at about the same time that U. solstitialis second generation started to appear. This
second generation of weevils probably originated from the annual, early flowering species,
Carduus tenuiflorus and Carduus pycnocephalus, used in the multi targeting experiment (see
Chapter 5); most infested capitula from the multi targeting experiment were collected, but it is
likely that some dropped off the plants and escaped collection. Despite the similar pattern,
attack by R. conicus and by first generation U. solstitialis at the field site in South Canterbury
never reached similar levels as at the experimental site (raw mean * SE percentage of attacked
capitula reached 38.0% =+ 5.9 in the experiment and only 19.4% + 5.0 in the field survey);
however, my observation is that the biocontrol agents are abundant in South Canterbury, and I
suspect that 19.4% attack at the survey site may under-represent the magnitude of attack in
the region.

The partitioning of attacked capitula to positions (Figures 3.6 & 3.7) reveals that most
primary capitula are attacked. Also, anecdotally, it appears that when both seed predators are
present simultaneously, R. conicus utilizes more primary capitula than U. solstitialis,

however, further testing is required to varify this pattern. Nonetheless, despite the fewer
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capitula attacked by U. solstitialis in the first days of its appearance, it maintains a high
proportion of its attack on primary capitula, (Figure 3.6).

Each R. conicus larva was estimated to destroy 34.3 + 2.2 seeds, while each U.
solstitialis larva was estimated to destroy 21.3 + 1 seeds. Partitioning of seed destruction by
larval density shows very high destruction per larva in low densities (1-4 larvae per
capitulum) compared to densities of five or more, in both U. solstitialis and R. conicus (Figure
3.8). Capitulum position and time in the season do not account for much variation in seed
destruction (Figure 3.9). It has to be noted that in R. conicus, any late season attack resulted in
only low densities (and hence apparent higher seed destruction per larvae). Per-plant seed loss
to U. solstitialis reached similar estimates in both the experiment and the field survey, while
seed loss to R. conicus appeared higher at the experimental site (Table 3.7); this settles with
the overall lower attack level associated with R. conicus at the field survey in comparison to

the attack level at the experiment as is evident from Figures 3.4 & 3.5.



Table 3.5: C. nutans flowering status at the site on Hamptons Rd., South Canterbury in (a) 2005-06 and in (b) 2006-07.

(a). 2005-06

Date 20.12  03.01 18.01 04.02 1502 28.02 14.03 26.03 10.04 24.04 08.05
Days after 20 December 2005 0 14 29 46 57 70 84 96 111 125 139
Flowering plants 26 43 53 50 41 27 25 26 21 15 11
Flowering capitula 65 142 211 244 126 76 43 56 59 38 20
Capitula collected (ripe) 19 68 90 151 51 51 14 20 26 22 7
Capitula with R. conicus 6 22 13 8 1 1 0 0 0 0 0
Capitula with U. solstitialis 0 0 6 16 1 0 7 6 7 0 0
Capitula with any seed predator 6 22 19 23 2 1 7 6 7 0 0
(b). 2006-07

Date 12.12 27.12  09.01 2401 07.02 21.02 08.03 21.03

Days after 12 December 2006 0 15 28 43 57 71 86 99

Flowering plants 0 191 181 230 286 262 76 85

Flowering capitula 0 7 59 120 529 582 97 61

Capitula collected (ripe) 0 0 1 28 94 245 30 26

Capitula with R. conicus 0 0 1 3 10 13 4 2

Capitula with U. solstitialis 0 0 0 3 0 11 3 1

Capitula with any seed predator 0 0 1 6 10 22 7 3
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Figure 3.4: Proportion of C. nutans capitula attacked by R. conicus (dark), and by U. solstitialis (light) at a site in South Canterbury, between 20
December 2005 and 8 May 2006. All ripe capitula were collected from a plot of 34 m x 1 m approximately once a fortnight. The number of capitula
collected on each occasion is presented above each bar.
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38

Table 3.6: Median capitulum height and external diameter for C. nutans capitula which
ripened on each collection date, partitioned to positions, and the number that were attacked by
either seed predator, or by both

Median capitulum height (mm)

Median external capitulum

diameter (mm)

Number Number
Days attacked attacked
after 19 by either by both
Dec. seed seed
Date 2005 Primary Secondary Tertiary Primary Secondary Tertiary predator predators'
19.12 0 844 38.10 1 0
23.12 655 29.06 0
28.12 662 753 30.11 25.52 7 0
02.01 14 750 27.50 26 0
08.01 20 605 31.28 16 0
18.01 25 839 1037 27.94 27.57 37 0
22.01 34 677 879 26.18 24.41 105 3(2,1,0)
27.01 39 643 859 635 25.97 24.53 19.24 89 0
02.02 45 645 815 820 24.67 23.73 19.69 80 8(4,4,0)
07.02 50 684 851 1040 24.19 22.90 21.12 71 1(1,0,0)
11.02 54 560 783 980 24.85 23.09 20.56 49  3(1,2,0)
17.02 60 529 753 1007 23.94 22.08 20.05 60 2(1,0,1)
24.02 67 596 760 890 22.28 21.62 18.70 41 0
27.02 70 455 650 990 20.25 20.53 20.13 28 1(0,1,0)
01.03 72 512 680 858 21.22 20.15 18.80 12 0
03.03 74 425 530 661 22.38 20.42 19.41 1 0
06.03 77 607 617 765 20.24 20.30 17.50 11 0
08.03 79 345 645 1013 19.97 21.92 21.32 3 0
10.03 81 468 550 760 19.76 18.63 16.61 5 0
13.03 84 319 590 750 20.69 18.57 16.95 5 0
17.03 88 411 503 790 19.20 19.22 18.90 37 0
20.03 91 397 571 620 18.73 18.92 18.44 19 0
24.03 95 332 574 790 19.89 18.65 16.88 50 0
27.03 98 353 530 663 19.42 18.81 18.13 34 0
31.03 102 283 546 675 17.81 17.91 17.57 22 0
05.04 107 296 460 674 17.12 18.07 16.95 76 0
13.04 115 376 546 760 10.60 19.02 17.46 34 0
18.04 120 454 450 670 19.03 13.64 13.78 10 0
21.04 123 290 430 632 16.80 15.67 15.94 19 0
26.04 128 379 435 596 19.14 16.75 15.74 8 0
01.05 132 283 440 400 14.62 14.93 13.91 0 0
05.05 136 286 326 515 17.25 16.65 14.94 1 0
09.05 140 567 491 595 31.57 12.84 11.16 0 0
16.05 148 316 368 494 14.44 12.92 12.81 2 0
Total 967 18

"Numbers in parentheses in cells that had capitula attacked by both seed predators are the partitions of these
capitula to primary, secondary and tertiary positions, respectively. (The two primary capitula collected on 22
January, 2006 only had external signs of attack by R. conicus (namely, eggs); internally, only U. solstitialis signs
were recorded).
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Table 3.7: Seed production per C. nutans plant at the experimental site at Landcare Research
at Lincoln (raw means £SE), and estimates of proportional seed loss to the seed predators at
the experimental site, and at the field survey site at Hamptons Rd. in South Canterbury

Capitula Seed Seed loss to  Seed loss to
production  production per R.conicus  U. solstitialis  Seed loss to
per plant plant (%) (%) both (%)
Experiment Mean 47.5(£6.3) 6873 (£1097) 14.3 (£1.7) 8.8(£1.2) 22.8(£1.9)
Field survey 2005 Mean 4.2 7.2 11.3
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Figure 3.8: Seed destruction per larva of (A) U. solstitialis and (B) R. conicus at increasing
larval densities.
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Figure 3.9: Seed destruction per larva of U. solstitialis (dark bars) and R. conicus (light bars)
at (A) different capitula positions and (B) different times in the growing season.
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3.4 Discussion

Populations of facultative-biennial weeds represent multiple cohorts of germination with great
variability of sizes, and their biocontrol can greatly benefit from root-feeding agents that
distribute attack over various sizes (Briese et al., 2002). In my survey T. horridus larvae were
found in rosettes of all size categories (Figure 3.1). In many cases, however, especially at
early stages of infestation, attack signs could not be detected without destruction of the crown
(pers. obs.); this may explain why the Virginian study (Sieburth & Kok, 1982), which only
used nondestructive means, failed to detect attack in smaller rosettes. As in the Australian
observations, more T. horridus larvae were found in larger rosettes in Canterbury (Figure
3.1). This trend was clear for crown diameter as well as for leaf length, in both 2005 and
2006, and in all three regions, though different larval densities were apparent in the different
regions. These regional differences in larval densities may be related to differences in thistle
densities in different regions (see Chapter 7 for differences in C. nutans population densities
in regions of Canterbury). Briese et al. (2002) have shown that increased densities of T.
briesei resulted in a similar rate of increase of attack on both small and large Onopordum spp.
rosettes; this suggests that, provided agent populations are high enough, all plants could be
attacked at a damaging level. They suggested higher attack on larger plants probably does not
indicate greater attraction to larger plants, but rather the higher frequency of encounters with
larger plants, and a tendency of females to remain longer on larger plants, hence ovipositing
more; Gerber et al. (2007a) add (in a similar context) that larger plants may simply exhibit
higher numbers of suitable oviposition sites. Larger plants in my study hosted significantly
more T. horridus larvae per unit area of crown-root (Table 3.3), which indeed demonstrates
higher rate of attack on larger plants. Higher attack on larger plants has also been documented
in other root feeders (Prins et al., 1992; Pomerinke et al., 1995; Gerber et al., 2007a).

Briese et al. (2002) also found a weak negative relationship between the number of T.
briesei larvae and plant density: O. nervosum plants in denser patches were slightly less likely
to be attacked. On the local scale, this indicates the weevils are well capable of locating
isolated plants, and, if these are attacked more frequently than plants in dense patches, this
means the weevil could modify the level of aggregation of the weed, and hence its impact
(Briese et al., 2002).

The numbers of T. horridus larvae found per crown are comparable to field densities
found in Kansas: 7 to 34 larvae per plant on average, ranging between 0 and 77 larvae per
individual plant (Milbrath & Nechols, 2004b). Milbrath and Nechols (2004b) also found that
densities of less than 20 larvae per plant caused no more than a change in plant architecture,

and did not affect C. nutans capitulum or seed production. Rosettes in that experiment ranged
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from 15 to 30 cm in diameter (comparable to just over 7.5 to 15 cm longest leaf length).
Experimental larval densities in Kansas were consistently lower than the numbers inoculated
(Milbrath & Nechols, 2004b, a). Their information, combined with the field infestation
recorded in my study, was used in selecting numbers to generate sub-lethal infestation in the
experiment in Section 4.2 of this thesis.

Carduus nutans is a highly prolific seed producer. Estimates of average seed
production in New Zealand include, about 6,200 viable seeds per plant (Jessep, 1990), about
8,600 seeds per m* with about 65% viability from 29 capitula per m* (Popay et al., 1984), and
the comparable estimate of about 6,900 viable seeds per plant from my experiment (Table
3.7).

With the amount of overlap between R. conicus and first generation U. solstitialis, the
negligible level of co-occurrence is surprising: only 18 capitula were attacked by both, out of
967 capitula attacked by at least one of them in the experiment. Of these 18 capitula, only 16
actually exhibited larvae of both in the experiment (Table 3.6) At the survey, only a single
capitulum exhibited both agents, out of 93 capitula attacked by either. It is possible that more
capitula are attacked by both species, but that U. solstitialis larvae get predated upon by R.
conicus before they manage to harden a gall (Harris, 1989a) leading to underestimates in my
study. Alternatively, Woodburn & Sheppard (1995) claim U. solstitialis actively avoid
ovipositing in capitula containing R. conicus. Although most of the time not all C. nutans
capitula were attacked (neither at the experimental site nor at the survey site), it is possible
that capitula which represent a preferred resource get occupied by R. conicus, while U.
solstitialis either avoids these, or gets predated upon with no evidence left of its attack. Either
way, potentially fewer U. solstitialis emerge from the generation which coincides with R.
conicus than would be expected in the absence of R. conicus (see Section 4.1), which leaves
later developing C. nutans capitula exposed to potentially less U. solstitialis attack than what
would have been expected in the absence of R. conicus. Although a genuine low occurrence
of U. solstitialis early in the season has yet to be ruled out as causing the low first generation,
there is good indication that high densities of R. conicus early in the season reduce U.
solstitialis numbers in the first generation in Australia (Woodburn, 1996a).

Interestingly, McNeill & Fletcher (2005) recorded 17% co-occurrence of R. conicus
and U. solstitialis in a sample of 105 mainly primary C. nutans capitula from Canterbury;
only about 2% of capitula had U. solstitialis alone, and 81% had R. conicus alone. Attack by
R. conicus in their study occurred from late October, and by U. solstitialis from mid
November, and sampling commenced at the end of October and ceased in mid December

(however, non-ripe capitula were also collected). In comparison, in my study, the first C.
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nutans capitulum ripened on 19 December. Over three seasons (2004-05 to 2006-07) in
Canterbury, I have not encountered such early flowering C. nutans plants as reported by
McNeill & Fletcher (2005); but the presence of R. conicus and U. solstitialis this early in the
season is compatible with my observations.

Seed destruction per larva varied a lot between insect densities of four and densities of
5 or more individuals of less per capitulum (Figure 3.8). It is highly likely that this pattern is
an artefact of the nature of linear regression, such as that used to estimate seed production, at
the lower and higher ends of the spectrum. The majority of capitula were from the lower end
of insect density in both insects, which may explain this pattern. Alternatively, this pattern
may be the result of truncation; negative values of seed destruction were not allowed, and
were replaced with zeroes. This artificially rises the mean, and more so at the lower insect
densities, in which the vast majority of negative values arose. It is also possible that the
pattern is real, i.e., that at low densities seed destruction per larva is indeed higher than at high
densities. This could rise from intra-specific competition for limited resources between larvae
at high densities. However, intra-specific competition is less likely to explain the pattern in
the case presented here, because I present final densities, i.e., post any effect of such
competitive interactions. Capitulum position and time in the season did not contribute to the
variation in seed destruction (Figure 3.9; note that R. conicus attack late in the season is over
represented by low densities, hence the higher seed destruction per larva). My sample
accounts for the entire season, all capitula positions, and a high range of insect densities per
capitulum. Therefore I trust my grand mean estimates of seed destruction per larva are
representative and reliable. My estimate of seeds lost per R. conicus larva, 34.3, is similar to
previous estimates from New Zealand of 29.6 (Popay et al., 1984) and 27.7 (Kelly et al.,
1990). It is also similar to the 29 seeds per larva estimate from Australia (Woodburn, 1996a,
p- 410). In Europe, loss to R. conicus was estimated to be 26 seeds per larva (Sheppard et al.,
1994). Seed loss per U. solstitialis larva was estimated to be 6.9 in Australia (Woodburn,
1996b), similar to the 7 estimated in Europe (Sheppard et al., 1994), but both much lower
than the 21.3 estimated in my experiment. In light of this, the total seed reduction of ~9% in
the experiment and ~7% in the survey (Table 3.7) are highly disappointing. The 14% and 4%
seed reduction by R. conicus in the experiment and the survey respectively, is similar to the
previous estimate for Canterbury of 3% (Kelly et al., 1990). In an Australian site with R.
conicus, for example, U. solstitialis was estimated to reduce seed production by only 11%
(Woodburn, 1997), much lower than the estimates for its effect when acting on its own

(Woodburn & Briese, 1996). The resulting 23% total seed reduction in my experiment (and
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only 11% at the survey site) is far short of the levels (~69%) estimated as required to bring C.
nutans populations in New Zealand to decline (Shea & Kelly, 1998).

Thirty five years from initiation of the biocontrol programme, and three agents later,
C. nutans is still a major weed in parts of New Zealand. The main finding of the study
presented here is that C. nutans overall seed destruction hardly improved, at least in
Canterbury, through the introduction of a potentially highly effective agent, U. solstitialis.
This result highlights that multiple agents do not always benefit biocontrol.
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Chapter 4: Interactions between nodding thistle biocontrol

agents

4.1' Interactions between nodding thistle seed predators

4.1.1 Introduction

Nodding thistle, Carduus nutans, is a monocarpic weed of Eurasian origin, which relies solely
on seeds for reproduction. In New Zealand, it has been shown that the high fecundity of the
plant is an extremely important factor in its success (Shea et al., 2005), and should therefore
be the stage targeted for biological control. In light of this, the introduction to New Zealand of
nodding thistle receptacle weevil, Rhinocyllus conicus (Froehlich) in 1972 (Jessep, 1989a),
following its success in controlling nodding thistle in North America, might have been
expected to reduce the weed’s densities. The weevil larvae feed on the receptacle of
developing buds and thus prevent seed formation. Rhinocyllus conicus is a highly fecund
insect and distributes its many eggs on many capitula, and was therefore suggested as the
most appropriate first choice of nodding thistle biocontrol agent to be introduced into an
invaded range (Zwolfer, 1973). However, the North American success was not replicated in
New Zealand, possibly due to the extended flowering season of nodding thistle in New
Zealand compared to North America and to the weed’s native range, which allows most
inflorescences in New Zealand to escape weevil attack (Kelly & Wood, 1991).

With seed production remaining the target for biological control, a further seed
predator was introduced in 1992, the woody-gall-forming tephritid fly Urophora solstitialis L.
This fly has two generations a year, and thus extends the period in which nodding thistle is
exposed to attack (Woodburn, 1996b). However, its first generation occurs simultaneously
with R. conicus (normally) single generation and, despite a claim that U. solstitialis actively
avoids ovipositing in R. conicus-attacked capitula (Woodburn & Sheppard, 1995), the two
species are known to co-occur in the same capitula (Zwolfer, 1973; Harris, 1989a; Woodburn,
1996a; McNeill & Fletcher, 2005, R. Groenteman, pers. obs.). Conflicting hypotheses exist as
to which of the two seed predators is likely to be a superior competitor and which is likely to
produce better control: Zwolfer (1973) claimed R. conicus is the inferior competitor, and thus
would not jeopardise a future introduction of U. solstitialis in case seed reduction was not

satisfactory. The galls formed by U. solstitialis, on the other hand, render a considerable

! Section 4.1 has been published and may be cited as (Groenteman et al., 2007). The version presented here has
been slightly modified from the published version. Some aspects of this work which had to be omitted due to
space limitation in the published version are expanded in Appendix A.
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amount of the receptacle unsuitable for other herbivores and would therefore jeopardize future
introductions of R. conicus. (Zwolfer, 1973). In contrast, Harris (1989a) claimed that woody
gall formers should be the first choice for biological control of Cardueae weeds, because (1)
the strong metabolic sink they produce utilises resources from the whole plant, not just the
receptacle, (2) they are highly gregarious and (3) their limited dispersal assists in establishing
populations while reducing dispersal-related mortality. Furthermore, Harris’s advice that no
insect should be introduced that might reduce the impact of woody gall formers, relates to a
concern that receptacle feeders, such as R. conicus, were likely to displace gall formers, such
as U. solstitialis. Harris further pointed out that Zwdolfer’s criteria should also have led to
selection of U. solstitialis as the first agent to introduce, because this is the inferior competitor
— it is displaced by R. conicus when they attack simultaneously, but not when R. conicus
attack comes after the gall had hardened (Harris, 1991). Experimental evidence on
interspecific competition between the two species is sparse generally (e.g. Moeller-Joop &
Schroeder, 1986, in Carduus acanthoides), and non-existent for New Zealand.
Retrospectively, derived from its impact in Australia, Shea & Kelly (2004) predicted that for a
single biocontrol agent, U. solstitialis would have the strongest effect on nodding thistle
population growth rate in New Zealand, but the lack of empirical data from New Zealand did
not allow testing of this hypothesis.

This study quantifies the effect R. conicus has on U. solstitialis (and vice versa), and
estimates how this might affect nodding thistle population growth rate. We hypothesised that
the presence of R. conicus adversely affects the performance of U. solstitialis, and that the

presence of U. solstitialis does not affect R. conicus performance.
4.1.2 Materials and methods

4.1.2.1 Plants and insects

Nodding thistle plants were grown in the University of Canterbury’s glasshouses from seeds
collected in summer 2005 in different parts of Canterbury. Seeds were sown in trays in a non-
fertilised potting mix in late autumn 2005, and, in the winter were transferred to different
sized pots, as well as transferred outdoors for vernalization. In early spring the plants were
fertilised occasionally with nitrogen rich liquid fertiliser (Gro More® by Gro-Chem NZ Ltd,
15:2:12 N:P:K) to induce an annual life cycle (flowering in the first summer). When rosettes
reached suitable sizes, they were planted out in the experimental plot, an uncultivated grassy
area that was regularly mown, at the Landcare Research Lincoln campus. The thistles were

caged in groups of nine and biocontrol agent treatments were assigned to them.
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To obtain U. solstitialis, galled nodding thistle capitula were collected from South
Canterbury in summer and autumn of 2005, and were kept refrigerated until 3 weeks before
adults were required in the experiment. At this time they were put in emergence cages with a
thistle plant. Peak emergence occurred around 3 weeks from exposure to spring temperatures
and daylight. Emerging U. solstitialis were collected daily and kept refrigerated in a
ventilated container, until required in the experiment.

Adult R. conicus were collected using a garden leaf sucker (a suction device designed
to collect leaves, modified for insect collection by fitting a fine-mesh sleeve) during spring
2005 from South Canterbury and kept refrigerated in a ventilated container, until required in
the experiment.

When needed at the experiment, mating R. conicus and U. solstitialis pairs were

separated from the colony, to assure that reproductively active individuals are used.

4.1.2.2 Interactions between the two seed predators

In each plot, nine thistle rosettes of various sizes were planted in a 3 x 3 arrangement, 30 cm
apart, in 45 plots (totalling 405 plants). Each plot was then cagedina 1.2m x 1.2 m x 1.8 m
(L:W:H) fine mesh cage. To estimate each rosette size, the longest leaf was measured at the
day of planting, and then again upon bolting. When about 40% of the plants had bolted, each
cage was assigned one of nine seed predator density treatments. The nine treatments were R.
conicus at zero, low (one pair) and high (three pairs) densities and U. solstitialis at zero, low
(five couples) and high (15 couples) densities, in all possible combinations (full factorial).
The experiment was replicated five times in a randomized block design. Insects (in the same
numbers) were again released in all the cages (except those assigned the zero R. conicus and
zero U. solstitialis combination) around 3 weeks from the initial release, as a top-up, to
replace mortalities. Plant height and number of primary, secondary and tertiary capitula were
recorded fortnightly, and ripe capitula collected individually into paper bags, after having
their individual height, position and external diameter recorded.

In the lab, the receptacle diameter was measured for each capitulum, and the seed
predator larvae and adults were counted. The differences in insect counts (log transformed)
between treatments were compared in a mixed model in R (R Development Core Team,
20006), with Poisson distribution (for a detailed explanation of model construction and output
see Appendix A). All different plant and capitulum variables were included in the model as
covariates, and non significant variables were excluded in backwards selection using the Chi-

squared test to compare between models.
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4.1.2.3 Simulation of the effect of the two seed predators on a nodding

thistle population

Data from New Zealand on seed loss to biocontrol agents exist only for R. conicus, and were
estimated at around 36% (Kelly & McCallum, 1990). Estimates for seed loss to U. solstitialis
were taken from Australian datasets, showing this fly reduced seed rain by close to 70% (the
value used in our simulation) several years after its introduction (Woodburn & Briese, 1996).
These values were inserted into an existing matrix population model for nodding thistle in
New Zealand (Shea & Kelly, 1998), and the thistle population growth rate (A) was compared
for the various combinations of biocontrol agents used in my study, assuming an additive

effect.
4.1.3 Results

4.1.3.1 Interactions between seed predators

Of the 405 plants in the experiment, 208 bolted, and 202 produced capitula at 4.59 +
0.19/plant (mean £SE). Mean external diameter of the capitula (£SE) was 13.15 £ 0.14 mm.
This is considerably smaller than nodding thistle plants typically found in New Zealand
pasture. This could be due to the combination of poor soil at the experimental site, the caging
of the plants (which may have reduced light intensity and rainfall and increased
temperatures), and the timing of transplanting. Larger rosettes at planting were larger at
bolting (F; 20s = 197, r* = 0.49, P<0.0001).

The mixed models show that both biocontrol agents preferred earlier, primary, higher,
larger capitula on taller plants for oviposition (the difference between the best fit model and
the next reduced model generating x* = 5.517, P=0.019, and x> = 10.422, P=0.001 for U.
solstitialis and R. conicus respectively). The models’ outputs are given in Appendix A.

Both at low and high density, U. solstitialis showed a trend (albeit marginally non-
significant to non-significant) of a decrease in numbers in the presence of R. conicus (Table
4.1; Appendix A). In contrast, R. conicus increased in numbers in the presence of U.
solstitialis (Table 4.1). Thus, in the absence of U. solstitialis, final R. conicus numbers
corresponded with initial R. conicus density: at low initial density, final numbers were
significantly lower than at high initial density. However, this difference disappeared when U.
solstitialis was present, especially when it was present at the high density (see also Appendix
A).
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Table 4.1: Final density of R. conicus and U. solstitialis (individuals per 1000 capitula, fitted
(backtransformed from log scale) means with 95% CI) in nodding thistle, given one of nine
combinations of initial R. conicus and U. solstitialis density. The corresponding model
outputs are given in Appendix A.
U. solstitialis R. conicus initial density
initial density 0 Low High
R. conicus final density

0 0 46.9 (17.9-123.4) 509.3 (258.5-1003.7)

Low 0 109.2 (46.2-258.1) 583.8 (272.4-1251.1)

High 0 362.0 (160.8-815.1)  425.5(202.5-894.0)
U. solstitialis final density

0 0 0 0

Low 0.63 (0.08-4.7) 0.06 (0.01-0.75) 0.28 (0.04-2.1)

High 4.9 (0.9-26.5) 3.8 (0.73-19.5) 2.5(0.5-12.2)

4.1.3.2 Simulation of the effect of seed predators interaction on a

nodding thistle population

Despite the top-up release of insects in the experiment, it appears that adults of both species
suffered high mortality, especially U. solstitialis. The back-transformed means of insects per
capitulum (Table 4.1) are very low compared to numbers occurring in natural populations.
The high adult mortality and low insects per capitulum recovered are probably artefacts of the
caging. Therefore, to estimate the effect of seed predator combinations on thistle population
growth rate, the differences between combinations were used, rather than the actual means.
Table 4.2 details the expected nodding thistle population growth rates at different
combinations of R. conicus and U. solstitialis, as calculated by modifying Shea & Kelly’s
(1998) matrix. The greatest impact on thistle growth rates by a sole species of seed predator
came from the highest density of U. solstitialis (in the absence of R. conicus). No combination
of the two seed predators produced a population growth rate lower than this.

Table 4.2: Growth rate (L)' predictions for nodding thistle populations exposed to various
seed predator combinations, based on modifications to Shea & Kelly (1998) matrix model.

R. conicus initial density

U. solstitialis initial density 0 Low High
0 22 22 1.7
Low 2.1 2.1 1.6
High 1.1 1.1 1.4

"\ values lower than 1 indicate a population in decline; equal to 1 is a stable population; and
greater than 1 is a growing population.

4.1.4 Discussion

In the early stages of the debate on the choice between R. conicus and U. solstitalis, Zwdolfer

(1973) claimed the first choice of nodding thistle biocontrol agent to be introduced into an
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invaded range should be R. conicus, partly because it is the inferior competitor, and would not
jeopardise future introduction of U. solstitialis. However, apart from Zwdélfer (1973), all
evidence indicates that R. conicus is the superior competitor (Woodburn, 1996a; Woodburn &
Briese, 1996; McNeill & Fletcher, 2005), or at least not inferior (Moeller-Joop & Schroeder,
1986). The present results support the superiority of R. conicus as a competitor, with U.
solstitialis numbers per capitulum reduced by 22-90% in the presence of R. conicus (Table
4.1). Moreover, it appears from Table 4.1 that R. conicus benefited from the presence of U.
solstitialis, as R. conicus numbers increased. Yet, from Table 4.2 it appears that nodding
thistle biocontrol does not improve with this increase in R. conicus numbers.

The timing of attack has been identified by Harris (1989) as a major factor affecting
the outcome of the inevitable competition between two species ovipositing at about the same
time on the same niche. In New Zealand, R. conicus starts ovipositing slightly before U.
solstitialis (McNeill & Fletcher 2005), and the present study shows that they prefer the same
plant and capitula characteristics for oviposition. This exposes U. solstitialis larvae to
predation by R. conicus before the gall hardens (Harris 1989). Urophora solstitialis larvae
provide better nutrition compared to the receptacle tissue, thus such predation may be the
reason for the increase in R. conicus numbers in the presence of U. solstitialis that was
apparent (Table 4.1).

Other factors may affect these two biocontrol agent populations. In Australia, for
example, U. solstitialis suffers from a new population regulation factor, where most adults
emerge too early in the spring and die before any nodding thistle capitula are available for
oviposition (Woodburn & Cullen, 1996). Sheppard & Woodburn (1996) stressed that, while
in their native range R. conicus and U. solstitialis may be regulated to some extent by their
natural enemies, in their introduced range, where they are released from such pressure, they
may suffer from more intraspecific competition. Indeed, Woodburn (1996a) found that in
early nodding thistle capitula that are very heavily attacked by R. conicus, no seeds are
produced, but also no weevils complete their life cycle, as these capitula tend to abort
prematurely.

Shea & Kelly (2004) predicted that of the three agents introduced to New Zealand
(only two of these were considered in the present study), R. conicus would have the least
effect on nodding thistle population growth. Not only does this weevil provide insufficient
seed predation, but the present study now also implies that it out-competes the first generation
of U. solstitialis, which inevitably results in a smaller second generation of the latter. Food
supply (thistle capitula) is certainly not the limiting factor for this second generation of U.

solstitialis.
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It is apparent from Table 4.2 that U. solstitialis alone, at high densities, would be

predicted to reduce nodding thistle population growth rate substantially (based on Australian
impact data), while high densities of R. conicus cause a smaller reduction in thistle population
growth rate due to interference with U. soltitialis. Yet, it is also obvious that no combination
of U. solstitialis and R. conicus is predicted to cause populations in New Zealand to decline.
Indeed, as suggested by Shea & Kelly (2004), it is the combination of U. solstitialis and a
third biocontrol agent, a root crown feeder, which will be most likely to cause this thistle to

decline.

4.2 Interactions between nodding thistle biocontrol agents

4.2.1 Introduction

The potential of herbivores to regulate plant populations and shape plant communities is
nowadays widely acknowledged (Crawley, 1997). The majority of knowledge comes from
studies on above-ground herbivory, but the effects of below-ground herbivory on plant
population dynamics (McEvoy et al., 1991; Miiller-Scharer & Brown, 1995; Crawley, 1997)
and on plant communities (Brown & Gange, 1989; Bardgett & Wardle, 2003; Blossey &
Hunt-Joshi, 2003) are becoming increasingly recognized in recent years. Moreover, the
importance of interactions between below- and above-ground herbivores are also beginning to
gain recognition (Van Der Putten et al., 2001; Bezemer et al., 2003; Hunt-Joshi et al., 2004).
For a long time root feeders were hardly used in weed biocontrol because they are
logistically difficult to work with, and difficult to obtain in good numbers for releases
(Blossey & Hunt-Joshi, 2003). Yet, root feeders have similar or better establishment rate than
above-ground herbivores, and more root feeders appear to contribute to the suppression of the
target weed than above-ground herbivores (Blossey & Hunt-Joshi, 2003). In addition, root
feeders tend to be both more effective and more host specific than above-ground herbivores
(Kok & Mays, 1991; Miiller-Schirer , 1991; references within Blossey & Hunt-Joshi, 2003).
The literature is divided in predicting superiority in competitive interactions between
below- and above-ground herbivores, and its implications for host plant suppression. Some
theory and empirical evidence claim inferiority of below-ground herbivores and/or superiority
of above-ground herbivores (Huffaker & Kennett, 1969; Gange & Brown, 1989; Moran &
Whitham, 1990; Masters & Brown, 1992; Masters et al., 1993; Masters, 1995a; Salt et al.,
1996; Masters et al., 2001; Soler et al., 2007), while others claim root herbivores are
unaffected by above-ground herbivory (McEvoy et al., 1991; McEvoy et al., 1993; Strong et

al., 1995; Morén-Rios et al., 1997; Hunt-Joshi et al., 2004) or even superior to above-ground
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herbivores (Bezemer et al., 2003). The imbalance between studies claiming either way
probably represents the type of systems normally selected for root herbivory studies — short
term studies on annual plants and with external (not highly specific) root feeders; in such
systems, root feeder superiority is less likely to be revealed (Blossey & Hunt-Joshi, 2003).
Some claim root feeders may interfere with biocontrol when interacting with above-ground
herbivores (e.g., Milbrath & Nechols, 2004b) while others claim an additive effect (Maron,
1998; Blossey & Hunt-Joshi, 2003; Gerber et al., 2007b), a multiplicative (additive on a log
scale) effect (Sheppard et al., 2001), or (potential) sole responsibility for reaching (Shea et al.,
2005) or maintaining (McEvoy et al., 1993) weed suppression.

It is clearly crucial for biological control systems to investigate which types of
competitive interactions occur between multiple agents, to allow replicating successes, avoid
replicating failures, and improve agent selection in future programmes.

The majority of the work on competitive interactions between below- and above-ground
insect herbivores looked at leaf herbivores as the above-ground component (Huffaker &
Kennett, 1969; Seastedt et al., 1988; Gange & Brown, 1989; Moran & Whitham, 1990;
Masters & Brown, 1992; Masters et al., 1993; Masters, 1995a, b; Miiller-Schirer & Brown,
1995; Bezemer et al., 2003; Hunt-Joshi et al., 2004); few studies involved reproductive tissue
feeders above-ground (Smith & Kok, 1987; Miiller-Schiarer & Brown, 1995; Maron, 1998;
Masters et al., 2001; Milbrath & Nechols, 2004a). Reproductive parts differ from foliage as a
resource in that they are considered a higher quality resource, are less abundant, and are fairly
limited in the amount of time they are available, which increases the vulnerability of their
specialized herbivores to changes in the resource (Janzen, 1971; Mattson, 1980; Straw, 1989;
Crawley, 1997; Masters et al., 2001). Reproductive-parts feeders are commonly used in weed
biocontrol, thus it is surprising how little is done on these type of competitive interactions. In
a situation such as the C. nutans biocontrol system, where two seed predators interact in one
biocontrol system, it is of great importance to understand how the indirect interaction with the
below-ground herbivore could affect the above-ground direct interaction. This could happen
through mechanisms of phenological changes to the plant (which could improve or worsen
synchrony with either seed predator) and/or changes to resource quality (which could affect
different agents differently; not measured here).

Carduus nutans biocontrol system in New Zealand consists of two receptacle-feeders
(R. conicus and U. solstitialis ) and one root feeder (Trichosirocalus horridus sensu (Panzer);
see Chapter 2 for clarification). The direct interactions between the two seed predators were
discussed in Section 4.1. Only one study (Milbrath & Nechols, 2004a) has looked at the

indirect interaction between T. horridus and one of the seed predators (R. conicus), but no
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study has tested the interaction between T. horridus and U. solstitialis, nor the interactions
between all three agents. The current study aimed to: (a) quantify the individual impact of T.
horridus on C. nutans for the first time in New Zealand; (b) quantify the individual impact of
U. solstitialis on C. nutans for the first time in New Zealand; (C) test for interactions between
the three C. nutans biocontrol agents; and (d) quantify the effect of such interactions on C.
nutans performance. I hypothesized that sub-lethal attack by the root feeder T. horridus would
only change the amount of resource available to the seed predators, hence rendering the effect
on C. nutans population additive. The interactions between the biocontrol agents were tested
in a controlled caged experiment, and the effect on thistle populations was tested using a

matrix model simulation.

4.2.2 Methods

4.2.2.1 Plants and insects

Carduus nutans rosettes that failed to bolt in the previous season (seed predator interactions
experiment; Section 4.1) were used at the same experimental plot, an uncultivated grassy area
at the Landcare Research Lincoln campus. Most rosettes (98) were positioned suitably for the
experiment. The remainder (34) rosettes were transplanted in late June 2006 (winter) to suit
the design. The thistles were arranged (and later caged) in plots of four.

Adult T. horridus from C. nutans were collected in autumn (their reproductive period)
2006 from North and South Canterbury, and were caged with C. nutans leaves as food and
oviposition substrate. Leaves were replaced every 2-4 days and were dissected under a stereo
microscope for T. horridus eggs. Eggs were placed in Petri dishes on moist filter paper
layered over wet cotton wool, and stored in darkness at 4.5°C (to prevent embryonic
development, Kok & McAvoy, 1983) for up to 6 weeks (following Milbrath & Nechols,
2004a). Two weeks before they were required in the experiment, the eggs were transferred to
natural temperature and daylight conditions. Embryonic development was followed daily and
batches of 15 eggs with dark head capsules (24-48 h pre-hatch) were then aspirated with water
into Pasteur pipettes. The pipette tips were wrapped with Parafilm™ and they were stored
back at 4.5°C for up to one week, after which they were used in the experiment. Hatched T.
horridus larvae at different developmental stages, extracted from field-collected C. nutans
rosettes (collected in winter 2006 from sites in North, Mid and South Canterbury) served as
an additional source.

To obtain U. solstitialis, galled nodding thistle capitula were collected from South

Canterbury in summer and autumn of 2006, and were kept refrigerated until 3 weeks before
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adults were required in the experiment. At this time they were put in emergence cages with a
thistle plant. Peak emergence occurred around 3 weeks from the move to spring temperatures
and daylight. Emerging U. solstitialis adults were collected daily and kept refrigerated in a
ventilated container, until required in the experiment.

Adult R. conicus were collected from C. nutans plants in North and South Canterbury
during spring and summer 2006 using a leaf sucker, and were kept refrigerated in a ventilated

container, until required in the experiment.

4.2.2.2 Interactions between the three biocontrol agents: field experiment

In each plot, four C. nutans rosettes of various sizes were planted in a 2 x 2 arrangement, 30
cm apart. There were 32 plots in total (128 plants). Two rosettes in each plot were randomly
assigned ‘T. horridus present’ treatment. Batches of 30 T. horridus eggs at 24-48 h pre-
hatching (from two Pasteur pipettes) were placed on to the crowns of the assigned rosettes
and covered with moist filter paper to prevent dehydration, and with a pot to protect them
from frost. The eggs were monitored and filter paper moistened every 2 days. Longest leaf
length in mm was measured at the time of egg application (24 June 2006). Nine days after egg
placement, there were no signs of hatching, and the eggs were all assumed dead due to
extreme cold weather (the coldest mean monthly temperatures in 34 years, NIWA, 2007), at
which point the assigned rosettes were infested with batches of 20 T. horridus larvae, placed
onto the crowns, and covered with moist filter paper. Trichosirocalus horridus infestation
density was selected to produce moderate levels of infestation based on field observations
(Chapter 3), and assuming around 2/3 hatching success; thus infested plants were expected to
suffer damage, yet survive and reach flowering. Flowering plants were required in the later
stage of the experiment, where indirect interactions between T. horridus and C. nutans seed
predators were to be tested. Longest leaf length was measured again in the spring (3
November 2006, four months after T. horridus egg application). By late November 2006 (late
spring) a large proportion of mortality occurred, mainly in plants infested with T. horridus,
and the number of plots for the experiment was reduced to 20, in which it appeared there was
a good chance (based on rosette size) for at least one infested plant and one un-infested plant
to bolt. In three cases, an un-infested plant had to be transplanted into a plot to achieve this.
As aresult, 74 plants in 20 plots of 3 — 4 were followed from the end of November onwards,
regardless of whether they bolted or not. Longest leaf length was measured again on 6
December 2006 (five months after T. horridus egg application), and once more, for individual

plants, upon bolting. When about 40% of plants had bolted, each plot was caged ina 1.2 m x

1.2 m x 1.8 m (L:W:H) fine mesh cage and each cage was assigned one of four seed predator
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treatments. The four treatments were: R. conicus present (one pair) or absent, combined
factorially with U. solstitialis present (seven pairs) or absent. The experiment was replicated
five times in a complete randomized design for the seed predators in the main plots (cages),
and with T. horridus infestation as sub-plots (randomized within the main plots). Prior to seed
predator release, the plants were sprayed with Permethrin (6.3g/kg active ingredient in the
form of a vapour; Bug Bomb™ by KiwiCare®) to kill existing R. conicus. This is meant to be
a very short-lived insecticide. Seed predators were first released three days after the
Permethrin treatment, but failed to establish. Seed predators were released five more times at
the same densities, at different intervals (depending on availability) within the following six
weeks. Urophora solstitialis established, but R. conicus failed to. It is suspected that some
ingredient in the formulation, other than the active ingredient, caused R. conicus death
through feeding on foliage (U. solstitialis does not feed on foliage and was only affected for
as long as the active ingredient was effective). Rigorous washing of all foliage was
insufficient to improve R. conicus survival, and weevils eventually survived in only three
cages assigned to two different treatments. Rhinocyllus conicus was therefore ignored in the
analysis. Plant height, the number of stems and the number of primary, secondary and tertiary
capitula were recorded fortnightly and stems were tagged and numbered. Ripe capitula were
covered individually with fine mesh and later collected into paper bags, after having their
individual height, stem tag number and position recorded.

In the lab, external diameter and receptacle diameter were measured for each
capitulum and seed predator (mainly U. solstitialis) larvae and adults were counted. Actual
seed counts were not taken, since pollinators were unable to gain entry to the cages.

Potential seed production was estimated per capitulum based on receptacle diameter,
using the formula by Popay et al. (1984); seed destruction by U. solstitialis was estimated by
multiplying actual U. solstitialis counts per individual capitulum by the estimate of 21.3 seeds
destroyed per larva from Chapter 3. The resulting estimates were summed per plant. It needs
to be acknowledged that seed destruction estimate in this manner is limited in that, both
potential seed production and seed destruction per U. solstitialis larva, are derived originally

from the same formula by Popay et al. (1984).

4.2.2.3 Interactions between the biocontrol agents: simulation of
biocontrol agents effect on C. nutans population growth rate

An existing size —structured matrix population model for C. nutans in New Zealand (Shea &
Kelly, 1998), which was recently modified by Jongejans et al. (2008), was manipulated to

estimate the effect of T. horridus and U. solstitialis on C. nutans population growth rate ().
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Manipulations to simulate T. horridus effects included incorporation of 15% reduced growth
(averaged across all size categories, recorded in my study, averaged between four and five
months from application of T. horridus eggs). Reduced growth changes the probability of
plants moving from one size category to the next, and subsequently the probability of
flowering. In addition, 9% increased mortality and 33% reduced seed production by surviving
rosettes infested with T. horridus (recorded in my study) were incorporated into the model.
Estimates for seed loss to U. solstitialis from my study included 28% in the absence of T.
horridus and 17% in its presence; in addition an estimate from an Australian dataset was used,
showing U. solstitialis reduced seed rain by close to 70% (Woodburn & Briese, 1996). These
effects were incorporated into the model by reducing the reproduction elements in the matrix.
Thistle population growth rates were compared between the various combinations of
biocontrol agents. The updated base matrix (Jongejans et al., 2008) is provided in Appendix
A.

4.2.2.3 Statistical analysis

Statistical analysis was done using R (R Development Core Team, 2006).

Length of the longest leaf in mm at the time of T. horridus egg application and at four months
later (3 November) were subjected to a ‘Before-After, Control-Impact’ (BACI) calculation
(Green, 1979; Hurrell et al., 2001), in which the impact of T. horridus was assessed by
comparing the changes in longest leaf length of infested (‘impact”) and un-infested (‘control’)
plants between the time of application (‘before’) and four months later (‘after’).

The value

(At/Bt)

100
(Ac/Bc) *

was calculated for each of the 32 plots, where B and A are mean leaf lengths per plot at the
time of T. horridus application (before) and four months later (after) respectively, and t and ¢
denote treated and control subplots respectively. The BACI value defined in this way is the
change in longest leaf length of infested C. nutans rosettes expressed as a percentage of the
change in leaf length of un-infested rosettes. The BACI values were log; transformed and
analysed using a t-test. A BACI analysis was also performed on longest leaf length at five
months after T. horridus egg application (6 December) in comparison to the length at the time
of application. This was performed on 20 plots.

The effect of T. horridus on plant survival (logit transformed), on plant growth (leaf
length at the time of egg application, log transformed), number of stems (log transformed),

plant height and number of capitula per plant (log transformed), and on estimated seed
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production per plant (log transformed), were tested in a series of mixed effect models using
the ‘Imer’ command (Ime4 package) in R. Similarly, the effect of T. horridus on the number
(log transformed) of U. solstitialis individuals recovered per capitulum and the effect of T.
horridus on the proportion (logit transformed) of seed destroyed by U. solstitialis per plant
were tested in mixed effect models using the ‘lmer’ command. All relevant explanatory
variables were included in the models as covariates; variables that were significantly affected
by T. horridus were not included as covariates. Non-categorical covariates were standardized
(i.e., divided by the variance after subtraction of the mean); this made the magnitudes of their
effects comparable, despite being measured in different units. Non-significant variables were
excluded from the models by backwards selection, using the Chi-squared test to compare
between models. Only the best-fit minimum models are presented. Since different response
variables were measured at different times in the season, the relevant covariates included in
their initial models differ. In some cases, an observation had a missing value for a covariate
that remained in the final model, or an observation did not qualify to be included in the model
(e.g., plants in which all capitula were aborted did not qualify for seed production tests); as a
result, tests differ in sample size. Plots and, where appropriate, plants and stems were
included in the models as random grouping factors. Where binomial or Poisson error
distributions were used, the ‘Imer’ command automatically corrects for overdispersion in the
data if required. The ‘Imer’ command uses restricted maximum log-likelihood (REML) to fit
models. The model outputs are presented as tables of parameter estimates, in which the
intercept estimate includes the lowest level of each categorical variable (in an alphabetic or
numeric order), and all following estimates appear as the difference from the intercept; the t-
test or z-test for each parameter tests the null hypothesis that this difference is not statistically
different from zero. Categorical variable were labelled such that the alphabetical or numerical
value would offer a logical order of testing.

Where R did not generate p values for t-tests, these were calculated in Statistix

(Version 8; Analytical Software, 2003).

4.2.3 Results

4.2.3.1 Effects of T. horridus on C. nutans growth, survival and damage

Four months after T. horridus application, infested rosette survival was 86% (back-
transformed fitted mean), marginally non-significantly lower than survival of un-infested
rosettes, (95%; Table 4.3); this apparent increased mortality was experienced despite the use
of moderate T. horridus density, which was intended to induce only sub-lethal effects.

Infested and un-infested plants did not differ significantly in longest leaf length at the time of
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T. horridus egg application (Table 4.4; Figure 4.1 left bars); transplanted plants had
significantly longer leaves (Table 4.4). BACI analysis showed that surviving infested rosettes
at four months after T. horridus application were significantly smaller relative to un-infested
plants (to9 =-2.608, P = 0.014; Figure 4.1, middle bars). Their longest leaf length was, on
average 86% (back-transformed fitted mean) the length of un-infested plants. At five months
from application, this difference was slightly increased and leaf length of infested plants was
on average 83% the length of un-infested plants (t;3 = -3.787, P = 0.001; Figure 4.1, right
bars).

Table 4.3: Difference between T. horridus infested and un-infested C. nutans plants in rosette
survival (logit transformed) at four months from T. horridus egg application: generalized
linear mixed effects model with a binomial distribution and with plots as a grouping factor.
Recorded on 3 November 2006 for 128 plants in 32 plots.

Fixed effects

df Estimate Std. Error zvalue P
Intercept’ 1 2.982 0.570  5.233 <0.001
T. horridus 1 -1.177 0.615 -1.914 0.056
Longest leaf at egg application 1 0.932 0.441 2.114 0.035

'Intercept: no T. horridus

Table 4.4: Difference between T. horridus infested and un-infested C. nutans plants in longest
leaf length (in mm; log transformed) at the time of T. horridus egg application: generalized
linear mixed effects model with plots as a grouping factor.

Measured from 128 plants in 32 plots.

Fixed effects

df Estimate Std. Error t value P
Intercept' 1 4.784 0.043 110.83  <0.001
T. horridus 1 0.018 0.048 0.38 0.705
Transplanting 1 0.211 0.062 3.38 0.001

'Intercept: no T. horridus; not transplanted.
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Figure 4.1: Raw mean (1SE) length in mm of C. nutans rosette longest leaf,
measured on three occasions — at the time of T. horridus egg application (24
June 2006; 128 plants), at four months after application (3 November 2006; 128
plants) and at five months after application (6 December 2006; 73 plants). Light
bars represent plants infested with T. horridus, and dark bars represent un-
infested plants.

Among plants that survived and bolted successfully, plants infested with T. horridus tended to
bolt, on average, more than six days earlier than un-infested plants, but this tendency was
non-significant; larger plants (with longer longest leaf at the time of T. horridus egg
application) bolted significantly earlier (Table 4.5). Infested plants produced on average 1.8
(back-transformed fitted mean) stems per plant, significantly more than the 1.06 stems per un-

infested plant (Table 4.6).

Table 4.5: Difference between T. horridus infested and un-infested C. nutans plants in date of
bolting (Julian days): generalized linear mixed effects model with plots as a grouping factor.
Recorded from 60 plants that bolted successfully, in 20 plots.

Fixed effects

df  Estimate Std. Error  t value P
Intercept' 1 351.538 4.077 86.22 <0.001
T. horridus 1 -6.414 4.799 -1.34 0.189
Transplanting 1 -12.358 5.634 -2.19 0.035
Longest leaf at egg application 1 -9.940 2.643 -3.76  <0.001

'Intercept: no T. horridus; not transplanted.
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Table 4.6: Difference between T. horridus infested and un-infested C. nutans plants in the
number of main stems (log transformed): generalized linear mixed effects model with a
Poisson distribution and with plots as a grouping factor.

Recorded from 62 plants that bolted successfully, in 20 plots.

Fixed effects

df  Estimate  Std. Error z value P
Intercept' 1 0.056 0.169 0.331 0.741
T. horridus 1 0.587 0.216 2.712 0.007

'Intercept: no T. horridus

At their peak height, infested plants were shorter on average by 126 mm than un-infested
plants (Table 4.7). This difference was significant. Larger plants at the time of T. horridus egg
application grew significantly taller, and plants that bolted at a later date grew significantly
shorter (Table 4.7). Infested plants produced on average 5.0 capitula per plant, significantly
less than the 6.6 on un-infested plants; larger plants at the time of T. horridus egg application
produced significantly more capitula; transplanted plants and plants that bolted at a later date
produced significantly fewer capitula (Table 4.8). Seed output per T. horridus infested plant
was on average 33% lower than that of un-infested plants (Table 4.9). This difference was

significant.

Table 4.7: Difference between T. horridus infested and un-infested C. nutans plants in peak
plant height (in mm): generalized linear mixed effects model with plots as a grouping factor.
Measured from 58 plants that bolted successfully, in 20 plots.

Fixed effects

df  Estimate  Std. Error  tvalue P
Intercept’ 1 682.89 4199 16.263 <0.001
T. horridus 1 -126.06 36.65 -3.439 0.001
Longest leaf at egg application 1 71.35 24.40 2.925 0.006
Bolting date 1 -130.13 2433 -5.349 <0.001

'Intercept: no T. horridus

Table 4.8: difference between T. horridus infested and un-infested C. nutans plants in final
sum (log transformed) of capitula produced: generalized linear mixed effects model with a
Poisson distribution and with plots as a grouping factor.

Counted from 62 plants that bolted successfully, in 20 plots.

Fixed effects

df  Estimate  Std. Error  z value P
Intercept' 1 1.889 0.138  13.642 <0.001
T. horridus 1 -0.276 0.123  -2.253 0.024
Transplanting 1 -0.739 0.186 -3.962 <0.001
Longest leaf at egg application 1 0.383 0.072 5314 <0.001
Bolting date 1 -0.387 0.085 -4.551 <0.001

'Intercept: no T. horridus; not transplanted.
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Table 4.9: Difference between T. horridus infested and un-infested C. nutans plants in
estimated seed output per plant (log transformed; estimated using a formula by Popay et al.
(1984)): generalized linear mixed effects model with plants and plots as grouping factors.
Estimated for 60 plants that produced capitula that reached full bloom, in 20 plots.

Fixed effects
df  Estimate  Std. Error  t value P
Intercept' 1 6.904 0.163 4226 <0.001
T. horridus 1 -0.401 0.135 -2.96  0.006
Transplanting 1 -0.956 0.199 -4.81 <0.001
Longest leaf at egg application 1 0.459 0.090 5.12  <0.001
Bolting date 1 -0.495 0.095 -5.23  <0.001
'Intercept: no T. horridus; not transplanted.

4.2.3.2 Effects of T. horridus on U. solstitialis

Only 1.2 U. solstitialis individuals were retrieved per capitulum from plants infested with T.
horridus, significantly fewer than the 3.2 from un-infested plants (Table 4.10). More U.
solstitialis individuals were found in larger and higher capitula, and fewer in capitula at a

secondary position, and on plants which bolted at a later date (Table 4.10).

Table 4.10: Difference between T. horridus infested and un-infested C. nutans plants in mean
U. solstitialis individuals (all instars) per capitulum (log transformed): generalized linear
mixed effects model with a Poisson distribution and with plants, stems and plots as grouping
factors.

Counted from 179 capitula from 37 stems on 27 plants that produced capitula in the 10 plots
that were assigned “U. solstitialis present” treatment.

Fixed effects
df  Estimate  Std. Error z value P

Intercept’ 1 1.160 0.576 2.014 0.044
T. horridus 1 -0.986 0.496 -1.987 0.047
Receptacle diameter 1 0.832 0.032 26.083 <0.001
Capitulum height 1 0.315 0.043 7.376  <0.001
Secondary position 1 -0.744 0.091 -8.175 <0.001
Tertiary position 1 0.558 0.178 3.134 0.002
Bolting date 1 -0.824 0.302 -2.733 0.006

'Intercept: no T. horridus; at a primary position.

4.2.3.3 Effect of T. horridus and U. solstitialis on C. nutans seed

production

In the absence of T. horridus, seed destruction per plant by U. solstitialis was estimated 27%
(9, 58) (back transformed fitted mean and 95% CI; Table 4.11), which was significantly
higher than in plants exposed to U. solstitialis in the presence of T. horridus (16% (5, 42);
Table 4.11).
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Table 4.11: Difference in the proportion (logit transformed) of estimated seed per C. nutans
plant destroyed by U. solstitialis in the presence and absence of T. horridus: generalized
linear mixed effects model with a binomial distribution and with plots as a grouping factor.
Estimated from 29 plants that produced capitula in 10 plots with U. solstitialis present.

Fixed effects

df Estimate Std. Error =z value P
Intercept’ 1 -0.999 0.681 -1.470 0.142
Trichosirocalus sp. 1 -0.658 0.035 -18.680  <0.001
Transplanting 1 -0.791 0.087 -9.050  <0.001
1
1

0.312 0.022 14460  <0.001
-1.049 0.030 -35.360  <0.001

Longest leaf at egg” application

Bolting date
'Intercept: no T. horridus; not transplanted.
>T. horridus eggs.

4.2.3.4 Simulation of the effect of the biocontrol agents on C. nutans

population growth rate

Based on the parameters recorded in my study, neither T. horridus nor U. solstitialis nor the
combination of both are projected to bring C. nutans population to stop growing, let alone to
decline. In all three scenarios the matrix population model generated A values that are greater
than 1, which translates to a growing population. The combination of T. horridus and U.
solstitialis generates a lower population growth rate than either agents alone (Table 4.12); at
the level of seed reduction in this scenario, mortality of 46% is required to bring C. nutans
population to start declining (A — ,:‘ei:;;‘r" ‘“Lrop"ho o T?i;h‘(:si“r(‘):all’s‘"";;th“f T horridus attack (Chapter
3), both greater reduction of growth and greater rosette mortality due to T. horridus could be
expected. A best scenario combination of 15% reduced growth, 9% mortality and 33%
reduced seed production due to T. horridus (recorded in my study) plus high seed loss to U.
solstitialis, as reported from Australia (70%; not including adverse effect of T. horridus on
seed destruction by U. solstitialis) appears able to bring C. nutans population to slowly

decline. Table 4.13 presents an array of proportional seed destruction values required at

various levels of rosette mortality due to T. horridus attack.

Table 4.12: C. nutans projected population growth rates (A') as affected by T. horridus and/or
U. solstitialis.

Reduced vegetative
growth by T. horridus

Reduced seed output by U. solstitialis 0% 15%>
0% 2.68 1.85°
27% 2.17 1.65*
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70% 1.29 0.92°
"\ values lower than 1 indicate a population in decline; equal to 1 is a stable population; and
greater than 1 is a growing population.
“Includes 9% mortality.
*Includes 33% reduction in seed production due to Trichosirocalus.
“Includes 33% reduction in seed production due to Trichosirocalus and further 17% seed
destruction by U. solstitialis in the presence of T. horridus.
*Best case scenario; assuming U. solstitialis effect is not decreased by T. horridus.

Table 4.13: Proportion of seed destruction required to bring C. nutans population to decline at
growing rosette mortality, assuming 15% reduced growth and 33% reduced seed production
in plants surviving T. horridus attack, and assuming multiplicative effects of T. horridus and
seed predator/s.

Percent mortality Proportion of seed
due to T.horridus destruction required
9 65
20 56
30 45
40 28
50 4

4.2.4 Discussion

4.2.4.1 Effects of root herbivory by T. horridus on C. nutans

The interest in root feeders as weed biocontrol agents has increased substantially in the last 30
years, although their use is still lagging behind above-ground herbivores (Blossey & Hunt-
Joshi, 2003). While seed predators can only affect weeds’ reproductive potential by affecting
seed output (and can sometimes encourage compensatory seed production; Davis et al.,
2006), root feeders can affect weeds by reducing plant survival, by delaying flowering, and by
reducing seed output (Miiller-Schédrer , 1991). They can also affect the vigour, architecture,

and competitive ability of their host plant.

Effect of root herbivory on plant survival

Arguably, the most important effect of root herbivores is increasing plant mortality
(Woodburn, 1997; Maron, 1998, 2001; Sheppard et al., 2001; Briese et al., 2002; Davis et al.,
2006; Gerber et al., 2007a, b); (but see also Sieburth et al., 1983; Cartwright & Kok, 1985;
Sheppard et al., 1995). In the current study, plants infested with the root herbivore T. horridus
experienced increased mortality, despite the use of moderate larval densities which were only
intended to induce sub-lethal effects. However, this increased mortality was marginally non-

significant (Table 4.3). Most likely if higher densities of T. horridus per rosette had been
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used, higher levels of mortality and smaller P values for the contrast with un-infested plants
would have been found.

Root herbivore effects on plant survival are not necessarily through direct killing.
Sometimes, the adverse effect of root herbivory on the competitive ability of their host plants
is the main mechanism by which they regulate plant populations (Crawley, 1997). In this
respect, the loss of growth exhibited by plants in the current study by exposure to root
herbivory, needs to be considered in context: in the experimental cages, grass was regularly
clipped; whereas the smaller weakened rosettes may well have been smothered by vigorous

spring growth in well managed pasture.

Effect of root herbivory on plant architecture

At sub-lethal densities, root herbivores can change plant architecture in several ways:
e Most profoundly, by inducing growth of secondary stems by destroying the apical
meristem and apical dominance (Cartwright & Kok, 1985; Jessep, 1989b; Tipping,
1992; Milbrath & Nechols, 2004a). This effect was recorded in my study as well
(Table 4.6);
e By decreasing (No6tzold et al., 1998; Sheppard et al., 2001) or increasing (Woodburn,
1997) plant height. In my study, infested plants grew significantly shorter (Table 4.7),
in contrast with Woodburn (1997) who also studied the effect of T. horridus on C.
nutans;
e Root herbivores can reduce stem diameter (Goldson et al., 1987; Miiller-Schérer ,
1991; Sheppard et al., 2001; Gerber et al., 2007b) (not measured in my study); and
e They can induce reduction of resource allocation to above-ground plant parts
(Cartwright & Kok, 1985; Steinger & Miiller-Schérer , 1992; Notzold et al., 1998;
Briese et al., 2002) or increase allocation to reproductive parts (Gange & Brown,
1989) (not measured in my study).
The latter difference in allocation responses to root herbivory is associated with plant life
history: biennial and perennial species may compensate for root herbivory by allocating
biomass to below-ground storage tissue and regrowth at the following year (see Cartwright &
Kok, 1985; Steinger & Miiller-Schérer , 1992; Notzold et al., 1998; Briese et al., 2002),
unlike annual plants, which have no opportunity to compensate in future growth, and may
thus respond to root herbivory by allocating whatever resources they have left towards
reproduction (see Gange & Brown, 1989). Carduus nutans is a monocarpic facultative
biennial, which could delay flowering and compensate for root herbivory. At low density of

the root herbivore T. horridus, compensatory regrowth of C. nutans can choke a large larva to
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death (Lamp & McCarty, 1982a). Plant biomass was not measured in my study, but the loss
of above-ground growth due to below-ground herbivory, indicated by longest leaf length, was
maintained within the growing season (BACI analyses; Figure 4.1), and yet, 80% of the
surviving infested plants bolted despite their reduced growth (not different from 89% of un-
infested plants; data not shown). Thus, there was no indication of compensatory response as a

strategy.

Effect of root herbivory on plant phenology

Root herbivory, and more specifically, T. horridus herbivory on C. nutans, was found to delay
flowering by one week (Milbrath & Nechols, 2004a) and even two weeks (Woodburn, 1997).
A delayed and shortened flowering period was also found in purple loosestrife, Lythrum
salicaria L. in response to root herbivory (N6tzold et al., 1998). In the current study, plants
exposed to root herbivory tended to bolt almost a week before un-infested plants if any, but
this tendency was non-significant (Table 4.5). However, this could be linked to the moderate
T. horridus density used in the experiment as, in the past it has been shown (Milbrath &
Nechols, 2004a) that delayed flowering occurs at high T. horridus densities but not at low

densities.

Effect of root herbivory on plant reproductive output

Root herbivore effects on host plant reproductive outputs are usually expressed as reduced
capitula and/or seed numbers (Cartwright & Kok, 1985; Kok, 1986; Miiller-Schirer , 1991,
Prins et al., 1992; Tipping, 1992; Woodburn, 1997; Maron, 1998; Briese et al., 2002), but
could also be expressed as lower weight per seed (Prins et al., 1992; Sheppard et al., 2001).
Plants exposed to root herbivory in my study produced significantly fewer capitula than did

unexposed plants (Table 4.8), and were estimated to produce 33% less seed (Table 4.9).

4.2.4.2 Effect of U. solstitialis on C. nutans seed production

Unlike the high levels of seed predation in Australia (close to 70%, Woodburn & Briese,
1996), the individual effect of U. solstitialis in the current study only reached 27% (Table
4.11). However, these were not naturally occurring populations of U. solstitialis and, although
flies were released in the cages fairly frequently, their survival between releases was not
followed. Therefore, it is not unlikely that U. solstitialis exhibits a higher actual field capacity

to reduce C. nutans seed production.
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4.2.4.3 Interactions between the root herbivore T. horridus. and the seed

predator U. solstitialis

Competitive interactions between below- and above-ground herbivores

Despite the spatial, and in many cases, also the temporal separation between below- and
above-ground herbivores, they interact. If the below- and above-ground herbivores are
separated in time, the below-ground herbivore is usually the first to utilize the plant. This can
cause changes to the plant resource, by several mechanisms, which could affect above-ground
herbivores either positively or negatively. One mechanism by which the resource quality is
increased for the above-ground herbivore is water stress. Root herbivory could reduce plant
water uptake and induce water stress (Goldson et al., 1987). The reduced water level in the
foliage results in increased leaf carbohydrates (Chapin, 1991) and nitrogen concentration
(Brown & Gange, 1989; Newingham et al., 2007, two different mechnisms) which enhances,
at least temporarily, folivores; thus folivore growth, (Gange & Brown, 1989), fecundity
(Gange & Brown, 1989; Masters & Brown, 1992) and density (Masters et al., 1993) could be
enhanced by root herbivory.

An opposite mechanism may be seen in biennials and perennials, which could draw
nitrogen to the damaged below-ground tissues (Steinger & Miiller-Schirer , 1992). This is
likely to reduce the resource quality for above-ground herbivores. In addition, mobilisation of
root reserves towards compensatory regrowth in response to root herbivory early in the
growing season is expected to come at the expense of later reproductive development
(Steinger & Miiller-Schérer , 1992). Thus, seed predators may encounter reduced resource
quantity. Milbrath & Nechols (2004a) found that potted C. nutans plants exposed to root
herbivory by T. horridus represented a lower-quality resource for R. conicus as indicated by
higher R. conicus larval mortality on infested plants (although this effect was significant only
at low R. conicus densities). No mechanism is suggested that could explain this response, and
it is suspected that these results may not necessarily be replicable under field conditions,
because potted thistles respond to stress worse than field-grown thistles (Sieburth et al.,
1983). Water-stressed potted plants have been previously linked to reduced R. conicus size
and increased mortality (Dowd & Kok, 1983). Reduced nitrogen fertilization was also linked
to increased R. conicus mortality (Dowd & Kok, 1983).

In my study, R. conicus response to root herbivory could not be tested, due to the
unexpectedly long-lasting activity of the insecticide used prior to insect release. Urophora
solstitialis appeared to be adversely affected by root herbivory in my study, with significantly

fewer flies per capitulum in plants infested with T. horridus (Table 4.10). Unlike R. conicus,
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whose eggs are deposited externally and their hatching success can be determined to calculate
mortality, U. solstitialis eggs are deposited inside the capitulum, and mortality cannot be
determined to relate to root herbivory. Thus reduced resource quality due to herbivory by T.
horridus could not be tested for U. solstitialis. Also, it needs to be stressed that U. solstitialis
is a woody-gall former, and the gall is a strong metabolic sink; hence resource quality
reduction should not be expected to affect U. solstitialis and R. conicus similarly. It would
have been valuable to establish whether a change in resource quality indeed occurs in
response to T. horridus feeding, which affects the two seed predators differently. Specifically,
since it has been shown (Section 4.1) that in the absence of root herbivory, R. conicus
potentially outcompetes U. solstitialis, it is of great importance to understand whether the
addition of root herbivory improves the competitive ability of the potentially more effective
U. solstitialis.

Another mechanism by which root herbivory can change the plant resource for above-
ground herbivores is by altering plant phenology. Milbrath & Nechols (2004a) found that the
one-week delay in C. nutans flowering due to root herbivory, combined with the fixed
oviposition period of R. conicus, costs R. conicus a non-replaceable direct reproductive loss.
Such a delay in initiation of flowering, especially in the South Island of New Zealand, where
C. nutans and R. conicus are not well synchronized in the first place (Kelly & Wood, 1991), is
likely to result in even worse synchrony between them, but might contribute to reduced
encounters between R. conicus and U. solstitialis early in the flowering season, which could
possibly improve performance of U. solstitialis. In my study, root herbivory was non-
significantly linked to earlier C. nutans flowering (Table 4.5), which under field conditions

would have just the opposite effect.

Effect of the interaction between T. horridus and U. solstitalis on C. nutans
seed production: plant level — experimental results

Briese et al. (2002) estimated that owing to the temporal separation between Trichosirocalus
briesei and a stem borer, their effect on the target weed should be additive. In contrast,
Milbrath and Nechols (2004b) could not determine whether the combined effect of T.
horridus and R. conicus was more or less than the sum of the individual impacts. My study
quantified for the first time the combined effect of T. horridus and U. solstitialis on C. nutans,
and the results imply that, while T. horridus has some negative effect on U. solstitialis (fewer
U. solstitialis per capitulum) and its effect (fewer seed destroyed per plant; Tables 4.10 and
4.11 respectively), the combined effect of the two agents on C. nutans, 45% reduced seed
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production, is greater than the individual effect of either (33% by T. horridus and 27% by U.

solstitialis). This combined effect is less than multiplicative, and seems closer to additive.

Effect of the interaction between T. horridus and U. solstitalis on C. nutans
seed production: population level — simulation results

In the absence of impact data from New Zealand for T. horridus and U. solstitialis, a previous
analysis using some parameters from Australia (Shea & Kelly, 2004) estimated that the
combination of these two agents is the one most likely to bring C. nutans populations in New
Zealand to decline (A = 0.8). This estimate was based on the New Zealand C. nutans
population model and New Zealand data for R. conicus (Shea & Kelly, 1998), with Australian
impact figures for T. horridus and U. solstitialis, relying on the similarity of R. conicus
impact between the two countries. The updated population model (Jongejans et al., 2008) and
the preliminary impact data from New Zealand (albeit from a caged experiment rather than
naturally occurring populations), still imply that this combination of agents is not yet
sufficient to bring C. nutans populations here to decline (A = 1.65; Table 4.12). However,
under natural conditions, higher attack by T. horridus is expected on larger plants (Chapter 3),
grass competition is expected to increase mortality of small stunned rosettes (Popay & Medd,
1990), and in contrast, the presence of R. conicus is likely to reduce U. solstitialis impact
(Section 4.1). Hence, the population growth rates presented in Table 4.12 only present a
preliminary indication of the population level effects of T. horridus and U. solstitialis in New
Zealand.

4.2.4.4 Conclusions

The potential of root herbivores to affect many aspects of their host performance and
population dynamics, together with their good establishment rates and relatively high host
specificity, sees an increase in their use as weed biocontrol agents (Dunn & Rizza, 1976;
Rizza et al., 1988; Kok & Mays, 1991; McEvoy et al., 1991; Woodburn, 1997; Sheppard et
al., 2001; Blossey & Hunt-Joshi, 2003; Newingham et al., 2007; Soler et al., 2007). While in
some cases root herbivores would suffice for weed control, in many other cases, additional
agents are likely to be required, in which cases, the sequence of agent introductions could
prove vital for programme success. Population models are particularly informative in decision
making on sequence of agent introductions, yet are still rarely used prior to introduction
(Davis et al., 2006), and only slightly more commonly used post-introduction. On the one
hand, a general approach to the order of introduction claims that, if a root herbivore and

above-ground herbivores are considered, then the introduction of the root herbivore first could
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potentially reduce the quantity and quality of the above-ground herbivores, if their resource is
thus reduced by root feeding (Briese, 2006). On the other hand, biocontrol programmes prove
over and over that exceptions to the rules are common; hence, generalisations make useful
baseline but each case is unique. Pre-release studies of weed population dynamics and of
potential biocontrol agents for garlic mustard (Alliaria petiolata (M. Bieb.) Cavara &
Grande), for example, indicated that (a) neither a root herbivore, nor seed predators alone are
likely to control the weed over the entire North American invaded range; that (b) the release
of seed predators prior to a root herbivore could cause a compensatory increase in seed
production; and that (C) such increase is not predicted if the root herbivore was to be
introduced by itself, or prior to a seed predator (Davis et al., 2006). The important lesson
from the study by Davis et al. (2006) is that while successful establishment is fundamental to
achieving successful control, it does not guarantee it, and by working primarily to improve
establishment rate we may jeopardize programme success.

A ‘rule-of-thumb’ (i.e., that R. conicus an inferior competitor that should be
introduced first and would not jeopardise further agents should any would be required,
Zwolfer, 1973) was clearly unsuccessful in determining the best sequence of C. nutans seed
predator introductions. It has erroneously predicted the nature of their interaction and the
subsequent effect on controlling their target weed (see Section 4.1).

Based on impact estimates from Australia, Shea et al. (2005) predicted that U.
solstitialis was likely to be the most effective sole agent against C. nutans in New Zealand;
whereas my results indicate that the root-herbivore T. horridus would have the greatest effect
here, just like Shea et al. (2005) predicted for Australia. However, the current study may
underestimate the sole effect of U. solstitialis in New Zealand, if to judge from its
performance in Australia.

Further research to improve C. nutans control in New Zealand in an active adaptive
framework should concentrate on methods to encourage the combination of T. horridus and
U. solstitialis, and to discourage R. conicus. Such methods may include on-farm practices that
could give U. solstitialis an advantage over R. conicus. For example, farmers in New Zealand
sometimes collect capitula infested with U. solstitialis to spread on their property. Storage of
such capitula in dry and warm conditions over spring could enhance earlier emergence of U.

solstitialis, which may improve its competitive ability over R. conicus.
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Chapter 5: Multi targeting for management of ‘sleeper’
weeds: the role of associational susceptibility to a shared
herbivore

It is inevitable that problems associated with invasive alien plants will
increase; the transition of some species from the status of “emerging” to
“major” invaders is one component of the escalation of the problem. (Mgidi et
al., 2007, p.185)

5.1 Introduction

Plant invasions are strongly correlated to human activity, especially travel, colonisation and
trade (Sullivan et al., 2004; Sullivan et al., 2005; Lambdon & Hulme, 2006). Typically, a
time-lag of several decades (and sometimes hundreds of years; Rejmanek, 1999) elapses
between an exotic plant naturalization and its becoming invasive (Sullivan et al., 2004;
Lambdon & Hulme, 2006); (but see chapter 2 in Cousens & Mortimer, 1995). Thus, many
exotic plant species that may appear harmless, hold the potential of becoming invasive.
Bearing in mind the developments in human movement across continents since 1950, we can
realistically expect the magnitude of new invasions to dramatically increase in the near future.
More efficient management strategies are constantly called for, and this will only increase.
Perhaps one of the most important aspects of increasing management efficiency lies with
targeting sleeper weeds. Sleeper weeds (also known as emerging or incipient weeds; Olckers,
2004), are defined as plants in the early stage of invasion — naturalized species that have not
yet expanded their populations exponentially (Williams & West, 2000). A currently non-
expanding species could become invasive if dispersed or translocated to a more favourable
environment, where no factors inhibit its exponential growth (Mgidi et al., 2007). With
human aided dispersal through long distances in short times, such translocations are only a
matter of time. There is no reason to assume that naturalized species that have become
invasive elsewhere would forever remain harmless in a new range; in fact, invasiveness
elsewhere is the best predictor we currently have for weediness in a new range (Reichard,
2001; Rejmanek, 2001). It is slowly becoming realized (Culliney, 2005; Moran et al., 2005)
and proven (Olckers, 2004), that by targeting sleeper weeds at the early stage of invasion, the
prospects of success are greatly increased. In addition, it is far more cost-effective to control
several non-weedy species, even when it is not known which of these would eventually
become a problem, than to wait for a small proportion of them to become weedy and only
control those (R. E. McFadyen, pers. comm.). Hence, targeting sleeper weeds is a significant
approach that calls for considerable research attention (Williams & West, 2000; Macdonald,
2004; Olckers, 2004; Moran et al., 2005; Mgidi et al., 2007). Biological control is often the
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most suitable approach for targeting weeds that have not yet become invasive, but are too
widespread for eradication to be considered (Delfosse, 2005). One approach for targeting
sleeper weeds that has been practiced in South Africa for many years is opportunism in two
aspects: (1) exploitation of successes from other countries against the same weed or a closely
related one; and (2) while on overseas explorations for biocontrol agents for weeds of high
priority, opportunistic collections of natural enemies of weeds of secondary importance were,
and still are, the usual practice (Olckers, 2004).

Another way of targeting sleeper weeds, which is suggested here, is ‘multi targeting’ —
targeting a group of weeds with an oligophagous or even a generalist herbivorous biocontrol
agent. Although the recent literature has seen many calls to avoid using generalists (e.g.,
Louda et al., 2003b) and to only use agents with a very narrow host range (e.g., Strong, 1997;
Strong & Pemberton, 2000), here I argue that under certain circumstances (i.e., weedy
groups not represented in the native and in the economically important flora), the use of
agents with a wide host range, at the genus, sub-tribe, or even tribe level, can be safe, and is
more likely to succeed; undoubtedly, it would also shorten the host testing process and
increase the benefit-cost ratio.

It is not uncommon that a potentially effective biocontrol agent is rejected because its
host range is not sufficiently narrow (some examples are: Syrett et al., 1995; Fowler et al.,
2000; McFadyen & Weggler-Beaton, 2000; Moran et al., 2005). Instead, a more specific
agent that is less effective may be approved for release, inevitably resulting in only partial or
even negligible pest control (Harris, 1991). Usually, further introductions of alien biocontrol
agents are required in these cases to improve control. In a multi targeting approach, a main
weed is targeted, for which the most efficient agent may be considered for release, even if its
host range includes other closely related species. The target weed is more likely to be
successfully controlled this way, and any suppression of other closely related species,
especially sleeper weeds, is in fact welcome.

Groups that are taxonomically close to the pest are the most prone to non-target effects
(Louda et al., 2003b); more specifically, in weed biocontrol, non-target plants are more prone
to non-target effects if they belong to the same genus or tribe as the target weed (Pemberton,
2000; Strong & Pemberton, 2000; Louda et al., 2003b). Islands are, in many cases,
characterised by a unique flora in which certain plant groups may not be represented. Thus, if
a genus or a tribe of introduced weeds is not represented in the native flora, multi-targeting
should be genuinely considered. Conflicts with beneficial crops should be taken into account,
and possible future utilization of plants in the group should be explored before a generalist

agent is considered. In New Zealand, several weeds have no close relatives in the native flora.
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Examples are Tradescantia fluminensis Vell. (wandering Jew or wandering Willie, Order
Commelinales), with no natives in the order (Standish, 2001); Ageratina riparia (Regel) (mist
flower), with no native representatives in the tribe (Eupatorieae) and in the two most closely
related tribes (Heliantheae and Helenieae; Barratt & Moeed, 2005); and thistles (discussed in
detail hereafter).

To study the feasibility and possible application of the multi targeting approach in
New Zealand, I used thistles, from the tribe Cardueae in the Asteraceae. There are at least 115
species in the tribe Cardueae in New Zealand, all of which are exotic, and at least 9 are
economic weeds; 38 species in the tribe Cardueae that are not currently weeds in New
Zealand, are recorded as weeds elsewhere in the world (Hawaiian Ecosystems at Risk Project
& AgWest, 2007), and are hence considered potential sleeper weeds; 23 of them are already
naturalised here (S.V. Fowler, pers. comm.). Two species that have not naturalised anywhere
but in New Zealand and are not yet weedy here could be added to the list of potential sleeper
weeds. There are no natives in the tribe Cardueae in New Zealand, and the only valued
species are the minor crops globe artichoke, Cynara scolymus L., safflower, Carthamus
tinctorius L., variegated thistle, Silypbum marianum (L.) Gaertner, which is currently a weed
but could potentially become a future crop (Bourdot et al., 2007), and some globe thistles,
Echinops spp., which are used as ornamentals. A specificity analysis of insect herbivores
attacking six weedy thistle species (from the genera Carduus and Cirsium) in Europe alone
revealed six species-specific, four genus-specific, 46 sub-tribe-specific (sub-tribe Carduinae),
and 16 tribe-specific (tribe Cardueae) herbivore species (Gassman, 2005). Thus, acceptance of
herbivore species which show host specificity to the sub-tribe and/or tribe level greatly
increases the potential for effective biocontrol agents to be found. Several biocontrol agents
have already been introduced to New Zealand under three programmes, targeting three thistle
species (Carduus nutans , Cirsium arvense , and Cirsium vulgare ), none of which is currently
under satisfactory level of control (i.e., all three thistles still require substantial application of
other control methods). Thus, considering the number of current and sleeper thistle weeds,
multi targeting emerges as a suitable approach for future biocontrol of this group in New
Zealand.

Carduus nutans was the first thistle for which a biocontrol programme was initiated in
New Zealand. Three biocontrol agents against C. nutans have been introduced to New
Zealand between the early 1970s and early 1990s, all of which are not restricted to, but show
clear preference for, C. nutans (Zwdélfer & Harris, 1984; Moeller-Joop & Schroeder, 1986;

Jessep, 1989b, a; Gassman, 2005). In a multi targeting approach, as in any other biocontrol
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approach, severe damage to the target weed is the ultimate goal; multi targeting is distinct
from other approaches by the extended goal of increased damage to non-target sleeper weeds.

In multi-targeting the target weed and the sleeper/s share a herbivore. Sharing a
herbivore between two or more plant hosts could result in different scenarios, such as
‘associational resistance’, in which the association between palatable and unpalatable species
could reduce herbivory on the palatable species (Wahl & Hay, 1995) or ‘associational
susceptibility’, in which herbivory on a secondary host is increased in the presence of the
primary host (Brown & Ewel, 1987). For multi-targeting it is essential that the presence of the
target weed inflicts associational susceptibility of the sleeper/s to the shared herbivore, such
that where the sleeper/s grow in association with he target weed they suffer no less, and
preferably greater attack and damage by the shared herbivore, compared to where they grow
in the absence of the target weed.

Associational susceptibility and its potential effect on plant population dynamics have
been demonstrated in several studies (Futuyma & Wasserman, 1980; Parker & Root, 1981;
Thomas, 1986; Brown & Ewel, 1987; Hjalten et al., 1993; Wahl & Hay, 1995; Rand, 1999;
White & Whitham, 2000; Rand, 2003), including in an R. conicus — thistle system (Rand &
Louda, 2004; Russell et al., 2007).

In this study, I hypothesised that the presence of the preferred target species (C.
nutans) in a patch would result in heavier biocontrol agents attack in that patch, and
consequently heavier damage to non-target thistle species in the same patch that are
acceptable hosts. I selected three non-target thistle species, closely related to C. nutans: the
two congenerics Carduus pycnocephalus and Carduus tenuiflorus, and the Carduinae subtribe
member Cirsium vulgare. Carduus nutans biocontrol agents attack and damage inflicted on
these non-target species, growing in the absence of vs. in close proximity to C. nutans, were

followed in a controlled field experiment and in a field survey.
5.2 Methods

5.2.1 Study system

Carduus nutans represented the target species in the system. It is a monocarpic facultative-
biennial, which can take an annual life history (Popay & Medd, 1990). Its rapid spread around
New Zealand in the early 1950s, after a lag phase of several decades from its introduction
(Delahunty, 1960), and its invasive and weedy potential made it a candidate for a biocontrol
programme. Two of the three biocontrol agents introduced in this programme are receptacle

feeders which target the reproductive potential of the weed by limiting its seed production.
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These are the receptacle weevil, Rhinocillus conicus (Coleoptera: Curculionidae), introduced
in 1972 (Jessep, 1989a) and the gall-forming fly Urophora solstitalis (Diptera: Tephritidae),
introduced in 1990 (Harman et al., 1996). Both biocontrol agents are not restricted solely to
C. nutans, and R. conicus in particular is known to attack a large number of hosts within the
tribe Cardueae (some examples include Zwolfer, 1965; Goeden & Ricker, 1977; Rees, 1977;
Goeden & Ricker, 1978; Zwolfer & Harris, 1984; Turner et al., 1987; Pemberton, 2000).

Carduus pycnocephalus, C. tenuiflorus and C. vulgare represent the non-target species
in the system. Carduus pycnocephalus and C. tenuiflorus are both annual species, which start
flowering about 4 weeks before C. nutans does, a time when R. conicus reproductive activity
has already begun (Jessep, 1989a; pers. obs.). Cirsium vulgare shares the same life history
characteristics as C. nutans, and starts flowering at about the same time or just days after C.
nutans. Rhinocyllus conicus attack on C. pycnocephalus and C. tenuiflorus has been recorded
in New Zealand (Popay et al., 1984; Kelly, 1988; Jessep, 1989a; Kelly et al., 1990; pers.
obs.). Cirsium vulgare is not a favourable host for R. conicus development in New Zealand; in
various field surveys I have only come across a single adult and four pupae of R. conicus on
C. vulgare, and another five adults were found from C. vulgare capitula in the experiment
described here — only two of which successfully completed their life cycle, and the remaining
three did not emerge successfully and died within the capitulum. Jessep (1989a) too, did not
list C. vulgare as a species supporting complete R. conicus development in New Zealand,
nevertheless in the survey presented in this chapter I have encountered levels of R. conicus
oviposition on C. vulgare which appear higher than could be associated with occasional
migrating weevils; hence I estimate that R. conicus populations are sustained even in areas
consisting of mainly C. vulgare and no C. nutans. Gall forming tephritids, such as Urophora
spp., are considered highly host specific; most are considered oligophagous, but many are
known to be monophagous (Freidberg, 1984; Harris, 1989b; Turner, 1996; Headrick &
Goeden, 1998). Urophora solstitialis attack on C. pycnocephalus and C. tenuiflorus has not
been reported from New Zealand, and I was only able to find one record of possible attack on
C. pycnocephalus elsewhere (Goeden, 1974); in three years of field observations and capitula
collections I have only come across Urophora sp. inside C. tenuiflorus capitula on a single
occasion and at very low density (5%). Cirsium vulgare was not expected to be attacked by U.
solstitialis; in fact, a C. vulgare specialist, Urophora stylata Fabricius, was introduced to New
Zealand in 1999, (Fowler et al., 2000). Urophora stylata (but no U. solstitialis) has been
recorded from C. pycnocephalus in the native range in Europe (Sheppard et al., 1991).
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5.2.2 Plants and insects

The non-target species, C. pycnocephalus, C. tenuiflorus, and C. vulgare, and the target
species C. nutans plants were grown in the University of Canterbury glasshouses from seeds
collected in summer 2005 around Canterbury. In late autumn 2005 they were transplanted as
small rosettes to the experimental plot, an uncultivated grassy area that was regularly mown,
at the Landcare Research Lincoln campus.

To obtain U. solstitialis and R. conicus, attacked C. nutans capitula were collected
from South Canterbury in summer and autumn of 2005, and were kept refrigerated until
several days before adults were required in the experiment. At this time they were put in
emergence cages with a C. nutans plant. It was found that U. solstitialis peak emergence
occurred around 3 weeks from exposure to spring temperatures and daylight; this was
considered too late for release in the experiment, as C. pycnocephalus and C. tenuiflorus were
already abundantly flowering. Hardly any R. conicus emerged from the refrigerated capitula,
yet R. conicus adults populated the experimental plot naturally. Thus, no intentional releases
of biocontrol agents were carried out, and the density of biocontrol agents was not controlled

for.

5.2.3 Biocontrol agent attack on non-target species in the presence and

absence of C. nutans: a field experiment

At the experimental site, non-target species rosettes were organized into plots, each
containing five C. tenuiflorus plants, five C. pycnocephalus plants and five C. vulgare plants
in a 3 x 5 randomised arrangement, with 0.2 m between plants and 3 m between plots, for a
total of 24 plots. Plots were grouped in blocks of four, with at least 5 m between blocks. Two
plots in each block were randomly assigned a “C. nutans present” treatment, and in these, 10
C. nutans rosettes were planted 0.2 m apart, in two rows, 0.4 m away from the non-target
plants. Field surveys (e.g., Chapter 7), have shown that specimens of different thistle species
are commonly found growing in such distances in naturally occurring multi-species
assemblies. Plant arrangement is illustrated in Figure 5.1. Altogether, the experiment included
480 plants (120 plants per species). The experiment was designed with six blocks (replicates),
and four treatments per block (C. nutans present/absent, and cage present/absent to
manipulate biocontrol agents density), but the cage treatment was cancelled due to difficulty
obtaining sufficient biocontrol agents early enough in the season, when C. pycnocephalus and

C. tenuiflorus were already bolting. Hence all plots remained uncaged.
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C. nutans present C. nutans absent
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A C. pycnocephalus O C.vulgare

Figure 5.1: An illustration of two experimental plots with C. nutans either present (left) or

absent (right).

The longest leaf of each rosette was measured at the time of bolting, and fortnightly thereafter
I recorded plant height, total number of flower clusters (in C. pycnocephalus and C.
tenuiflorus), their position, and total number of capitula. These data were used as covariates at
the plant level; plant height and capitula sum were also used as plot level covariates (average
plot height and plot sum of capitula combined for C. pycnocephalus and C. tenuiflorus). All
ripe capitula were collected fortnightly and placed individually into paper bags. Capitulum
height, the number of capitula in the cluster (for C. pycnocephalus and C. tenuiflorus; on the
plant for C. vulgare), cluster/capitulum position, and capitulum external diameter were
recorded for these individually collected capitula. Initially this was done for all ripe capitula
on all plants; but as C. pycnocephalus and C. tenuiflorus growth exceeded the capacity to
collect these detailed data, one C. pycnocephalus plant and one C. tenuiflorus plant were
randomly selected in each plot, for which this detailed data collection continued. For the
remaining plants, all ripe capitula were collected into a single bag per plant each fortnight,
with no detailed information at the capitulum level recorded in the field; these are hereafter
referred to as bulk collections. In one plot, where the amount of time required to individually
collect capitula from a single plant equalled the amount of time it took to collect in this
manner from 20 other plots jointly, the detailed collection was abandoned altogether, and only
bulk collections were made. Very few C. vulgare plants flowered in the experimental plots
(28 in total), and all their ripe capitula were collected individually. All individually collected
capitula and sub-samples from the bulk collected capitula (up to 40 capitula per plant per

census, if available) were later processed in the lab, where their receptacle diameter was
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measured and the presence and number of any signs of attack by R. conicus were recorded (no
U. solstitialis attack signs were found). Rhinocyllus conicus attack signs included egg cases,
larval penetration holes, presence of any larval stages and adults, and typical feeding damage.
Penetration holes, burrowed by 1* instar larvae, are sometimes the only evidence left of an
oviposition event if the egg case has fallen off and no further larval development occurred
within the capitulum. In C. vulgare, eggs and penetration holes were not counted; only their
occurrence was noted as either nought, low, medium or high. The level of R. conicus-related
feeding damage in attacked capitula was ranked from 0 to 3 (0 — none, 1 — little, 2 — medium
and 3 — high damage), and any viable seeds were counted. In many cases capitula ripened
faster than collections could keep up with, and by the time they were collected some seed
would have already dispersed or been predated by goldfinches; in these cases seeds were not

counted.

5.2.4 Biocontrol agent attack on non-target species in the presence and

absence of C. nutans: afield survey

The pattern of C. nutans biocontrol agent attack on the same non-target species as in the
experiment above was surveyed on a geographic spatial scale in the Canterbury district. Sites
were located that hosted natural populations of the non-targets growing in the absence of C.
nutans, and growing in close proximity to C. nutans. Although C. pycnocephalus and C.
tenuiflorus could, in the past, “often be found growing in association with C. nutans” (Jessep,
1989a, p.340), many searches only yielded one region where this association could still be
found, in North Canterbury (Culverden area, Kaiwara Rd., 42°49.111° S 173°02.983" E).
Cirsium vulgare was also growing in this region. Thus, Culverden was one site, hosting all
four species (the three non-targets and the target). Two sites were located on Banks Peninsula,
Central Canterbury, one hosting C. pycnocephalus and C. tenuiflorus, (Christchurch Port
Hills, Mt. Vernon Park, 43°35.713” S 172°34.885 E) and one hosting C. vulgare (Akaroa
area, 43°47.724° S 172°58.876’ E). Carduus nutans has been reported from Banks Peninsula
(H.D. Wilson, W.R. Sykes, pers. comms.), but rarely, and I could not find it there; therefore
Banks Peninsula was considered an area in which C. nutans is absent. Two additional sites
were located in another part of Central Canterbury, near Rakaia Gorge, which hosted C.
vulgare alone (Hoskyns Rd. 43°31.660” S 172°17.662 E), and C. vulgare adjacent to C.
nutans (Coalgate area, 43°28.713° S 171°59.997° E). All sites were visited once a year (in
2005-06 and 2006-07) at the time of peak flowering of the relevant species; thus, Culverden
site was visited twice a year — once at the peak of C. pycnocephalus and C. tenuiflorus

flowering, and once at the peak of C. nutans and C. vulgare flowering. At each visit, about
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100 ripe capitula were collected from the species at peak flowering; plants were randomly
selected along an arbitrary walking transect and one capitulum at a primary position was
collected per plant. In 2005-06, the site hosting C. vulgare and C. nutans at Rakaia Gorge did
not have enough plants, and thus more than one capitulum per plant were collected, and
practically all plants at the site were sampled. Ninety one C. vulgare capitula were collected
on this occasion, and only 52 C. nutans capitula. All capitula were processed in the lab, where
capitulum and receptacle diameters were measured and the presence and number of any signs
of biocontrol agent attack were recorded. Biocontrol agent signs included R. conicus egg
cases, larval penetration holes, larvae, adults and typical feeding damage, and U. solstitialis

galls, larvae, and pupae. Plant density was not monitored in these surveys.

5.2.4 Statistical analysis

The effect of C. nutans presence and of capitulum, plant and plot level measurements on the
probability of the non-target species to get attacked by R. conicus (logit transformed) as well
as on the number of attack signs per capitulum (log transformed) were tested in a series of
linear mixed effect models using the ‘Imer’ command (Ime4 package) in R (R Development
Core Team, 2006); all possible explanatory variables (but no interactions) were included in
the models as covariates. The initial models included 12 fixed effects (only eight for C.
vulgare) as explanatory variables. These were the treatment effect (i.e., C. nutans
presence/absence); capitulum level covariates — external diameter (mm), height (mm) and
position (in C. vulgare); cluster level covariates (in C. pycnocephalus and C. tenuiflorus only)
— cluster position and sum of capitula in the cluster; plant level covariates — bolting date,
longest leaf length (mm) at the time of bolting, plant height (mm) at the time of sampling,
sum of clusters on the plant and sum of capitula on the plant; plot level covariates (for C.
pycnocephalus and C. tenuiflorus only) — sum of capitula in the plot and average plot height
(mm). Non-categorical covariates were standardized (i.e., divided by the variance after
subtraction of the mean); this made the magnitudes of their effects comparable, despite being
measured in different units. In addition, plants (nested within plots), plots (nested within
blocks) and blocks were included as random grouping effects. Non-significant variables were
excluded from the models in backwards selection using the Chi-squared test to compare
between models. In some cases, a covariate was retained in the model despite being non-
significant, if excluding it decreased the model fit significantly. All random effects were
retained, even if they did not explain a significant amount of the deviance, because they
comprise the structure of the experiment. Two C. tenuiflorus plants had a missing record for

bolting date, and several capitula had missing observations for various covariates; as a result,
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the sample size slightly differs between analyses, depending on the covariates that were
retained in each model. Where binomial or Poisson error distributions were used, the ‘lmer’
command automatically corrects for overdispersion in the data if required. The ‘Imer’
command uses restricted maximum log-likelihood (REML) to fit models. The models’
outputs are tables of parameters’ estimates, in which the intercept estimate includes the lowest
level of each categorical variable (in an alphabetic or numeric order), and all following
estimates appear as the difference from the intercept; the t-test or z-test for each parameter is
for the null hypothesis that this difference is not statistically different from zero. Categorical
variables were labelled such that the alphabetical or numerical value would offer a logical
order of testing.

Damage rankings were tested in proportional odds models, also known as cumulative
logit models (Duncan & Young, 2000). In the proportional odds model, a regression model is
fitted for the response variable (ranked categorical damage level), such that the cumulative
probability of a response is increased damage ranking as a function of the predictor variables.
The response variable, damage ranking, has four levels (none, little, medium and high), and
these are separated by three cut points: the first separating capitula exhibiting no damage from
the rest, the second separating capitula exhibiting no or little damage from the rest, and the
third separating capitula exhibiting no, little or medium damage from the rest (i.e. capitula
exhibiting high damage ranking). The model that is then fitted on the logit of these cumulative
probabilities results in a series of J -1 regression lines (J being the number of rank categories)
on a logit scale. Each line is described by one cut point intercept term and a vector of slope
estimates (3, one slope estimate for each explanatory variable). In the case of damage ranking,
the interpretation of the model is that the probability for a capitulum to be damaged at a
certain level or lower is proportional to the change in a predictor variable X in the

(x-%;)

relationship: e” ; the model assumes the different categories are affected similarly by the
explanatory variables (Agresti, 1996). The strength of the proportional odds model is in
taking into account the ordering of categories while making no assumptions about the
intervals between them. (Duncan & Young, 2000). Here, I used the ‘bayespolr’ command
(arm package) in R to fit the proportional odds models. The models included capitulum, plant
and plot level explanatory variables as in the mixed effects models and, in addition, included
the number of attack signs per capitulum; but they could not include the random grouping
effects. Non-significant variables were excluded from the models in a backward selection
(with the ‘dropl’ command in R) using the Chi-squared test to estimate variables significance.

In many cases it was observed that attack on the non-targets did not lead to any

feeding damage inside the capitulum. The percentages of capitula exhibiting damage of those
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that got attacked, in the presence and absence of C. nutans were tested in a series of Chi-
squared tests. For C. pycnocephalus and C. tenuiflorus, the percentage of damaged capitula
out of those attacked was also compared between early and late in the season (i.e., before and
after C. nutans became available for R. conicus attack; 13 December 2005).

Capitula that had no feeding damage and no seed lost to goldfinch predation or wind
dispersal were used to estimate relationships between capitulum external diameter and seed
production. A linear regression was calculated for each species, following mixed effects
analyses models using the ‘lmer’ command (Ime4 package) in R with plants as a grouping
factor. These regressions were used to estimate the seed output for each capitulum from its
diameter; these were then summed to give the estimated seed output per plant. This estimate
was done only for plants that had all their capitula collected individually and hence had all
their capitula processed: 23 plants for each of C. pycnocephalus and C. tenuiflorus. In
addition, the number of seeds lost at each damage category was estimated from attacked
capitula that had no goldfinch predation marks and no wind dispersal signs. The mean
proportion lost at each damage category was used to calculate seed loss estimates per plant for
the same 23 plants per species. The proportion of loss at zero damage was calculated
separately for un-attacked capitula and for attacked but un-damaged capitula. The proportion
(logit transformed) of seed lost per plant were compared in mixed effects models using the
‘Imer’ command (Ime4 package) in R with plant level and plot level explanatory variables
included as covariates, and with block as a random grouping factor (plots were not included
because only one plant was analysed per plot). Non-significant variables were excluded from
the models in a backwards selection using the Chi-squared test to compare between models.
Seed loss analyses were not done for C. vulgare, because not enough damaged capitua were
available to produce a regression equation for the ‘damaged’ status.

The ‘Imer’ model does not produce probability values for Gaussian distributions. In
such cases, probabilities were generated in Statistix (Version 8; Analytical Software, 2003).

The field survey results were analysed in a series of generalized linear models (’glm’
command in R) for each combination of non-target species and seed predator species, with C.
nutans presence as a fixed effect and year as a covariate; for C. vulgare, site was another fixed
effect. Site classifies C. nutans presence/absence for C. pycnocephalus and C. tenuiflorus (and
partially for C. vulgare) and could therefore not be tested in these cases; thus, Banks
Peninsula and Culverden sites may vary not only in C. nutans presence/absence, but also in
other biotic and abiotic factors which could be confounded with C. nutans presence/absence,

and which were not estimated in the survey. This limitation was known at the time of
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surveying; survey sites were selected for their species composition, and were consequently

restricted by species distribution. Therefore, interpretation of the survey results is limited.
All analyses (both for the experiment and the survey) were carried out on each non-

target species separately.

5.2.5 Study limitations

Several limitations of the study system have to be acknowledged:

1. The target species, C. nutans, is not successfully controlled by the introduced
biocontrol agents in New Zealand; therefore there was no reason to expect great
impact of these agents on less preferred thistle species.

2. Two of the non-target species, C. pycnocephalus and C. tenuiflorus, were only rarely
found growing in proximity to C. nutans. This could reflect exclusion of either species
from certain habitats by biocontrol interactions, but it could also reflect different
habitat requirements. These species reportedly grew in association in New Zealand in
the past (Jessep, 1989a), but there are no quantitative past or present data to determine
whether there has been a change in the degree of co-occupancy since the introduction
of biocontrol agents.

3. All four plant species selected for this study are weeds in New Zealand, with well
established and widespread populations; none is a sleeper weed.

4. Regional Pest Management Strategy imposes a ban on any action that could spread C.

nutans. Consequently, the experimental manipulation options were limited.

5.3 Results

5.3.1 Field experiment

All 120 plants per species of the annual non-target species, C. pycnocephalus and C.
tenuiflorus, bolted successfully and produced capitula. In one replicate C. pycnocephalus and
C. tenuiflorus plants grew unusually large, and in another they grew unusually small. It was
suspected that inclusion of these unusual replicates in the analysis may increase the variance
and reduce its power; therefore all C. pycnocephalus and C. tenuiflorus analyses were done on
two datasets — one that includes the extreme replicates and one that excludes them; the
analyses for the reduced dataset (excluding the extreme replicates; 80 plants per species) are
presented herein, while the parallel analyses for the dataset which includes all six replicates
are provided in Appendix B. In addition, capitulum-level variables that were measured in the
field were found significant in many cases; therefore inclusion of capitula from the bulk

collections (which did not have capitulum-level information) did not improve the analysis.
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Bulk collections were therefore not included (with the exception of the proportion tests, where
no covariates, at the capitulum level or other, could be included in the first place). Only 28 C.
vulgare plants bolted successfully and therefore, although they too followed the pattern of
extreme replicates, no analysis was done that excluded these. Information on some plant

growth variables for the three non-target species, as well as for C. nutans is presented in Table

5.1.

Table 5.1: Raw mean, standard error, range and median of the total number of capitula
produced per plant over the flowering season, peak plant height, and capitulum diameter of
the four species in the system, measured from the experimental plants.
Based on 120 C. pycnocephalus plants, 120 C. tenuiflorus plants, 90 C. nutans plants and 28
C. vulgare plants which bolted and produced capitula.

Peak capitula Peak plant height (rounded  Capitulum

per plant to the nearest mm) diameter (mm)
C. pycnocephalus Mean (SE) 128.9 (9.1) 900 (22) 7.23 (0.99)
Range 2-683 143 - 1400 2.55-11.95
Median 100.5 915 7.32
C. tenuiflorus Mean (SE) 159.2 (18.4) 802 (24) 5.66 (0.02)
Range 10 - 1723 225-1423 1.88 - 10.03
Median 96.5 816 5.60
C. vulgare Mean (SE) 13.0 (2.0) 440 (32) 16.80 (0.22)
Range 2-49 150 - 830 6.47 - 27.07
Median 10.0 452 17.26
C. nutans Mean (SE) 47.5(6.3) 737 (30) 19.79 (0.09)
Range 2-317 195 - 1485 4.30 - 48.78
Median 23.0 746 19.81

The experimental plot was naturally populated with biocontrol agents. Both R. conicus and U.
solstitialis appeared independently and attacked C. nutans. Only R. conicus attacked the non-
target species; no U. solstitialis attack occurred on any species other than C. nutans except for
a single C. vulgare capitulum, so no analysis was performed on U. solstitialis in the experient.
Rhinocyllus conicus attack on C. pycnocephalus and C. tenuiflorus dropped sharply as
soon as C. nutans buds were starting to form, around mid December (Table 5.2). Thus, the
data set as a whole is highly zero-inflated, and any effects are masked. It seemed irrational to
perform complex analyses on the zero-inflated datasets, and therefore, analysis is only shown
for capitula that were collected on 13 December 2005 or earlier. Cirsium vulgare flowers
simultaneously with C. nutans, thus the entire dataset was analysed for this non-target species.
Three plants of each C. pycnocephalus and C. tenuiflorus did not ripen any capitula before 13

December, which reflects in the sample size for some of the analyses to follow.
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Table 5.2: Distribution of R. conicus attack on C. pycnocephalus and C. tenuiflorus capitula
before and after C. nutans become available (13 December 2005). The change in proportion
attacked over time was significant for both C. pycnocephalus (x> = 555.6, df =1, P < 0.001)
and C. tenuiflorus (y* = 377.8, df = 1, P < 0.001).

C. pycnocephalus C. tenuiflorus
% %
Collected Attacked attack Collected Attacked attack
Until 13 Dec. (inclusive) 1545 632 409 1502 457 304
After 13 Dec. 3285 214 6.5 3303 194 5.9
Total 4830 846 4805 651

Two non-target species exhibited a significantly higher probability of attack by R. conicus in
the presence of C. nutans: 55.0% (back transformed fitted mean) of C. pycnocephalus capitula
were attacked in the presence of C. nutans, and 38.2% in its absence (Table 5.3a); 7.6% (back
transformed fitted mean) of C. vulgare capitula were attacked in the presence of C. nutans,
and only 0.61% in its absence (Table 5.3c). The attack on C. tenuiflorus was marginally non-
significantly higher in the presence of C. nutans (35.9%, back transformed fitted mean; Table
5.3b) than in its absence (26.9%).



Table 5.3: Difference in probability (logit transformed) of capitulum attack by R. conicus in
the presence and absence of C. nutans in (a) C. pycnocephalus, (b) C. tenuiflorus and (c) C.
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vulgare: generalized linear mixed effects models with a binomial distribution and with plants,

plots and blocks as grouping factors.

(a). C. pycnocephalus. Based on 972 capitula from 77 plants. Intercept: C. nutans absent,

primary cluster position.

Fixed effects
df Estimate Std. Error z value P

Intercept 1 -0.481 0.229 -2.101 0.036
C. nutans present 1 0.686 0320  2.147 0.032
External diameter 1 0.251 0.080 3.143 0.002
Cluster position - secondary 1 -1.094 0.207 -5.276 <0.001
Leaf length at the time of bolting 1 -0.459 0.175 -2.616 0.009
Plant height 1 0.488 0.208 2.350 0.019
Sum of clusters on the plant 1 2.506 0.590 4.250 <0.001
Sum of capitula on the plant 1 -1.758 0.611 -2.875 0.004

(b). C. tenuiflorus. Based on 885 capitula from 77 plants. Intercept: C. nutans absent.

Fixed effects

df Estimate Std. Error zvalue P
Intercept 1 -0.998 0.172  -5.812 <0.001
C. nutans present 1 0.417 0.236 1.764 0.078
External diameter 1 0.128 0.084 1.522 0.128
Capitulum height 1 -0.501 0.111  -4.501 <0.001
Sum of capitula in the cluster 1 0.416 0.083 5.024 <0.001
Plant height 1 0.708 0.130 5443 <0.001

(c). C. vulgare. Based on 305 capitula from 28 plants. Intercept: C. nutans absent, bolted by 6

October 2005.
Fixed effects
df Estimate Std. Error zvalue P

Intercept 1 -5.100 0.924 -5.521 <0.001
C. nutans present 1 2.601 0.801 3.249 0.001
Leaf length at the time of bolting 1 -2.943 0.861 -3.419 0.001
Plant height 1 5.194 1.451 3.580 <0.001
Bolted between 6 Oct. and. 21 Oct. 1 2.098 1.437 1.460 0.144
Bolted between 21 Oct. and. 16 Nov. 1 -2.611 0.874  -2.989 0.003
Bolted between 16 Nov. and. 6 Dec 1 3.568 1.670 2.137 0.033

In all three non-target species there were cases of multiple R. conicus attack signs per

capitulum. Carduus pycnocephalus capitula received 0.78 (back transformed fitted mean)

signs per capitulum in the presence of C. nutans, significantly higher than in its absence (0.38;

Table 5.4a). Similarly, C. vulgare capitula received significantly more (however very low)

attack signs in the presence of C. nutans (0.061 signs per capitulum; back transformed fitted

mean) than in its absence (0.007; Table 5.4c). The numbers of attack signs per capitulum in C.
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vulgare are somewhat underestimated, since eggs and penetration holes were not counted, and
larval development appears to under-represent initial oviposition. In C. tenuiflorus the effect
was marginally non significant (Table 5.4b), with 0.44 (back transformed fitted mean) attack

signs per capitulum in the presence of C. nutans and 0.31 in its absence (Table 5.4b).

Table 5.4: Difference in the number of R. conicus attack signs per capitulum (log
transformed) in the presence and absence of C. nutans in (a) C. pycnocephalus, (b) C.
tenuiflorus and (c) C. vulgare: generalized linear mixed effects models with a Poisson
distribution and with plants, plots and blocks as grouping factors.

(a). C. pycnocephalus. Based on 972 capitula from 77 plants. Intercept: C. nutans absent,
primary cluster position.

Fixed effects
df Estimate Std. Error z value P

Intercept 1 -0.965 0.226 -4.275 <0.001
C. nutans present 1 0.703 0.314 2.240 0.025
External diameter 1 0.188 0.049 3.835 <0.001
Cluster position - secondary 1 -0.584 0.127  -4.595 <0.001
Sum of clusters on the plant 1 2.023 0.397 5.099 <0.001
Sum of capitula on the plant 1 -1.432 0.389 -3.681 <0.001

(b). C. tenuiflorus. Based on 885 capitula from 77 plants. Intercept: C. nutans absent.
Fixed effects

df Estimate Std. Error zvalue P
Intercept 1 -1.174 0.138  -8.500 <0.001
C. nutans present 1 0.356 0.186 1.912 0.056
External diameter 1 0.100 0.059 1.691 0.091
Capitulum height 1 -0.352 0.068 -5.165 <0.001
1
1

0.254 0.054 4.695 <0.001
0.442 0.091 4.864 <0.001

Sum of capitula in the cluster
Plant height

(c). C. vulgare. Based on 305 capitula from 28 plants. Intercept: C. nutans absent, bolted by 6
October 2005.

Fixed effects
df Estimate Std. Error =z value P

Intercept 1 -4.937 0.720 -6.862 <0.001
C. nutans present 1 2.128 0.541 3.933  <0.001
Leaf length at the time of bolting 1 -2.694 0.604 -4.460 <0.001
Plant height 1 4.715 0.966 4.883 <0.001
Bolted between 6 Oct .and 21 Oct. 1 2.621 1.039 2.524 0.012
Bolted between 21 Oct. and 16 Nov. 1 -2.187 0.622 -3.519 <0.001
Bolted between 16 Nov. and 6 Dec. 1 3.257 1.424 2.287 0.022
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Only for C. vulgare was C. nutans presence per se a predictor for the level of damage within
the capitulum (Table 5.5¢). The number of attack signs by R. conicus was a significant
predictor of damage level for all three non-target species (Table 5.5): for all three species the
level of damage increased with more attack signs; for C. vulgare the level of damage
increased also in the presence of C. nutans, compared to in its absence. Of course the number
of attack signs was affected by C. nutans presence, giving an indirect effect of presence on

level of damage.

Table 5.5: Difference in the cumulative proportion (logit transformed) of (a) C.
pycnocephalus, (b) C. tenuiflorus and (c) C. vulgare capitula (of the total processed)
exhibiting increasing R. conicus feeding damage rank in the presence and absence of C.
nutans: proportional odds (cumulative logit) models. The model is interpreted as a series of
regression lines on a logit scale (one for each cut point); to model capitula in the absence of
C. nutans, the slope term for ‘C. nutans present’ is omitted.

(a). C. pycnocephalus. Based on 973 capitula.

Fixed effects
df Estimate Std. Error t value P

C. nutans present 1 0.039 0.23 0.17 0.865
Sum of R. conicus signs 1 1.348 0.10 13.02 <0.001
Cluster position - secondary 1 -0.615 0.32 -1.94 0.053
Leaf length at the time of bolting 1 -0.400 0.15 -2.70 0.007
Sum of capitula on the plant 1 0.730 0.22 3.36 0.001
Sum of capitula in the plot 1 -0.809 0.29 -2.83 0.005
Average plot height 1 0.641 0.23 2.76 0.006

Intercepts for cut points of damage categories

df Estimate  Std. Error  tvalue P
No damage (0.180, 0.139)" 1 2.186 0.178 12.298 <0.001
Little damage (0.169, 0.135) 1 2.270 0.180 12.635 <0.001
Medium damage (0.120, 0.090) 1 2.875 0.195 14.768 <0.001
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Table 5.5 (contd)
(b). C. tenuiflorus. Based on 869 capitula.

Fixed effects

df Estimate Std. Error t value P
C. nutans present 1 0.062 0.24 0.26 0.795
Sum of R. conicus signs 1 1.980 0.14 14.51 <0.001
External diameter 1 -0.222 0.11 -2.12 0.034
Plant height 1 0.438 0.12 3.66 <0.001
Bolted between 26 Sep. and 6 Oct. 1 -0.147 0.24 -0.62 0.535
Bolted between 6 Oct. and 21 Oct. 1 -0.169 0.36 -0.47 0.638
Bolted between 21 Oct. and 6 Dec. 1 -0.716 0.96 -0.75 0.453
Intercepts for cut points of damage categories

df Estimate Std. Error tvalue P
No damage (0.231, 0.230)" 1 1.772 0.217 8.16 <0.001
Little damage (0.216, 0.219) 1 1.928 0.219 8.80 <0.001
Medium damage (0.179, 0.170) 1 2.434 0.227 10.71 <0.001

(c). C. vulgare. Based on 305 capitula.

Fixed effects
df Estimate Std. Error t value P

C. nutans present 1 2.02 0.94 2.14 0.0330
Sum of R. conicus signs 1 1.27 0.34 3.74 <0.001
Plant height 1 1.61 0.73 221  0.0279
Bolted between 6 Oct. and 21 Oct. 1 -5.31 3.38 -1.57  0.1170
Bolted between 21 Oct. and 16 Nov. 1 -3.62 1.35 -2.69  0.0080
Bolted between 16 Nov. and 6 Dec. 1 -0.17 1.60 -0.11  0.9120

Intercepts for cut points of damage categories

df Estimate Std. Error tvalue P
No damage (0.078, 0.037)" 1 3.77 0.76 496 <0.001
Little damage (0.034, 0.010) 1 5.82 1.05 5.52  <0.001
Medium damage (0.017, 0.005) 1 8.29 1.92 4.30 <0.001

"Numbers in parentheses beside each cut point for damage categories are the cumulative
proportions of capitula exhibiting higher damage rating than that cut point in the presence and
absence of C. nutans respectively.

The presence of attack signs does not necessarily ensure attack success (i.e. feeding damage
to receptacle tissue). Most attacks on C. pycnocephalus and C. tenuiflorus resulted in no
damage to the attacked capitulum, whether in the presence of C. nutans or in its absence
(Table 5.6a & b). The percentage of damaged capitula of the total examined ranged between
~16% carly in the season to ~3% later in the season for C. pycnocephalus, and between ~21%
to ~3% for C. tenuiflorus. In C. vulgare, the majority of attacked capitula exhibited some

damage (Table 5.6¢), but this is not surprising, because C. vulgare capitula are larger and



would have received a higher number of eggs per attacked capitulum, hence a higher

likelihood of showing some degree of damage, even if only very low, as a result of attack.

The raw numbers of collected, attacked and damaged capitula are provided in Appendix B.

&9

Table 5.6: Difference in the percentage of non-target species capitula attacked by R. conicus
(of the total processed) and the proportion of capitula exhibiting actual R. conicus feeding
damage (of those that got attacked) early in the season (before 13 December; for C.
pycnocephalus and C. tenuiflorus) and over the entire season (for C. vulgare), in the presence
and absence of C. nutans. For C. pycnocephalus and C. tenuiflorus, the percentages of
damaged capitula of those attacked are also compared between early and late season
(regardless of C. nutans presence). Sub-samples from the bulk collections (for C.
pycnocephalus and C. tenuiflorus) were either excluded or included.

(a). C. pycnocephalus.

Bulk collections excluded

% attacked % damaged of % damaged of

(N) attacked (N) attacked (N)
Early season, C. nutans present ~ 45.6 (450) 39.5(205) Early season 37.6 (410)
Early season, C. nutans absent 39.0 (526) 35.6 (205) Late season 53.3 (152)
o 431 0.67 11.28
P 0.038 0.415 0.001

Bulk collections included

% attacked % damaged of % damaged of

(N) attacked (N) attacked (N)
Early season, C. nutans present ~ 40.3 (682) 40.7 (275) Early season 38.3 (617)
Early season, C. nutans absent 36.9 (927) 36.3 (342) Late season 50.5 (313)
v’ 1.95 1.29 12.72
P 0.162 0.256 <0.001

(b). C. tenuiflorus.

Bulk collections excluded

% attacked % damaged of % damaged of

N) attacked (N) attacked (N)
Early season, C. nutans present ~ 35.4 (458) 65.4 (162) Early season 66.2 (308)
Early season, C. nutans absent 34.2 (430) 67.1 (146) Late season 59.2 (164)
o 0.14 0.10 2.33
P 0.711 0.754 0.127

Bulk collections included

% attacked % damaged of % damaged of

(N) attacked (N) attacked (N)
Early season, C. nutans present ~ 32.3 (746) 63.1 (241) Early season 66.5 (486)
Early season, C. nutans absent 28.6 (860) 69.8 (245) Late season 63.4 (265)
o 2.59 2.47 0.71
P 0.108 0.116 0.399
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Table 5.6 (contd.)
(c). C. vulgare. The difference in percent damaged of attacked in the presence and absence of
C. nutans could not be tested due to small sample size.

% attacked % damaged of

(N) attacked (N)
C. nutans present 8.7 (115) 90.0 (10)
C. nutans absent 3.7 (190) 85.7 (7)
o 3.35
P 0.067

Tables 5.7 & 5.8 and Figure 5.2 present the simple regressions relating seed production to
capitulum external diameter in the three non-target species, in the absence of R. conicus
attack. Regressions using receptacle diameter and receptacle area were attempted as well, but
external diameter (presented) gave the best correlation coefficient and was therefore selected
for further seed output estimates. Increased feeding damage by R. conicus inflicted increased
seed loss (Figure 5.3). The proportions of seed lost per capitulum in each damage category

were incorporated into the seed production and loss estimates per plant.

Table 5.7: Parameter estimates for regression components for the relationships between seed
counts (log transformed) and external capitulum diameter in mm in (a) C. pycnocephalus, (b)
C. tenuiflorus and (c) C. vulgare: mixed effects models with poisson distribution and with
plants as a grouping factor.

(a) C. pycnocephalus. Based on 2025 capitula from 116 plants

Fixed effects

df Estimate  Std. error z value P
Intercept 1 -0.328 0.051 -6.440  <0.001
External diameter 1 0.353 0.006 57.750 <0.001

(b) C. tenuiflorus. Based on 706 capitula from 100 plants

Fixed effects

df Estimate  Std. Error z value P
Intercept 1 -0.837 0.090 -9.270  <0.001
External diametre 1 0.489 0.013 38.640  <0.001

(c) C. vulgare. Based on 220 capitula from 28 plants
Fixed effects

df Estimate  Std. Error z value P
Intercept 1 1.882 0.082 22.960 <0.001
External diameter 1 0.150 0.003 58.720 <0.001




Table 5.8: Simple regression components for seeds per capitulum as a function of external
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diameter for un-attacked non-target species capitula, accounting for variation between plants.

N - capitula

N - plants

Intercept

95% CI Slope  95% CI

C. pycnocephalus
C. tenuiflorus
C. vulgare

2025
706
220

116
100
28

0.72
0.43
6.57

0.65-0.80
0.36-0.52
5.59-7.71

1.42
1.63
1.16

1.41-1.44
1.57-1.67
1.16-1.17
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Figure 5.3: Median seed loss per capitulum (A & B) and median proportion of seed lost per
capitulum (C & D) in response to R. conicus damage in C. pycnocephalus (A & C) and C.
tenuiflorus (B & D). Damage category 0-A is for un-attacked (hence un-damaged) capitula; 0-
b is for attacked yet un-damaged capitula.

Proportional seed loss analyses were done on the dataset which included all six replicates
because of the small sample size (23 plants per species; this would have reduced to only 16
plants per species in the dataset which excluded the two extreme replicates). There was no
significant difference in C. pycnocephalus proportional seed loss to R. conicus in the presence
and absence of C. nutans (Table 5.9). Interestingly, the proportional seed loss in C.
tenuiflorus was smaller in the presence of C. nutans (Table 5.9b), which is opposite to the
expected, but the effect was non-significant. This is inconsistent with the results thus far,
which indicated higher probability of attack, more attack signs per capitulum and (therefore)
higher damage in the presence of C. nutans. However, the proportional seed loss tests were
done only on plants that had all their capitula individually harvested (one plant per species per

plot), which is a much smaller dataset than that used in the earlier analyses. Proportional seed
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loss tests could not be performed on C. vulgare, because there were not enough capitula to

construct a relationship between R. conicus feeding damage and seed output.

Table 5.9: Difference in proportion of seeds lost to R. conicus in (a) C. pycnocephalus and (b)
C. tenuiflorus plants in the presence and absence of C. nutans: mixed effects models with
binomial distribution and with blocks as a grouping factor. All replicates were included.

(a). C. pycnocephalus. Based on 23 plants. Intercept: C. nutans absent, bolted before 26

September 2005.
Fixed effects
df Estimate Std. error zvalue P
Intercept 1 -1.763 0.022 -79.380 <0.001
C. nutans present 1 0.044 0.038 1.150 0.250
Bolted between 26 Sep. and 6 Oct. 1 -0.162 0.053  -3.050 0.002

(b). C. tenuiflorus. Based on 23 plants. Intercept: C. nutans absent.

Fixed effects

df Estimate Std. Error zvalue P
Intercept 1 -1.206 0.025 -48.430 <0.001
C. nutans present 1 -0.050 0.035 -1.420 0.154
Sum of capitula on the plant 1 -0.059 0.022  -2.660 0.008
Plant height 1 0.067 0.030 2.260 0.024

5.3.2 Field survey

In the field survey, R. conicus attack on the non-target species was generally low (Figures 5.4,
5.5 & 5.6), and comparable to the level experienced at the experiment. Attack by Urophora
sp. on a non-target species was only recorded on one occasion, in Culverden; this is likely to
be U. solstitialis and not U. stylata, because the attack was recorded from C. tenuiflorus,
while no attack was recorded from C. vulgare (which is present in that area). Urophora
solstitialis attack on C. vulgare was not expected (and was not seen). A series of generalized
linear models shows the attack was significantly higher in the presence of C. nutans than in its
absence, except for C. vulgare, where the effect was marginally non-significant (Table 5.10c¢).
The level of attack on C. nutans (where present) may explain the non-significant effect in the
case of C. vulgare: 86.4 and 62.0% of C. nutans capitula were attacked in Culverden area in
2005-06 and 2006-07 respectively; however, in Rakaia Gorge area where C. nutans and C.
vulgare co-occurred only 17.6% of the C. nutans were attacked in 2005-06, compared to
88.0% in 2006-07. Thus it seems that R. conicus was uncommon at Rakaia Gorge in the first
season, probably reducing the non-target impact on C. vulgare. The raw numbers of attacked

and un-attacked non-target capitula are provided in Appendix B. At any rate however, the
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models need to be treated cautiously, due to the confounding effects of regions and C. nutans

presence/absence.
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Figure 5.4: Raw median proportion of R. conicus attack on C. pycnocephalus in the presence
(Culverden) and absence (Banks Peninsula) of C. nutans in field surveys in 2005-06 and 2006-07.
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Figure 5.5: Raw median proportion of biocontrol agents attack on C. tenuiflorus in the presence
(Culverden) and absence (Banks Peninsula) of C. nutans in field surveys in 2005-06 and 2006-07.
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Table 5.10: ANOVA tables for the effects of C. nutans presence and year on biocontrol agent
attack on (a) C. pycnocephalus, (b) C. tenuiflorus and (c) C. vulgare in field surveys in 2005-
06 and 2006-07: generalized linear models.
(a). C. pycnocephalus

R. conicus df  Deviance Resid.df Resid.dev. F value P
Null 401 197.978

C. nutans presence 1 19.995 400 177.983 19.995 <0.001
Year 1 5.187 399 172.796 5.187 0.023
U. solstitialis

Null 401 0

C. nutans presence 1 0 400 0 0 1
Year 1 0 399 0 0 1
Either

Null 401 197.978

C. nutans presence 1 19.995 400 177.983  19.995 <0.001
Year 1 5.187 399 172.796 5.187 0.023
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Table 5.10 (contd.)
(b). C. tenuiflorus

R. conicus df  Deviance Resid.df Resid.dev. F value P
Null 399 309.109

C. nutans presence 1 56.317 398 252.7793 56.317 <0.001
Year 1 0.160 397 252.632 0.160 0.689
U. solstitialis

Null 399 53.758

C. nutans presence 1 7.097 398 46.661 7.097 0.008
Year 1 7.165 397 39.496 7.165 0.007
Either

Null 399 323.970

C. nutans presence 1 62.710 398 261.260 62.708 <0.001
Year 1 1.030 397 260.230 1.033 0.309

(c). C. vulgare

R. conicus df Deviance Resid. df Resid.dev. F value P
Null 791 870.41

C. nutans presence 1 3.04 790 867.37 3.042 0.081
Year 1 1.71 789 865.66 1.711 0.191
Site 2 28.26 787 837.40 14.132 <0.001
Site x Year 2 31.49 785 805.90 15.747 <0.001

5.4 Discussion

Three non-target thistle species with different life histories and different phenology in my
study suffered associational susceptibility to the shared herbivore, R. conicus, when in the
presence of the preferred host, C. nutans. At the experiment, all three non-target species
experienced increased probability of attack, higher numbers of attack signs per capitulum and
increased damage in the presence of C. nutans. In C. vulgare, increased damage was inflicted
by C. nutans presence per se, whereas in C. pycnocephalus and C. tenuiflorus, the effect was
expressed via the number of attack signs per capitulum. At the survey sites, all three species
experienced higher probability of attack in regions hosting C. nutans compared to regions
where it is absent. Thus the hypothesis that the non-target species are attacked and damaged
more in the presence of the target species is supported both at the small spatial scale of the
experiment and at the larger spatial scale of the survey.

Associational susceptibility forms the foundations for multi targeting, and it is
important to understand the mechanisms driving it. Theory predicts associational
susceptibility should occur as a result of a shortage of the preferred host, or as a consequence
of the herbivores increased attraction to high-quality patches, where the preferred host is

present (Hjalten et al., 1993). Otherwise, associational susceptibility can occur when the
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herbivore aggregates at high density on the preferred host, and as the preferred host is
depleted, the herbivore ‘spills over’ to the secondary host (White & Whitham, 2000; Blossey
etal., 2001).

What mechanisms drove associational susceptibility in the current study?
Overexploitation of C. nutans and spillover effect cannot explain the attack on C.
pycnocephalus and C. tenuiflorus early in the season, simply because C. nutans was not yet
available at that time. Carduus pycnocephalus and C. tenuiflorus are not preferred hosts for R.
conicus (they flower early in the season, when R. conicus is active, yet, even at peak attack,
no more than 40% of capitula were attacked at the experiment, as opposed to 100% of earliest
C. nutans capitula; see Chapter 3). In addition, C. pycnocephalus and C. tenuiflorus support
fewer and smaller R. conicus progeny (Chapter 6). Similarly, C. vulgare is not a preferred
host and, despite similarity in size to C. nutans, it receives far less attack and does not support
R. conicus development as does C. nutans (Rees, 1977; pers. obs.). In the field survey, C.
pycnocephalus and C. tenuiflorus populations growing in the absence of C. nutans exhibited
only 0-3% attack (Figures 5.4 & 5.5; Appendix B). It is possible that R. conicus is not
attracted to and/or does not often accept patches only hosting these species. The effect was
not as strong in the experiment, where the small spatial scale did not allow for patches to be
far enough from C. nutans. Cirsium vulgare populations that were isolated from C. nutans in
the survey did, however sustain small R. conicus populations. Hardly anything is known about
R. conicus attraction to host plants; nevertheless, recent work confirmed olfactory behaviour
of the weevil, in relation to C. nutans bolting plants, as well as to rosettes (Sezen, 2007). This
would mean that C. nutans presence could have attracted R. conicus to my experimental site,
despite C. nutans only being at the rosette stage.

In the experiment, R. conicus has demonstrated long distance flight abilities to
naturally colonise the experimental plants, beyond expectation. It is unclear exactly what was
the distance flown to colonize the site, but it is estimated to be several kilometres; the site was
situated within a township, several km away from farming areas, in a region that only suffers
low C. nutans densities (Chapter 7). Considering these flight abilities, R. conicus was in a
position to reject the experimental patch and search further. It is suggested here that the
weevils accepted the patch owing to C. nutans presence. Moreover, compared to the
potentially great distance flown to reach the experimental site, the distances between plots
hosting C. nutans and plots not hosting it were negligible; still, associational susceptibility
was inflicted on the non-target species significantly more in the presence of C. nutans,

suggesting attraction even at this small scale.
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It is suggested that in addition to attracting R. conicus to the site, the presence of C.
nutans enhanced associational susceptibility on the non-target species by enhancing
acceptance of the patch by the weevil - while the weevils were at the site, awaiting C. nutans
flowering to commence, C. pycnocephalus and C. tenuiflorus were continuously producing
new capitula, more of which were attacked than would be expected if they were not growing
in association with C. nutans.

At the point in time when C. nutans just started flowering, the first few capitula were
severely attacked (Chapter 3); at that time, shortage of the preferred host (overexploitation)
may explain why oviposition on C. pycnocephalus and C. tenuiflorus did not entirely cease.
However, attack on C. vulgare occurred when C. nutans capitula were not exploited in their
entirety, and it is possible that aggregation of R. conicus on C. nutans plants led to spillover
attack on C. vulgare plants in these plots. A recent R. conicus - thistle system has
demonstrated associational susceptibility without the preferred host C. nutans getting over-
exploited (Russell et al., 2007).

Multi-targeting in general, and multi-targeting of thistles in particular, gains good
support from my data in that three non-target host species, which exhibit different life
histories and different phenologies, suffered associational susceptibility in the presence of a
preferred host. Yet, increased attack and increased damage alone are insufficient to make
multi-targeting work; an effect on the non-targets growth or performance, and a population
level effect are required. In my study, the increased attack and increased damage on C.
pycnocephalus and C. tenuiflorus in the presence of C. nutans, did not translate to a
significant proportional seed loss (and the effect on C. vulgare was non-measurable). This is
not surprising, considering the low attack level over the entire season (overall 17.5 and 13.5%
of C. pycnocephalus and C. tenuiflorus capitula respectively; calculated from Table 5.2), and
considering that only a low proportion of capitula that were attacked suffered damage. In
addition, even damaged capitula bore some healthy seeds in many cases. Even if a significant
proportional seed loss had been demonstrated, an adverse effect on seedling recruitment (a
population level effect) would still had to have been confirmed. An adverse effect on the non-
target species at the population level could be expected if several conditions are met, one of
which is that the non-target species has a low intrinsic growth rate (and hence does not
replenish loss easily), another being that the shared predator (herbivore in this case) attacks
both the target and the non-target species at high rates (Holt & Hochberg, 2001). These
conditions were not met in the system selected for this study: all four weed species in both the
experiment and the field survey are well established weeds (i.e., exhibit high intrinsic growth

rate; none is a sleeper weed); moreover, the biocontrol agent, R. conicus, does not decrease
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populations of its preferred host C. nutans successfully, nor does it overexploit it; hence it
would not be expected to inflict population level effects on the less preferred, well established
non-target hosts. Unsurprisingly, attack rates were not found in my study that could be
translated to the population level. Interestingly, in Nebraska, despite the preferred host C.
nutans not getting over-exploited (Russell et al., 2007) it is suggested, from circumstantial
evidence, that R. conicus may have an adverse effect on the population of a native North
American thistle (Louda & Arnett, 2000); however, this effect is not explained by
associational susceptibility, since C. nutans and the native thistle do not overlap spatially
(Rand & Louda, 2006). In addition, the native North American thistle population is regulated
by native North American seed predators (Louda & Potvin, 1995; Guretzky & Louda, 1997),
such that R. conicus adds further pressure, unlike in New Zealand, where no native herbivores
regulate thistles.

That associational susceptibility can have a population level effect on the secondary
host has been previously shown (e.g., Thomas, 1986). When the secondary host is a sleeper
weed, with a low intrinsic growth rate, associational susceptibility could play a significant
role in preventing it from transiting from the ‘lag phase’ to the invasive phase. Populations are
considered to be at the ‘lag phase’ when population growth is slow and confined. Populations
are restrained at the ‘lag phases’ by availability of suitable habitat and by barriers to long-
distance dispersal (Cousens & Mortimer, 1995). Long-distance dispersal events may require
external means, and may initially be rare. The probability to disperse from the source
population may be effectively zero, until the population grows to a sufficiently high density.
Thus, the species must increase in abundance locally before it is likely to disperse
successfully to long-distances and colonise new regions (Cousens & Mortimer, 1995).
Associational susceptibility at the ‘lag phase’ is likely to prove sufficient in many cases to
prevent the sleeper weed from building up high local abundance required to facilitate long-

distance dispersal and invasion.

5.4.1 Conclusions

This study verifies that the presence of a preferred weed species can inflict associational
susceptibility on other, less preferred weed species, thus supporting the concept of multi-
targeting. Associational susceptibility may trigger multi-targeting, but cannot by itself
guarantee success. For multi-targeting to succeed, both the target weed and the “non-target”
sleeper weed must suffer a clear adverse population effect. Thus, a multi-targeting programme
is most likely to be successful when (1) the ‘non-target’ weed is indeed a sleeper weed and

not a well established weed (so that its populations may be limited by ‘spillover’ herbivory);
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(2) the sleeper weed, at least in part of its distribution, co-occurs with the target weed (so that
associational susceptibility could arise); (3) the presence of the target weed indeed inflicts
associational susceptibility on the sleeper weed; and (4) this herbivory could regulate both
weeds. In addition, where the target and the sleeper co-occur, it is necessary to confirm that
no direct competition between them regulates their populations; otherwise, associational
susceptibility may simply balance such competitive effects (Holt & Hochberg, 2001) and
neither population would decrease.

Another challenge for multi-targeting lies in the selection of biocontrol agents. Theory
predicts that non-target effects of the form of associational susceptibility are most likely when
the biocontrol agent has a moderate effect on the target weed: the target weed populations
remain high enough to sustain large populations of the biocontrol agent, which can maintain
attack on non-targets even when they are present at low density (Holt & Hochberg, 2001).
These circumstances are, however, not desirable for multi-targeting in which, as in any
biocontrol introduction, the agent is expected to severely, rather than moderately affect the
target weed. An attractive agent for multi-targeting would be one that attacks the target as
well as the sleeper weeds at a high rate. The resulting overexploitation expected under this
scenario (Holt & Hochberg, 2001) would be the desirable outcome of multi-targeting. In
thistles, this was suggested to occur when the root herbivore Trichosirocalus horridus sensu
(Panzer) (for clarification see Chapter 2) encountered a mixed population of its preferred host,
Carduus thoermeri (a synonym of C. nutans ssp. leiophyllus), and the less preferred host
Carduus acanthoides: at low T. horridus densities, mainly the preferred host was utilized; but
an increase in T. horridus density resulted in reduced densities of the preferred host, a
proportional increase of the less preferred host, and subsequently, more attack on the less
preferred host, to the degree that both hosts were decreasing in density (Kok, 1986).

A further challenge lies in the establishing the generality of the multi-targeting
concept i.e., demonstrate systems exist to which multi-targeting could be applied. Few
examples from New Zealand include: (a) the family Buddlejaceae, represented in New
Zealand by five species in the genus Buddleja, two of which (in one genus) are weeds here
and the other three are naturalised here and have been recorded as weedy elsewhere; (b) the
family Asclepiadaceae, represented in New Zealand by four species in two genera. Two
species are weedy here, one is naturalised here and weedy elsewhere, and the fourth is not
naturalised here, but recorded as weedy elsewhere. It has to be noted though that the two non-
weedy species are commonly planted in gardens to attract monarch butterflies, and may
present a conflict of interests; (¢) the family Caprifoliaceae is represented in New Zealand by

six species and one hybrid, in three genera. One species in each of the three genera is a weed



101
here. Two more species and the hybrid are naturalised here and recorded as weedy elsewhere,
and for the remainder species New Zealand is the first place to record naturalisation. There
used to be an indigenous genus associated with this family, but it has long been moved to the
family Alseuosmiaceae; (d) the tribe Eupatorieae in the family Asteraceae is represented in
New Zealand by six species in five genera. Three species in two genera are weeds here, one of
which is cultivated. Two more species are naturalised here and weedy elsewhere, and for the
remainder species New Zealand is the first place to record naturalisation. The two weedy
species of the genus Ageratina are under successful biological control in New Zealand, and
retrospectively, it is thought that, had a biocontrol agent with a wider host range been
introduced against A. adenophora (Spreng.) (Mexican devil weed), it is quite likely that A.
riparia (Rigel) King & Robinson (mist flower) would not have become weedy in the first
place (S. V. Fowler, pers. Comm..); (e) the family Cactaceae is represented in New Zealand
by two species in one genus. Both are naturalised here, and have been recorded as weeds
elsewhere. In New Zealand they are mainly restricted by cold weather, however with parts of
New Zealand becoming warmer and drier, the likelihood of these cacti to increase their range
is increasing. These are just several examples from New Zealand. There are potentially plenty
other cases of plant groups that are not represented in the native flora and contain weedy, as
well as sleeper weeds, both in New Zealand and globally.

The constant increase in the number of weeds that become naturalized and invasive
poses a challenge to the traditional biological control paradigm of targeting a single weed at a
time. In many cases, alien species which belong to exotic genera possess different traits to
those possessed by native flora, and are hence more likely to be invasive (Rejmanek, 1999).
This idea had already been expressed by Darwin (1860) (but see Duncan & Williams, 2002).
Multi targeting, hence, is a timely and innovative approach that is likely to be found
appropriate in a wide range of weedy arenas. Further research should focus on predicting
which target weeds and agents combinations could inflict associational susceptibility on
which sleeper weeds, and more importantly, when is this likely to result in population
decreases in either or both the target and the sleeper weed. In the thistle biocontrol
programme, it would be highly beneficial to test such predictions on a new thistle biocontrol
agent that is currently being released in New Zealand, the leaf beetle Cassida rubiginosa
Mueller.
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Chapter 6% Factors affecting oviposition rate in the weevil
Rhinocyllus conicus on non-target Carduus spp. in New

Zealand

6.1 Introduction

Rhinocyllus conicus (Froehlich) (Coleoptera: Curculionoidae), nodding (musk) thistle
receptacle weevil, is known to attack different thistle species, but displays a clear preference
for nodding thistle, Carduus nutans L. (Zwolfer & Harris, 1984). Eggs are laid on the
developing flower buds, and the larvae burrow their way into the receptacle, where their
feeding prevents seed formation (Zwolfer & Harris, 1984). The weevil, introduced to New
Zealand in 1972 (Jessep, 1989a), was the first biocontrol agent deployed here for nodding
thistle biological control.

In New Zealand, there are no native plants in the tribe Carduae, and the only crop
plant belonging to the tribe, globe artichoke, is of minor economic importance (Paynter et al.,
2004). Thus, any thistle here if not a weed already, could potentially become one in the
future; and any impact a biocontrol agent such as R. conicus may have on any thistle here is,
therefore, desirable.

We hypothesised that since R. conicus is highly attracted to C. nutans and is less likely
to leave patches of C. nutans, then less preferred (non-target) thistle species are more likely to
be attacked by the weevil in patches they share with C. nutans, than in patches from which C.
nutans is absent. We selected two species that are closely related to C. nutans as non-target
species; they were Carduus tenuiflorus and C. pycnocephalus L., and we tested the level to
which they were attacked by R. conicus when C. nutans was present in close proximity, vs.
when it was absent. We also examined what plant characteristics may affect R. conicus
oviposition rate among these species, in an attempt to separate this effect from that of C.

nutans proximity.

6.2 Materials and Methods

Carduus pycnocephalus, C. tenuiflorus, and C. nutans plants were grown in the University of
Canterbury glasshouses from seeds collected in summer 2005 around Canterbury. In late
autumn 2005 they were transplanted as small rosettes to the experimental site at the Landcare

Research Lincoln campus.

" This chapter is now in press and may be cited as (Groenteman et al., in press a).
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At the experimental site, non-target species rosettes were organized into plots, each
containing five C. tenuiflorus plants, five C. pycnocephalus plants and five Cirsium vulgare
plants (not discussed further) in a 3 x 5 randomised arrangement, with 0.2 m between plants
and 3 m between plots, for a total of 24 plots. Plots were grouped in blocks of four plots each,
with at least 5 m between blocks. Two plots in each block were randomly assigned a “C.
nutans present” treatment, and in these, 10 C. nutans rosettes were planted 0.2 m apart, in two
rows, 0.4 m away from the non-target plants. The experiment was designed with six blocks
(replicates), with four treatments per block (C. nutans present/absent and cage present/absent,
to control for weevil density), but the cage treatment was effectively cancelled due to
difficulty obtaining sufficient weevils early enough in the season, when the non-target plants
were already bolting. Weevils populated the experiment independently from the surrounding
environment, and thus, R. conicus densities were not controlled.

The longest leaf of each rosette was measured at bolting, and plant height, number of
clusters, their position, and number of capitula, were recorded fortnightly. From each plot,
one plant of each non-target species was randomly selected, from which all the ripe capitula
were collected fortnightly and placed individually into paper bags. The height and number of
capitula in the cluster were recorded for these individually collected capitula. The receptacle
diameter was measured for each capitulum and any sign of attack by R. conicus was recorded.
For each non-target species, the difference in R. conicus attack signs per capitulum (log
transformed) were compared between treatments (C. nutans present vs. absent) in mixed
models with Poisson distribution using R (R Development Core Team, 2006); all different
plant and capitulum variables were included in the models as covariates, and non-significant
variables were excluded in backwards selection using the Chi-squared test to compare
between models.

Emerging R. conicus adults were sexed and elytra length was measured. The length
was then compared between sexes and between thistle species using an F test (which included

a comparison to adults that emerged from early C. nutans capitula in the experiment).

6.3 Results and Discussion

Rhinocyllus conicus attack (number of attack signs per capitulum) on the non-target
species did not differ between plots with and without C. nutans (Table 6.1). C. pycnocephalus
was attacked more than C. tenuiflorus (Table 6.1).
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Table 6.1: Number of R. conicus attack signs per capitulum (back-transformed from log-scale
means with 95% CI).

Thistle species
Treatment C. tenuiflorus C. pycnocephalus
C. nutans present 0.025 (0.015-0.042) 0.11 (0.07-0.17)
C. nutans absent 0.028 (0.017-0.05) 0.10 (0.06-0.16)

On both C. tenuiflorus and C. pycnocephalus, R. conicus preferred larger capitula on
larger plants for oviposition, and attack on these species was stronger early in the spring,
decreasing towards summer (equations A, and A, below).

The equations describing the effects of the measured covariates on R. conicus attack
(number of signs per capitulum) for C. tenuiflorus (A..) and C. pycnocephalus (A.,) are,

respectively:

A, = e(-3.6 — 1.01xday — 0.48xc. height + 0.46xp. height + 0.35xdiameter + 0.09xcl. size + 0.002xcap)
c.t ™

_ (-2.24 — 2.97xtertiary — 0.90xsecondary + 0.52xdiameter - 0.44xday + 0.29xp. height - 0.11xc. height + 0.006xcap),
Acp=¢e
c.p >

where “day” is day of the year on which the capitulum was collected, “c. height” is height of
the individual capitulum (mm), “p. height” is maximum height of the plant at the time of
collection (mm), “diameter” is external diameter of the individual capitulum (mm), “cl.size”
is cluster size (number of capitula in the cluster from which the individual capitulum was
collected), “cap” is total number of capitula on the plant, “tertiary” is for a capitulum
collected from a tertiary cluster, and “secondary” is for a capitulum collected from a
secondary cluster. Similar response of R. conicus to plant and capitulum size was found on C.
nutans (Sheppard et al., 1994; but see McNeill & Fletcher, 2005).

In New Zealand, R. conicus adults emerge from overwintering around November
(spring), when C. tenuiflorus and C. pycnocephalus are bolting, but three to four weeks before
the first C. nutans capitula are formed (Jessep, 1989a). In those mid-spring weeks, R. conicus
attack on the non-targets peaked at 35.7 £ 1.3% of capitula being attacked. Interestingly, even
when C. nutans became available, oviposition on the non-targets did not cease completely,
and 3.4 £ 0.8% of the capitula still were attacked. In contrast, 100% of early C. nutans
capitula were attacked. Carduus tenuiflorus and C. pycnocephalus capitula are considerably
smaller than C. nutans capitula (diameters 5.66 + 0.018 mm, 7.23 £ 0.019 mm, and 19.73 +
0.098 mm respectively), and they received up to 4 and 6 eggs per capitulum, respectively
(with means of 0.17 + 0.007 and 0.25 + 0.009 for C. tenuiflorus and C. pycnocephalus

respectively). In Southern California a biotype of R. conicus specialized on C. pycnocephalus
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was reported to make up to 17 (mean 1.7) penetration holes per capitulum on that plant
(Goeden & Ricker, 1985). Early C. nutans capitula are known to receive many dozens of eggs
each (Jessep, 1989a; Woodburn, 1996a). In accordance with oviposition levels and capitulum
size, C. tenuiflorus and C. pycnocephalus were usually found to support no more than one
adult per capitulum (occasionally two, and rarely three adults per capitulum), which is
comparable to the C. pycnocephalus specialized biotype (mean 0.9,Goeden & Ricker, 1985),
whereas C. nutans capitula can support the successful development of dozens of adults (R.
Groenteman, personal observations). Capitulum size appeared also to affect the size of adults,
with C. tenuiflorus producing the smallest adults, followed by C. pycnocephalus, and C.
nutans with the largest individuals (elytra length 3.13 £ 0.05 mm, 3.21 + 0.04 mm, and 3.49 +
0.02 mm respectively, F2 19ss = 38.63, P <0.0001).

Although in this experiment the non-targets C. tenuiflorus and C. pycnocephalus did
not appear to be attacked more in the presence of C. nutans, this was probably due to the
spatial scale of the experiment which, considering the distance flown by the weevils to reach
the site, was negligible. Therefore, the plots could not be truly considered far enough apart to
create “C. nutans-present and -absent” treatments. Legal constraints regarding C. nutans
propagation prevent any large scale manipulative experimentation on the species in New
Zealand. R. conicus has not been considered a long distance disperser, mainly due to lack of
knowledge (Sezen, 2007), and hence this was not considered a problem at the time the
experiment was designed.

A field survey on a larger scale has revealed that non-targets are attacked by R.
conicus more in the presence of C. nutans than in its absence (R. Groenteman, unpublished
data). Furthermore, at times closer to the introduction of the weevil to New Zealand, C.
tenuiflorus and C. pycnocephalus were commonly growing close to C. nutans (Jessep, 1989a).
Currently, a population of C. nutans in sympatry with either C. tenuiflorus or C.
pycnocephalus is hard to find (pers. obs.). It may be that the biological control agent has, in
the many years since its introduction, successfully reduced populations of the non-targets
where they were adjacent to C. nutans. The non-targets are still abundant in New Zealand,
only, not so in proximity to C. nutans.

To conclude, although we were unable to show that the non-target species were
attacked more in the presence of the target species, we have found that R. conicus effectively
detects patches of the non-target species, and perhaps does not leave them quickly if C.
nutans is in close proximity. Thus, the separation in time combined with the proximity in
space is possibly improving biocontrol for all of these species: the non-targets are attacked by

the less-likely-to-leave weevils early in the season, thus producing a second generation of R.
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conicus. This second generation attacks C. nutans later in the season, after the first generation

has already completed its life cycle, and when C. nutans is in its peak flowering in New

Zealand.
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Chapter 7: Changes in thistle abundance in Canterbury,

New Zealand, 1985-2007 in relation to biocontrol

7.1 Introduction

There has long been criticism that control actions against weeds are based on
insufficient objective impact and cost information (Cockayne, 1917; Hartley, 1983; Auld et
al., 1987; Bourdot et al., 2007). In many cases, even the information on weed occurrence and
distribution is incomplete, and usually represents a snapshot, rather than trends of the weed’s
population dynamics (Bourdot et al., 2007). An additional criticism, often raised in weed
biocontrol programmes, is of insufficient post-release monitoring (see refs within McFadyen,
1998). When monitoring takes place, it is usually to verify biocontrol agent establishment
rather than weed population response to the agent (McClay, 1992). The following study on
thistles in New Zealand offers a rare opportunity to assess quantitative changes in weed
populations, in the context of a biocontrol programme, over a 20 year period.

Carduus nutans (nodding thistle) was first recorded in New Zealand in 1899 (Kirk,
1899). By 1940 it was already considered a noxious weed (Allan, 1940). The cost of C.
nutans to the farming community was conservatively estimated as directly related to rosette
size (i.e., rosette area equals land area of lost production) (Kelly & Popay, 1985), but it is now
acknowledged that its impact on pasture growth is greater than rosette area (Thompson et al.,
1987) and that it has adverse ecosystem-level effects, e.g., through. allelopaty (Wardle et al.,
1998). A C.nutans biological control programme in New Zealand was initiated in the early
1970s (Jessep, 1989a) and three insects were established.

In the mid 2000s C.nutans is still a noxious weed, and considered a problem in many
regions of New Zealand (Roy et al., 2004), including Canterbury (Environment Canterbury,
2006), although no work has been done to evaluate its current impact and cost, or the success
of the biocontrol programme.

In the mid 1980s a weed population survey was conducted by G.W. Bourdét and D.
Kelly in several parts of New Zealand, including Canterbury, with the aim of quantifying the
abundance of all the most common weeds of pasture. The survey identified thistles as the
main weeds in the country’s high producing pasture (Bourdot & Kelly, 1986, only partial
results published). The survey was powerful in that selection of participating paddocks was
well randomized, and in that the method permitted relatively short times in each surveyed
paddock, which enabled large areas to be covered. The strength of the survey lay also in the

simplicity of the field method which assured decreased between-samplers error. The survey
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estimated density and percent ground cover by the weeds some time after the introduction and
establishment in 1972 of the first C. nutans biocontrol agent, the receptacle weevil
Rhinocyllus conicus. Several years later further two biocontrol agents were introduced —
nodding thistle crown weevil, Trichosirocalus horridus sensu (Panzer) (see Chapter 2 for
clarification) in 1982 and nodding thistle gall fly, Urophora solstitialis, in 1992.

In the mid 2000s, an opportunity emarged to re-conduct the survey in part of the area
surveyed in the mid 1980s. This was made possible owing to the availability of the original
survey map-coordinate information and the detailed documentation of the process retained
from the original 1980s survey. The aim was to revisit the same random sites and determine
objectively whether the density of C. nutans had decreased over 20 years during which time
two more biocontrol agents had been established. Anecdotal information from farmers
indicated that T. horridus had been effective and they were finding C. nutans less of a
management problem than in the past (Chapter 2). However, there were no quantitative data
to test that proposition, hence this study.

The survey method, adopted from Batcheler (1971) was made suitable for
simultaneous sampling of multiple species (Warren & Batcheler, 1979). This allowed us to
study C. nutans, a (usually) biennial weed under a biocontrol programme, in relation to other
thistle species: Cirsium vulgare (Scotch thistle) and Cirsium arvense (Californian thistle).

C. nutans and C. vulgare share similar life strategies — both are facultative-biennials,
which rely on seeds for reproduction (Groves & Kaye, 1989; Popay & Medd, 1990). I
therefore hypothesized that if any changes occurred to thistle populations from the mid 1980s
to the mid 2000s, they should be of similar trends for C. nutans and C. vulgare, if it weren’t
for the biocontrol agents which target mainly C. nutans. Other factors aside biocontrol, like
changes in weather, land use and management, may affect all thistle populations; yet, it was
assumed that such factors would affect the two biennials C. nutans and C. vulgare similarly.
Thus, the multiple thistles studied provide an internal control for evaluating biocontrol on C.
nutans. Land management is arguably one of the most important factors affecting weed
infestation in general and C. nutans infestation in particular (e.g., Dingwall, 1962; Bourdot et
al., 2007). The main land management use change in Canterbury from the mid 1980s is the

conversion of much high producing pasture from sheep farming to dairy farming.

7.2 Method

Five survey areas were selected in the 1980s for their proximity to where the
surveying teams were based, in regions in both the North and South Islands of New Zealand.

However, in the 2000s, the survey was only repeated in the South Island, in three regions in
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Canterbury: Lincoln, Oxford and Ashburton. Each region covered one old series NZMS 1
topographic map (scale 1:63,360). The sampling unit was a paddock, and paddocks were
selected using computer-generated random coordinates within the high producing pasture map
units. The same paddocks were surveyed in the 1980s and in the 2000s. In Lincoln region, the
sampling intensity was reduced between years in the 1980s: in 1984-85, 102 paddocks were
sampled (one paddock per 1000 ha), of which only 62 (one paddock per 1666 ha) were
revisited in 1985-86 and in the 2000s. This was done to reduce sampling effort, while
maintaining reasonably small 95% confidence limits. In the 2000s, if paddocks were no
longer in pasture, they were not surveyed. The survey was carried out in midsummer, when
weed cover peaks. In the 1980s, six non-palatable herbaceous weeds were surveyed. Thistles,
especially C. nutans, C. vulgare and C. arvense, emerged as the main contributors to weed
cover in the South Island, and therefore in the 2000s thistles were the only weeds surveyed.

The method used in the field was the truncated point-distance nearest-neighbour
technique (Batcheler, 1975). In each paddock 30 points at 7 m spacings along a randomly
orientated sampling line were examined. The distance from each point to the nearest thistle
occurring within a maximum search radius was measured. The search radius used in 1984-85
was 3 m. This was reduced to 1.25 m in 1985-86, as part of the reduced sampling effort. In
the 2000s, a radius of 1.5 m was used. When a thistle was found, the distance from this plant
to any neighbouring thistle (of any species) was measured, again with the same maximum
search radius. The procedure was repeated once more to get the distance from the nearest
neighbour to its nearest neighbour (Figure 1). The density of each species in each region (not
in each paddock) was estimated from the distances from the points to individuals of that
species, after correcting for clumping using the nearest and next-nearest neighbour distances
(see Batcheler, 1971; and Warren & Batcheler, 1979 for details). The programme used to
calculate the densities in the 1980s had to be recreated, based on Batcheler (1971; 1973;
1975), Warren & Batcheler (1979), and notes found with the original data from the 1980s. In
addition, the original data were reanalyzed using the newly created program, to ensure that
changes over time I discuss were not caused by differing methods of analysis. As a result of
this reanalysis, the density estimates given here for the early surveys differ somewhat from
those given in Bourdot & Kelly (1986). Also note that some of the 1980s data are previously

unpublished. The formulae for the density calculations are provided in Appendix C.
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Figure 7.1: An illustration of the truncated point-distance nearest-neighbour technique,
adapted from Batcheler (1975). Four sampling points (a-d) along one sampling transect are
illustrated, each demonstrating one possible scenario: a. No thistle is encountered within the
search radius; b. A thistle is encountered within the search radius. No neighbouring thistle is
encountered within the same search radius from this thistle; c. A thistle is encountered within
the search radius. A nearest thistle neighbour is encountered within the same search radius
from this thistle, but no next nearest neighbour is encountered within the same search radius
from the nearest neighbour; d. A thistle is encountered within the search radius. A nearest
neighbour is encountered within the same search radius from this thistle, and a next nearest

thistle neighbour is encountered within the same search radius from the nearest neighbour.

In 1984-85, each plant diameter was recorded, and later used to calculate plant area as
the circle enclosed by this diameter. In all subsequent surveys, the length of the longest leaf of
each plant was measured instead of diameter. In 1985-86, plant area was calculated as that of
the circle enclosed by the longest leaf (Bourdot & Kelly, 1986). However, in the 2000s a
more accurate plant area estimates was used, based on the relationship between the longest
leaf and actual measured rosette area, formulated by Kelly & Popay (1985) which, on
average, generates values of about a third the area of the circle enclosed by the longest leaf.
For large plants, the two methods would generate almost similar areas; the main difference is
apparent in small rosettes, where more bare area is present between the leaves. The
calculation of ground cover based on the area of the circle enclosed by the longest leaf is
perhaps less accurate, but is still realistic since, although the area between thistle leaves may
encompass good pasture, it is hardly grazed. Plant area was also recalculated for the mid
1980s data (with half the measured diameter regarded as the length of the longest leaf for

1984-85 season). Mean plant area was then combined with density to give an estimate of
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percent ground cover. The presence of any thistle species in each paddock was also noted,
regardless of their occurrence on the random sampling line.

Since a substantial conversion of high producing sheep and beef-stocked pasture to
dairy farming has taken place between the 1980s and the 2000s, the densities, mean plant
area, and percent ground cover were also separately calculated for dairy versus non-dairy
farms.

Of the three regions surveyed, only Lincoln was visited twice in the mid 1980s (the
only region of the three for which results have been published). With the high year-to-year
variation in thistle density, this posed a genuine difficulty in interpreting the differences
between a single year in the 1980s and multiple years in the 2000s for Oxford and Ashburton.
Yet, [ was able to set the single year in context for Ashburton, by using high resolution data
that were collected by D. Kelly on a small scale, between 1985 and 1988, for C. nutans, C.
arvense and Carduus tenuiflorus (winged thistle) at Northbank farm near Rakaia (located in
the North East part of the Ashburton area in my survey). These data were collected as part of
a thistle population demography study, in an irrigated site (1985-1988) and in a non-irrigated
site (1986-1988) using a different method (for details of the method refer to Shea & Kelly,
1998). Only data collected in summer times, similar to the current survey time of year, were
used. The possibility to put 1985-86 in context for Ashburton is extremely valuable, since
Ashburton emerged in my survey as the area with the highest C. nutans densities.

Carduus nutans biocontrol agents were recorded in the 2000s where they were
encountered, either on any of the thistle species along the sampling line or elsewhere in the
paddock. A frequency was calculated for the occurrence (present/absent at the paddock level)
of each of the three species of biocontrol agents in only those paddocks that had C. nutans
present; this was then compared, using Chi-square tests, to the frequency of the biocontrol
agents presence in paddocks only hosting thistles other than C. nutans (not empty of thistles
altogether). The occurrence of biocontrol agents in paddocks with and without C. nutans (but
not empty of thistles) was also analyzed in a generalized linear model (‘glm’ command in R)
(R Development Core Team, 2006) with C. nutans presence, region and year as main effects.
Biocontrol agent occurrence was compared also between dairy farms vs. other farms types

using Chi-square tests.

7.3 Results

All the paddocks visited in the 1980s surveys were successfully relocated in the 2000s,
and it was possible to resurvey most of them. The number of paddocks visited is given in

Table 7.1. Thistles, which were identified as the main weeds in high producing pastures in the
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mid 1980s survey (Bourdot & Kelly, 1986), were confirmed to remain significant weeds in

the mid 2000s.

Thable 7.1: The number of paddocks surveyed in each region and year

Number of paddocks surveyed in:

Surveyed by: Year Lincoln Oxford Ashburton
Dave Kelly and ~ 1984-85 102 Notsurveyed Not surveyed
Graeme Bourdot  19g5.8¢ 62 51 64
Ronny 2004-05 Notsurveyed Not surveyed 57
Groenteman and 55 59 46 63
assistants

2006-07 56 47 59

Regions varied in the most important thistle — no one species emerged as most
important in all three regions in either density, size, or contribution to percent ground cover
(Table 7.2).

Total thistle densities did not differ markedly between regions, but each region was
dominated by a different species, and the balance between species within each region has
somewhat shifted since the mid 1980s (Table 7.2; Figure 7.2). Carduus nutans, which
appeared important only in Ashburton region in the mid 1980s, remained important there, and
remained relatively unimportant in Lincoln and Oxford. Cirsium vulgare density has
decreased in all three regions (although it is impossible to determine whether the population
decrease is significant in the current versus the early survey). Cirsium arvense density has
risen in both Lincoln and Ashburton (Table 7.2).

C.nutans mean plant area has decreased in Ashburton and Lincoln, but increased in Oxford.
Cirsium vulgare mean area increased in all three regions, and C. arvense mean area remained
more or less unchanged (Table 7.2; see also leaf lengths in Figures 7.2 & 7.3).

Total percent ground cover by thistles decreased in all three regions, but different
species contributed differently to that total result: C. nutans cover decreased in Lincoln and
Ashburton and increased in Oxford; C. vulgare cover decreased in all three regions; and C.

arvense cover either increased in cover or remained unchanged (Table 7.2).



Table 7.2: (a) Density (plants per hectare), (b) mean plant area (m?), and (¢) % ground cover by thistles in three regions of Canterbury, in the mid
1980s and in 2005-2007.

Lincoln Oxford Ashburton

1984-85 1985-86 2005-06 2006-07 Ratio' 1985-86 2005-06 2006-07 Ratio> 1985-86 2004-05 2005-06 2006-07  Ratio®

(a) Density®

C. nutans 53 106 40 52 0.58 23 81 16 2.11 1830 1820 272 1024 0.57
C. vulgare 221 1095 62 182 0.19 1310 378 678 0.40 211 33 22 43 0.15
C. arvense 189 223 361 358 1.75 1492 1579 1087 0.89 244 649 600 1072 3.17
C. tenuiflorus 3

total density 463 1425 459 595 0.56 2825 2038 1789 0.68 2283 2502 894 2139 0.81
(b) Plant area*

C. nutans 0.0282  0.0738  0.0253  0.0259  0.50 0.0139  0.0209  0.0963  4.20 0.0330 0.0178  0.0247 0.0180  0.61
C. vulgare 0.0192  0.0192  0.0300 0.0292 1.54 0.0217  0.0402  0.0221 1.43 0.0243  0.0255 0.0481 0.0248 1.35
C. arvense 0.0038  0.0136  0.0109 0.0097 1.19 0.0100  0.0114  0.0082 0.98 0.0129  0.0113  0.0091 0.0116  0.83
C. tenuiflorus 0.0130

total area 0.0174  0.0225 0.018 0.0197  0.95 0.0174  0.0221 0.0166 1.11 0.0305 0.0164 0.0164 0.0154 0.53
(c) % ground cover

C. nutans 0.0187 0.0786  0.0123  0.0155 0.29 0.0036  0.0218 0.0180 5.50 0.6124  0.3279 0.0741  0.1905 0.32
C. vulgare 0.0531  0.2113  0.0225 0.0614  0.32 0.3205  0.1957 0.1752  0.58 0.0520  0.0085 0.0117 0.0110  0.20
C. arvense 0.0089  0.0304 0.0478  0.0400 2.23 0.1687  0.2324  0.1043  1.00 0.0319  0.0743  0.0605 0.1287 2.75
C. tenuiflorus 0.0004

total cover 0.0807  0.3203 0.0826 0.1174 0.50 0.4928 0.4499 0.2975 0.76 0.6964  0.4107 0.1462 0.3302 0.42

'2000s mean divided by 1980s mean
2000s mean divided by 1985-86 value
*Plants per hectare

*Rosette area in m”

!
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Figure 7.2: Thistle densities in three regions of Canterbury in the 1980s and in the 2000s
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Figure 7.3 C. nutans longest leaf lengths distribution in Ashburton.



118

198586 200405
o _ =R
— ] lj:‘ ]
= =
c @
@ = L
= o =
] o =
N —’_I—\ .
o — — o —
| T | | | | | | | | |
a 0 20 30 40 &0 5 1a 15 20 25
leaf length (cm) leaf length {cm)
2005-06 200607
2 - =
o — oo —
= =
E @ Z  w
[ak} [ak]
= =
B v T v
= — = —
o -l .
[ I I I I I I | [ I I I I I I |
o 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35
leaf length (cm) leaf length (zrm)

Figure 7.4 C.vulgare longest leaf lengths distribution in Ashburton.

In the Lincoln region, 1985-86 emerges as a year of high thistle density compared to 1984-85;
and from the high resolution data presented in Table 7.3 it is concluded that in Ashburton,
too, 1985-86 was a year of high thistle density compared to the two following years. The
values presented in Table 7.3 represent a very small sampling area located specifically
because it contained C. nutans and are therefore not comparable to the per-hectare values

calculated from the current survey.



Table 7.3: (a) Density (plants per hectare), (b) mean plant area (m?), and (c) % ground cover
by thistles in an irrigated and a non-irrigated site in Rakaia (near Ashburton) in the mid to late
1980s.

Irrigated Non-irrigated
1985-86  1986-87 1987-88  Ratio'  1986-87 1987-88  Ratio’

(a) Density®

C. nutans 229667 9667 27333 12.41 54000 92000 3.15
C. vulgare 11000 2333 1000 6.60 333 333 33.00
C. tenuiflorus 1333 1000 2.67

Total 242000 12000 29333 11.71 54333 92333 3.30
(b) Plant area*

C. nutans 0.0180 0.0429 0.0023 0.79 0.0013 0.0014 13.22
C. vulgare 0.0048 0.0002 0.0008 9.62 0.0001 0 159.46
C. tenuiflorus 0.0001 0.0023 0.06

Total 0.0180 0.0337 0.0022 1.00 0.0013 0.0014 13.23
(c) % ground cover

C. nutans 23.31 5.52 0.64 7.57 0.77 1.32 22.37
C. vulgare 0.29 0.01 0.01 29.95 0 0 1452.61
C. tenuiflorus 0 0.03 0.13

Total 23.60 5.53 0.68 7.60 0.77 1.32 22.64

'1985-86 divided by the mean of 1986-87 and 1987-88 on the same (irrigated) site
21985-86 divided by the mean of 1986-87 and 1987-88 on the adjacent (non-irrigated) site
*Plants per hectare

*Rosette area in m”*

A comparison of thistles in dairy paddocks and other farm types in the 2000s reveals no
pattern that fits all three regions (Table 7.4). In Ashburton, where the conversion to dairy
farming was highest, thistle densities and ground cover were much lower in dairy farms than
in the other farm types. In years of high density (2004-05 and 2006-07), C. nutans plants in
dairy farms were larger on average than those in other farm types. In Lincoln, thistle densities
and ground cover were higher in dairy farms than in other farm types (mainly due to C.

arvense), and in Oxford there was high variation between years and farm types.
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Table 7.4: (a) Density (plants per hectare), (b) mean plant area (m”), and (¢) % ground cover by thistles in dairy vs. in other management types

paddocks in three regions (% of paddocks converted) of Canterbury, in 2005-2007.

Lincoln (10) Oxford (11) Ashburton (28)
2005-06 2006-07 2005-06 2006-07 2004-05 2005-06 2006-07
dairy other dairy other dairy other dairy other dairy other dairy other dairy other
(a) Density*
C. nutans 43 106 49 0 90 0 16 75 2853 64 380 205 1519
C. vulgare 67 761 132 217 406 94 770 0 49 46 8 0 54
C. arvense 1101 259 987 299 1936 1565 61 1252 60 975 11 927 82 1638
C. tenuiflorus 0 3 1 0
total 1101 369 1854 483 2153 2061 155 2038 135 3877 121 1315 287 3211
(b) Plant area?
C. nutans 0.0253 0.0423 0.0242 0 0.0209 0.0794 0.0992 0.0202 0.0177 0.0293 0.0240 0.0398 0.0143
C. vulgare 0.0300 0.0382 0.0259 0.0426 0.0401 0.0636 0.0211 0.0059 0.0268 0.0562 0.0369 0.0203 0.0260
C. arvense 0.0117 0.0104 0.0119 0.0091 0.0199 0.0105 0.0280 0.0080 0.0044 0.0118 0.0080 0.0091 0.0115 0.0116
C. tenuiflorus 0 0.0130 0 0
total 0.0117 0.0199 0.0264 0.0179 0.0230 0.0220 0.0552 0.0159 0.0153 0.0165 0.0335 0.0150 0.0334 0.0134
(c) % ground cover
C. nutans 0.0138 0.0485 0.0140 0 0.0246 0 0.0184 0.0175 0.5098 0.0167 0.1005 0.0861 0.2210
C. vulgare 0.0255 0.3141 0.0402 0.0957 0.2135 0.0665 0.1889 0 0.0132 0.0231 0.0032 0 0.0143
C. arvense 0.1293 0.0342 0.1267 0.0319 0.3994 0.2156 0.0190 0.1162 0.0031 0.1157 0.0008 0.0933 0.0099 0.1941
C. tenuiflorus 0 0.0005 0 0
total 0.1293  0.0734 0.4893 0.0866 0.4951 0.4536 0.0855 0.3235 0.0206 0.6387 0.0405 0.1971 0.0960 0.4295

'Plants per hectare
*Rosette area in m”

0l
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Carduus nutans biocontrol agents, which were recorded in the 2000s surveys, are known to

prefer C. nutans, but are also known to attack other thistle species. Although they were almost

always found more in paddocks hosting C. nutans than in paddocks hosting only other thistle

species, the difference was non significant in most cases in the Chi-squared tests (Table 7.5);

however, C. nutans presence was a significant predictor of biocontrol agents presence in the

generalized linear model (Table 7.6). It is interesting to note that U. solstitialis, which is more

restricted to Carduus spp., was recorded once in a paddock not hosting C. nutans (Table 7.5).

This specific paddock only hosted C. arvense, and it is possible that the fly encountered was

in fact a misidentified Urophora cardui (Californian thistle gall fly) which is present albeit at

low density in the area.

Table 7.5: Percentage of paddocks hosting C. nutans and paddocks not hosting C. nutans but hosting

other thistles (not thistle-free) that had (a) R. conicus, (b) U. solstitialis, and (c) T. horridus

encountered in.

% paddocks with C.

% paddocks without C.

(a) R. conicus was encountered
Oxford 2005-06

Oxford 2006-07

Lincoln 2005-06

Lincoln 2006-07

Ashburton 2004-05

Ashburton 2005-06

Ashburton 2006-07

mean

(b) U. solstitialis was encountered

Oxford 2005-06
Oxford 2006-07
Lincoln 2005-06
Lincoln 2006-07
Ashburton 2004-05
Ashburton 2005-06
Ashburton 2006-07
mean

(c) T. horridus was encountered
Oxford 2005-06

Oxford 2006-07

Lincoln 2005-06

Lincoln 2006-07

Ashburton 2004-05

Ashburton 2005-06

Ashburton 2006-07

. . nutans but with other 2 P
nutans (n) in which: thistles (n) in which: X
10.0 (10) 035 325 007
16.7 (12) 182(33) 001 092
25.0 (20) 026) 577 002
41.7 (24) 13330) 324 007
222 (45) 0(10) 215  0.14
32.6 (43) 0(6) 189 017
34.1 (44) 23.1(13) 031 0.58
26.0 7.8
10.0 (10) 035 325 007
16.7 (12) 033 492 003
5.0 (20) 026) 127 026
33.3 (24) 33(30) 610 001
35.6 (45) 0(10) 339 007
23.3 (43) 06) 136 024
25.0 (44) 0(13) 310  0.09
213 0.5
0(10) 0 (35) 0 I
8.3 (12) 033 259 011
0 (20) 0(26) 0 1
16.7 (24) 67(30) 107 030
0 (45) 0(10) 0 I
0 (43) 0(6) 0 I
207 (44) 0(13) 283 009
6.8 1.0

mecan
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Table 7.6: ANOVA table for the effects of C. nutans presence, survey region and year on the
proportion (logit transformed) of paddocks in which (a) R. conicus, (b) U. solstitialis and (c)
T. horridus were encountered

(a) R. conicus

df Deviance Resid. df Resid. Dev. P

NULL 350 350.73

C. nutans present 1 24.57 349 326.16 <0.001
Region 2 1.53 347 324.63 0.470
Year 1 8.55 346 316.08 0.003

(b) U. solstitialis

df Deviance Resid. df Resid. Dev. P

NULL 350 287.389

C. nutans present 1 54.313 349 233.076  <0.001
Region 2 3.181 347 229.896 0.204
Year 1 0.059 346 229.837 0.808

(¢) T. horridus

df Deviance  Resid. df  Resid. Dev. P
NULL 348  135.901
C. nutans present 1 8.655 347 127.246 <0.001
Region 2 2.198 345 125.048 0.062
Year 1 32.045 344 93.003 <0.001

For the most part, biocontrol agent presence in dairy farms was not significantly different
from their presence in other farm types (Table 7.7). There were only two significant
differences, both involving U. solstitialis; in one of them, fly presence was greater in dairy

farms, and in the other it was greater in other farm types (Table 7.7).
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Table 7.7: Percentage of dairy paddocks and non-dairy paddocks that had (a) R. conicus, (b)
U. solstitialis, and (¢) T. horridus encountered in.

% dairy paddocks (n) in % other (non-dairy) 2

which: paddocks (n) in which: X P

(a) R. conicus was encountered

Oxford 2005-06 0(5) 2.4 (41) 0.12 0.73
Oxford 2006-07 0(5) 19.1 (42) 0.94 0.33
Lincoln 2005-06 0(6) 9.4 (53) 0.56 0.45
Lincoln 2006-07 16.7 (6) 26.0 (50) 0.16 0.69
Ashburton 2004-05 35.3(17) 17.5 (40) 1.28 0.26
Ashburton 2005-06 11.8 (17) 26.1 (46) 0.99 0.32
Ashburton 2006-07 18.8 (16) 34.9 (43) 0.81 0.37
mean 11.8 19.3

(b) U. solstitialis was encountered

Oxford 2005-06 0 (5) 2.4 (41) 0.12 0.74
Oxford 2006-07 0 (5) 4.8 (42) 0.24 0.63
Lincoln 2005-06 16.7 (6) 0 (53) 7.70 0.01
Lincoln 2006-07 16.7 (6) 16.0 (50) 0 0.97
Ashburton 2004-05 0(17) 25.0 (40) 4.00 0.05
Ashburton 2005-06 17.7 (17) 15.2 (46) 0.04 0.84
Ashburton 2006-07 18.8 (16) 18.6 (43) 0 0.99
mean 10.0 11.7

(c) T. horridus was encountered

Oxford 2005-06 0(5) 0(41) 0 1
Oxford 2006-07 0(5) 2.4 (42) 0.12 0.73
Lincoln 2005-06 0 (6) 0 (53) 0 1
Lincoln 2006-07 0 (6) 12.0 (50) 0.71 0.40
Ashburton 2004-05 0(17) 0 (40) 0 1
Ashburton 2005-06 0(17) 0 (46) 0 1
Ashburton 2006-07 25.0 (16) 13.9 (43) 0.69 0.41
mean 3.6 4.0

7.4 Discussion

7.4.1 Thistle life strategies effect on year-to-year variation

C. nutans is a monocarpic facultative-biennial herb which relies solely on seeds for
reproduction (Popay & Medd, 1990). Plant age and exposure to low temperatures determine if
a plant will flower in a certain summer or remain at the vegetative rosette stage for another
year (Medd, 1977; Popay & Medd, 1990). Thus, population size distribution in early summer
generates information on its age structure: small plants are most likely current year’s
recruitment, whilst large plants are most probably previous year’s survivors that will flower in
the current summer (Popay et al., 1979). Bare ground, as often found at the end of summer in
heavily-grazed pasture, presents conditions favourable for C. nutans recruitment from its long

lived seed bank (Phung & Popay, 1981); a rainy summer that enhances pasture growth would
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reduce recruitment. This creates strong year-to-year variation in C. nutans density. This is
well demonstrated by the difference (within a single year) in the adjacent irrigated and non-
irrigated sites in Rakaia (Table 7.3; e.g., either 1986-87 or 1987-88). Precipitation and grazing
regimes are probably responsible for year-to-year variation in my survey density results both
in the 1980s and in the 2000s.

Cirsium vulgare too behaves as a biennial in New Zealand (Hartley, 1983), although
its germination is less affected by pasture cover than C. nutans germination (Phung & Popay,
1981). In contrast, C. arvense is a perennial that reproduces vegetatively, and although
pasture cover affects its germination as much as it affects C. nutans (Phung & Popay, 1981),
this has little effect on C. arvense populations over short time periods; thus it is not surprising
that C. arvense density did not exhibit high yearly variation in the surveys. Pasture cover does
however affect C. arvense shoot density (G.W. Bourdot, pers. comm.), which is likely to

affect populations over longer time scales.

7.4.2 Densities and size in relation to life strategy

C. nutans densities in Ashburton in the mid 1980s and in the mid 2000s were fairly similar
(Table 7.2), suggesting that recruitment has not changed much. It is therefore unlikely that the
introduced seed predators, R. conicus and U. solstitialis, affected seed production sufficiently
to deplete C. nutans seed bank to the point that C. nutans is seed limited (Shea & Kelly, 1998;
Shea et al., 2005; Chapter 3). Unlike C. nutans, C. vulgare appears to have dramatically
decreased in density in Ashburton region.

In mean plant area I have, however, recorded a decrease for C. nutans, which could
imply changes to the population age structure. This is further reinforced by the size
distribution, as illustrated in Figure 7.3: in 1985-86, despite this being a year of high
recruitment, large plants (longest leaf length of 10 cm or longer; probably survivors from the
previous year), comprised a high proportion of the population (high survival rate); whereas in
the mid 2000s, a large proportion of the population had longest leaf length of 10 cm or
shorter, mainly in high recruitment years (2004-05 and 2006-07) but also in the low
recruitment year (2005-06). In comparison, C. vulgare, which, despite great difference in
absolute density, showed a similar size distribution to C. nutans in 1985-86, was skewed
towards larger plants in the mid 2000s (Figure 7.4). Thus, while C. vulgare apparently
showed low recruitment and high survival compared to the mid 1980s, C. nutans apparently
showed high recruitment, not different to the 1980s, but lower survival.

Interestingly, a similar relative decrease in percent ground cover was generated by C.

nutans and C. vulgare in Ashburton and Lincoln (2000s to 1980s ratios, Table 7.2). But while
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in C. vulgare the decrease in cover appears to have been driven by a decrease in density, in C.
nutans, the decrease in mean plant area was apparently the driver.

I have no explanation for the difference in the trends of density change between the
two biennial thistles. However, the decrease in C. nutans size may be related to the activity of
the biocontrol agent T. horridus (nodding thistle crown weevil). The weevil decreases C.
nutans rosettes survival (Woodburn, 1997; Chapter 4), hence fewer rosettes reach their second
year. It also reduces the growth of surviving rosettes (Woodburn, 1997; Chapter 4). These two
effects have probably driven the change in C. nutans population age structure, evident as a
decrease in mean plant area (Table 7.2).

Cirsium arvense appears to have sustained a stable size not only throughout the years,
but also throughout the three regions (Table 7.2). This is not surprising, because C. arvense is
perennial which does not rely on seeds for reproduction. Its population age structure (and
therefore size) is therefore less affected by factors which could reduce germination (be it the
biocontrol agents or environmental conditions). In addition, C. arvense is not attacked by T.

horridus, the agent that is associated with reduced rosette size.

7.4.3 Densities and size in relation to farm management

For many years, livestock farming in Canterbury consisted largely of sheep farming, with
dairy only comprising around 1% by livestock numbers (Dingwall, 1962). The mid 1980s
survey points were randomly selected from areas of high producing pasture, which was
carrying mainly sheep and some beef cattle. In recent years, Canterbury has seen a trend of
conversion from sheep to dairy farming - two farm types greatly differing in management.
Pasture management has long been acknowledged as an important tool in keeping
thistle populations controlled (Dingwall, 1962; Phung & Popay, 1981; Edmonds & Popay,
1983; Martin & Rahman, 1988a; Bourdot et al., 2007); but it has also been long recognized
that this is not an easy task to achieve in the climatic conditions, the soil and landscape of
Canterbury (Dingwall, 1962), and is still acknowledged as difficult in the 21* century
(Bourdot et al., 2007). Dairy farm management, however, presents a different case altogether:
the pasture is regularly irrigated, fertilized, and not as intense grazed as in other farm types.
The main effect these farm practices have on thistles is by producing strong pasture cover,
which inhibits thistle germination (Phung & Popay, 1981; Popay & Medd, 1990). Strong
pasture also competes better for water and nutrients, which reduces thistle seedling survival
(Popay & Kelly, 1986; Popay & Medd, 1990). Dense pasture can easily smother young thistle
rosettes to death (Phung & Popay, 1981; Edmonds & Popay, 1983). Pasture management is
insufficient, though, to control large, established thistle rosettes (Martin & Rahman, 1988Db).
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In addition, weed management, especially chemical, is more intense in dairy farming
(Holland & Rahman, 1999), as part of the overall more intensive management. Yet, I found
no pattern of thistle density that could be attributed to farm type management that fits all three

(Table 7.4). Only in Ashburton can I say that dairy farms had fewer thistles than 121
farm types, as would be expected. Perhaps the larger relative conversion to dairy in Ashburton
(28% of surveyed paddocks) made this trend clearly apparent.

I would have expected the two biennial species to be affected similarly by land
management changes. Yet Table 7.4 shows that C. nutans was reduced more than C. vulgare
on dairy farms. This could not be clearly attributed to the biocontrol agents, since their
occurrence was not different on dairy and on other farm types (Table 7.7). It therefore appears
that C. nutans may be tolerated less than C. vulgare on dairy farms and may be more actively
managed. Carduus nutans well warrants this discrimination as, unlike other thistles (and other
broad-leaved weeds in New Zealand pastures), it inhibits clovers and induces long-term
decline of soil nitrogen (Wardle et al., 1998); yet this is expected to occur in all farm types.

No pattern was revealed that can explain differences in mean plant area between farm
types in the three regions. Interestingly, in Ashburton, in years of high recruitment (2004-05
and 2006-07), C. nutans mean area on dairy farms was larger than on other farm types. This
implies that the populations on the dairy farms are dominated by survivors and not by new
recruitment. In general, it is plausible that differences in percent ground cover between

management types were driven by density rather than plant size.

7.4.4 Success of biocontrol on C. nutans

Some evidence indicates that farmers are generally satisfied with C. nutans status at present.
This is true for Hawkes Bay in the North Island of New Zealand, (I. Popay, pers. comm.),
where C. nutans has been considered a major weed, and for the South Island (Chapter 2).
However, I have recorded no major changes to C. nutans density around Ashburton or across
all three areas in Canterbury. Firstly the densities in Ashburton in the 2000s only once were as
high as they had been in 1985-86 and the mean density in the 2000s was only 57% of the
earlier number, but the evidence in Tables 7.1 and 7.2 suggests that 1985-86 was a relatively
high year for the 1980s, so the apparent decrease is probably largely due to weather rather
than biocontrol. Secondly, C. nutans actually increased around Oxford, albeit that it has
always been rare in this area so the changes may be more affected by stochasticity. Thirdly, I
hypothesised that because of biocontrol C. nutans would decrease more than C. vulgare, but

the opposite was true in all three areas. Overall there is little support from this 20-year
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random-site study for the idea that C. nutans biocontrol has effectively reduced the density of
this pasture weed, despite reports of farmers being pleased.

It is possible that the lack of change in fact masks genuine changes. In the following
concluding remarks I suggest mechanisms that may account for the satisfaction expressed by
farmers despite no observed decrease in C. nutans density.

First, I compare C. nutans control strategies in the past and at present times. In the
early 1950s herbicides were already widely in use in New Zealand for C. nutans control
(Delahunty, 1960). The main herbicides in use were the synthetic auxins MCPA, MCPB, 2,4-
D and 2,4-DB. The former two are effective against thistles, but are harmful to broad-leaved
pasture plants (clovers, lucerne) (e.g., Delahunty, 1960; Delahunty, 1962); while the latter
two, though less damaging to the pasture, are less effective in thistle control (Delahunty,
1960; Bourdot et al., 2007). Complete control by herbicides was realized to be unachievable
early on (Delahunty, 1962), and thistle resistance to herbicides quickly evolved (Harrington et
al., 1988; Bonner et al., 1998). Despite their reduced efficiency, herbicides remained the main
method for control for long, since they offered the most cost-effective solution.

The commencement of the biological control programme against C. nutans in the
early 1970s is likely to have allowed some decrease in herbicide use (Bourdot et al., 2007, p.
149). This might have been further enhanced by the removal of government subsidies on
herbicides, starting from the mid 1980s (Evans et al., 1996) (but see Holland & Rahman,
1999). This may have allowed herbicide-susceptible pastures to grow stronger, which would
have decreased C. nutans recruitment and out-competed thistle seedlings. Thus, the biocontrol
programme may have indirectly contributed to maintenance of C. nutans densities at a stable
level (albeit weedy still), with substantially decreased investment from the farmers (Figure
7.5). This could well explain farmer satisfaction with the current, unchanged, C. nutans status.

Another possible explanation for farmer satisfaction may lie more directly with the
biocontrol programme, and more specifically, with the crown feeding weevil agent T.
horridus. As previously discussed (e.g., Section 4.2), this agent may account for the recorded
decrease in C. nutans mean plant size, which implies that fewer plants survive to reach the
flowering stage. Thus, flowering stands may now be less conspicuous at a given rosette
density per hectare compared to past infestations, which would justify farmer satisfaction.

Finally, I consider the possible combined effect of the three biocontrol agents on
restricting C. nutans from further spreading in New Zealand. It is accepted that in the absence
of control, as well as in the presence of either seed predators, C. nutans populations in New
Zealand are expected to be continuously growing (Shea & Kelly, 1998; Shea et al., 2005). Yet

the three agents together are quite possibly having a strong enough effect that at least
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stabilizes C. nutans populations, and prevents them from further spreading. In addition, with
the increasing awareness and legislative effort against weed spreading by means of human
activity, it is likely that farmers are more vigilant in preventing further spreading of C. nutans.
ombined effects of farmer vigilance and biocontrol agent activity is another proposed
mechanism that could explain the current contained status of C. nutans, which maintains

satisfaction amongst farmers.

Thus, despite the lack of a demonstrated major difference in C. nutans population
density between the mid 1980s and the mid 2000s, my results are consistent with the idea that
the impact of biological control has not been to decrease the density of this weed, but rather to
decrease the cost of management input required to maintain the current densities. Clearly to
prove this hypothesis will require sampling not just thistle densities, but also management

inputs, which is beyond the scope of the present study, but well worthwhile.
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Figure 7.5: An illustrated proposed mechanism for (no) changes in C. nutans density (solid
line, observed density in the field) in relation to input by farmers towards its control (dashed
line, predicted density in the absence of active management by farmers). It is suggested that
farmers input decreased slightly following the initiation of the biocontrol programme in 1972,
and decreased further following the removal of government subsidies on herbicides in the late

1980s.
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Chapter 8: Synthesis

Classical biocontrol systems involve multiple species and are therefore complex and
challenging. In some respects the complexity is reduced by the exclusion of some trophic
levels (e.g., parasitoids of the biocontrol agent or some competing herbivores), which exist in
the native range, from entering the introduced range. Nonetheless, when biocontrol agents are
introduced into a new environment, they are likely to encounter both new hosts and new
enemies. They form new links in pre-existing food-webs. Biocontrol practitioners are faced
with the challenges involved in trying to predict various aspects of the outcome of this
community assembly exercise, including, most importantly, the effectiveness of weed
suppression. In this thesis I used thistle biocontrol in New Zealand to explore how aspects of
a multiple species system affect aspects of biocontrol effectiveness; in this final chapter, I

place these aspects in a broader context.

8.1 Population models - atool for improving effectiveness in weed
biocontrol

An ineffective biocontrol agent does not only fail to suppress its target weed; it also often
remains in the system, sometimes at high abundance (since its host remains abundant), and is
available to native predators and parasitoids, potentially generating indirect non-target effects
on their native prey and host species (Holt & Hochberg, 2001; Davis et al., 2006). Thus,
improving predictability of effectiveness of biocontrol agents has much wider implications
than contributing to improving control outcomes. Predicting agent effectiveness, which has
been identified as a significant challenge, is slowly starting to increase use of weed population
models, especially matrix models, which are emerging as robust tools.

Population dynamics of weeds in their invaded range are different to their dynamics in
the native range (Sheppard, 2003), and are often different between parts of an invaded range
(e.g. Shea et al., 2005). Understanding what parameters in the life history of a weed drive its
success in the invaded range is essential for designing effective control programmes. In the
invaded range, weed population dynamics studies have two major roles:

e They help define the type and magnitude of the problem, against which the
impacts of any control strategy, including biocontrol, could be evaluated; and they
reveal the ‘Achilles heel” — the weak point/s in the life cycle of the weed which, if
targeted, would have the greatest effect on its population (e.g., Sheppard, 2003;
Briese, 2006; Raghu et al., 2006). For example, the matrix population model for
Carduus nutans in New Zealand retrospectively determined that one of the most

appropriate transitions has been targeted by the introduction of the receptacle



130
feeder Rhinocyllus conicus (Shea & Kelly, 1998) , albeit with an observed level of
attack insufficient to reduce plant population density.
e Furthermore, they can assist in predicting the degree of pressure required at the
weak point/s to achieve different control goals such as stopping weed populations
from spreading or reducing weed density (Raghu et al., 2006; Van Klinken &
Raghu, 2006). A population model estimated, for example, that a reduction of 75%
in seed production could reduce Scotch broom (Cytisus scoparius Link) abundance
in Australia dramatically (Rees & Paynter, 1997); the population model for C.
nutans in New Zealand, estimated that about 69% seed predation would be
required for this thistle’s populations to start declining (Shea & Kelly, 1998). The
field estimates of only 30-40% seed predation by R. conicus (Kelly et al., 1990;
Kelly & McCallum, 1995) explained the failure by this agent to regulate the
thistle. In Chapter 3 of this thesis I found levels of seed destruction achieved by R.
conicus and Urophora solstitialis together were only about 23%; in Chapter 4.2 1
found that a combined effect of Trichosirocalus horridus and U. solstitialis in
New Zealand could reduce C. nutans seed production by at least 45%, in the
absence of R. conicus. This is however still short of the 69% projected necessary
by Shea and Kelly (1998).
This tightly links to predicting agent effectiveness and prioritising agent introduction. McClay
and Balciunas (2005) list possible causes for ineffectiveness of agents which have
successfully established and built up populations in the introduced range without having any
effect on their target weed population. Some failures are associated with the part in the weed
life cycle that is targeted by the agent; these include use of seed predators where weeds are
not seed limited, use of herbivores that feed on tissues not essential for plant survival or
reproduction, such as parenchyma and fruit pulp, and use of herbivores whose damage comes
too late in the weed’s phenology to have any significant effect on its growth or reproduction.
Where population models are involved prior to agent introduction, agents that attack
unimportant transitions or life stages are not considered (Briese, 2006; Davis et al., 2006). It
needs to be stressed that while weed population models from the native range offer valuable
insights into limiting factors in the native range (Rees & Paynter, 1997; Jongejans et al.,
2006), they cannot replace models from the introduced range, where different transitions may
be responsible for weed success. Once the weak points in the life cycle of the weed in its
introduced range are revealed, the impact of potential agents are better off tested in the native

range of the weed, prior to introduction (Sheppard, 2003; McClay & Balciunas, 2005).
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Population models are very useful in estimating the combined effects of multiple
biocontrol agent species in comparison to the individual effects of each species, and in
estimating how this effect may differ with different sequences of agent introduction (Davis et
al., 2006). Clearly, this would be far more useful prior to agent introductions, yet, in this
thesis, I have used Shea and Kelly’s (1998) matrix population model for C. nutans in New
Zealand, and the updated version (Jongejans et al., 2008) retrospectively, and have estimated
that the antagonistic effect of R. conicus on U. solstitialis potentially reduces U. solstitialis
effectiveness (Chapter 4.1). I have also estimated that U. solstitialis and T. horridus together
have a stronger adverse effect on C. nutans population growth rate than either species alone
(Chapter 4.2). However, I was unable to estimate how the combined effect of the three agents
would compare to their individual effects.

Models can be used to test the effects of combinations of control approaches and other
stress factors on the weed population. Different stress factors may determine plant response to
herbivory (Fowler & Rausher, 1985; Miiller-Schérer , 1991). Land management use is likely
to be important (Chapter 7). For example, where plant response to root herbivory resembles a
response to water stress, well watered plants may compensate for herbivore damage, and no
measurable effect would appear (Radcliff, 1971; Gange & Brown, 1989). Dairy pasture is
intensively farmed, regularly irrigated and weeds are usually controlled chemically. In New
Zealand it is quite plausible that neither biological nor chemical control affect C. nutans
populations in dairy pasture; rather the strong competition from the healthy pasture may well
be the dominant factor regulating this weed. This is a hypothesis that can be tested using
matrix models, to improve management decisions in an active adaptive management
framework. In an integrated management approach elsewhere, population models were able to
indicate that the presence of biological control could be essential for the effectiveness of a
combination of other control methods (mechanical and chemical in this case) (Buckley et al.,
2004).

Population models are perhaps the most practical tool we have today to predict
biocontrol agents effectiveness and population-level effects of any management strategy.
Their importance is slowly becoming realised (Shea, 2004; Raghu et al., 2006) and they are
increasingly used, both retrospectively, to evaluate past or ongoing biocontrol programmes
(Lonsdale et al., 1995; Shea & Kelly, 1998; Shea et al., 2005; Shea et al., 2006) and, more
importantly (albeit rarely), prior to introduction of new agents (Davis et al., 2006).
Unfortunately, the potential of population models as a tool is better appreciated by ecologists
than by funding agencies, which sees them largely underfunded or unfunded (Sheppard,
2003).
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8.2 Sleeper weeds and multi targeting

Sleeper weeds have never received the attention they merit. This is mainly because weed
biocontrol was, and in many cases still is, regarded as a last resort, and is employed only
when conventional methods have failed to control the weed or have been controlling it
unsustainably; when biological control is finally employed, the weed has already become a
major problem (Thomas & Willis, 1998; Fowler et al., 2000; Culliney, 2005; Ding et al.,
2006). Biocontrol opponents call for the problem caused by the weed to be well proven and
for a high expected benefit-cost ratio to be demonstrated before a biocontrol agent is approved
for release (Louda et al., 1997; Strong, 1997; Louda et al., 2003a). Sleeper weeds by
definition fall short of complying with such requirements: they are not yet invasive, do not
present an existing problem, and do not incur control costs. The understanding that prevention
is far more efficient than cure has not yet sunk into environmental management. An exception
has to be made regarding control against new introductions at the border in New Zealand,
where immense efforts are taken to prevent unwanted organisms from entering the country;
however, it also needs to be stressed that some of our current weeds and pests are organisms
which have been introduced deliberately, and for which prevention at the border was waived.
In addition, different strategies need to be developed for organisms which have escaped
border control, and could still be prevented from becoming a problem, such as sleeper weeds.
New Zealand faces a risk, one of the most severe in the world, from invasive weeds: in
less than 200 years of European settlement the flora here has increased more than tenfold,
with more than 25,000 introduced plant species (Williams & Cameron, 2006). Not all
introduced species would become invasive; but the number of naturalized exotic species
(~2,200) already exceeds the number of natives (Williams & Cameron, 2006), and much of
the country’s exotic flora is considered to only be at the early stages of invasion (Sullivan et
al., 2005; Julien et al., 2007). The list of invasive species already includes around 500 which
are classified as weeds, of which about 200 are controlled by legislation (Julien et al., 2007).
Which of the 2,200 naturalized species will become invasive is difficult to predict (Williams
& Lee, 2001; Sullivan et al., 2004); in fact, vast but relatively unsuccessful efforts to
characterise invasive species implies that robust generalizations are still a long way off
(Rejmanek, 1999; Reichard, 2001; Rejmanek, 2001). The one generalization that can be made
though, is that species that have become invasive in any introduced range are more likely to
become invasive in other introduced areas (Reichard, 2001; Rejmanek, 2001). This one
generalization should be used to prioritise research towards species that have become invasive
elsewhere, and, if suitable for biological control, target these plants before they become a

problem. No biocontrol agent is risk free (Sheppard et al., 2003; Fowler & Withers, 2006);
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yet, there are risks from not undertaking biocontrol, and the benefits from controlling sleeper
weeds before they have become invasive can only be underestimated.

Multi-targeting as an approach to targeting sleeper weeds may attract resistance from
biocontrol opponents on the grounds that it promotes non-target effects and promotes
introduction of alien organisms to solve problems that do not exist. It needs to be emphasized
therefore, that multi targeting is suggested as applicable for groups of plants that have no
representatives in the native flora; hence, direct unwanted non-target effects are less likely in
the first place (non-target species that are closely related to the target species are at much
higher risk, Louda et al., 2003b), and that it is suggested as part of biocontrol programmes
against plants in these groups that are established weeds and already posing environmental or
economic threats. Some examples of such plant groups in New Zealand are presented in
Chapter 5. For at least one of the weedy species mentioned in Chapter 5,Japanese
honeysuckle, Lonicera japonica Thunb., alien biocontrol agents are currently being searched
for to initiate a classical biocontrol programme; S. V. Fowler, pers. Comm. Alien biocontrol
agents are searched for, to be introduced against invasive representatives within these groups
anyway; but, if less host-specific, potentially more effective, agents are considered, which
could suppress other plants within the group, then fewer introductions of alien organisms
could be expected in the long run, because: (a) the invasive species is more likely to be better
suppressed by the potentially more effective agent; and (b) the potential future weeds are
more likely to be maintained at non-damaging levels with no further agents required.

It is also warrant highlighting that New Zealand can proudly boast to employ one of
the safest (if not the safest) systems in the world today for risk assessment in weed biocontrol
(Sheppard et al., 2003). It is only rational that a country which suffers one of the worst risks
of invasive weeds and at the same time presents the best record for safety in classical

biocontrol should embark on developing multi-targeting as a safe and effective novel strategy.

8.3 Patterns of herbivory on multiple plant species and multi
targeting

The literature contains several contradicting theories, mechanisms and empirical evidence for
the effect of the presence of one plant species on the degree of herbivory on another. One
plant species could reduce herbivory on another, thus granting it ‘associational resistance’ by
functioning as either an ‘insectory’ plant - maintaining predators and parasitoids which reduce
herbivore density; a ‘repellent’ plant - repelling the herbivore, causing it to either fail to locate
or to reject an appropriate host; or an ‘attractant-decoy’ plant - attracting the herbivore to an

unsuitable plant which does not support its development (Atsatt & Odowd, 1976). These ideas
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and mechanisms have been demonstrated in agricultural systems, where increasing plant
diversity from monocultures to polycultures reduced herbivory damage to crop plants (e.g.,
Tahvanainen & Root, 1972; Parker, 1982). A preferred host may suffer increased herbivory
when its relative density is increased (towards growing in pure stands) according to the
‘resource concentration hypothesis’ (Root, 1973; Risch, 1981). The mechanisms driving
associational resistance and the resource concentration hypothesis greatly depend on the
degree of specificity of the herbivore.

Associational resistance and the resource concentration response are highly relevant
for management of horticultural systems, where monocultures are common; but these types of
response would fail multi-targeting. For multi-targeting to succeed, interactions of the type of
‘associational susceptibility’ are required. Associational susceptibility occurs when the
presence of one host plant species, usually a preferred host, inflicts increased herbivore
damage on another, usually less preferred, acceptable plant host (Brown & Ewel, 1987).
Associational susceptibility describes only the level of damage to the secondary host; if an
effect on the secondary host survivorship or performance is demonstrated in addition, this
becomes ‘apparent competition’ (Holt, 1977). Apparent competition is likely to be common in
systems that present associational susceptibility but is a lot harder to demonstrate. In the
system studied in this thesis associational susceptibility was observed, however, the system
was not structured to test apparent competition, so it is not known whether any occurred
(Chapter 5).

The impact of herbivores on the spatial distribution of hosts that do not form a
significant part of their diet is possibly underestimated (Parker & Root, 1981; Rand, 2003).
The presence of one host plant species has been demonstrated to restrict the distribution of
another species through increased herbivory by a shared herbivore (Parker & Root, 1981;
Rand, 2003). This indicates that associational susceptibility, if leading to apparent
competition, could potentially play a significant role in limiting invasion by sleeper weeds.

Understanding the mechanisms driving associational susceptibility and the
circumstances in which associational susceptibility may be expected could benefit target and
host selection in biocontrol towards enhancing multi targeting. Some studies predicted
associational susceptibility would be strictly linked to herbivore abundance and depletion of
the preferred host, which forces the herbivore to transfer to the less preferred host (White &
Whitham, 2000; Blossey et al., 2001); Others (Russell et al., 2007) have shown associational
susceptibility occurs even when the preferred host is not depleted. Mechanisms suggested as
possible drivers of associational susceptibility include increased herbivore attraction to

patches where the preferred host is present, which represent high-quality patches (Hjalten et
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al., 1993), and “spillover’ effect, in which the preferred host is a source for high herbivore
density, which spills onto the less preferred host (White & Whitham, 2000). Brown and Ewel
(1987) suggested the palatability of a species relative to the other species with which it is
associated would determine whether it would experience either associational resistance or
associational susceptibility. However, it is quite likely that while the less palatable species
suffers associational susceptibility, herbivory on the more palatable species remains
unchanged. It would be undesirable in multi-targeting, that the preferred host (the target
weed) would experience associational resistance by the presence of the less preferred host (the
sleeper weed); hence, attack levels on both hosts should be tested when alone and when in
combination.

One of the great challenges for effective practice of multi-targeting would be in
identifying the suitable target weeds, sleeper weeds, and potential biocontrol agents. Holt and
Hochberg (2001) listed three scenarios under which shared predation is likely to put non-
target species in danger. These scenarios may assist identifying species combinations that are
likely to be susceptible to multi targeting and are given here in multi targeting terms:

e The sleeper weed exhibits low intrinsic growth rate (it does not replenish loss
easily)

e The biocontrol agent has high attack rates on the sleeper weed, even when it is
sparse. This is likely for a biocontrol agent that does not become satiated
easily.

e The target weed sustains the biocontrol agent in high abundance.

The final scenario is a key component in apparent competition, which is highly desirable in
multi-targeting. Successful multi-targeting is highly likely by a biocontrol agent that attacks
both the target and the sleeper weed heavily, and is sustained in high abundance by the target
species.

Finally, while multi-targeting is aimed at preventing sleeper weeds from becoming
invasive, it can also enhance biocontrol of the target weeds by sustaining biocontrol agent
populations (even if only small), and sustaining constant pressure on the target weed,
uncoupling the predator prey oscillations which normally characterise classical biocontrol
systems, especially at early stages. Hence, at times when the preferred, target weed goes
locally extinct, biocontrol agent populations could be maintained on the less preferred, sleeper

weed, assuring a more rapid response when the target weed reinvades.

To conclude, a recurring theme throughout this thesis is that in complex multi-species

systems, like classical biocontrol systems, less is in many respects more. The fewer agents
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that get introduced, the lower the risk for competitive interactions which could jeopardise
control efforts, and the lower the risk of indirect non-target effects in complex food-webs.
Fewer agents with a relatively wide host range could target a wide range of potential (sleeper)
weeds, again with lower risk for unwanted non-target effects involved, and with higher
chances of success. However, an information gap of two decades has clearly demonstrated

(Chapter 7) that more rather than less is necessary for long term monitoring of population

level effects in biocontrol.
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Appendix A: Supplementary statistical analysis for Section
4.1

The differences in insect counts (log transformed) between treatments were compared in
mixed effect models in R (R Development Core Team, 2006), with Poisson distributions,
using the ‘lmer’ command. All relevant explanatory variables were included in the models as
covariates. Non-categorical covariates were standardized (i.e., divided by the variance after
subtraction of the mean); this made the magnitudes of their effects comparable, despite being
measured in different units. Non-significant variables were excluded from the models by
backwards selection, using the Chi-squared test to compare between models. Only the best-fit
minimum models are presented. When testing each biocontrol agent’s final density, the
treatments not including that agent had to be excluded from the analysis to avoid upsetting the
model (which would result in infinite standard error terms). Plants, plots and blocks were
included in the models as random grouping factors. The ‘Imer’ command automatically
corrects for overdispersion in the data if required. The model outputs are presented as tables
of parameter estimates, in which the intercept estimate includes the lowest level of each
categorical variable (in an alphabetic or numeric order), and all following estimates appear as
the difference from the intercept; the z-test for each parameter tests the null hypothesis that
this difference is not statistically different from zero. Categorical variable were labelled such

that the alphabetical or numerical value would offer a logical order of testing.
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Difference in the number (log transformed) per capitulum of U. solstitalis individuals at low
(five pairs) and high (15 pairs) initial densities, and in the presence of zero, low (one pair) and
high (three pairs) initial densities of R. conicus: generalised linear mixed effect models with
Poisson distribution and with plants, plots (cages) and blocks as grouping factors. Based on
583 capitula from 130 plants in 30 plots (cages) and five blocks.

Fixed effects
df  Estimate Std. Error  z value P

Intercept’ 1 -7.367 1.021  -7216  <0.001
U.s. high 1 2.033 1.155 1.760 0.078
U.s. low R.c. low 1 -2.401 1.432 -1.676 0.094
U.s. high R.c. low 1 1.799 1.202 1.498 0.134
U.s. low R.c.high 1 -0.802 1.242 -0.645 0.519
U.s. high R.c.high 1 1.395 1.152 1.211 0.226
Leaf length at the time of bolting 1 -0.982 0.426 -2.304 0.021
Plant heigth 1 2.113 0.503 4.201 <0.001
Date collected 1 -3.267 0.296  -11.048 <0.001
External diametr 1 0.978 0.097 10.058 <0.001
Capitulum height 1 -0.678 0.258 -2.625 0.009
Capitulum position 1 1.945 0.513 3.789 <0.001

'Intercept: U. solstitialis low initial density, collected on 11 Jan 2006, at a primary position

Difference in the final number (log transformed) per capitulum of R. conicus individuals at
low (one pairs) and high (three pairs) initial densities, and in the presence of zero, low (five
pair) and high (15 pairs) initial densities of U. solstitalis: generalised linear mixed effect
models with Poisson distribution and with plants, plots (cages) and blocks as grouping factors.
Based on 655 capitula from 136 plants in 30 plots (cages) and five blocks.

Fixed effects

df Estimate Std. Error  z value P
Intercept' 1 -3.063 0.491 -6.244 <0.001
R.c.high 1 2.381 0.594 4.011 <0.001
R.c. low U.s. low 1 0.842 0.652 1.293 0.196
R.c. low U.s. high 1 2.050 0.638 3.214 0.001
R.c.high U.s. low 1 2.518 0.619 4.066 <0.001
R.c.high U.s. high 1 2.195 0.613 3.579 <0.001
Date collected 1 -1.284 0.075 -17.161 <0.001
External diametr 1 0.143 0.048 2.968 0.003
Capitulum height 1 0.230 0.093 2.465 0.014
Capitulum position 1 -0.911 0.203 -4.489 <0.001

"Intercept: R. conicus low initial density, collected on 11 Jan 2006, at a primary position
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Tables 1, 2, 3 and 4 correspond with Tables 5.3, 5.4, 5.5 and 5.6 in Chapter 5, respectively. The

analysis of C. pycnocephalus and C. tenuiflorus in Chapter 5 was done on a dataset which

excluded two extreme replicates; the analysis presented in Tables 1, 2 and 3 below followed the

same statistical procedures, on the dataset that includes those extreme replicates.

Table 1: Difference in capitulum’s probability of attack by R. conicus (logit transformed) in the

presence and absence of C. nutans in (a) C. pycnocephalus and (b) C. tenuiflorus: generalized
linear mixed effects models with a binomial distribution and with plants, plots and blocks as
grouping factors; C. pycnocephalus and C. tenuiflorus were only tested before mid December.
(a). C. pycnocephalus. Based on 1537 capitula from 117 plants. Intercept - C. nutans absent,

primary cluster position.

Fixed effects
df Estimate  Std. Error zvalue P

Intercept 1 -0.375 0.214 -1.75 0.080
C. nutans present 1 0.178 0.303 0.589 0.556
External diameter 1 0.281 0.067 4.191 <0.001
Cluster position - secondary 1 -0.977 0.157 -6.237 <0.001
Leaf length at the time of bolting 1 -0.523 0.151 -3.456 <0.001
Plant height in mm 1 0.459 0.198 2.316 0.021
Sum of clusters on the plant 1 2.186 0.506 4321 <0.001
Sum of capitula on the plant 1 -1.224 0.458 -2.671 0.008
Sum of capitula in the plot 1 -1.227 0.337 -3.642 <0.001
Average plot height in mm 1 0.747 0.277 2.7 0.007

(b). C. tenuiflorus. Based on 1484 capitula from 115 plants. Intercept - C. nutans absent, bolted

by 26 Sep., 2005.

Fixed effects

Intercept

C. nutans present

External diameter

Capitulum height in mm
Sum of capitula in the cluster
Plant height in mm

Bolted between 26 Sep. and 6 Oct.
Bolted between 6 Oct. and 21 Oct.
Bolted between 21 Oct. and 6 Dec.

df Estimate Std. Error z value P
1 -0.803 0.240 -3.342 <0.001
1 -0.069 0.299 -0.230 0.818
1 0.188 0.072 2.612 0.009
1 -0.499 0.089 -5.610 <0.001
1 0.441 0.068 6.490 <0.001
1 0.556 0.113 4915 <0.001
1 -0.170 0.197 -0.860 0.390
1 -0.766 0.310 -2.471 0.013
1 -0.182 0.952 -0.192 0.848
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Table 2: Difference in the number of R. conicus attack signs per capitulum (log transformed) in
the presence and absence of C. nutans in (a) C. pycnocephalus and (b) C. tenuiflorus: generalized
linear mixed effects models with a Poisson distribution and with plants, plots and blocks as
grouping factors; C. pycnocephalus and C. tenuiflorus were only tested before mid December.
(a). C. pycnocephalus. Based on 1537 capitula from 117 plants. Intercept - C. nutans absent,
primary cluster position.

Fixed effects
df Estimate Std. Error zvalue P

Intercept 1 -0.788 0.175 -4.515 <0.001
C. nutans present 1 0.269 0.247 1.090 0.276
External diameter 1 0.244 0.043 5.700 <0.001
Capitulum height in mm 1 -0.092 0.042 -2.210 0.027
Cluster position - secondary 1 -0.504 0.102  -4.929 <0.001
Leaf length at the time of bolting 1 -0.197 0.090 -2.177 0.029
Sum of clusters on the plant 1 1.905 0.380 5.019 <0.001
Sum of capitula on the plant 1 -1.111 0.338  -3.289 0.001
Sum of capitula in the plot 1 -1.200 0.251 -4.786 <0.001
Average plot height in mm 1 0.947 0.196 4.842 <0.001

(b). C. tenuiflorus. Based on 1499 capitula from 117 plants. Intercept - C. nutans absent.
Fixed effects

df Estimate Std. Error z value P
Intercept 1 -1.186 0.159  -7.452 <0.001
C. nutans present 1 0.037 0.226 0.164 0.869
External diameter 1 0.141 0.052 2.742 0.006
Capitulum height in mm 1 -0.372 0.056  -6.597 <0.001
Sum of capitula in the cluster 1 0.264 0.045 5.881 <0.001
Standardized plant height in mm 1 0.416 0.083 4.993  <0.001
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Table 3: Difference in the cumulative proportion (logit transformed) of (a) C. pycnocephalus and
(b) C. tenuiflorus capitula (the total processed) exhibiting increasing rank of R. conicus feeding
damage in the presence and absence of C. nutans: proportional odds (cumulative logit) models.
The model is interpreted as a series of regression lines (one for each cut point); to model capitula
in the absence of C. nutans, the slope term for ‘C. nutans present’ is omitted.

(a). C. pycnocephalus. Based on 1539 capitula.

Fixed effects

df Estimate Std. Error tvalue P
C. nutans present 1 -0.110 0.172  -0.660 0.509
Sum of R. conicus signs 1 1.380 0.081 17.030 <0.001
Secondary position 1 -0.470 0.234 -2.010 0.045
Sum of clusters on the plant 1 -0.880 0.350 -2.520 0.012
Sum of capitula on the plant 1 1.100 0.332 3.320 0.001
Intercepts for cut points of damage
categories

df Estimate Std. Error tvalue P
No damage (0.147, 0.176)' 1 2.066 0.132  15.680 <0.001
Little damage (0.135, 0.164) 1 2.204 0.134 16.419 <0.001
Medium damage (0.096, 0.103) 1 2.870 0.148 19.353 <0.001

(b). C. tenuiflorus. Based on 1485 capitula.

Fixed effects

df Estimate Std. Error tvalue P
C. nutans present 1 -0.15 0.18 -0.87 0.384
Sum of R. conicus signs 1 2.03 0.11 18.78  <0.001
Bolted between 26 Sep. and 6 Oct. 1 -0.32 0.19 -1.70 0.089
Bolted between 6 Oct. and 21 Oct. 1 -0.70 0.34 -2.07 0.039
Bolted between 21 Oct. and 6 Dec. 1 -0.63 0.95 -0.66 0.509
Sum of capitula in the plot 1 -0.52 0.18 -2.87 0.004
Average plot height in mm 1 0.65 0.18 3.56 <0.001
Intercepts for cut points of damage
categories

df Estimate Std. Error tvalue P
No damage (0.188, 0.231) 1 1.77 0.16 10.84 <0.001
Little damage (0.175, 0.210) 1 1.98 0.17 11.96 <0.001
Medium damage (0.142, 0.158) 1 2.55 0.17 14.69 <0.001

"Numbers in parentheses beside each cut point for damage category are the cumulative
proportions of capitula exhibiting higher damage rating than that cut point in the presence and

absence of C. nutans respectively.
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Table 4: Difference in the percentage of (a) C. pycnocephalus and (b) C. tenuiflorus capitula
attacked by R. conicus (of the total processed) and the proportion of capitula exhibiting actual R.
conicus feeding damage (of those that got attacked) early in the season (before 13 December) in
the presence and absence of C. nutans. The percentages of damaged capitula of those attacked are
also compared between early and late season (regardless of C. nutans presence). Sub-samples

from the bulk collections were either excluded or included.

(a). C. pycnocephalus

Bulk collections excluded

% attacked % damaged of % damaged of
N) attacked (N) attacked (N)
Early season, C. nutans present ~ 39.1 (675) 37.5(264) Early season 39.6 (636)
Early season, C. nutans absent 42.8 (870) 41.1 (372) Late season 56.0 (216)
o 2.09 0.85 17.61
P 0.149 0.357 <0.001
Bulk collections included
% attacked % damaged of % damaged of
(N) attacked (N) attacked (N)
37.7
Early season, C. nutans present (1045) 40.9 (394) Early season 41.0 (943)
39.2
Early season, C. nutans absent (1402) 41.2 (549) Late season 53.9 (414)
o 0.54 0.01 19.12
P 0.491 0.926 <0.001
(b). C. tenuiflorus
Bulk collections excluded
% damaged
% attacked % damaged of of attacked
(N) attacked (N) (N)
Early season, C. nutans present ~ 29.7 (741) 63.2 (220) Early season 66.2 (473)
Early season, C. nutans absent 33.5(761) 68.8 (253) Late season 59.0 (200)
r 2.53 1.64 3.14
P 0.112 0.200 0.076
Bulk collections included
% damaged
% attacked % damaged of of attacked
N) attacked (N) (N)
29.5
Early season, C. nutans present (1167) 63.9 (344) Early season 66.8 (739)
29.4
Early season, C. nutans absent (1349) 69.4 (395) Late season 62.3 (329)
e 0.00 2.43 2.07
P 0.989 0.119 0.150
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The numbers of capitula collected (and processed), attacked and damaged by R. conicus which

were used to construct Table 4 above and Table 5.6 in Chapter 5, are presented in Table 5 below.

Table 5: Number of non-target species capitula collected (and processed), number attacked by R.

conicus, and number exhibited R. conicus feeding damage.

(a). C. pycnocephalus

All replicates included

Bulk collections

excluded Collected Attacked Damaged Collected Attacked Damaged
C. nutans absent 870 372 153 Early 1545 636 252
C. nutans present 675 264 99 Late 3284 216 121

Bulk collections

included

C. nutans absent 1402 549 226 Early 2447 943 387

C. nutans present 1045 394 161 Late 8899 414 223

Two replicates excluded

Bulk collections

excluded

C. nutans absent 526 205 73 Early 976 410 154

C. nutans present 450 205 81 Late 2298 152 81

Bulk collections

included

C. nutans absent 927 342 124 Early 1609 617 236

C. nutans present 682 275 112 Late 6374 313 158
(b). C. tenuiflorus

All replicates included

Bulk collections

excluded Collected Attacked Damaged Collected Attacked Damaged

C. nutans absent 761 255 174 Early 1500 473 313

C. nutans present 741 220 139 Late 3299 200 118

Bulk collections

included

C. nutans absent 1349 397 274 Early 2514 739 494

C. nutans present 1167 344 220 Late 9637 329 205

Two replicates excluded

Bulk collections

excluded

C. nutans absent 430 147 98 Early 887 308 204

C. nutans present 458 162 106 Late 2078 164 97

Bulk collections

included

C. nutans absent 860 246 171 Early 1605 486 323

C. nutans present 746 241 152 Late 6470 265 168
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Table 5 (contd)
(¢). C. vulgare

Collected Attacked Damaged

C. nutans absent 190 7 6
C. nutans present 116 10 9

Table 6: Attack by R. conicus and U. solstitialis on non-target species, at sites with C. nutans
either present or absent at the field surveys in 2005-06 and 2006-07.
(a). C. tenuiflorus

2005-06 2006-07
C. nutans Un- Un-
Site present attacked Attacked attacked Attacked
R. conicus B. Peninsula no 102 0 97 3
Culverden yes 75 25 74 24
U. solstitalis B. Peninsula  no 102 0 100
Culverden yes 100 0 93 5
Either B. Peninsula no 102 0 97
Culverden yes 75 25 70 28
(b). C. pycnocephalus
2006 2007
C. nutans Un- Un-
Site present attacked Attacked attacked Attacked
R. conicus B. Peninsula no 100 2 99 1
Culverden yes 94 6 82 18
U. solstitalis B. Peninsula  no 102 0 100 0
Culverden yes 100 0 100 0
Either B. Peninsula no 100 2 99 1
Culverden yes 94 6 82 18
(c). C. vulgare
2006 2007
C.nutans  Un- Un-
Site present attacked Attacked attacked Attacked
R. conicus B. Peninsula no 73 26 83 17
Culverden yes 47 53 77 23
Rakaia Gorge no 83 18 76 24

Rakaia Gorge yes 87 4 77 24
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Appendix C: Multiple species density estimation using the
truncated joint point-distance nearest-neighbour distance
method

Densities were calculated for each region as a whole; paddocks were not replicates.
Stage 1: estimation of thistle density in the region (globally, combined for all species):
Let:

N = the global number of random points = 62 paddocks x 30 points per paddock = 1860 (in this
example).

p = the number of points that had a plant within the search radius.

I'o = the distance from the random point to the nearest plant.

n = the number of nearest neighbours.

I, = the distance from the first plant to the nearest neighbour.

m = the number of next nearest neighbours.

I'm = the distance from the nearest neighbour to the next nearest neighbour.

R = the search radius in meters.

Then:
1. f= ﬁ frequency of points that had a plant
= > P > density estimator for a randomly distributed population
z(Zr, +(N-p)R°)
Let:

E(CV) = the expected coefficient of variation of I, calculated from:

log, E(CV)=-1.0319+0.4892f > —0.7182f * +0.6095 f ¢ (see Batcheler, 1973)
Then:
sr2 —(zr, } N
A = 1 (p P ( p))n an index of non-randomness
E(CV) 2r Zr, p
xr? —(zr, f m*N
A = 1 (p p ( p)z)m an index of non-randomness
E(CV) ZrXr,pn

5. log, E(CV)=-1.03107 +0.48924 > —0.71817 f * +0.60946 f °

6. a=1+2.473f intercept for the dependant regression of bias on the index of non-
randomness (A)
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7. b=1+2.717f slope for the dependant regression of bias on the index of non-
randomness (A)

8. g =10 x 21 (b M tb AZ) corrected regional weed density (plants per ha)
a

Stage 2: Estimate the individual contribution of each species to the global density:
Let:

v; = the number of pairs of the species i (i.e., pairs in which p and n are the same species and pairs
in which n and m are the same species).

rni = the distance between pairs of plants in which p and n are the same species

I'mi = the distance between pairs of plants in which n and m are the same species

Then:
2r, +2r, . .
9. L=—"—T" mean distance between all pairs of plants
n+m
rni + rmi : : :
10. |, = +—™ mean distance between pairs of the same species
Vi
L p+n+m, o . . .
11. C, =—x Pirhi+ M contribution of the species I to the regional density
. p+n+m
C, . .
12. 4, = Sc. X Ag1opal density of the species i

&

m"ﬁfj\ 30 :

@

o
& @

Figure 1: An illustration of the truncated point-distance nearest-neighbour technique, adapted
from Batcheler (1975), showing the quantities rp, rn and rm. In the example illustrated here N =
4,p=3,n=2andm=1.



Trichosirocalus horridus on Cirsium vulgare

“...if well though out methods of repression... are generally adopted the weed problem
should in time disappear.” A.H. Cockayne, 1917, on noxious weeds in New Zealand





