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Preface

Venue and delegates

The XI International Symposium on Biological Control of Weeds was held from 28 April to 2 May
2003, at the Manning Clark Centre, Australian National University, Canberra, Australia. One
hundred and seventy five registered delegates from 60 organisations attended, from Argentina,
Australia, Brazil, Canada, Chile, France, Italy, Japan, Mexico, New Zealand, Nigeria, Norway,
Papua New Guinea, Russia, Senegal, Slovak Republic, South Africa, Switzerland, UK and USA.

Opening ceremony

The official opening of the conference took place on Monday 28 April 2003. A “Welcome to
Country” ceremony was performed by local Ngunnawal elder, Mrs Agnes Shea, in the Manning
Clark Centre.

Sponsors

The organizing committee thanks the following agencies for their generous contributions to the
symposium and to the publication of the proceedings: the Grains Research and Development
Corporation (GRDC), the Rural Industries Research and Development Corporation (RIRDC),
Meat and Livestock Australia (MLA) and the Australian Centre for International Agricultural
Research (ACIAR).

Symposium program structure

The formal program was made up of 11 sessions of 50 oral presentations and 122 posters, grouped
into 5 themes, moving from theory through to impact. Posters were a central part of the proceed-
ings, viewed in a dedicated session before lunch each day. The schema of the organisation of the
symposium into themes and sessions, with their associated chairs and keynotes, is tabulated
below.

Session chair Keynote speakers and talks

Theme: Biocontrol theory and new approaches

Bruce Auld Biocontrol theory and new | Don Strong Into the future for biocontrol
approaches

Theme: Target and agent selection

Richard Groves Ecology in target selection | Peter McEvoy Role of ecology in selecting target
species and agents for biological
control

Sathyamurthy Raghu | Ecology in exploration and
agent selection

Theme: Risk analysis

Toni Withers Host specificity procedures | Michael Singer Defining and distinguishing proper-
ties of interacting plants and insects

Alan Watson Dealing with risk Andy Sheppard | Ecological risk benefit assessment
for biological control introductions
—a world view

Marion Seier Non-target effects Bob Pemberton | Biological control safety: science
with temporal and cultural contexts
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Session chair ‘ Keynote speakers and talks

Theme: Integration and management

Helen Spafford Jacob | Integration of biocontrol with | Quentin Paynter | Integrated weed management:

other control methods could we be doing better?
John Ireson Release and redistribution
strategies
Lynley Hayes Technology transfer Martin Hill The transfer of appropriate tech-

nology, key to the successful
biological control of five aquatic
weeds in Africa

Theme: Evaluation

Judy Myers Population ecology in the
measurement of biocontrol
effectiveness

Dennis Isaacson Community- and landscape-

scale approaches to evalu-
ating impact

Matthew Cock Economic and social indica- | Ernest Delfosse | What is “success” in biological
tors of biocontrol impact control?

Because posters were a high profile component of the symposium, we decided to award a prize
for the best poster in each theme. The winners were selected by our keynote speaker Professor
Don Strong from a short list of three per theme prepared by David Briese and Mark Lonsdale.
They were as follows:

Liz Dovey — Weeds in the Pacific: the situation and the challenge

S.M. Boyetchko, G. Peng, K. Sawchyn, K. Byer and R. Charudattan — Evaluation of variable
temperature regimes on bioherbicidal activity of non-indigenous fungal pathogens for biological
control of green foxtail

Louise Morin and Mireille Jourdan — Biological control of saffron thistle with fungi: limited
prospects

Paul D. Pratt and Ted D. Center — Indirect impacts of herbivory of Oxyops vitiosa on the repro-
ductive performance of the invasive tree Melaleuca quinquenervia

A.J. Willis, L. Morin, P.H.R. Moore and R.H. Groves — Potential for population recovery of an
endangered native plant by controlling bridal creeper with rust.

Five workshops were also held in association with the conference. These were: Glynn Maynard,
Assessment of biological risk factors associated with the use of exotic organisms in containment
facilities; Rachel McFadyen, Where biocontrol is heading in the 21st century; Yvonne Buckley,
Modelling woody weeds — comparing approaches and results; Alec McClay, Centres of origin —
do they exist, can we identify them, does it matter? John Wilson and John Hoffmann, Agents that
reduce seed production — essential ingredient or fools’ folly? Summaries of the last two are
included in this volume.

In addition, the International Bioherbicide Group held its sixth workshop, Bioherbicides: the next
generation. This is also summarised in this volume.
Close of conference

The closing address was given by Dr Jim Cullen, retiring this year from CSIRO, and was entitled
“Synopsis: The long and winding road”. This was an overview of the presentations and is to be
found in this volume.
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Preface

Mid-symposium tours

These took place on Wednesday, 28th April 2003. The tours were organized by David Briese and
offered a choice of two trips. One took participants through areas to the west of Canberra burnt
by the devastating bushfires in January 2003. The other trip headed east toward the south coast
of New South Wales, arguably one the most beautiful stretches of coastline in the world. Both
trips enabled delegates to learn more of Australia and recharge their batteries for the final two
days of the symposium.

Conference dinner

This was held on the evening of Thursday, 1 May 2003, in the Members’ Dining Hall at Old
Parliament House. The speaker for the evening was the Right Honourable John Kerin, the former
Minister for Primary Industries and Treasurer the Government of Australia, who regaled guests
with recollections from a life in politics, many years of which he had spent in the very building
where delegates were eating.

Committees and support

The organizing committee comprised David Briese, Sharon Corey, Jim Cullen, Louise Morin,
Mark Lonsdale (Chair) and Kate Smith, with Tracey Cootes providing support to the Chair. The
scientific program committee comprised David Briese (convenor), Tim Heard, Mic Julien,
Darren Kriticos, Louise Morin, John Scott and Andy Sheppard. Joel Armstrong, Ruth Aveyard,
John Lester, Mick Neave, Matt Smyth, Anthony Swirepik, Peter Turner and Andi Walker helped
organise entertainment and logistics. Conference administration was provided by Consec Confer-
ence Management and Secretariat Services, Canberra, and the publication of the proceedings by
Ed Highley of Clarus Design Pty Ltd, Canberra.

Next meeting

The symposium attendees agreed that the next meeting would be held in Montpellier, France in
2007.

Mark Lonsdale
CSIRO Entomology
December 2003
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Evolving weeds and biological control

Donald R. Strong!

Summary

Founder events in colonization, hybridization, and interactions with native species and agents, as well
as strong natural selection in their new environments, can result in a mix of genotypes in an invasive
species very different from those of the propagules or the population of origin. Some populations of
invasive Spartina spp. in Pacific estuaries have been separated from the specialist planthopper
Prokelisia marginata for many generations, while virtually no native Spartina populations in Atlantic
and Gulf coast estuaries of NA, have experienced this separation. We found lower resistance and toler-
ance among six Spartina populations that have been long-separated from the planthopper than in six
Spartina populations that had been consistently exposed to it.

Spartina alterniflora genotypes varied more in their ability to resist and support planthoppers in a
population that had been separated from the herbivore for many generations (in Willapa Bay, WA) than
in one that had been consistently exposed to the planthopper (in San Francisco Bay, CA). In the former,
some plant genotypes experienced >50% shoot mortality while others experienced none. In contrast,
no genotype in the latter experienced >20% shoot mortality. Population growth rates of the herbivore
paralleled this pattern among cordgrass genotypes from the two populations.

One Willapa Bay genotype of S. alterniflora lacked resistance to the planthopper while being quite
tolerant of high herbivore densities that developed upon it. Plant genotypes with this combination of
traits could result in self-defeating biological control. These tolerant genotypes could foster herbivores
and increase in frequency at the expense of the vulnerable genotypes. The presence of tolerant geno-
types suggests the need for complementary chemical and/or mechanical control. Attention to the
frequency and nature of genetic variation in vulnerability to natural enemies on target species is
germane to both the science and the practice of biological control.

Keywords: cordgrass, resistance, self-defeating biocontrol, Spartina, tolerance, weed

evolution.

Introduction

Biological control is an applied discipline within the
larger new science of invasive species. While genetic
change during invasions has not been well studied, the
underlying ecological processes of dispersal and isola-
tion after colonization are just those that facilitate allo-
patric speciation and form the rationale of the modern
synthesis of evolutionary theory (Mayr 1970). Paleon-
tology also gives evidence of rapid change during inva-
sions (Vermeij 1996).

Plant populations vary greatly in their resistance to
and tolerance of natural enemies (Strauss and Agrawal
1999), and successive invasive species from different

! Section of Evolution and Ecology and the Bodega Marine Laboratory,
University of California, Davis, California, USA 95616
<drstrong@ucdavis.edu>.
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parts of the native range can hybridize. These processes
create a large array of unusual genotypes (Ayres et al.
1999); thus we should expect ample raw material for
evolution in weeds as a matter of course. Furthermore,
large selection gradients are generated by the lack of
natural enemies and different competitive regimes in
new environments. These factors make invasive plants
prime candidates for rapid evolution (Thompson 1998).
Understanding the evolution of weeds is pertinent to
safe and effective biocontrol.

Our research has focused upon an idea suggested by
the evolution of invasive Spartina species that we term
“the potential for self-defeating biological control”.
The rationale is that natural selection for herbivore
resistance and tolerance (vulnerability) are relaxed
during spread of an invasive plant before agents are
released (see e.g. Blossey & Notzold 1995). This could
lead to evolution of increased genetic variance in
vulnerability to herbivores as recombination generates



Proceedings of the XI International Symposium on Biological Control of Weeds

new genotypes as the invasive population grows
rapidly. The high genetic variance would yield a high
variance in phenotypes in the weedy population, with a
broad range of vulnerability to agents. In this situation,
introduced agents would eliminate vulnerable geno-
types and leave a target population upon which the
natural enemy had little effect. Without complementary
control of the less vulnerable genotypes by some other
means, natural selection could lead to self-defeating
biological control. The invulnerable population would
then proliferate.

Spartina as invasive species

Spartina species are perennial, wind pollinated, obli-
gately outcrossing grasses in their native ranges. As the
largest and most productive saltmarsh plants at high lati-
tudes, Spartina species (cordgrasses), have large ecolog-
ical and economic effects in the estuaries where they
invade (Garcia Rossi et al. (2004), Ayres et al. 1999).

Invasive populations of S. alterniflora (and S.
anglica) that have not recently (or perhaps ever) been in
contact with the specialist planthopper Prokelisia margi-
nata appeared to have lower mean resistance and toler-
ance to herbivory by this planthopper than native
populations that have been exposed to it continuously
(Daehler & Strong 1997, Wu et al. 1999). Preliminary
observation suggested that the variation in vulnerability
was also higher in populations of cordgrass that lacked a
recent history of association with this herbivore. The
ideal experimental design was precluded when some
strains of our cordgrass were destroyed. Nevertheless,
we were able to compare a population of S. alterniflora
that had been released from herbivory when introduced
to Willapa Bay, Washington State, USA about 100 years
ago with a population introduced to San Francisco Bay
about 25 years ago that has never been separated from
this planthopper. Both populations are outside S. alterni-
flora’s native range (Daehler & Strong 1996). The plan-
thopper is a native of San Francisco Bay, with native
Californian cordgrass, S. foliosa as its host (Denno et al.
1996).

Spartina anglica is a new species created in the 19th
century in England by hybridization between S. alterni-
flora, introduced from North America, and S. maritima,
native to Europe (Raybould ef al. 1991). Specialist
insect herbivores of Spartina are native to Atlantic and
Gulf coast estuaries of North America. The most abun-
dant herbivores are planthoppers in the genus
Prokelisia spp. (Denno et al. 1996, Heady & Wilson
1990). Others include the stem-boring cecidomyid fly
Calamomyia alterniflorae (Gagne 1981) and the scale
insect Haliaspis spartinae (Strong et al. 1984, Liu &
Howell 1994). Thus, S. anglica comprises the S.
maritima genome, which has never experienced P.
marginata, and that of S. alterniflora, which evolved
with this planthopper. We have no knowledge of any
population of S. anglica being subject to herbivory by
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P. marginata, while the S. alterniflora part of its hybrid
has an ancient, but recently interrupted interaction with
the planthopper.

Spartina anglica was deliberately introduced to
parts of Britain, Europe, China, New Zealand,
Australia, Tasmania, and Puget Sound, Washington
State, USA, and is now considered a serious weed in
these countries. P. marginata has been introduced to
Willapa Bay, WA for biological control of S. alterni-
flora (Grevstad et al. 2003).

Methods

Studying cordgrass vulnerability to P. marginata
presents technical challenges common with sap-
feeding insects, such as many species of Homoptera,
upon long-lived plants. P. marginata is tiny, and the
amount of vascular fluid removed by each insect is
small and difficult to quantify (Walling 2000).
Numbers of planthoppers upon the plant build through
a series of generations over the growing season. Both
oviposition wounds and sap removed by feeding plan-
thoppers are potentially harmful to the plant, though we
failed to find evidence that plant diseases are trans-
mitted by these planthoppers (Davis et al. 2002).

We tested the effect of the planthopper upon
cordgrasses in greenhouse assays. We measured effects
of P. marginata upon vegetative growth and survival,
but not on seed set. First, we asked how contact history
between cordgrass populations and the planthopper
affected the suitability of host plants for insects (resist-
ance). Second, we asked how contact history affected
the ability of cordgrass to withstand the herbivore
(tolerance). Finally, we asked if a history of separation
from the herbivore could affect within-population vari-
ance of vulnerability to it.

To understand resistance, we contrasted six popula-
tions of Spartina alterniflora and S. anglica that have
been separated from Prokelisia marginata for many
generations with six native populations of S. alterniflora
that have never grown apart from this herbivore. We
examined oviposition rate, nymphal emergence from
eggs, rate of nymphal development to adults, and plan-
thopper population growth rate of the insects and five
plant traits — biomass, length of shoots, shoot number and
mortality, leaf number, and plant mortality. To under-
stand resistance independently of tolerance, we meas-
ured oviposition, nymphal emergence, and nymphal
development to adults at planthopper densities so low
that the herbivore did not degrade the plant. The most
sensitive indicator of P. marginata damage to Spartina
sp. is distinctive chlorosis of leaf tips, and the density of
insects used in the resistance experiments was less than
that causing chlorosis. Tolerance was measured as the
plant trait value when grown with P. marginata divided
by the trait value of replicate plants grown without it. In
nature, planthopper colonies build up through several
generations during the growing season, and we measured
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increase in planthopper density for a test of the interac-
tion of cordgrass and P. marginata. Planthoppers
increased to densities that harmed the cordgrass, which
means that population increase is a measure that
combines resistance and tolerance. Planthopper density
was divided by stem length, to adjust for different plant
sizes among cordgrass populations. Details of the
methods are in Dachler et al. (1996), Wu et al. (1999),
and Garcia Rossi ef al. (2004).

Results

Suitability of host plants for insects

Resistance to Prokelisia marginata was greater in
cordgrass populations that have never been separated
from it than in those populations that have evolved in
separation from this herbivore. Development of
second-instar nymphs to adults was higher on long-
separated plants (72%) than on never-separated
plants (50%, test of a priori hypothesis, ¢t = 8.0, df =
4, P =0.0013, Figure 1). Nymphal developmental on
the seven native populations of S. alterniflora from
the Atlantic coast was 53% and was 46% from San
Francisco Bay (never separated from the plant
hopper). This was in contrast to plants with the oppo-
site plant—insect contact history (development on
Willapa Bay S. alterniflora, 71%; on S. anglica from
Puget Sound, 69%; Tasmania, 74%; and Victoria,
Australia 74%). Planthopper mortality did not differ
by plant-insect contact history (22% on long-sepa-
rated provenances, 22.4% on never-separated natives,
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t=0.1,df =4, P=0.92), therefore the distinction was
due to developmental rate rather than survival.

The rate of nymphal emergence was twice as high
on cordgrasses from populations separated from the
planthopper for many generations than on the
cordgrasses from populations with the opposite
plant—insect contact history. An average of 9.7
nymphs emerged per each founding male—female pair
on Willapa Bay S. alterniflora, significantly higher
than the 4.6 nymphs emerging per male—female pair
on cordgrasses from Virginia (¢ = 3.7, df = 71, P <
0.001, based on log-transformed data). Oviposition
rates over 30 days did not differ as a function of
contact history, and female planthoppers laid, on
average, 31.2 eggs (1=1.9,df=6, P=0.11) on plants
from Willapa Bay and San Francisco Bay cordgrass.

Ability to withstand herbivory

The tolerance of Prokelisia marginata was greater in
cordgrass populations of long-standing associations
with the planthopper than in those that have been sepa-
rated from it for many generations. Native Spartina
alterniflora from Virginia grew better under herbivore
pressure than did the Willapa population of S. alterni-
flora and populations of S. anglica (Figure 2). The
advantage of the Virginia plants was greatest for
biomass (Fy 59 = 4.4; P = 0.01) and leaf number (F4 5
=4.9; P =0.0006), but advantage over plants that have
been long-separated from the insect was also substan-
tial for shoot number (£ 59 = 2.5; P = 0.07) and shoot
length (Fy 59 = 2.6; P = 0.07). The mean effect on

30

Spartina alterniflora

Spartina anglica

Figure 1.

Development of Prokelisia marginata nymphs to adults
during a 12-day experimental period, as a function of contact
history. By a priori contrast, development on the cordgrass
that has never grown apart from the planthopper (b) was
lower than on cordgrasses that had grown apart from the
herbivore for many generations (a). Redrawn from Garcia-
Rossi et al. (2004).
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biomass was statistically nil in the Virginia population.
Herbivory reduced shoot length 1.2-fold, shoot number
1.6 fold and leaf number 1.7-fold in this native popula-
tion of cordgrass (Figure 2). The reductions caused by
the herbivore in all traits were much greater for plants
that have evolved in the absence of the planthopper,
ranging from reduction of 2.2-fold for shoot number in
Willapa Bay S. alterniflora to a 7.7-fold reduction in
shoot number and leaf number for S. anglica from
Puget Sound.

Plant mortality paralleled the results for the other
measures of tolerance to the planthopper. None died
during growth without the planthopper. With planthop-
pers, plant mortality was zero for Virginia S. alterni-
flora; 25% for Willapa Bay S. alterniflora; 43% for
Australia S. anglica, 50% for Puget Sound S. anglica,
and 50% for Tasmania S. anglica (test of a priori
hypothesis of lower mortality in the long standing
cordgrass—planthopper associations, Kruskal-Wallis
Test, X2 = 7.4, df = 1, P = 0.006).

Planthopper population growth measures the
combined effects of resistance and tolerance. In the
experiments, just as in nature, planthoppers became
dense and caused chlorosis, curled and dead leaves, and
hopper burn. Planthopper populations grew faster on
plants from cordgrasses long-separated from the plan-
thopper than on plants with continuous contact with the
insect. Densities grew from 0.5 to 1.9/cm of stem on the
native Virginia S. alterniflora and to an average of 4.7
planthoppers/cm shoot on plants of the long-separated
cordgrasses over one generation (10 weeks) of the plan-
thopper (1 =2.25, df =38, P <0.03). For the long-sepa-
rated plants, final density was 3.1 on S. alterniflora

1.6

from Willapa Bay, and on the S. anglica, 4.7 from
Australia, 9.3 from Puget Sound, and 2.6 from
Tasmania.

Intrapopulation variation

S. alterniflora from Willapa Bay has been separated
from the planthopper for ca. 100 years. This cordgrass
had much higher variation among genotypes in popula-
tion growth rate of the planthopper, and in harm caused
by it, than cordgrass from San Francisco Bay (never
separated). The plant genotypes from Willapa Bay
supported a wide range of densities, 1.3 to 12.8 plan-
thoppers/cm stem (mean 11.5), ca. 10-fold the range for
genotypes from San Francisco Bay (0.7 to 1.9 planthop-
pers/cm of stem, Figure 3). The poorest plant genotype
for planthoppers from Willapa Bay was close to the
average from San Francisco Bay. Most genotypes from
Willapa Bay supported planthopper densities two to
seven fold greater than any from San Francisco Bay.
Seven of eight Willapa Bay genotypes had mean densi-
ties greater than the highest planthopper density of San
Francisco Bay genotype.

The range of relative shoot survival (survival with
the planthopper/survival without it) was higher among
Willapa Bay genotypes (range = 0.72, from 0.3 to 1.1;
overall mean survival = 0.6, se = 0.09) than among
genotypes of cordgrass from San Francisco Bay (range
=0.6, from 0.8 to 1.5, overall mean survival = 1.0) of S.
alterniflora (ordinate, Figure 3). Planthoppers killed
more than half of the shoots of three of eight Willapa
Bay genotypes, while they killed no shoots in one other
from the same population. In contrast, they killed no
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a. Virginia b. Willapa
Spartina alternifiora

b. Victoria b. Puget Sound b. Tasmania

Spartina anglica

Figure 2.

Relative performance of cordgrass measured as a ratio of

the value of the trait for plants grown with Prokelisia
marginata over that for plants growing without the plan-
thopper, as a function of contact history. By a priori
contrast, native cordgrass (a) from Virginia suffered less
from herbivory in all four plant traits than did cordgrasses
that had been separated from the planthopper for many
generations (b). Redrawn from Garcia-Rossi et al. (2004).
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more than a fifth of shoots of any San Francisco geno-
type. The coefficient of variation among genotypes was
greater for Willapa Bay (44.9%) than for San Francisco
Bay for relative shoot survival (20.8%, P < 0.05 by F
test, Zar 1984). Plant mortality paralleled this pattern.
The planthoppers killed ca. 35% of plants of a few
Willapa Bay genotypes and none of the others (X2 =
14.6, df = 1, P < 0.0001), while they killed very few
plants of any genotype from San Francisco Bay (X2 =
4.1,df=1,P<0.5).

Shoot survival decreased with increasing plan-
thopper density (Figure 3). Genotypes from San Fran-
cisco Bay had highest survival and lowest planthopper
density, with relatively little variation. Genotypes from
Willapa Bay account for most of the relationship in
Figure 3. The most interesting genotype in the study is
the uppermost point in Figure 3. This genotype departs
conspicuously from the rough negative correlation
between tolerance and the densities of planthopper
colonies that developed during this long experiment.
While other genotypes from Willapa Bay were harmed
by even quite low densities of the planthopper, this
unusual genotype was virtually unaffected by the third-
highest density (8.5 planthoppers/cm of stem) of the 17
genotypes in the experiment. Thus, this Willapa Bay
genotype lacked resistance to the planthopper, while
being quite tolerant of it. This genotype would promote
biological control of other genotypes while resisting
biological control itself.

Discussion

Cordgrasses Spartina alterniflora and S. anglica that
have been separated from the specialist planthopper
Prokelisia marginata for many generations are much
more vulnerable to this herbivore than cordgrasses
populations never separated from it. All comparisons of
all traits investigated (three insect traits, five plant
traits) showed the six invasive cordgrass populations,
all estranged from P. marginata, were more vulnerable
than the six populations that have never been separated
from this insect.

Pertinent to enduring biological control, within-
population variation in traits related to both tolerance
and resistance was much greater among genotypes of
Spartina alterniflora in a population that had long been
separated from the planthopper than in a population that
had never been separated from it. The relationship
between cordgrass shoot survival and planthopper
population growth epitomizes these results (Figure 3).
Consistent with previous findings (Daehler and Strong
1995), San Francisco Bay genotypes varied little in this
relationship, and none suffered greatly from the low
densities of planthopper that built up over the 20-week
experiment. In contrast, Willapa Bay genotypes varied
greatly in both shoot survival and planthopper popula-
tion growth. While the harm done to most genotypes of
the estranged cordgrass population was substantial, a
subset was different.

San Francisco Bay L
Willapa Bay o

—O—

RELATIVE SHOOT SURVIVAL

HOH

8 10 12 14 16 18 20

PLANTHOPPERS / CM OF STEM

Figure 3.

Variation among genotypes in population growth rate of Prokelisia

marginata and in shoot death caused by this herbivore to Spartina
alterniflora from Willapa Bay, which has been separated from the plan-
thopper for ca. 100 years, and that from San Francisco Bay, which has
never been separated from it. The arrow indicates the density of 0.66
planthoppers/cm of shoot at the beginning of this 20-week experiment.



Proceedings of the XI International Symposium on Biological Control of Weeds

One Willapa Bay genotype was virtually unaffected
by the moderately high densities of the planthopper
developing during the experiment. This genotype
lacked resistance, but was tolerant of the planthoppers
that grew upon it. Genotypes with this combination of
traits could be self-defeating to biological control.
Initially, such genotypes could accelerate control by
producing many herbivores to harm the other, more
vulnerable plant genotypes. In the longer-term,
however, the effectiveness of the agent would decrease
as the tolerant genotypes increased due to the selection
pressure imposed by the biological control agent.

Genetic variation in vulnerability to natural enemies
is important to biological control. Agents impose
substantial natural selection (Gould ez al. 1997), and the
simplicity of foodwebs in biological control (Hawkins
et al. 1999) can magnify selection differential due to
enemies (Holt and Hochberg 1997). It is interesting that
many plants have evolved resistance to chemical
control (Georghiou 1990), while we have very few
examples of evolved resistance to biological control;
most concern insect pests (Muldrew 1953, Fenner
1983, Young 1986).

Our results provide an example of the potential for
evolution of resistance to biological control, with an
interesting twist of extra evolutionary dynamics caused
by high variance in vulnerability of the weed. The
enemy-free environment and relaxed selection in which
invasive plants find themselves before biological
control could lead to evolution of this increased vari-
ance (Colosi and Schaal 1992, Thompson 1998).

S. alterniflora has spread over approximately 6000
ha of previously open intertidal habitat during the 20th
century in Willapa Bay, WA, amounting to about 30%
of'the 19,000 ha of intertidal lands suitable for this plant
in the Bay. The invasion degrades habitat of shorebirds,
waterfowl, fish, benthic invertebrates, and valuable
clams and oysters (Anon. 1993, 1997). In summer of
2000, P. marginata from San Francisco Bay was intro-
duced to Willapa Bay under permit of the Washington
Department of Agriculture with unanimous approval of
The Technical Advisory Group on Biocontrol of
Weeds, of the US Department of Agriculture, APHIS.
The introduction of this insect was made only after
extensive host-specificity testing and disease screening
(Davis et al. 2002, Grevstad et al. 2003).

In the event that planthopper densities grow suffi-
ciently high (Grevstad et al. 2004), the result could be
decreased spread rate or abundances of some S. alferni-
flora genotypes (those resembling the open points on
the lower half of Figure 3). Initial success of biological
control of this sort could drive natural selection
favouring genotypes tolerant of the planthopper, which
in the longer run could erode the effectiveness of
biological control. In this scenario, other measures such
as mechanical or chemical control (Patten 2002) would
be necessary to prevent spread of cordgrass genotypes
that are impervious to the planthopper. One could advo-
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cate the choice of agents with impact so severe that no
host genotypes survive (extremely high virulence), but
such agents are unknown in the specific case under
discussion and not very frequent in cases of weed
control (Kennedy et al. 1987, Julien 1992). An under-
standing of the spatial distribution of tolerant/vulner-
able genotypes could lead to strategies to minimize the
evolution of tolerance. For instance, if there was clear
spatial segregation between these categories of geno-
types, one could release only in susceptible-dominated
areas.

Cases at least reminiscent of ours include biological
control of rush skeletonweed, Chondrilla juncea in
Australia (Burdon ef al. 1981). A fungus, Puccinia
chondrillina, and an eriophyid mite, Aceria chon-
drillae, were introduced and attacked one of the three
forms of the weed preferentially to the other forms. In
less than a decade after introduction of the agents, the
geographical distribution of the attacked form of rush
skeletonweed had decreased greatly, while that of the
other two forms, which compete with the attacked
form, increased concomitantly. A second case is the
contemplated biological control of Lantana camara by
the leaf spot pathogen, Mycovellosiella lantanae var.
lantanae, in South Africa. Some biotypes of L. camara
are resistant to all of the fungal isolates (Den Breeyen
2004). This situation at least raises the possibility of
replacement of L. camara biotypes that are vulnerable
to this fungus with biotypes that are not.

Evolution of weeds is a pertinent topic for biological
control. Invasive species can experience strong selec-
tion in their new environments. The processes of
founder effect during colonization, spread, and possible
hybridization with native or subsequent introduction of
other strains, interaction with native species and with
introduced agents can result in a mix of genotypes very
different from those of the propagules or the population
of origin.
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Predicting climate compatibility of
biological control agents in their region
of introduction

M.J. Byrne,' J. Coetzee,! A.J. McConnachie,! W. Parasram! and M.P. Hill?

Summary

Despite the presence of their host plants, many biological control agents of weeds fail to establish,
apparently because of climatic incompatibility in the country of introduction. We examined the thermal
physiology, in particular the lower development threshold (), rate of development K, and CTMin and

™

lower LTS5, of four biological control agents. These parameters were used in degree—day, CLIMEX "™,
and minimum temperature models to compare the predicted distribution of the insects with their actual
establishment. None of the models precisely accounted for all establishments or failures. However,
incorporation of CTMin and LT 5, thermal limits, in conjunction with the “Match Climates” module in
CLIMEX may improve pre-release selection of agents or populations of agents, and thereby improve the

probability of successful establishment.

Keywords: prediction, climate compatibility, biological control agents, introduction.

Introduction

Forty-four per-cent of weed biological control agents
fail to establish because of climatic incompatibility of
the agent, usually an insect, to its new area of introduc-
tion (McEvoy & Coombs 2001). This represents an
enormous waste of time and money invested in foreign
exploration and quarantine testing, which could be
saved if some indication was available in advance of
release of the physiological capabilities of the biocon-
trol agents. Here we examine methods that could
contribute to improved forecasting of an agent’s likeli-
hood of establishment.

Empirical field-testing of thermal physiology in the
country of origin has been instructive (Papadopoulos et
al. 1996), and successfully incorporated into models of
both the potential and realized distribution of the Medi-
terranean fruit fly (Vera ef al. 2002). Modelling the
potential distribution of an organism in its country of
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introduction is also relatively successful, but is generally
achieved by inferring the new geographical range based
on locality records from the native range, or known range
of establishment (Kriticos & Randall 2001). This works
particularly well for weed species whose native or new
range of establishment is well known (e.g. Robertson et
al. 2001). One of the most widely used tools for this task
is CLIMEX (Sutherst & Maywald 1985) which requires
the user to create a template of physiological parameters
for the species, which the program then uses in conjunc-
tion with meteorological data to infer the potential range
of the species being introduced. The parameters in
CLIMEX models are inferred from the distribution
records. Confidence in CLIMEX models is gained
through comparison of projected potential distribution
with locality records that were not used in the model-
fitting process. Locality records for the species from a
fairly broad range of climates are required to test the
model before it can be used with any assurance (Sutherst
2003). Nevertheless, meaningful models have been
generated for many organisms (Sutherst et al. 1999).
Insect development (degree—day) models, using
temperature and time to predict the number of generations
that an insect can complete at a given locality, use only
empirical data and are sometimes successful at predicting
whether an insect can establish at a particular locality (e.g.
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McClay & Hughes 1995). Used on their own, these
models appear to work best with extreme climates,
involving univoltine insects that have defined overwin-
tering strategies. If the introduced species can only
complete one or less generations in a year, it is predicted
to be unable to establish at that locality (McClay 1996). In
more temperate climates with multivoltine insects, the
results may not be so conclusive and additional data on
egg production and overwintering may be required
(Stewart et al. 1996). The major shortcoming of this
method is the time and effort required to rear insects at
fixed temperatures over long periods. These drawbacks
led McClay (1996) to suggest that because of the labour
involved, degree—day models should be reserved as a
post-release research tool for agents that are difficult to
establish. A simple pre-release test, which could predict
the likelihood of establishment of an introduced species,
would be extremely valuable to biocontrol workers.

Insects have two straightforward thermal responses
to extremes of temperature, and these values are easily
measured. The first is the critical temperature (CTMax
or CTMin), being the temperature extremes at which
the insect immediately loses locomotory function.
Beyond these temperatures the insect cannot respond to
any further change in temperature in the same direction,
and therefore becomes vulnerable to predation, catas-
trophe or further temperature excess. Lethal tempera-
tures (upper and lower LTsy) define extreme
temperature limits from which organisms cannot
recover after a prolonged exposure (in this case two
hours). These thermal limits can be determined in a few
days of experimentation, by exposing small numbers of
the insects to extreme temperatures in a controlled
water bath. The data are analysed by probit analysis,
and an LTx is produced for the upper and lower limits
of the lethal temperature, while the CTMin and CTMax
are calculated from the mean values across the temper-
ature range at which a response was recorded.

The aim of this paper is to compare methods that can
be used to predict the probability of establishment of
classical biological control agents prior to their release.

Methods

Data on the thermal limits of 16 insect species were
collected from the literature and unpublished data, and
were compared to detect any correlation between the
insect’s habitat and its thermal physiology.

Different aspects of the thermal biology of four
different insects species (marked * in Table 1) were
used to assess the usefulness of these parameters in
predicting the establishment of these insects in South
Africa. CTMin and CTMax, and LT, were determined
using the methods of Mitchell ez al. (1997). To generate
an LT for the bud-galling wasp Trichilogaster acaci-
aelongifoliae, uneclosed pupae and adults that had not
emerged from galls were exposed to the experimental
temperature for two hours, then dissected out of the
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galls and examined for survival. Adults were scored as
alive if they were able to self-right 24 hours after
removal from the experimental temperature. Treated
pupae were placed in separate wells of a 96-well
enzyme-linked immunosorbent assay (ELISA) plate
and kept at 25°C, 95% relative humidity (RH) until they
emerged. A control sample received the same treatment
but was never exposed to temperatures above 25°C. For
all other species adult insects were used.

Degree—day models were calculated for three insects
using a variety of fixed rearing temperatures,
depending on the species. The values of K and ¢ for each
species were derived from the reduced major axis
regression method of Ikemoto & Takai (2000). These
were then used to calculate accumulated degree—days
according to the methods of Campbell et al. (1974) at
each location in the CLIMEX meteorological database,
which has monthly mean maximum and mean minimum
temperatures for 128 South African localities. The
number of generations per annum each species could
theoretically complete was calculated and projected
onto contour maps of South Africa created with
ARCVIEW. These data were compared with the
number of generations in the native range of the insect.
Because the mirid Eccritotarsus catarinensis, a natural
enemy of water hyacinth, failed to overwinter at a high
altitude site in Johannesburg, the number of generations
able to survive the highveld winter months from April
to August was also calculated and presented as above.

Results and discussion

Insects generally have thermal limits that reflect the
environments in which they have evolved (Table 1).
However, this relationship does not yield any sensible
correlation between estimates of environmental
temperature and lower thermal limits (CTMin and
LTsg), primarily because we know so little about the
microclimate in which the insects live (McConnachie
2004), and not least because of the multitude of
methods and exposure times used by different workers
to measure these limits.

Explicable correlations of thermal limits
with environmental temperature

Trichilogaster acaciaelongifoliae is a bud-galling
wasp of Acacia longifolia. Adult wasps were found to
have an upper LT5 of 41.1°C (¥ =109.067 —2.651x,
= 0.855), while the pupae to have an upper LT5 of
41.3°C (Y =31.782 - 0.767x, * = 0.396) (Fig. 1), which
is well above the January mean maximum of 26°C for
Sydney, in its Australian native range, and satisfactorily
explains why the wasp has been able to thrive on the
South African highveld, and the KwaZulu Natal
lowveld, despite the predictions of Dennill (1990), who
used Walter and Leith’s (1960) climate diagrams to
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suggest that the wasp would fail to establish because of
high summer temperatures in these areas.

The lower CTMin of Gratiana spadicea (4.9°C;
Table 1) is close to the lower average winter tempera-
tures recorded at Buenos Aires, its most southerly collec-
tion site and the lower LTs, of —7.1°C is close to the
lower extreme temperatures at South African release
sites, where the beetle has had a patchy establishment
and overwinters in very low numbers (Byrne ez al. 2002).

Eccritotarsus catarinensis has a CTMin of 1.2°C.
Those locations in South Aftrica that experience mean
minimum temperatures below this level include Johan-
nesburg, where there has been an establishment failure,
and are to the south of successful establishment sites
(Fig. 2). However, this parameter fails to explain the
lack of establishment at some Western Cape sites.

Inexplicable correlations of thermal limits
with environmental temperature

Stenopelmus rufinasus is thought to originate from
the Florida region of the United States of America and
has successfully established throughout South Africa
wherever Azolla filiculoides, the target weed, occurs
(McConnachie et al. 2003). The CTMin of 1.3°C and
lower LT5, of —12.1°C bear little relationship to the
climate of the country of origin (Table 1). However,
these extreme values did give us the confidence to

predict that the weevil would survive the cold winters
of the high altitude interior of South Africa. Sten-
opelmus rufinasus has also established in Britain
(Richard Shaw, CABI, pers. comm.), which is not that
surprising given its lower LTs,.

Degree—day model successes

The degree—day model predicted a minimum of 4, to
a maximum of 20 generations of S. rufinasus per year
at various localities around South Africa (Fig. 3). This
has been confirmed by the widespread establishment of
the beetle, and field sampling suggests that these
figures may be slightly low (A.J. McConnachie, unpub-
lished data).

Degree—day model failures

The moth Parachaetes insulata released against
Chromoalaena odorata in South Africa is predicted to
complete four to six generations per year at subtropical
release sites in Kwazulu Natal (Fig. 4). The moth has so
far failed to establish a viable permanent population,
but this might be because of severe larval predation
(Kluge 1994) or low humidity levels (W. Parasram,
unpublished data).

Eccritotarsus ~ catarinensis was predicted to
complete from 3 to 14 generations per year at different
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Upper LT5 of pupal (A) and adult (B) Trichilogaster acaciaelongifoliae, in relation to mean

maximum January temperatures at sites where the wasp has been introduced and was
predicted to establish or fail (C). Numbers at the tops of histogram bars refer to the sample

size tested at that temperature.
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localities in South Africa, and five generations at the
Johannesburg site where it failed to overwinter.
Extremes of temperature at this site exceed the lower
thermal limits measured for the mirid. However, small
populations have established on the Vaal River, which
experiences similar low winter temperatures. The
inability to develop sufficiently during the winter
months may hinder overwintering of this insect, which
survives as an adult for only 50 days (Fig. 5). The mirid
can only develop through one generation during the
winter months of April to August at the Johannesburg
site, but can complete 1.3 generations at a site 80 km
away near Pretoria where the insect has established
(Fig. 5). Such bottlenecks probably force the popula-
tion into non-overlapping generations, which makes
them even more vulnerable to extremes of weather.
However, the lack of establishment in the Western

Cape where 1.7 generations are predicted does not yield
to this explanation where winter rainfall and exposure
to wind may also play a role.

Conclusion

Unfortunately none of the methods reviewed above has
been revealed as an ideal technique for identifying an
agent’s thermal shortcomings at an early stage of labo-
ratory testing. Upper thermal limits are generally well
above average environmental temperatures, but may be
below microhabitat extremes which active insects
would be expected to avoid. However, the lower
thermal limits, and in particular the LTs,, show some
utility for estimating an insect’s chances of surviving
extreme winter conditions. The present weakness of the
measure, which prevents cross species comparisons
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Figure 2.  Areas in South Africa that experience temperatures above or below 1.2°C, the

CTMin of Eccritotarsus catarinensis. Note the boundary between the Pretoria
establishment and the Johannesburg failure sites.

Figure 3.

Map of South Africa indicating the number of generations that Stenopelmus

rufinasus is expected to complete within a year.
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and detection of large-scale patterns, is that low temper-
atures may have a cumulative effect, causing insects to
die of cold stress, before the LTj is reached. Lack of
standardization with regard to exposure and recovery
times over which the LT5is measured has also contrib-
uted to its vague value. We propose that an exposure
time of two hours, with 24 hours for recovery, meas-
ured by the ability to self-right, should be used for
measurements of LTsy. Two hours at an extreme
temperature represents a reasonable approximation of

an overnight “cold snap” that could decimate a local
insect population.

At this stage, the CTMin appears to be a weak
measure of cold tolerance because most insects, what-
ever their geographical origin, go into torpor close to
2°C. A series of days where the temperature drops
below the CTMin will presumably produce physiolog-
ical stress. It may be instructive to compare patterns of
sequential days below the CTMin at establishment and
failure sites to estimate the effects of accumulated cold
stress on the insects (Vera et al. 2000).

Figure 4.

Map of South Africa indicating the number of generations that Parachaetes

insulata is expected to complete within a year.

Figure S.

Map of South Africa indicating the number of generations that Eccrito-

tarsus catarinensis is expected to complete within five winter months of

April to August.
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The degree—day model is most satisfying because
the results appear sensible, and are useful for different
geographical areas. However, in this review it has only
worked well for one of the three examples given,
largely because S. rufinasus is extremely cold tolerant.
Comparing species reveals a pattern that reflects the
underlying isotherms of the local climate, expressed as
the number of potential generations. Our modification
of this model to account for longevity and replacement
of the parental generation adds a new dimension to
prediction of the number of favourable months avail-
able to a species at a particular locality. This could be
improved by including a pre-oviposition period,
combined with an oviposition threshold and population
structure. Nevertheless, the number of insects required
and the time involved in gathering data for a
degree—day model remains daunting.

Two recommendations emerge for steps to reduce
climate-incompatibility failures-to-establish in clas-
sical biological control. Firstly, before any foreign
exploration is undertaken, a climatic characterization of
the native and introduced geographical range of the
weed is prepared, followed by a comparison using
CLIMEX “match climates”, to identify areas in which
suitable control agents should be sought. Secondly, a
prompt experimental determination of the CTMin and
LTy values of the candidate agents should be carried
out while they are still in quarantine, followed by a
general comparison of these data with the extremes of
climate in the proposed area of introduction, to estimate
the chances of survival of the potential agents.
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The need to build biological control
capacity in the Pacific

Liz Dovey,! Warea Orapa® and Suzy Randall

Summary

Whilst clearing of native vegetation and unsustainable harvesting pose serious threats to the Pacific
Islands, invasive species are considered to pose the biggest threat to the remaining biodiversity. The
Pacific weed problem is huge — whole forests are smothered by vines, suppressing the birds and bats
that rely on forest resources and which in turn disperse the forest species, as well as causing problems
for agriculture and in subsistence gardens. All 22 Pacific island countries and territories face major
weed problems, ranging from their impacts on simple island ecosystems and on Islanders” ways of life,
to the logistics of tackling the problems, including access and capacity issues, and resource, informa-
tion and technique limitations. The capacity of individual Pacific countries and territories to tackle
weeds is very limited, in terms of people with skills, and technology, policy and infrastructure. Pacific
countries and territories therefore work collectively through intergovernmental agencies such as the
South Pacific Regional Environment Programme (SPREP) and the Secretariat of the Pacific Commu-
nity (SPC) to address common issues with the help of key donors and partners. The Pacific has devel-
oped a Regional Invasive Species Strategy and many countries are developing national strategies and
cross-sectoral committees. Pacific weed efforts are focusing on identifying what weeds are present in
each country, noting other species that may be invasive if introduced, strengthening country capacity
to prevent their establishment, and building capacity of each country and their people to better address
the problems. There are a few successful examples of control — including biocontrol — and eradication
that lend us heart. The Pacific Island countries and territories need effective collaboration with partners
who have developed or could develop weed control techniques that work safely in the tropical condi-
tions of the Pacific, such as biological control. This needs to be supported by gathering necessary infor-
mation and developing or modifying appropriate techniques, plus the expertise to safely apply them.

Keywords: biocontrol, biodiversity, biological control, capacity, invasive species, Pacific,
partners, weeds.

Introduction

The Pacific Islands region consists of thousands of
mostly tiny islands and atolls — only seven have land
areas of over 700 km? — in an ocean of 33 million km?
(Power 2003) — less than 2% land.

Pacific biodiversity is globally significant. Species
on islands are predisposed to genetic drift and natural
selection towards endemism because of their relative
isolation and reduced opportunities for mixing with

! South Pacific Regional Environment Programme, PO Box 240, Apia,
Samoa.

2 Plant Protection Service, Secretariat of the Pacific Community, Private
Mail Bag, Suva, Fiji.
Corresponding author: Liz Dovey <lizd@sprep.org.ws>.
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continental populations. The number of species
groups present declines eastwards as distance from
Asia and Australia increases. Opportunities for new
arrivals to radiate into unfilled niches can lead to
unusual habitat selections, often in the absence of the
larger predators of the continents. For example,
lizards living in tidal zones, ground-nesting birds and
land-dwelling crabs all occur in island situations.
Populations of species restricted to one or a few
islands are therefore often very small and thus espe-
cially vulnerable to any catastrophic event, whether
natural, such as cyclones or volcanic eruptions, or
otherwise, such as the wide range of impacts that
people can inadvertently cause. The rate of extinction
of native species has been higher on islands than
anywhere else in the world.



Biocontrol capacity needed in the Pacific

In global analyses of conservation importance, the
Pacific ranks highly, despite its minimal land area. The
island of New Guinea is considered one of the biologi-
cally most diverse parts of the world (Mittermeier and
Mittermeier 1997) and the Micronesian—Polynesian
region is considered one of the most biologically rich
and threatened regions of the world (Mittermeier ef al.
2000). Many more species are endangered in the region
than would be expected on the basis of its land area.
The Pacific harbours a quarter of the world’s globally
threatened birds (Hilton-Taylor 2000) of which more
than half are restricted to their islands or the region
(Stuttersfield et al. 2000). Many plant and animal
groups remain incompletely studied so it is likely that
figures for biodiversity and endemism for this region
will continue to rise. The living connection between
biodiversity and people in the Pacific provides an addi-
tional social and cultural layer to be considered in
addressing conservation needs in the region. The
Pacific Islands are home to a great number of indige-
nous cultural groups, who have retained their robust
cultural traditions, over a thousand distinct languages,
and strong traditional attachments to the land, sea and
natural resources.

Invasives: the biggest threat to
biodiversity

Pacific island countries and territories are particularly
vulnerable to the effects of invasive species such as
weeds — island species are far more prone to extinction
than continental species. A regional invasive species
review (Sherley 2000) concluded that invasive species
pose the greatest threat to remaining biodiversity of the
Pacific. On a global scale, after clearing and habitat
loss, invasive species are responsible for more species
extinctions than any other cause. The Convention on
Biological Diversity (CBD) under Article 8(h) recog-
nizes the importance of this global problem and has
called on contracting Parties to “prevent the introduc-
tion of, control or eradicate those alien species which
threaten ecosystems, habitats and species”. Many of the
Pacific Island countries are signatories to the Conven-
tion! but lack the capacity to implement the required
measures to protect their countries.

Island ecosystems have been totally changed by the
introduction of a wide variety of species — of pigs,
cattle, and goats for food, of cats and dogs for company,
of mongooses and mynas for control of other pests such

1. Pacific island country signatories to the CBD and date of accession:
Cook Islands (20/4/1993); Fiji (25/2/1993); Kiribati (16/8/1994);
Marshall Islands (8/10/1992); Micronesia (20/6/1994); Nauru (11/11/
1993); Niue (28/2/1996); Palau (6/1/1999), Papua New Guinea (16/3/
1993); Samoa (9 /2/1994); Solomon Islands (3/10/1995); Tonga (19/5/
1998); Tuvalu (08/06/1992); Vanuatu (25/03/1993). Tokelau is in the
process of acceding. Several Pacific territories of France are also
included as France is a signatory to the CBD.
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as rats or cattle ticks, and by accidentally introduced
pests, such as various rats, ants and snails. Many of
these species have become part of more complex
ecological interactions, and have led to interspecies
“chain reactions” of problems (Sherley 2000).

Invasive plants — or weeds — also have dramatic
impacts, causing a wide range of ecological changes
that significantly degrade native ecosystems. Whole
forests are smothered by vines, suppressing in turn the
native flora and the fauna that depend on the forest
products and that in turn disperse the tree seeds to
replenish the forest. In addition to the permanent exter-
mination of endemic species, impacts on the native
vegetation can include: reduction in diversity and abun-
dance of native species, including other native species
that in turn depend on them; less complex vegetation
structure (fewer vertical layers of plants available, so
fewer niches available for other species); competition
for light; and displacement of native species by more
vigorous cosmopolitan species. In addition to the direct
threats on biodiversity, invasive weeds cause changes
to essential ecosystem processes such as soil and water
quantity and quality, water retention and nutrient
cycling that also affect them (Sherley 2000).

However, the most obvious impacts of invasive
weeds are those to the economic, agricultural, health,
social and cultural sectors. The impacts on ecosystems
listed above affect people as well as native species, as
does the loss or reduction in the ability of native species
to continue to provide other benefits such as providing
traditional medicines, firewood, building materials and
food sources. In addition, some invasive weeds impact
on human and domestic-animal health.

Prevention is the most cost-effective response,
followed by rapid response to incursions and eradica-
tion where feasible, but several weed species are
already well established, widespread and causing harm
to a country.

Pacific weed challenge and response

The existing Pacific weed problem is huge — all 22
Pacific island countries and territories face major weed
problems, ranging from the various impacts they have
on native island ecosystems and on islanders’ ways of
life, to the scale of the logistics necessary to tackle the
problems. Hundreds of invasive and agricultural weed
species have been recorded from Pacific Island coun-
tries and territories (Swarbrick 1997, Pacific Island
Ecosystems at Risk Project, see <http://www.hear.org/
pier>).Weed species known to occur in each country
have been recorded, as well as highlighting species
likely to become invasive should they be imported to
the country either deliberately or accidentally.

Pacific Islanders live so close to the land that their
very livelihoods and lifestyles are impacted when an
invasive species causes problems. As an example, the
introduction of taro-leaf blight disease, caused by
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Phytophthora colocasiae, to Samoa in 1993 not only
decimated the country’s biggest export crop, but also
affected the traditional diet, way of life and livelihoods
of thousands of Samoans. The economic cost to Samoa
of this unwanted, introduced species is estimated to
have been in the order of $US40 million — more than the
impact of two major cyclones (Peter Sinclair, Secre-
tariat of the Pacific Community, pers. comm.).

Addressing weed problems is a major challenge
from many points of view: the geographical size of the
Pacific; the large number of mostly tiny islands; and the
large number of autonomous Pacific island countries
and territories, with populations as small as 49 on
Pitcairn Island, 1500 on Niue and 1300 on Tokelau,
ranging to 5.13 million in Papua New Guinea. With
many depending on foreign aid for survival, the
Pacific’s capacity to tackle weeds is very limited in
terms of people with skills, or technology, policy, infra-
structure and other resources. Many government
departments comprise only a handful of people, some
of whom wear many hats, and there are few specialized
scientists or research institutions. Baseline ecological
information is lacking or difficult to access for most
countries and most lack effective invasive species
prevention or management strategies and so continue to
face the many associated problems.

Regional collaboration

Fortunately, however, the Pacific island countries and
territories work collectively through various intergov-
ernmental regional agencies to address the issues they
hold in common and to ensure their voice is heard in
world forums. The South Pacific Regional Environ-
ment Programme (SPREP), the agency responsible for
supporting the members to tackle their environmental
issues, and the Secretariat of the Pacific Community
(SPC), responsible for assisting with their agriculture
and health issues, are the key intergovernmental agen-
cies that work with the countries and territories to
address invasive species and weed issues with the help
of’key donors and partners through the Invasive Species
Programme of SPREP and the Plant Protection Service
of SPC. There are encouraging signs of efforts to
improve collaboration between regional organizations
to address the threats of invasive weeds. The focus is on
both managing existing weeds as well as preventing the
spread of risk species between the islands, thus helping
countries fulfil their obligations under the Convention
of Biodiversity.

A result of this collective work include a Regional
Invasive Species Strategy, collectively developed and
endorsed by the SPREP member countries (Sherley
2000), focusing on means to address invasive species
affecting terrestrial biodiversity. A wider sectoral
representation (including regional and national agricul-
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tural officers) at a regional meeting hosted by the
Global Invasive Species Program in 2002 agreed that
the strategy was equally applicable to marine, fresh-
water and agricultural sectors as well and recom-
mended that the strategy be revisited to reflect these
wider sectoral interests and to encourage inter-sectoral
collaboration.

At the country level, many members are developing
national invasive species strategies and cross-sectoral
approaches to the issue. Current Pacific invasive weed
efforts are focusing on identifying weeds present in
each country, noting other species that may be invasive
if introduced, strengthening country capacity to prevent
their establishment and building the capacity of each
country and their people to better address the problems.

Most existing weed management efforts are associ-
ated with, and limited to, agricultural production areas
only and usually rely heavily on the use of herbicides,
rather than addressing a specific weed problem from a
multi-sectoral and ecological perspective. Since 1951,
SPC’s Plant Protection Service has been involved in
addressing most of the past and present regional pest
and disease problems, in collaboration with national
partners, focusing on species of agricultural and health
concern, but including many species known to be inva-
sive. Emphasis by SPC is placed on prevention of weed
introductions (by supporting national quarantine capa-
bilities), preparation (improving capacity to address
new weed, pests and disease cases) and management of
well-established problem species. An Invasive Species
Programme was established at SPREP in 1998 to focus
more on plant, animal or microbe species of particular
biodiversity concern, and works closely with SPC on
species of mutual concern.

There is an increasing number of examples of weed
eradication and management in the Pacific, with
emphasis on biological control of specific environ-
mental weeds, such as eradication of Sphagneticola
trilobata and Mimosa diplotricha in Niue, eradication
of some populations of Mikania micrantha in Palau
(Joel Miles, pers. comm.), an eradication project on
Falcataria moluccana in American Samoa’s National
Park (Tavita Togia, pers. comm.), and biological
control of Chromolaena odorata in Guam, Palau,
Federated States of Micronesia (Bamba 2002) and
Papua New Guinea (PNG) (Orapa et al. 2002).
Successful past cases of biological control in the Pacific
include the efforts against water hyacinth (Eichhornia
crassipes) in PNG (Julien and Orapa 1999, 2001), the
successful control of Salvinia molesta in the Sepik
River in PNG which resulted in immense socio-
economic benefits for thousands of villagers and the
restoration of natural ecology to its original stage
(Thomas and Room 1986) and to some extent the
partial suppression of Lantana camara in the Pacific
Islands (W.O., personal observation).



Biocontrol capacity needed in the Pacific

Priority Pacific weeds and biocontrol

Several key weed species are too big and widespread to
tackle by hand or by chemicals. Many weeds are alien
species introduced intentionally or unintentionally
since humans first arrived in the Pacific, most arriving
without their guild of natural enemies or diseases that
would otherwise keep their numbers under control.
Many of these weeds are therefore good targets for
biological control programs.

There has been longstanding interest in the use of
biocontrol in the Pacific. Seminal work for the region
was undertaken by Waterhouse (1993, 1997, Water-
house et al. 1998) and, in 1995, a Pacific Biocontrol
workshop was held and one of the outcomes was the
development of guidelines for conduct of biological
control in the Pacific.

Successful biological control of several weeds has
already occurred in some Pacific island countries where
safe and effective agents have been released (Waterhouse
& Norris 1987, Room 1993, Julien & Griffiths 1998,
Julien & Orapa 1999, 2001). However, much past biolog-
ical control work against weeds in the region has been
done on an ad-hoc basis — future regional biological
control programs need to be developed, structured and
implemented following set guidelines that minimize the
chance of releasing species that can in turn become pests
on non-target species. It is only when inappropriately
tested agents are considered that problems can arise.

No cases of a weed biocontrol agent adversely
affecting non-target species are known from the Pacific
and the suspected extinction of the coconut moth
Levuana iridescens of Fiji by the tachinid fly Bessa
remota, introduced from Malaya in 1925, remains the
only documented case of a biological control agent
exterminating its (pest) host anywhere in the world
(Kuris 2003). However, there have been unfortunate
cases of biocontrol agents leading to the extinction of
non-target native partulid land-snail species in the
Pacific (Cowie 1992), so great care to ensure specificity
of biological control agents is extremely important.
Regardless, there are no known cases of weed biocon-
trol agents producing unexpected deleterious impacts
and, unless inadequately screened for host preferences,
biological control will remain the principal and
preferred tool for managing major invasive weeds in
the Pacific islands.

Attempts have been made to develop prioritized lists
of agricultural weeds for the region, starting with
Waterhouse (1997). During the 2002 Regional Tech-
nical Meeting on Plant Protection (RTMPP) in Nadi,
Fiji, the region’s 45 most important weeds were identi-
fied and ranked according to importance (Anon. 2000).
Most weeds of significance for agriculture are also key
ecological threats. Some of the most serious weeds for
the region, as identified by the countries, include
nutsedge (Cyperus rotundus), the vines mile-a-minute
(Mikania micrantha) and Merremia peltata, the two
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sensitive weeds Mimosa diplotricha and M. pudica,
lantana (Lantana camara), wedelia (Sphagneticola
triloba), water hyacinth (Eichhornia crassipes) and
African tulip (Spathodea campanulata). Some of these
weeds are already a major problem in many or most
countries, impacting upon both agriculture and the
environment, but little has been done to control them.
The top 24 of these species are listed in Table 1,
together with an indication of the level of significance
of their impact and suggested potential for biocontrol.
It can be noted that this list does not include some tree
species that may only be of considerable concern to the
environment rather than to agriculture, such as the albi-
zias Albizia chinensis and Falcataria moluccana.

Of the prioritized weed list (Anon. 2000), the
majority (69%) have no known biological control
agents available. For the rest, 18% have had at least one
natural enemy released in or outside the Pacific region
with no follow-up work or evaluation in the region,
while 13% of weeds listed by the RTMPP have good
biological control agents already available in some
Pacific island countries or outside the region which
could be assessed for use in the affected countries.
There is an urgent need to conduct new research into
new possible biological control agents and to re-visit
previously released but forgotten biological control
agents for the management of some of the region’s most
serious weeds.

Few or no original biological control research and
development programs against weeds have been
attempted in the Pacific region because of the large
initial costs and length of time that may be involved.
The only attempt at initiating biological control in the
region was the preliminary exploration for natural
enemies of Honolulu rose (Clerodendron chinensis) in
Vietnam and southern China, but this did not proceed to
the next step. Not all SPC and SPREP member coun-
tries and territories have the capacity to run separate
biocontrol projects. Only a few (Fiji, PNG, Guam, and
New Caledonia) have undertaken biological control
programs and have some capacity to undertake biolog-
ical control against weeds and pest problems.

Development and customization of Pacific-appro-
priate control measures, such as new biocontrol agents,
is an important task for the Pacific. The use of biocon-
trol is highly suited to countries with limited technical
capacity to maintain sustained control programs using
other techniques, although it must be undertaken using
best practice standards to ensure that the chosen agent
will not become a new pest in its own right.

The Pacific island countries and territories need
strong technical and resourcing partners who have devel-
oped or could develop techniques that work safely in the
tropical conditions of the Pacific. We need help to learn
from other successful control projects. We need partners
who can help by gathering the needed information and
developing or modifying appropriate techniques. We
also need help to successfully and safely apply them.
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Table 1. The top 24 potential candidate weeds for biological control in Pacific island countries and territories
(PICTS).
Weed name Number of PICTs identifying the Regional  Possible biological control response (BCA = biological
species as a key invasive species/weed agricultural control agent)
in 2002° weed
ranking in
Key pest  Important No. of 1997b
pest countries
ranking in
their top 10
Mikania micrantha 11 1 12 3 Investigate use of biological control using the leaf-feeding
Mile-a-minute weed butterfly Actinotes anteas and possibly reinvestigate Liothrips
mikaniae. Investigate current CABI trials in India.
Cyperus rotundus 10 5 10 1 Re-look at using the BCA Bactra spp., esp B. minima
Nutgrass
Merremia peltata 10 1 10 23= Explore for potential BCAs
Merremia
Mimosa diplotricha 8 2 9 2 Rear and distribute the psyllid Heteropsylla spinulosa
(=M. invisa)
Giant sensitive weed
Mimosa pudica 7 6 7 5 Explore for potential BCAs
Sensitive plant
Lantana camara 5 9 3 4 Redistribute all available BCAs and introduce additional host-
Lantana specific BCAs released in Australia and elsewhere
Sphagneticola trilobata 5 4 5 Explore for potential BCAs
Wedelia
Bidens pilosa 4 9 4 6 Explore for potential BCAs
Cobbler’s pegs
Eichhornia crassipes 4 3 3 10 Consider biological control. Introduce the weevils Neochetina
Water hyacinth spp. and the moths Xubida infusellus, Niphographta albigutalis
and the bug Ecritotarsus catrinensis
Spathodea campanulata 4 2 5 Explore for potential BCAs; check work in northern Australia
African tulip-tree
Antigonon leptopus 4 2 4 Explore for potential BCAs; eradicate or undertake integrated
Chain of hearts weed management, quarantine exclusion
Chromolaena odorata 4 0 4 21= Rear and distribute BCAs already released in region; introduce
Siam weed additional agents Calycomyza eupatorivora, Lixus aemulus,
and Actinote thalia-pyrrha
Cassia tora 2 8 2 Explore for potential BCAs
Foetid cassia
Stachytarpheta urticifolia 2 12 3 20 Explore for potential BCAs
Blue rat’s tail
Sida acuta 2 7 1 17 Introduce and release Calligrapha pantherina and Eutino-
Spinyhead sida bothris sp.
Kyllinga polyphylla 2 5 2 26= Explore for potential BCAs
Navua sedge
Clidemia hirta 2 4 1 Introduce and release Liothrips urichi (already present in Fiji)
Koster’s curse
Clerodendrum chinense 2 0 1 9 Introduce Phyllocharis undulata already released in Thailand;
Honolulu rose screen other BCAs identified in Vietnam or South China
surveys by Julien (see 1995 report in Proceedings Pacific
Biocontrol workshop, Fiji)
Sida rhombifolia 1 11 1 Introduce and release the BCAs Calligrapha pantherina and
Paddy’s lucerne Eutinobotris
Solanum torvum 1 7 1 8 Explore for potential BCAs
Clerodendrum paniculatum 1 1 1 Explore for potential BCAs
Pagoda flower
Costus speciosus 1 1 1 Explore for potential BCAs
Crape ginger
Miconia calvescens 1 0 1 28= Environmental weed; pending Hawaii Dept Agriculture
Velvet leaf (HDOA) research results; HDOA exploring and testing poten-
tial BCAs in Hawaii and ?Tahiti; improve detection mechanism
for other PICTs
Merremia tuberosa 1 0 1 Explore for potential BCAs

Wood rose

? Derived from assessments made at the 2002 Regional Technical Meeting on Plant Protection, Fiji.
b Derived from Waterhouse (1977, p. 78, Table 15).
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Biocontrol capacity needed in the Pacific

SPREP and SPC and the Pacific countries and territo-
ries are actively seeking to build new partnerships for
projects to address invasive species, one specifically on
biocontrol development. Objectives of the latter proposal
are to reduce the impact of major weeds on agriculture,
communities and the environment in member countries
and territories by suppressing weed populations to levels
below the ecological/economic thresholds, both by using
known classical biological control agents as well as
seeking to develop new or little known biological control
agents of major regional weeds.

The Pacific needs help with this task, which is expen-

sive and technically complex. Components of the project
for which assistance would be welcomed include:
collection and redistribution of suitable biological
control agents (BCAs) already released on the target
species in some Pacific island countries or territories
(or nearby countries) to those countries and territories
needing control of a target weed, ensuring that appro-
priate specificity requirements are met. A regional or
subregional rearing facility may be needed to carry
out this important activity and the next
revisit and conduct research into the possibility of
using potential weed BCAs that have been released
only once in the past and forgotten
exploration for new potential biological control
agents for very important weeds requiring urgent
suppression;
testing of weed-management strategies suitable for
Pacific island farming systems and natural area
management systems.
The potential impact of this work, if developed and
implemented properly, would be seen across all sectors
in the Pacific island countries and territories. Produc-
tion loss due to weeds should decline, there should be a
contribution to improvement of the livelihoods of
Pacific Islanders and the impact of invasive weeds on
the ecosystems on which all Islanders depend would be
reduced. The level of threat facing the region’s globally
significant and threatened biodiversity would also be
reduced, especially if species that cause widespread
habitat degradation were better controlled.
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The new encounter concept: centres of

origin, host specificity and plant pathogens

Harry C. Evans and Carol A. Ellison!

Summary

The new encounter concept is analysed, initially drawing on plant pathology examples from agricul-
ture. The two selected neotropical tree crops, rubber and cocoa, appear to show evidence for and against
the hypothesis. There are no unique or new encounter diseases in the palacotropical exotic range of
rubber, whilst new major diseases, as well as pests, have moved rapidly from indigenous forest hosts
and adapted to cocoa wherever it has been grown in the Old World tropics. On closer examination,
however, it is concluded that the best (most damaging and host specific) hypothetical classical biocon-
trol agents, for both cocoa and rubber, are still the coevolved pathogens from their Amazonian centres
of origin. A similar analysis of the fungal pathogens associated with three important invasive alien
weeds of neotropical origin— Chromolaena odorata, Lantana camara and Mikania micrantha—in
both their native and exotic ranges, shows that, in general, more fungi have been recorded from the
Palaeotropics. Nevertheless, these comprise heterogeneous assemblages of opportunistic pathogens
with wide host ranges, which have had no long-term or constraining impact on the invasive weed popu-
lations. In contrast, however, all these plant species are generally non-weedy in the Neotropics and
coevolved pathogens, typically obligate or biotrophic fungi, are considered to be major natural control
factors and which, consequently, have potential as classical biocontrol agents. Both these sets of exam-
ples provide evidence for classical biological control, or the enemy release theory, and against the new
encounter hypothesis. However, some perplexing cases of new encounters, involving host range exten-

sions of rust fungi on Lantana and Senecio species, are also presented and discussed.

Keywords: Chromolaena, cocoa, host specificity, Lantana, Mikania, new encounter

pathogens, rubber.

Introduction

Coevolved natural enemy associations have tradition-
ally been favoured for the biological control of alien or
exotic pest organisms (DeBach 1964). However, based
on an analysis of biocontrol programs involving insect
agents, almost exclusively parasitoids, Hokkanen &
Pimentel (1984) concluded that there is a greater
chance of success (ca. 75%) when non-coevolved or
new encounter natural enemies have been selected;
although these results could not be analysed statisti-
cally because of the relatively few instances where new
associations have deliberately been exploited. This
concept or hypothesis, therefore, remains theoretical
rather than practical. Certainly for invasive alien weeds,

I cABI Bioscience, UK Centre (Ascot), Silwood Park, Ascot, Berks.
SL5 7TA, UK.
* Corresponding author: Harry C. Evans <h.evans@cabi.org>.
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current biocontrol programs continue to follow the
central tenet that the best—defined usually as the most
host specific and highly damaging—natural enemies or
potential biocontrol agents are to be found in the native
range or centre of origin of the target invasive alien
species (Greathead 1995).

Nevertheless, Hokkanen & Pimentel (1984) argued
that, in terms of evolutionary ecology, such coevolved
associations must lead to a mutual balance, or to an
interspecific homeostasis, and that logically, therefore,
the most damaging natural enemies should be new
encounter associations. Subsequently, Hokkanen
(1985) followed this up by analysing the diseases of
several pantropical crops, and concluded that many of
the important diseases are caused by new encounter
pathogens that do not even occur in the native conti-
nental ranges of these crop plants. He recommended
that surveys for potential biological control agents of
alien weeds should not be restricted to their centres of
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origin and that screening should be widened to include
non-coevolved natural enemies.

These findings are now re-examined to determine if
the new encounter concept has validity, and, if so,
whether or not there are lessons to be learned for the
biological control of invasive alien weeds.

Lessons from agriculture?

An analysis of the history and the exploitation of two
important tree crops of neotropical origin, rubber
(Hevea brasiliensis) and cocoa (Theobroma cacao),
shows evidence both for and against the new encounter
hypothesis. Both these commodity crops, which have
been introduced into all the humid tropical regions of the
world over the past century, evolved in the forests of the
Amazonian basin (Schultes 1984) and proved to be
difficult if not impossible to grow on a commercial scale
in their region of origin due to disease pressure from
coevolved pathogens (Purseglove 1968; Davis 1997;
Evans 2002a). Indeed, as the crops were moved around
Latin America, these pathogens eventually caught up
with their hosts with devastating results. A stark
example is that of witches’ broom disease of cocoa,
Crinipellis perniciosa (Stahel) Singer, which since its
arrival in the Brazilian State of Bahia a little over a
decade ago, has reduced crop yields from about 400,000
tons per annum to somewhere in the region of 100,000
tons (Evans 2002a). The fact that cocoa had escaped its
coevolved pathogen for so long is due to the geographic
isolation of Bahia from Amazonia (Evans 1981).

The importance of natural barriers in separating
natural enemies is graphically illustrated in cocoa both
within and between continents, and a pod disease, caused
by Crinipellis (Moniliophthora) roreri (Cif.) H.C.
Evans, which evolved in the isolated forests of north-
west Ecuador and Colombia on a locally endemic 7heo-
broma species (T. gileri Cuatr.), has been on an invasive
front for the past 20-30 years with potentially even
greater impacts on crop yield than witches’ broom
disease (Evans et al. 1998, Evans 2002a). Thus, this
appears to offer support for the new encounter concept
and it seems that the forest pathogen moved to cocoa
after it was brought across the Andes in Pre-Colombian
times (Schultes 1984). This host extension has involved
both morphological as well as physiological changes in
the pathogen, with that from cocoa differing from the
forest progenitor in producing a significantly greater
proportion of round, thick-walled spores, probably as an
adaptation to the more variable and drier conditions in
cocoa plantations compared to the buffered forest
ecosystem (Evans ef al. 2003a,b). Nevertheless, this
example also begs the question as to what constitutes a
new encounter. Clearly, from the morphological and
molecular evidence (Evans ef al. 2003a), this adaptation
has involved an evolutionary event.

New encounter natural enemies of cocoa, throughout
its exotic palaeotropic range, are many and varied and, in
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contrast to this South American experience, these host
extensions have not involved any inherent morpholog-
ical or physiological changes. Thus, within a relatively
short period of time after the introduction of cocoa to
West Africa, the new crop was beset by new insect pests
and diseases: the cocoa capsids ( Miridae) appear to have
moved extremely rapidly from indigenous sterculiaceous
hosts (Dudgeon 1910, China 1944); whilst the
mealybug-transmitted cocoa swollen shoot virus
(CSSV) made an equally rapid transition from indige-
nous trees (Legg 1972). A new invasive Phytophthora
species, P. megakarya Brasier & Griffin, has been iden-
tified more recently but evidence suggest that it had been
around on cocoa in this area of origin for some time but
had been confused with the more cosmopolitan P.
palmivora (Butl.) Butl. (Brasier & Griffin 1979). A non-
sterculiaceous, indigenous host of P. megakarya, has
now been found in the ancient forest along the
Cameroon—Nigerian border (Holmes et al. 2003),
perhaps justifying Hokkanen’s statement that: ““...many
pathogens will always be ‘hiding in the jungle’ waiting
for new host species to be introduced into the area”
(Hokkanen 1985). Remarkably similar incidences of
new and damaging pest and disease associations have
also occurred in Asia, with the cocoa pod borer (Conop-
omorpha cramerella (Shellen), Lepidoptera, Gracillari-
idae) and vascular streak die-back disease
(Oncobasidium theobromae Talbot & Keane) moving
from as yet unidentified forest trees (Talbot & Keane
1971, Prior 1980).

In contrast, however, rubber has remained free of any
comparable new and highly damaging pest—pathogen
associations in the Palaeotropics and the threat, which
“continues to hang like a Damoclean sword over the
neck of the industrial world” (Davis 1997), comes from
its coevolved natural enemy Microcyclus ulei (Henn.)
Arx, the causal agent of a devastating leaf blight which
is still restricted to the New World.

There are, therefore, mixed messages from these two
crop examples, as there are from those selected by
Hokkanen (1985), which are very much dependent on
correctly interpreting the information they contain.
Thus, in the hypothetical but not entirely unjustified
scenario that these tree crops were to become invasive,
given the problems of cinnamon and quinine tree inva-
sions in small island systems (Cronk & Fuller 1995),
there is no doubt that, in the case of rubber at least, the
control agent selected would be the coevolved path-
ogen Microcyclus ulei. Furthermore, it is our opinion
that the neotropical pathogens of cocoa would be much
more efficient, potentially reducing fecundity to zero,
and sufficiently specific to be used as classical agents
compared to any of the new encounter, palacotropic
pathogens. The case of Crinipellis roreri, is perhaps
unique in that, although it has moved to an exotic host
(i.e. cocoa), it has modified both its morphology and
physiology: an example of a recent evolutionary event
rather than a new encounter (Evans et al. 2003a).
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Pathogens and invasive alien weeds

The fungal pathogens associated with the pantropical
weeds Chromolaena odorata (L.) King & Robinson,
Lantana camara L., and Mikania micrantha Kunth,
have been documented in both their native and exotic
ranges (Barreto & Evans 1994, 1995, Barreto et al.
1995). In all cases there were significant qualitative and
quantitative differences in the mycobiotas between the
exotic palaecotropic and the native neotropical ranges
and, for both C. odorata and L. camara, more patho-
gens were recorded from the Old World, whilst only a
few species were common to both situations (Table 1).
In contrast to the fungi recorded from the exotic range,
which comprise a heterogeneous assemblage of gener-
alist opportunistic pathogens, those from the
Neotropics are more specialized, often obligate
biotrophs, which led Evans (1995) to conclude that:
“This is a clear indication of the continuing isolation of
the mycobiotas and provides evidence for the role of
fungal pathogens in the natural control of weed popula-
tions because many of these plants are non-weedy or of
minor importance in their centres of origin, and further
strengthens the case for adopting classical biological
control as a weed management strategy”.

Table 1. Comparison of fungal pathogens recorded from
native and exotic ranges of some major invasive
weeds.

Weeds No. of fungal species? No. f’f
species

Neotropics Palaeotropics i, common
(Native) (Exotic)

Chromolaena 17 21 4

odorata

Lantana camara 26 32b 6

Mikania micrantha 32 25 6

@ Source: Barreto & Evans 1994, 1995, Barreto ef al. 1995, Evans 1995,
Sreenivasan & Sankaran 2001, Herb. IMI records.

b Although Mukerji & Juneja (1975) listed 30 new fungal records from
this host in India, these were associated with dead or moribund tissues
and such opportunists are not included here.

Recently, a similar but much larger analysis of the
fungal pathogens recorded on invasive alien weeds has
been carried out in the USA, comparing those found in
both the exotic and native ranges (Mitchell & Power
2003). Significantly more specialized biotrophs were
reported in the areas of origin, prompting the authors to
conclude that the enemy release theory, or classical
biological control as it is more usually known, offers a
viable management strategy for invasive alien weeds.

Interpreting pathogenicity

Hokkanen (1985) argued that many pathogens are
capable of infecting new hosts because specific host
defence mechanisms have not developed in such new
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encounters. Whilst this may be true for the opportun-
istic facultative pathogens listed by Hokkanen (1985)
on exotic tropical crops, and those recorded from many
invasive weeds (Evans 1987, 1995), the biotrophic
plant pathogens traditionally exploited as classical
biocontrol agents have a much more complex gene-for-
gene relationship with their coevolved hosts. Patho-
genicity initially involves a parasitic phase which
bypasses host defence mechanisms and is maintained
by the presence of specific stimulators in the suscep-
tible host. Such obligate pathogens are thus intimately
linked in with their hosts and, as a consequence, these
generally have a limited and stable host range.
However, some perplexing new associations are now
presented which raise questions about host specificity
and host range extension.

Lantana rusts

Two rust species, Prospodium tuberculatum (Speg.)
Arthur and Puccinia lantanae Farl., occur on Lantana
camara throughout its native neotropical range
(Barreto et al. 1995). Prospodium tuberculatum has
been tested extensively against a range of Lantana
species and biotypes and a strain from Minas Gerais
(Brazil) which attacks several major invasive biotypes
of L. camara in Australia has now been released in
Queensland (Evans 2002b). A strain of Puccinia
lantanae, which is especially common in the humid
Neotropics, from the Amazonian region of Peru proved
to be more damaging to a greater range of biotypes
within the L. camara complex than P. tuberculatum.
However, when these rust species were screened
against an invasive L. camara biotype from the
Galapagos Islands, as well as an endemic species (L.
pedicellaris), the results were not as predicted. Thus,
whilst the broader host range P. lantanae strain fully
infected L. camara, there were no symptoms on the
native species. Not surprisingly, the narrower host
range P. tuberculatum strain failed to infect the partic-
ular L. camara biotype, but in an unexpected develop-
ment, rust pustules formed in abundance on the leaves
of L. pedicellaris, although spore density was signifi-
cantly lower than on susceptible L. camara biotypes.
This could, therefore, be interpreted to be an example of
anew encounter, with the island species having evolved
in isolation and with limited defence mechanisms
against the Prospodium rust. Nevertheless, such an
interpretation, in accordance with that proposed by
Hokkanen & Pimentel (1984) and Hokkanen (1985), is
simplistic since L. pedicellaris should also be suscep-
tible to the broader host range P. lantanae. We can only
conclude that L. pedicellaris evolved from a Central
American Lantana species which was vectored to the
islands by birds, since P. tuberculatum has been
recorded on a range of Lantana species from that region
(Cummins 1940, Léon-Gallegos & Cummins 1981).



Puccinia lagenophorae Cooke

This rust appears to be the only recognised example
of a “successful” new encounter of a biotrophic path-
ogen in weed biocontrol, although, ironically, this was
not the result of a deliberate classical release (Evans &
Ellison 1990). The first record of Puccinia lageno-
phorae in the UK was in 1961 on groundsel (Senecio
vulgaris L.) from a locality in southern England.
However, by the end of 1964, the rust had spread to
most counties in the UK, as well as in Eire (Wilson &
Walshaw 1965). The latter authors concluded that it
was morphologically indistinguishable from Australian
rusts belonging to the P. lagenophorae “group”, which
has been recorded on a number of genera of Asteraceae
in that country. This rust has now become an important
regulator of groundsel populations in both the UK and
Europe (Paul & Ayres 1986, Muller-Scharer & Rieger
1998). However, although alien Senecio species, such
as S. madagascariensis Poir. (fireweed), are hosts of P.
lagenophorae in Australia, the impact of the rust has
not been sufficient to prevent them becoming weedy
invasives (Parsons & Cuthbertson 1992). Puccinia
lagenophorae has also been found on S. madagas-
cariensis in its somewhat restricted native range in
southern Madagascar (H.C. Evans, pers. obs.), where it
appeared to be impacting severely on the fireweed
populations. It appears, therefore, that the P. lageno-
phorae story presents evidence both for and against the
new encounter hypothesis. The situation in Europe
suggests that the exotic rust is a potent biocontrol agent
of its new groundsel host, whilst the purportedly same
rust in Australia has proven to be ineffective against
invasive Senecio species. Clearly, an in-depth investi-
gation, including molecular, morphological and cross-
infectivity studies, is required to determine if distinct
species and/or pathotypes occur within this rust
complex and which should also provide evidence for or
against the new encounter hypothesis.

Discussion

The evidence to support the new encounter concept is
still fragmentary, and most examples tend to confirm
that the classical approach using coevolved natural
enemies should remain the priority strategy for the
management of invasive alien weeds. Indeed, the
evolutionary ecological reasoning put forward by
Hokkanen & Pimentel (1984) and Hokkanen (1985) to
support their hypothesis, specifically that relating to
interspecific homeostasis, is, at least for fungal patho-
gens, somewhat naive and misleading. In the case of
cocoa and rubber for example, the hosts and pathogens
do achieve a natural balance within the forest
ecosystem (H.C. Evans, pers. obs.). This is due to a
combination of low host density, high pressure from
natural enemies of the natural enemies (“...little fleas
have lesser fleas...”), such as hyperparasites, and
complex physiological inter-relationships when these
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host plants are moved from buffered forest ecosystems.
In agricultural situations, with high host density,
increased host vigour and low hyperparasitism,
coevolved fungi literally undergo a population explo-
sion with catastrophic impacts on the host crop. This
explains why biotrophic fungi such as rusts and smuts
have proven to be successful biocontrol agents of inva-
sive alien weeds, and why the hemibiotrophic patho-
gens of both cocoa and rubber have decimated
plantations wherever they have caught-up with their
coevolved hosts (Evans 2002a).

A closer examination of the fungal pathogens listed
by Hokkanen (1985) on tropical crop plants demon-
strates a similar simplistic interpretation of the data.
Although many “new encounter” pathogens are docu-
mented on these crops in their exotic ranges, as for
example in coffee where more than 60% of the total are
pathogens from the Neotropics. The most damaging
ones are those biotrophs or hemibiotrophs from the
native range in the Old World. Thus, coffee leaf rust
(Hemileia vastatrix Berk. & Broome) and coffee leaf
disease (Colletotrichum kahawae Waller & Bridge,
formerly C. coffeanum) from Africa are the most feared
diseases; whilst coffee berry borer, Hypothenemus
hampei (Ferrari), also from Africa, is the most serious
insect pest (Flood et al. 2001, Cadena & Baker 2001).
Similarly, although cassava has a number of new host—
pathogen associations in Africa, these are not serious
constraints to production, unlike the very real and
potential threats from neotropical pathogens (Cassava
Mosaic Virus), as well as from coevolved arthropods
(Phenacoccus  manihoti  Matile-Ferrero, cassava
mealybug and Mononychellus tanajoa [Bondar],
cassava mite), from South America (Lyon 1973, Great-
head 1995).

Undoubtedly, there are examples of destructive new
encounter pathogens and several invasive Phytoph-
thora species with eclectic host ranges and high viru-
lence have the capacity to alter whole ecosystems,
notably P. cinnamomi Rands in Australia and P.
ramorum Werres, De Cock Man Veld in the USA
(Weste & Marks 1987, Rizzo et al. 2002). However,
there is no situation in which such generalist pathogens
would ever be considered as classical biocontrol agents.
There are several rust species that also have become
accidentally invasive and have extended their host
ranges. Nevertheless, in the case of Puccinia lageno-
phorae, the species was known to have a wide host
range within the Australian Asteraceae so perhaps it
was not surprising that new host—pathogen associations
would have arisen. However, in such unpredictable
associations there are anomalies: Senecio vulgaris
proving to be highly susceptible and the closely-related
S. jacobaea L. remaining immune.

In summary, therefore, we concur with the statement
by Mitchell & Power (2003), who analysed the
biotrophic pathogens of over 470 invasive alien weeds in
the USA, and concluded that: “Noxiousness increased
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with greater pathogen escape, implying that pathogens
limit plant populations in their native range and
supporting the idea that classical biocontrol can mitigate
the costs of noxious weeds”. However, there does appear
to be a case for exploiting new encounter associations in
genus-specific natural enemies. This is particularly suit-
able for arthropods, which tend to have less stringent
specificity requirements than pathogens; although it is
essential, of course, that members of that genus do not
occur in the exotic range of the target weed.
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Phytomyza vitalbae, Phoma clematidina,
and insect—plant pathogen interactions in
the biological control of weeds

R.L. Hill,! S.V. Fowler,> R. Wittenberg,® J. Barton,>> S. Casonato,’
A.H. Gourlay* and C. Winks?

Summary

Field observations suggested that the introduced agromyzid fly Phytomyza vitalbae facilitated the
performance of the coelomycete fungal pathogen Phoma clematidina introduced to control Clematis
vitalba in New Zealand. However, when this was tested in a manipulative experiment, the observed
effects could not be reproduced. Conidia did not survive well when sprayed onto flies, flies did not
easily transmit the fungus to C. vitalba leaves, and the incidence of infection spots was not related to
the density of feeding punctures in leaves. Although no synergistic effects were demonstrated in this
case, insect—pathogen interactions, especially those mediated through the host plant, are important to
many facets of biological control practice. This is discussed with reference to recent literature.

Keywords: Clematis vitalba, insect—plant pathogen interactions, Phoma clematidina,
Phytomyza vitalbae, tripartite interactions.

Introduction

Biological control of weeds is based on the sure knowl-
edge that both pathogens and herbivores can influence
the fitness of plants and depress plant populations
(McFadyen 1998). We seek suites of control agents that
have combined effects that are greater than those of the
agents acting alone (Harris 1984). However, recent
research suggests that predicting which combinations
of agents are likely to generate that effect is difficult,
and may be misleading. This is particularly true for
interactions between insects and plant pathogens,
because entomologists and pathologists tend to work
exclusively in their own discipline (Agrios 1980,
Connor 1995, Caesar 2000).
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Hatcher & Paul (2001) have succinctly reviewed the
field of plant pathogen—herbivore interactions. Simple,
direct interactions between plant pathogens and insects
(such as mycophagy and disease transmission) are well
understood (Agrios 1980), as are the direct effects of
insects and plant pathogens on plant performance. Very
few fungi are dependent on insects for the transmission
of their spores, but spores transmitted by insects have a
greater chance of reaching a suitable site compared
with spores dispersed by water and wind (de Nooij
1988). The reciprocal effects of plants on pathogens
and insects through such mechanisms as wound
responses, induced resistance, systemic acquired resist-
ance, and hypersensitive reactions are acknowledged, if
imperfectly understood (Zidack 1999). However, the
potential indirect effects of plant pathogens (especially
biotrophs) on insects (and vice versa) mediated through
the host plant are often cryptic, poorly understood, but
common. Hatcher (1995) identified a range of possible
outcomes for such tripartite relationships, and these
have considerable relevance for future biological
control practice.

This paper describes a manipulative experiment
designed to examine some of the interactions between
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two biological control agents introduced to New
Zealand to attack the invasive weed Clematis vitalba L.
(old man’s beard). It also explores the importance of
plant pathogen—herbivore relationships to the future
practice of biological control of weeds.

Material and methods

The hypothesis

Clematis vitalba (Ranunculaceae) grows throughout
central and southern Europe, and extends as far as the
Caucasus. It was introduced to New Zealand as an orna-
mental before 1920, and is now naturalized throughout.
Vines can climb tall forest trees, forming a dense light-
absorbing canopy that suppresses vegetation beneath it.
These can become large enough to pull down trees, and
also scramble over the ground, suppressing regenera-
tion. Infestations threaten the existence of small forest
remnants, and create a nuisance in many other habitats
(Hill et al. 2001).

The old man’s beard leaf-mining fly Phytomyza
vitalbae Kaltenbach (Diptera: Agromyzidae) and the
fungus Phoma clematidina (Thiimen) Boerema were
introduced in 1996 (Gourlay et al. 2000). Both agents
established and spread quickly (Hill et al. 2001). The
speed with which P. clematidina dispersed within New
Zealand and the co-occurrence of the two agents at new
sites suggested that the fungus was carried from place
to place by the fly. Before P. clematidina was intro-
duced, P. vitalbae leaf-mines were usually brown.
Following establishment of the fungus, leaf mines were
usually black. Although the cause of the discoloration
was never formally identified, it was suspected that the
new fungus was invading mines. These were
commonly surrounded by a yellow halo, a common
symptom of infection by plant pathogens (Agrios
1988), suggesting that fungal invasion of leaves could
occur from within mines. These observations raised the
possibility that the two agents were synergistic in their
effects on old man’s beard leaves.

This hypothesis was reinforced when it was shown
that newly emerged flies were capable of transferring P.
clematidina by walking on a culture on an agar plate
and transmitting it to a fresh plate. While short-range
transport of the spores was therefore feasible, adult flies
appeared to actively avoid the black Phoma-infected
parts of leaves. The frequency with which flies trans-
mitted the fungus between plants remained unclear (R.
Wittenberg, unpublished data). The larvae of P.
vitalbae produce characteristic mines, but adults can
also damage leaflets. Female flies pierce the leaf
surface using the ovipositor, and then feed on leaf
exudates. Hundreds of feeding punctures can be made
in a leaflet, and eggs are laid in just a few of these (R.L.
Hill, J. Frohlich, A.H. Gourlay & C. Winks, unpub-
lished data). Our hypothesis was that feeding punctures
formed by adult flies provided a point of entry for the
necrotrophic fungus to infect the leaf and/or the mines,
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either directly via the ovipositor, or indirectly by the
fungus invading the wounds. If so, then the damage to
the leaf was likely to be greater than if either agent was
working alone — an additive or a synergistic effect. To
examine the relationship more closely, we designed an
experiment to investigate whether the fly was facili-
tating the performance of the fungus. The aims were to
determine:
1. how long P. clematidina conidia survived on the
bodies of adult flies
whether adult flies introduced the fungus into the
leaf through penetration by the ovipositor
. whether feeding punctures on leaves facilitated
invasion by water-borne inoculum of P, clematidina.

2.

Methods

Clematis vitalba plants were obtained from two
sources. Several hundred seedlings, 5—10 cm tall, were
dug from beneath a single C. vitfalba plant at Kaituna
Valley, mid-Canterbury, in mid-December 1999, and
were replanted in planter bags (PB3.5). Plants were
placed in a shade house, and were ready for use 6 weeks
later (batch 1). At this stage, plants bore one pair of
fully formed leaves (each with five leaflets), and a
second pair of leaves was developing. At the same time,
seeds collected from a plant at Lincoln Golf Course,
mid-Canterbury, in the previous spring were sown in a
seed tray. In late January 2000, seedlings were potted as
described above, and were ready for use 6 weeks later
(batch 2).

Preliminary experiments established that treatment
with 0.5% sodium hypochlorite (NaOCIl) successfully
stopped infection of C. vitalba leaves by P. clema-
tidina, but did not prevent infection when conidia were
later applied to surface-sterilized leaves. The culture of
P. clematidina used in these experiments was a subcul-
ture of an isolate originally collected from Clematis
ligusticifolius Nutt. in 1991 in the USA and subse-
quently released in New Zealand as a biological control
agent for C. vitalba (A. Spiers, unpublished HortRe-
search client report 1995). Inoculum was prepared from
15-day-old cultures, grown on 15% V8 agar (made with
V8 juice clarified with calcium carbonate) in 9 cm Petri
dishes, and incubated at 20°C under white lights with a
12 h photoperiod. A spore suspension was prepared by
initially adding 3 mL of sterile distilled water (SDW) to
one plate, dislodging spores with a sterile glass rod,
filtering through a sterile cell strainer (Falcon, 70 um
nylon, Becton Dickinson, USA), and adding the filtrate
to 97 mL of SDW. Conidial density was estimated
using a haemocytometer, and the suspension was used
to harvest conidia from additional plates until an
adequate conidial density was obtained. Suspensions
were prepared on three separate occasions.

Survival of conidia on flies
Fly pupae of even age were collected from the general
culture, soaked in 0.5% NaOCI for 15 min to kill any
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Phoma spores, washed and dried. Flies were allowed to
emerge for 48 h in two boxes (200 x 200 x 200 mm)
containing a small surface-sterilized sprig of C. vitalba as
food. One box was then misted with 25 mL of a suspen-
sion of P. clematidina (1 x 10° conidia mLfl), using a de
Vilbiss atomizer attached to an air line, and the other was
misted with sterile water. Boxes were placed in ambient
laboratory conditions for the following 72 h.

Within 60 min of spraying with the conidial suspen-
sion, or with water, 10 flies from each treatment were
individually captured in clean glass tubes and killed by
narcotizing with CO,. In a laminar flow cabinet, and
using sterile techniques, flies were wiped onto potato
dextrose agar (Difco Labs, USA) amended with 0.02%
streptomycin (Sigma, USA), contained in 9 cm Petri
dishes, one fly in each of four quadrants. Plates were
incubated at 20°C and 12 h photoperiod. After 10 days,
promising cultures were transferred to 15% V8 agar to
allow identification of P. clematidina colonies. A
further 10 flies were assessed 24 h after conidia were
applied, and the remaining five flies were assessed 72 h
after application (four sprayed with SDW, and one with
the conidial suspension).

Plant-to-plant transmission of Phoma clematidina by
Phytomyza vitalbae

Eleven C. vitalba plants (batch 2) were selected for
medium size, and convenient leaf size. Four days prior
to experimentation, plants were surface-sterilized with
0.5% NaOCl. On each plant, two leaves (each bearing
five leaflets) were selected. Three basal leaflets were
enclosed in clip cages. The clip cages were made from
5 cm Petri dishes, and had a 3 cm diameter panel of fine
steel gauze inserted in one face and a cotton-wool-stop-
pered hole in the other face. A hole in the edge of the
closed cage accommodated the petiole of the leaflet,
and gaps around the petiole were plugged with cotton
wool.

Fly pupae of even age were collected from the
general culture, soaked in 0.5% NaOCL for 15 min to
kill any Phoma spores on the puparium, washed and
dried. Flies were allowed to emerge for 48 h in two
boxes (200 x 200 x 200 mm) containing a small
surface-sterilized sprig of C. vitalba as food. One box
was misted with a suspension of P. clematidina spores
(1 x 10° conidia mL’l) using a de Vilbiss atomizer
attached to an air line, and the other box was misted
with sterile water.

Flies were transferred to plants 60 min after applica-
tion of conidial suspension. Large flies (presumed to be
females) were captured individually in clean glass
tubes (5 x 1 cm). Flies were briefly narcotised with
CO,, and transferred to clip cages through the stop-
pered hole. Clip cages had been randomly assigned to
three treatments (no flies, flies sprayed with Phoma
spores, and flies sprayed with water), with one set of
clip cages per leaf, two leaves per plant and a total of 11
plants. One leaflet on each plant was painted with the
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same spore suspension to monitor the susceptibility of
each plant to P. clematidina. After application of
spores, leaflets were immediately enclosed in a zip-lock
plastic bag (5 x 8 cm) to maximize the likelihood of
infection. After 40 h, flies, clip cages and plastic bags
were removed from leaflets. Plants were misted with
sterile water, and placed haphazardly in two closed
acrylic plastic boxes for 24 h at 20-23°C. The box was
removed, and plants were maintained at approximately
70% relative humidity and 20-23°C under lights for 48
h. Leaflets were harvested, and the number of feeding
punctures present on each leaflet was counted. Leaflets
were placed singly in Petri dishes on moist filter paper.
These were incubated at 20°C under lights at 12 h
photoperiod for 2 weeks to induce sporulation (A.
Spiers, pers. comm.). Leaflets turned black and devel-
oped many fungal colonies. These were examined
microscopically to confirm the presence or absence of
P. clematidina on each leaflet.

The effect of Phytomyza vitalbae feeding punctures
on the infection rate of Phoma clematidina

Flies less than 2 days old can pierce the epidermis of
leaves to feed, but cannot oviposit. All flies were there-
fore extracted from the bulk culture at 2-day intervals to
ensure that no flies exceeded this age. For the 1-day-old
damage treatment, insufficient young flies were avail-
able, and mixed-age flies from another general culture
were used instead. The experiment was evaluated before
eggs laid by these flies could hatch and produce mines.

Eighteen plants (batch 1) were selected haphazardly.
Twelve were placed in individual acrylic plastic boxes
(500 x 300 x 300 mm or 600 x 300 x 300 mm) in a
temperature-controlled room set at 19—21°C witha 16 h
photoperiod. Five assumed pairs of P. vitalbae (five
large flies and five small flies) were added to each box.
The remaining six plants were placed in a single box
and no flies were added. Flies were removed after 24 h
(day 1). On each of the 12 plants exposed to flies, five
damaged leaflets were selected and marked (where
possible one leaflet per leaf), and the number of feeding
punctures was recorded. In some cases, fewer than five
leaflets on the plant were damaged. In this case, all
damaged leaflets were labelled. We also labelled five
leaflets on each of the six plants that were not exposed
to flies. Plants were returned to the shade-house and
positioned haphazardly. Three further sets of 18 plants
were treated for 24 h using the same technique begin-
ning on days 2, 4 and 6. Thus, after 8 days, plants
bearing 7-, 5-, 3- and 1-day-old fly damage had been
produced. On day 8, six damaged plants from each
treatment were sprayed to run-off with sterile water
(10-15 mL per plant). The remaining six damaged and
the six undamaged plants from each treatment were
sprayed to run-off with a suspension of P. clematidina
conidia that was adjusted to 1.5 x 10* conidia mL™!
(10—15 mL per plant). Three further untreated plants
were taken from the shade-house, leaflets were marked,
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and the plants were sprayed with sterile water. Each
plant was covered with a tall plastic cylinder (200 mm
diameter x 300 mm) to ensure free moisture remained
on the leaves, and plants were haphazardly placed on a
bench in a temperature-controlled room set at 19-21°C.

After 18 h, covers were removed from all 75 plants,
and the temperature was reduced to a constant 15°C.
After 7 days, marked leaflets were removed from the
plants, examined at 10x magnification using trans-
mitted light, and the number of infection sites present
(each identified as a dark lesion with a yellow halo) was
recorded. The leaflet opposite the marked leaflet (or if
this was damaged, the nearest undamaged leaflet on the
same leaf) was also removed and assessed.

The data were analyzed by fitting linear mixed-
effects models in S-Plus 2000 using function | me and
maximum likelihood estimation. The number of spots
was taken as the dependent variable, with models
including fixed effects for age of feeding damage (1, 3,
5 or 7 days), treatment (fliestwater, fliestphoma, no
fliestphoma) and damage (damaged leaflet or undam-
aged leaflet), plus all possible interactions. Plant (1 to
11) and leaf (1 or 2) were included as random effects.
Fixed effects were tested by comparing nested models
using likelihood ratio tests. The dependent variable was
square-root transformed prior to analysis to help satisfy
model assumptions.

Results

Survival of conidia on flies

No P. clematidina colonies were isolated from flies
sprayed with water alone. Of the 10 flies plated imme-
diately after conidia were applied, only three yielded P.
clematidina colonies. No P. clematidina colonies were
obtained from the 10 flies treated with conidia and
plated after 24 h, or the one plated after 72 h.

Plant-to-plant transmission of Phoma
clematidina by Phytomyza vitalbae

Of the 11 control leaflets painted with the conidial
suspension, 9 survived to be assessed. Seven of these
developed abundant P. clematidina infection spots, indi-
cating that the plants used were susceptible to this fungal
isolate. These 7 plants bore 14 sets of leaflets that could be
assessed reliably. None of the leaflets to which no flies
were added, or flies sprayed with water were added, devel-
oped P. clematidina infection. Of the 14 leaflets to which
flies sprayed with the conidial suspension were added, 4
had no feeding damage, possibly because the flies added
were males, or because flies died prematurely. Omitting
these, and omitting those plants in which susceptibility to
the isolate could not be proven, 10 replicates remained.
Only one of these (10%) developed P. clematidina infec-
tion. This leaflet carried 510 P. vitalbae feeding punctures,
the second-most damaged of all of the leaflets.

Effect of Phytomyza vitalbae feeding
punctures on the infection rate of Phoma
clematidina

Few infection spots appeared on leaves not sprayed
with P. clematidina (Table 1), and these were probably
attributable to other micro-organisms. There was no
feeding damage on leaves not exposed to P. vitalbae.
Leaf infection spots typical of P. clematidina were
observed on leaves sprayed with the conidial suspen-
sion, whether damaged by adult flies or not (Table 1),
indicating that the conidial suspension was capable of
inducing disease symptoms.

Microscopic examination of the leaves revealed that
infection spots occurred apparently randomly across
the leaf surface. Fungal invasion of the leaf lamina
appeared to be independent of the position of feeding
punctures, and there was no evidence of invasion of
feeding puncture margins by P. clematidina.

[able 1. Mean number (+SE) of Phoma clematidina infection spots observed per leaflet when Clematis vitalba seedlings
were exposed to (1) both Phytomyza vitalbae adult feeding damage of different ages and P. clematidina, (2) P.
vitalbae alone, (3) P. clematidina alone. Control leaflets were not exposed to feeding damage by P. vitalbae adults.
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7-day-old 812+122 1.5+04 2.0+09 79.5+20.6 0.06+0.06 0.06+0.06 0 32+£1.0 29+1.1
damage n=25 n=25 n=25 n=17 n=17 n=17 n=30 n=30 n=30
S5-day-old 86.2+122 7.1+1.7 6.2+23 874+10.6 0.08+0.08 0 0 25+0.8 29+09
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damage n=28 n=28 n=28 n=24 n=24 n=24 n=30 n=30 n=30
1-day-old 121.8+13.1 7.8+2.1 15.0+3.5 3154+ 0 0.6+0.3 0 129+38 133+34
damage n=25 n=25 n=25 26.0 n=12 n=12 n=230 n=30 n=30
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As no damage was possible on plants not exposed to
flies, observations from plants treated with ‘no
fliestphoma’ were omitted from models that included
damage as an effect. Comparing the model with
damage (and its interactions with other factors) with the
model with day and treatment effects only shows no
evidence that numbers of spots differed between
damaged and undamaged leaflets (x28 =992, P =
0.271). This suggests that the presence of punctures
does not improve the chance of infection. Replacing the
factor damage with the number of punctures gave
similar results, with no evidence that greater numbers
of punctures lead to more spots (ng =13.0,P=0.111)

To test for treatment and age of damage effects we
included all observations. There was very strong
evidence that number of spots differed between treat-
ments, and that the size of these differences depended
on the number of days since flies were put in the boxes
(X26 = 38.3, P < 0.0001). Numbers of spots were
consistently higher on the plants treated with P. clema-
tidina than on the water-treated plants, on which few
spots were found. For plants treated with P. clema-
tidina, mean spot numbers were not significantly
different between the with- and without-fly treatments
forday =1, 3 or 7 (P> 0.2 for all three days). However,
spot counts were significantly lower for the “no flies +
Phoma” treatment than the “flies + Phoma” treatment
on day =5 (P =0.004).

Discussion

Even though flies were treated with a dense suspension
of P. clematidina conidia, and were rolled onto a
substrate conducive to spore germination, the fungus
could only be isolated from flies for 60 min after treat-
ment. Even then, only three of the 10 flies tested
yielded colonies. It is not known if this apparently low
infectivity is a result of preening by adult flies, death of
conidia on flies, or a methodological difficulty in recov-
ering the fungus, but the results suggest that transport of
conidia between plants by flies does not have a high
probability of success. If conidia are as short-lived as
this experiment suggests, then long-distance transport
is particularly unlikely.

Similarly, adult flies sprayed with a dense suspen-
sion of P. clematidina conidia showed limited ability to
transmit the disease directly to a leaf through adult
feeding or oviposition. Many of the treated leaves could
not be scored due to lack of leaf damage or lack of
infection in positive controls, but only one of the 11
remaining replicates developed disease symptoms.
Again, the probability of flies contributing significantly
to the incidence of disease appears low. However, this
frequency of facilitation may be sufficient to explain
the field observations of P. clematidina invading leaves
from mines.

The third experiment sought to determine whether
feeding punctures created by P. vitalbae predisposed
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leaflets to infection by waterborne spores of P. clema-
tidina. Haloes were sometimes observed around
feeding punctures but these did not develop disease
symptoms. Portions of leaves that were heavily punc-
tured occasionally shrivelled and turned black, but this
was never associated with typical disease symptoms or
with a halo around the necrosis. In all of the leaflets
examined, there were no cases where black infection
sites were associated with feeding punctures. Invasion
seemed to occur successfully in the absence of flies,
directly through the leaf surface, often at depressions in
the leaf or petiole where free water might accumulate.
Given these observations, it is not surprising that statis-
tical analysis was unable to detect any significant rela-
tionship between the number of feeding punctures per
leaflet and the number of infection spots present, irre-
spective of age. There was a slight indication in the 1-
day-old damaged plants that heavy adult feeding might
reduce infection by P. clematidina. 1f this is true, the
mechanism may be mechanical, as feeding of this inten-
sity reduced the amount of leaf lamina available for
fungal invasion, or it may be a resistance response.
These three experiments provide complementary
evidence that if there is any behavioural synergy
between these agents, it is minor. Infection by patho-
gens does not necessarily cause disease every time, in
all plant parts, or in all plant ages (Barbosa 1991). The
amount of disease could also be dependent on the age
of the plant and/or the leaf age (Barbosa 1991). This
may have been a possible cause for the lack of visible
infection noted around the wounding sites in C. vitalba.

The concept of three-way complex interactions
between plants, plant pathogens and insects is well
established, and is depicted simplistically in Figure 1.
Interactions between insects and fungi can be direct
(mycophagy, spore dispersal), as can interactions
between plants and either insects or fungi (e.g. infec-
tion, phytophagy, defoliation, plant resistance to
insects, plant resistance to fungi). However, the pres-
ence of insect damage can influence the performance of
fungi (and vice versa) indirectly through host-plant
responses. Of particular importance for biological
control is the concept of cross-resistance, where resist-
ance to pathogen infection induced in the host plant by
a pathogen can confer incidental resistance to a
herbivore (and vice versa). The presence of insects or
pathogens can also alter nutrient fluxes within the plant,
and these can influence the performance of other organ-
isms either positively or negatively. The array of
possible outcomes from indirect fungus—insect interac-
tions range from synergistic effects, where the impact
on a plant variable is significantly greater than that
obtained from either species alone, to inhibitory, where
a plant variable is affected less than by the weaker of
the two agents alone (Hatcher 1995). Hatcher & Paul
(2001) provide a range of examples relevant to biolog-
ical control of weeds that demonstrate these effects.
Small-scale experiments to assess the interactions
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between Rumex spp., the rust Uromyces rumicis, and
the leaf-feeding chrysomelid beetle Gastrophysa
viridula indicated reciprocal negative effects between
the insect and the pathogen. It was predicted that the
combined effects over the life of the plant could be
inhibitory. However, in longer trials, effects varied,
ranging from inhibitory in one case, to additive in
another. Explanations for this variation included behav-
ioural changes by the beetle to select plant material that
was not infected, and increased consumption by the
beetle in response to reduced foliage quality (see
Hatcher & Paul 2001). Hatcher & Paul (2000) have also
shown that the impact of G. viridula on infection of
Rumex obtusifolia can be systemic, conferring protec-
tion from fungal attack on leaves not attacked by the
beetle.

Hatcher & Paul (2001) provide other examples rele-
vant to biological control of weeds that demonstrate the
real but complex nature of these interactions. For
example, the effect of the weevil Perapion antiquum
and the fungus Phomopsis emicis on the accumulated
dry weight of Emex australis was equivalent to one of
the agents working alone, but the effect on stem length
and fruit weight was inhibitory. In another case, the
combined effect of three beetles with the rust Puccinia
carduorum on the performance of Carduus thoermeri
was considered to be universally positive.

There are many other examples available in the liter-
ature. For example, de Nooij (1988) showed that the
weevil Ceutorhynchidius troglodytes provided an entry
wound for the pathogenic fungus Phomopsis subordi-
naria in the plant tissue of Plantago lanceolata. The
weevils were indispensable for the infection process to
occur, with no infection occurring in the absence of the
weevil. However, wounding of the stalk did not always
result in penetration of the pathogen. In another
example, Connor et al. (2000) found that there were no

significant combined effects of Platyrepia virginalis
and the fungus Phoma pomorum on Cynoglossum offic-
inale (houndstongue) in laboratory studies, and that
larvae appeared to avoid damaged leaves. On the other
hand, Teshler et al. (1996) proposed a synergistic inter-
action between an insect and pathogen feeding on
Ambrosia artemisiifolia.

Effects are not restricted to root (Caesar 2000) or
foliage organisms. In the field, the gall wasp Dryo-
cosmus dubiosus experiences significant mortality due
to a fungus. Galls with heavy fungal infection generally
did not contain living larvae compared with galls
without the fungus (Taper et al. 1986). Similar studies
have begun to examine the tripartite interaction
between the white smut Entyloma ageratinae, the gall
fly Procecidochares alani, and the weed Ageratina
riparia (mist flower) (S. Casonato, unpublished data,
Frohlich et al. 2000).

One system that Hatcher & Paul (2001) did not
review is the recent research into the relationships
between the thistle Cirsium arvense, the biotrophic rust
Puccinia punctiformis, and the insect fauna that attacks
the thistle in Europe. Friedli & Bacher (2001a,b)
claimed a mutualistic interaction between Apion onop-
ordi (Curculionidae) and P. punctiformis on C. arvense.
The weevil benefited the rust fungus by transmitting
urediniospores in the process of oviposition, increasing
the incidence of rust-infected stems in the following
year. The rust benefited the weevil because adults
emerging from rust-infected stems were significantly
larger than those developing in healthy stems. Bacher et
al. (2002) have expanded this research. However, this
mutually positive relationship does not hold with all
insects that feed on C. arvense. Kluth et al. (2001)
found that while larvae of 4. onopordi were more abun-
dant in infected stems, several other endophages
preferred uninfected stems. The incidence of
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ectophages on stems appeared unaffected by rust infec-
tion. However, on the same host plant, Kruess (2002)
showed that the chrysomelid beetle Cassida rubiginosa
consumed more, developed faster, survived better and
was larger when fed on healthy leaves rather than
leaves from plants systemically infected by the necro-
trophic fungus Phoma destructiva. In thistle popula-
tions where both pathogens are present, the potential
interactions are likely to be complex and variable (see
also Kok & Abad 1994).

The complexity of interactions presented here, and
by Hatcher & Paul (2001), shows that insects can
change plant conditions to the advantage or detriment
of fungi, and vice versa (Carruthers et al. 1986). As a
result, the impact on host-plant performance can range
from synergistic to inhibitory. In fact, real-world situa-
tions would include plant—plant interactions such as
competition and environmental variables that can
induce plant stress (such as drought and soil type), and
pathogen—pathogen and insect—insect interactions.
Even with pathogen—insect interactions that are syner-
gistic, the effect of the interaction is dependent on
various circumstances and may be reliant on the
biocontrol agents “attacking” the plant at critical times.
It is clear that the host plant should be taken into
account when considering insect—fungal interactions.
However, Hatcher & Paul (2001) observed that while
experimental studies of plant pathogen—insect interac-
tions exist, field studies that might shed light on such
complex interactions are rare.

What does this mean for day-to-day practice of
biological control of weeds? There have been repeated
calls for pathologists and entomologists to work
together to gain a better understanding of the nature of
relationships and how they can be used to improve
levels of control (e.g. Cullen 1996, Caesar 2000,
Kremer 2000). However, plant pathogen—insect inter-
actions have relevance in almost every stage of the
biocontrol process, not just efficacy.

The legislation under which biological control
agents are introduced into New Zealand requires the
importer to identify and assess all reasonable and fore-
seeable risks associated with the proposed control agent
(A. Sheppard, unpublished data). As tripartite relation-
ships become more widely known, it is likely that risk
assessment of such potential interactions will be
required, however difficult or impractical that might be.

Wilding conifers are becoming a major threat to
environmental and ecological values in southern hemi-
sphere countries. Biological control of cones and seeds
seems to be a logical approach to reducing the rate of
spread, but cone-feeding insects may spread the devas-
tating pine pitch canker, Fusarium subglutinans f.sp.
pini (Hoover et al. 1996). Assessment of the risk posed
by the introduction of new cone-feeding insects is
under way in South Africa (Moran et al. 2000) and is
beginning in New Zealand (even though the disease
does not exist here).
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It is conceivable that host-range testing of control
agents in the country of origin could be compromised
by plant pathogen—insect interactions. If tests are
conducted on test-plant material in which changes have
been initiated by fungal infection or insect attack, there
is the possibility of overpredicting or underpredicting
host range if a strong interaction occurs. Researchers
could minimize this risk by ensuring that test material
is obtained from plants that are free of fungal or insect
damage.

The successful control of Eichhornia crassipes in
several countries has been enhanced by the infection of
insect-damaged plants by indigenous micro-organisms
acting as secondary invaders (Charudattan 1986).
While the likelihood of such an interaction might have
been predicted before release of the introduced herbiv-
ores (Hatcher & Paul 2001), the resident organism
likely to cause the rots could not. The contribution of
indigenous pathogens to the successful control of
Opuntia inermis in Australia is a similar case (Martin &
Dale 2001).

The establishment success of a pathogen or insect
could be affected either by unpredicted post-release
inhibitory interactions with resident organisms, or by
the omission of a necessary relationship from the
country of origin. At present, agents are selected for
complementary modes of action, minimizing competi-
tion for resources, and separating agents spatially and
temporally (e.g. Morin et al. 1997, Frohlich et al. 2000,
Hill & Gourlay 2002). Increased knowledge about the
tripartite interactions and the risks of cross-resistance
could allow selection of agents that will not interfere
with each other on release (Zidack 1999), and there is
the prospect of “designing” synergistic combinations of
control agents. It may be important to introduce agents
in the correct order to maximize the likelihood of estab-
lishment. Hence tripartite interaction studies could
potentially increase the success of biological control
programs by introducing synergistic agents, rather than
those that are inhibitory or equivalent (Hatcher 1995).
There is also potential to reduce costs by introducing
agents that appear to complement each other in their
effect on the target weed.

Sheppard (2003), McEvoy & Coombs (1999) and
others advocate selection of only those control agents
that have demonstrated efficacy in pre-release evalua-
tion in their home range. The predicted efficacy of an
agent may be underestimated or overestimated if
strong, but cryptic interactions are acting in the country
of origin. The corollary is that an agent may behave
differently when introduced to a new range without the
tripartite relationship that influenced its performance in
the home range. If a target weed accumulates pathogens
and phytophagous insects in its new range, new tripar-
tite relationships could change the expected perform-
ance of the control agent following release.

A long-time tenet of biological control of weeds has
been that increasing “cumulative stress” on weeds by
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serial introduction of control agents will increase the
level of control (Harris 1984). As Hatcher & Paul
(2001) observed, “one clear message from studies of
pathogen—herbivore interactions is that ‘more species’
does not necessarily equal ‘greater stress’ due to poten-
tial negative interactions between organisms”. On the
other hand, studies to date suggest that few tripartite
relationships have proven strictly inhibitory. Infection
or infestation rates vary between sites, between plants,
and even within plants (Hatcher & Paul 2001). Even if
an inhibitory interaction between potential control
agents did exist, it is likely that the inhibition would
only be expressed in part of the potential range of each
agent. Hatcher & Paul (2001) have pointed out that
there are too few studies available upon which to gener-
alize the importance of tripartite interactions for biolog-
ical control success. As shown here, this applies to
other facets of biological control practice as well. All
we know is that a wide range of potential interactions
exist. This leaves biological control researchers with a
familiar conundrum — whether to invest in detailed
research to reveal those tripartite relationships before
introduction, or to “suck it and see”. There appear to be
both future opportunities and risks for biological
control of weeds in this under-researched field.
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Can population modelling predict potential
impacts of biocontrol? A case study using
Cleopus japonicus on Buddleja davidii
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Summary

As weed biological control comes under much closer scrutiny from legislators and risk managers,
increasingly we are asked to provide evidence on the potential impacts a biological control agent will
exert on the weed we want to control. Invariably this evidence is required well before the potential
biocontrol agent can be released from quarantine. When quantitative data cannot be readily accessed
from the country of origin, tools such as population modelling become invaluable. From laboratory
studies, the biology of Cleopus japonicus (Curculionidae) had already been ascertained in relation to
temperature and day length. Additional studies were undertaken on the leaf area consumption by larvae
and adults. Using these data, we simulated the population dynamics of the weed biocontrol agent as if
it was being released in a non-limiting monoculture of its host plant, the weed buddleia ( Buddleja
davidii; Buddlejaceae), in the central North Island of New Zealand. The results are useful for predicting
the potential impacts on the weed, the rate of population build-up, and how many generations can be
expected per annum in the likely distribution of the agent. The model predicts that only two generations
of Cleopus japonicus can be expected per year and that overwintering survival is critical to population
build-up. Experiments that ascertained the consumption of leaf area by larvae and adults showed that
the leaf area index (LAI) for buddleia will be significantly reduced only from mid-summer until mid-
winter, leaving the spring flush undamaged. The extent to which population modelling such as this will
be utilized and accepted as a predictive tool before the release of weed biological control agents will

depend upon the verification of predictions such as these.

Keywords: Cleopus japonicus, Buddleja davidii, functional relationships, leaf
consumption, modelling impact on plant, population dynamics.

Introduction

There are unique challenges faced when undertaking
weed management in plantation forests. Managed
forests tend to require intensive weed control during the
establishment phase. Often in the first few years
following harvest, with its attendant disturbance, and
during replanting, rapid weed growth is most problem-
atic. At this time, weeds will compete with young plan-
tation trees for nutrients, water and, in the central North

! Forest Research, PB 3020, Rotorua, New Zealand.
Corresponding author: Toni Withers <toni.withers@
forestresearch.co.nz>.
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Island forests, especially light (Richardson ef al. 1996).
Biological control provides one good option for
sustainable weed suppression.

Numerous examples exist where biological control
using insects has resulted in excellent suppression of
the target weed. Unfortunately, there are also many
examples where introductions have failed to affect the
weed status or management requirements of the target
plant (Cullen 1990, McFadyen 1998). With increased
costs and stricter legislation concerning the introduc-
tion of exotic agents, we can no longer afford the luxury
of a trial-and-error approach. Kriticos et al. (1999)
recommend that studies on the population dynamics of
the target weed be carried out before the implementa-
tion of biological control programs. In this way, critical
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life stages could be targeted for attack by specific
biological control agents in order to maximize the like-
lihood of success. Additionally, population models of
the proposed biological control agent, incorporating the
effects of feeding damage on the plant, could also be a
useful tool to predict the impact they will have on
suppression of weed populations. This in turn has the
potential to predict the beneficial impact of biological
control upon the growth of pine plantations where weed
competition is known to reduce growth (Zabkiewicz et
al. 1998).

In this paper, we examine, before implementation of
a biological control program, whether a population
dynamics model of a proposed agent (Cleopus japon-
icus Wingelmiiller, Curculionidae) could be used to
predict its effectiveness against populations of buddleia
(Buddleja davidii; Buddlejaceae) in New Zealand.
There are two stages to the project. The first requires
development of a model that describes the development
of insect and weed populations and their interactions
(i.e. the effect of the insect on weed population devel-
opment). The second stage is model validation, which
can only be accomplished if C. japonicus is eventually
released in New Zealand.

Previously published data were utilized on the
development and survival of different life stages of C.
Japonicus at the range of temperatures representative of
New Zealand’s central North Island region, where
buddleia is prevalent (Zhang ef al. 1993). We also know
that the higher the number of larvae per plant, the more
leaf area they consume (Brockerhoff et al. 1999).
However, in order to model leaf area consumption, we
needed to calculate how daily leaf consumption of both
larvae and adults was influenced by temperature and
larvae or adult age. This paper describes how leaf area
consumption was measured and incorporated into a
model to predict the impact C. japonicus would have on
buddleia. Specific details of all the parameters based on
that data and used to run a population dynamics model
of C. japonicus are not included.

Materials and methods

Laboratory experiments

Offspring of a New Zealand laboratory colony of
Cleopus japonicus, imported into Forest Research
Invertebrate Quarantine in 1992 from Hunan province
in China, were used for all experiments. C. japonicus is
a multivoltine external leaf-feeding weevil (Zhang et

al. 1993) with two damaging life stages, the larva and
the adult. The adult female also causes minute damage
when depositing the eggs singly within the leaf, but this
was not taken into account. The amount of leaf area
consumed per larva from when it exits the leaf as a
neonate to when it ceases feeding at pupation, and the
daily rate of leaf area consumed per adult from eclosion
and for 30 days of the pre-oviposition period, were
gathered at 10°, 15°, 20°, and 25°C in Contherm envi-
ronmental chambers set with a 14:10 light:dark cycle.
Photoperiod is reported to have no significant impact
on C. japonicus growth and development (Zhang ef al.
1993).

Individual newly emerged larvae or adults were
caged on a sprig of B. davidii foliage whose base was
resting in water. Twice a week the sprig of foliage was
replaced and the area of leaf area consumed during the
previous few days was calculated by tracing the outline
of the feeding track onto square millimetre grid paper
under a 20x microscope. At the conclusion of the
experiment (30 days), all weevils (replicated 20 times
for both adults and larvae) were sexed by dissection.

Model description

The Cleopus japonicus model was implemented
using SAS macros (SAS Institute, Raleigh, NC) and
used climatic information to predict the survival and
development of cohorts on a daily time-step.

The model identifies five discrete life stages of C.
Japonicus: egg, larva, pupa, pre-ovipositional adult and
adult (Fig. 1). Movement between life stages is based
on cumulative development of physiological age,
which is calculated by the average daily temperature
cycle. In this way, development is cumulative and all
individuals move to the next life stage when their phys-
iological development reaches one. The other function
for which there were some data available was the rate
of mortality in the adult stage. The one exception to this
is post-oviposition adult mortality, which, due to a lack
of data, was set as a gradual linear daily rate of adult
mortality with a maximum adult lifespan of 500 days.

Three functions in the current model are not based
entirely on the data in Zhang ef al. (1993). The first is
low temperature-induced egg mortality. The linear rela-
tionship described by 24% survival at 16°C and 91%
survival at 20°C produced excessively high egg
mortality at temperatures less than 20°C. Therefore the
linear relationship was attenuated by also assuming
24% survival at 12°C. Mortality is calculated similarly,

Larva

Egg —

Pupa

Pre-ovipositional adult

Figure 1.
population dynamics model.
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Adult

Schematic representation of the lifecycle module of Cleopus japonicus weevil used in the
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based on equations of increasing rates of mortality at
temperatures  significantly above or below the
optimum. Consequently, we ran the model using one of
two constants to describe daily mortality rates (propor-
tion of the population dying each day). These were
0.007 (derived from 75% survival of pre-ovipositing
adults over 36 days at 16°C (Zhang et al. 1993) and
0.012 (derived from 75% survival of pre-ovipositing
adults over 22 days at 20°C (Zhang et al. 1993). These
mortalities were applied to both pre-ovipositional and
ovipositing adults. Thirdly, fecundity was based on an
assumed sex ratio of 50:50 and daily rates were
obtained from total fecundity of 8—12 pairs monitored
for one month, calculated from four different tempera-
tures (T. Withers & D. Jones, unpublished data). These
were compared to total lifetime fecundity figures in
Zhang et al. (1993) to obtain a best approximation for a
temperature-driven daily rate of egg laying that ranged
from 0.4 eggs per day (at 10°C) to 2.6 eggs per day (at
20°C).

The model is driven by a meteorological data set
based on daily minimum and maximum temperatures
which is calculated from the daily minimum and the
daily maximum using a 12 segment sine curve and then
used to drive the growth and mortality processes. In this
case, an eight-year sequence of maximum and
minimum temperatures was obtained from the national
climate database for the Rotorua Airport climate
station. Rotorua is considered close to the centre to the
major New Zealand buddleia infestation, where a
release of C. japonicus is most likely to occur in the
future.

Results

Leaf area

Data on the rate of leaf area consumption by C.
Jjaponicus larvae under four different temperature
regimes were analyzed by normalizing them with
respect to both daily leaf consumption and age for each
temperature. This relationship was found to be inde-
pendent of temperature and was modelled using a
modified version of the equation describing a beta
probability density function. Parameter estimates were
obtained using nonlinear least squares regression. Leaf
area consumption by larvae increases with age, rapidly
tailing off to zero when approximately 0.75 of the total
larval period is reached (Fig. 2a), while that of newly
emerged adults increases rapidly over the first week
and then tails off to a steady rate per day (Fig. 2b). The
relationship between temperature and maximum daily
consumption rate was nonlinear, increasing with
increasing temperature up to a maximum at approxi-
mately 21°C then decreasing with any further increases
in temperature above this point (Fig. 2). There was also
no significant difference in mean leaf area consumption
according to the sex of the larval C. japonicus (two-way
ANOVA; F=0.17; df=1; P=0.7), but there was a
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highly significant impact of temperature (two-way
ANOVA; F=3.9;df=3; P<0.014).

In the simulation model, by combining the models
described above, consumption was calculated on a two-
hourly step based on temperature and the predicted age
and size of each cohort for larvae and adults (only these
life stages consume buddleia leaves). This was then
summed to give total daily consumption.
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Figure 2.  Daily rate of buddleia leaf consumption by (A)
larval and (B) adult Cleopus japonicus at a

range of temperatures (in °C).

Model of population dynamics

We initiated the simulations of the population
dynamics of C. japonicus with 100 eggs “released” per
day during January 1990. The simulation was then run
for eight years using the actual daily temperatures
recorded at Rotorua Airport for those years. Due to a
lack of data on the expected rates of mortality of adult
C. japonicus, we ran the model using estimates of adult
daily mortality rates (proportion of the population
dying each day) of both 0.007 and 0.012. These
mortality rates were independent of temperature.

Significantly different results were obtained for each
mortality rate. With the higher adult mortality rate (1.2%
mortality per day) the population did not expand, but
instead died out within three seasons. Most adults
produced from the second, late-summer generation die by
the following spring, meaning there are less adults
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surviving to contribute to egg-laying. In this case, the
model predicts that the agent will fail to establish (Fig. 3).

Assuming the lower adult mortality rate of 0.7%
mortality per day, the model predicted the population
gradually increases every year (Fig. 4). Sufficient
adults from the second generation over-winter to
initiate significant egg-laying in the spring.

Under the lower adult mortality scenario we were
able to calculate the leaf consumption. As expected,
leaf consumption is related to larval and adult numbers.
Predicted daily leaf area of buddleia eaten by C. japon-
icus larvae and adults during the third year of the simu-
lation (1993) peaked at a mere 0.04 m? at the end of
February (late summer). Total leaf area consumed by
the population over this calendar year was a modest 4.4
m2. However, the leaf area eaten over the entire simu-
lation is shown in Figure 5 and, by the eighth season, is

peaking in late summer at 2.3 m? of buddleia leaf area
eaten per day (Fig. 5). The total leaf area removed by
both larvae and adults in the final year was predicted to
be 25,000 m? (2.5 ha).

Discussion

Simulation models of the population dynamics of insects
are only as good as the data that have been used to
construct them. We were fortunate that the insect under
study already had many experiments undertaken on its
biology under controlled conditions (Zhang et al. 1993;
Brockerhoff et al. 1999). Therefore, we believe that C.
Japonicus, the potential biocontrol agent for buddleia,
has been modelled using more reliable data than have
many other insects. Despite this, we must acknowledge
that there are at least three functions within the model
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Figure 3.  The predicted Cleopus japonicus population dynamics (only larvae and
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Figure 5.  The predicted area of Buddleja davidii leaf consumed daily by larval and adult

Cleopus japonicus under a low 0.7% daily adult mortality regime.

that have a considerable degree of uncertainty associated
with them. These include egg mortality and adult
mortality. When we ran multiple simulations, it was
immediately obvious that adult mortality, and the associ-
ated measure of maximum longevity of adults, is crucial
to the success of this insect as a biocontrol agent in New
Zealand. Indeed the data suggest that only two genera-
tions will occur per annum, which is at least one less than
that predicted by Zhang et al. (1993). The discrepancy
here may be as simple as the choice of meteorological
data file used to run this set of simulations. However, the
sensitivity of the predicted outcome to the two assumed
mortality rates emphasizes the need to collect more data
to improve our confidence around the mortality func-
tions. Additionally, there is considerable room for
improvements to our model, e.g. by including a
stochastic component.

Adult longevity is particularly crucial, as adults
comprise the life stage that leads to spring egg laying as
soon as temperatures allow. However, the possibility
that the overwintering survival of pupae may have been
underestimated should not be ignored. If the main life
stage to successfully overwinter without mortality is
pupae, then adults arising from these may assume the
role of ovipositing the next generation of eggs in spring.
Longer-term laboratory experiments at a range of
temperature regimes are required to improve our under-
standing of mortality factors and to improve the model.

The aim of this research is to evaluate whether we
can predict the effectiveness of a biological control
agent before its release. In this case, we have been able
to predict that a population arising from 3100 eggs
could lead to the equivalent of 2.5 ha of green buddleia
leaf area being removed each season, eight years later.
While this is encouraging, we are not yet at a stage
where figures such as this can be related to individual
B. davidii leaf-area indexes. This is because no popula-
tion density functions have been built into the model.
We do not know how many individual weevils remain
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feeding on a plant before density dependent factors
come into play, prompting adults to move to fresh
plants. Adults are likely to move between plants as they
are capable fliers, though larvae are not quite as mobile
and are likely to only move when all fresh leaf tissue
has been removed from the plant on which they
emerged. These kinds of data are always going to be
difficult or nearly impossible to collect within the
confines of quarantine laboratories.

Other important considerations in being able to
predict the impact of populations of an agent on popu-
lations of a weed are the type of damage, its timing, and
the plant’s response to that herbivory. For instance, this
model predicts that C. japonicus leaf feeding will peak
in late summer, while being minimal throughout
springtime. This has important implications for
whether or not this particular agent will be effective on
seedlings. To the best of our current knowledge, seed-
lings germinate throughout the year, so it is possible
that those present in springtime will temporarily escape
feeding damage (Miller 1984). We will not know
whether the peak periods of C. japonicus leaf consump-
tion equate to peak periods of plant growth until the
insect is established in New Zealand. In the meantime,
we have field research under way to model buddleia
growth in response to different levels and timings of
defoliation.

Ultimately, many of the predictions made in this
paper can only be tested when permission is given for
the weevil C. japonicus to be released from quarantine
in New Zealand. At the time of writing, official
approval had not yet been sought, but it was likely to be
under way by the end of 2003.
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Tobacco mild green mosaic virus:
a virus-based bioherbicide

R. Charudattan, M. Elliott, J.T. DeValerio, E. Hiebert
and M.E. Pettersen

Plant Pathology Department, University of Florida, PO Box 110680, Gainesville,
Florida 32611-0680, USA

Tropical soda apple (Solanum viarum; TSA) is a serious noxious weed in pastures, sod fields, and
natural areas in Florida and other states in the south-eastern United States. During a search for a biocon-
trol agent for this weed, we discovered that tobacco mild green mosaic tobamovirus (referred to herein
as tobacco mild green mosaic virus or TMGMV; ICTV decimal code 71.0.1.0.011; = tobacco mosaic
virus U2 strain) causes a systemic, hypersensitive response and kills seedling and mature TSA plants.
Younger plants are killed faster than older plants. Inoculated plants develop necrotic foliar lesions,
systemic necrosis of petioles and stem tips, and systemic wilting in rapid succession, beginning 12—14
days after inoculation. TSA is also susceptible to Tomato mosaic tobamovirus and Tobacco mosaic
tobamovirus (strain Ul), but these viruses induce only nonlethal mosaic and/or mottle symptoms.
Among 31 solanaceous plants screened against TMGMYV in a greenhouse, only Capsicum annuum
(most of the 23 cultivars tested), a previously known host to this virus, developed hypersensitive reac-
tion comparable to that seen on TSA. Other hosts were symptomless or exhibited systemic mosaic
symptoms or local lesions. In repeated field trials, TMGMYV caused 83 to 97% mortality of TSA plants
of different sizes and ages. Typically, hypersensitive reaction is expressed as necrotic foliar spots;
lethal systemic hypersensitive reaction to virus infection is uncommon and usually occurs in seedlings.
Thus, TMGMV has the unique capacity to kill TSA plants of all ages and therefore can be used as an
highly effective biological control for TSA. Attempts are under way to develop and register TMGMV
as the first virus-based bioherbicide.

Molecular ecology of broom twig miner:
implications for selection and release of
biological control agents

H.M. Harman,! K. Armstrong,? S.P. Worner? and P. Syrett>

"Landcare Research, PB 92170, Auckland, New Zealand
2Lincoln University, PO Box 84, Lincoln University, Canterbury, New Zealand
3Landcare Research, PO Box 69, Lincoln, Canterbury, New Zealand

There has been ongoing debate as to how to increase the chances of establishing effective biological
control agents in a new environment. Factors that have been considered include the level of genetic
variability gathered in collections from source populations, climate matching, release size, and number
of releases in space and time. The importance of these factors can be addressed through theoretical
studies, specifically designed field tests, and retrospective analyses of introductions. As an example of
the last mentioned, we present results from a study of a successful colonizer and biological control
agent for broom, the broom twig miner ( Leucoptera spartifoliella), which was accidentally introduced
to New Zealand. Molecular techniques (AFLPS) were used to investigate population structure and the
genetic consequences of long-distance colonization. Populations from the insect’s native range in
Europe showed little differentiation indicating high gene flow. Within New Zealand, there was stronger
differentiation which was most marked with the most recently established of the populations studied.
New Zealand populations showed some loss of genetic variability in comparison with the European
populations but this may largely be accounted for by the loss of less frequent alleles. Overall, there is
little loss of genetic variability in New Zealand populations of broom twig miner despite establishment
from a presumed small number of founders. For a purposeful introduction, the lack of population
differentiation in this species’ native range indicates that the determination of the part of that region to
collect individuals to enable successful colonization in New Zealand would not have been critical.
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The significance and variability of predation of
weed seeds in an agricultural landscape
in Western Australia

David Minkey'! and Helen Spafford Jacob?
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Initiative, University of Western Australia, 6009, Australia
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Agricultural Sciences, School of Animal Biology, University of Western Australia,
Western Australia 6009, Australia

Understanding the fate of weed seeds is critical to successful integrated weed management particu-
larly with the increase in herbicide-resistant weeds and reduced-tillage practice. However, the fate
of weed seeds over summer in agricultural fields is not well understood. It is widely accepted that
granivory plays a role in regulating plant populations and is a major contributor to seed loss in natural
ecosystems. But this relationship has not been thoroughly researched or proven to significantly
reduce seed banks of weed species in an agricultural environment. Three years of study in the
Western Australian Wheatbelt has shown that the predation levels of wild radish, wild oat, and
annual ryegrass seeds are highly significant but can be extremely variable. The major findings thus
far are as follows; (1) predation levels can vary from 0 to 100% within the same field, (2) predation
levels tend to be higher on the edges of field rather than in the centre, (3) ants play the dominant role
in seed harvesting, (4) ants exhibit preferences for particular weed seed species, and (5) the presence
of particular ant species can possibly be used as a predictor of weed seed predation levels. These
findings may lead to recommendations for conservation of granivorous ants that are known to
consume surface weed seeds during the summer. These results also contribute to our understanding
of the weeds’ life cycles and fate of their seeds.

The value of using taxonomists to survey for
potential biological control agents of weeds

Riaan Stals,! E. Grobbelaar,! S. Neser? and W.A. Palmer?

ISouth African National Collection of Insects, Biosystematics Division
2Weeds Research Division, ARC-PPRI, Private Bag X134, Pretoria, 0001 South Africa.
3Alan Fletcher Research Station, Queensland Department of Natural Resources and
Mines, PO Box 36, Sherwood, Queensland 4075, Australia

A critical step in biocontrol of an alien invasive plant is surveying for phytophagous organisms in
the plant’s native range. These surveys are usually conducted by a visiting biocontrol scientist or a
contracted local scientist. A novel approach is to employ a team of taxonomists residing in the
weed’s country of origin. Such taxonomists know local conditions (biologically, geographically,
politically), and are acquainted with the local biota. Specialist taxonomists are likely to be most effi-
cient in collecting their focus taxa, and possess in-depth knowledge valuable to biocontrol surveying.
Two South African case studies, where taxonomic teams were contracted for biocontrol surveying,
are presented. The Biosystematics Division, ARC—Plant Protection Research Institute (ARC—PPRI),
South Africa, was contracted to perform comprehensive surveys on two plant species, both indige-
nous to South Africa, but serious environmental weeds elsewhere. In 1996, the Queensland Depart-
ment of Natural Resources, Australia, commissioned a survey on Acacia nilotica (prickly acacia,
Fabaceae); in 1998 the Agricultural Research Service, United States Department of Agriculture,
commissioned a survey on Delairea odorata (Cape ivy, Asteraceae). Taxonomists involved in the
surveys included specialists of several phytophagous insect orders, Acari, and Fungi. An ARC-PPRI
weeds scientist monitored the taxonomists’ activities throughout. Most identifications were
performed by ARC-PPRI taxonomists, who could also comment on the biologies and biocontrol
potential of species collected. Both surveys were highly successful, and discovered several potential
biocontrol agents. Compared to previous surveys on A. nilotica in Pakistan and Kenya, both
performed by biocontrol specialists, the taxonomist approach in South Africa yielded two to three
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times more narrowly associated phytophages. Species accumulation curves indicate near complete
sampling. No previous survey had been done on D. odorata. Apart from the actual discovery of
agents, using a taxonomic team offers other advantages, such as linking taxonomists with longer
term biocontrol projects, and being cost effective.
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Pathogens for the biological control of
weedy stipoid grasses in Australia:

completion of investigations in Argentina

Freda Anderson,! William Pettit,> Louise Morin,’
David Briese® and David McLaren*

Summary

Nassella trichotoma (serrated tussock) and Nassella neesiana (Chilean needle-grass) are the two most
widespread and damaging species of stipoid grasses that have been introduced into Australia. A project
was set up in 1999 in Argentina to investigate the potential of pathogens as biological control agents
for these species. A Corticiaceae fungus found at a few sites, growing in association with N. trichotoma
plants severely affected by root and crown necrosis, could not be studied in detail because all attempts
to isolate it in pure culture failed. Infection of inflorescences of N. trichotoma, Nassella tenuis and
Nassella tenuissima was achieved in the glasshouse with the smut Ustilago sp. (within U. hypodytes
sensu lato), seen causing drastic reduction in seed production on both target plant species in the field.
However, technical difficulties regularly encountered during experimental work compromise the pros-
pect of further studies on this pathogen. The bulk of the investigations concentrated on the rust Puccinia
nassellae which infects both target plants and, on the basis of field data, showed the greatest potential
for biological control. Rust isolates from N. trichotoma were previously found to infect a wide range
of N. trichotoma accessions and a non-target native Australian species. Host-specificity tests conducted
in this study showed that rust isolates from N. neesiana were able to develop mature uredinia on M.
neesiana plants grown from seed collected in Australia, but none of the tested isolates infected the
Australian native species A. aristiglumis and A. scabra. Further testing is still required to clarify the
nature of this rust’s life cycle and to investigate differences in specificity between isolates from both
host species.

Keywords: Austrostipa species, biological control, Nassella neesiana, Nassella
trichotoma, pathogens.

Introduction

Nassella trichotoma (Nees) Arech. (serrated tussock)
and Nassella neesiana Trin. & Rupr. (Trin. & Rupr.)
Barkworth (Chilean needle-grass) are the two most
widespread and damaging species of stipoid grasses
that have been introduced into Australia (McLaren et
al. 1998). Nassella trichotoma has been estimated to
infest over 1 million ha through New South Wales and

I csIrRO Entomology, c/o CERZOS, Universidad Nacional del Sur, CC
738 (8000), Bahia Blanca, Argentina.

2 Present address: CSIRO Entomology, Tropical Ecosystems Research
Centre, PMB 44, Winnellie, Northern Territory 0821, Australia.

3 CSIRO Entomology, CRC for Australian Weed Management, GPO Box
1700, Canberra, ACT 2601, Australia.
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Victoria (McLaren ef al. 1998) and costs the Australian
grazing industry in New South Wales alone, around $40
million per year (Jones & Vere 1998). Nassella
neesiana is considered a very serious environmental
weed that is spreading rapidly and threatens to infest
extensive areas of native grassland in south-eastern
Australia (McLaren ef al. 1998). A project was set up in
1999 in Argentina to investigate the potential of patho-
gens as biological control agents for these species

4 Victorian Department of natural Resources and Environment, Keith
Turnbull Research Institute, CRC for Australian Weed Management,
Frankston, Victoria 3199, Australia.

Corresponding author: Freda Anderson, CERZOS, Universidad
Nacional del Sur, CC 738 (8000), Bahia Blanca, Argentina
<anderson@criba.edu.ar>.
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(Briese & Evans 1998, Briese ef al. 2000). On the basis
of preliminary field observations it was decided to
prioritize for evaluation as potential biological control
agents the smut Ustilago sp. (within Ustilago hypodytes
(Schlecht.) Fr sensu lato) and the rust fungus Puccinia
nassellae Arth. & Holw. A third species, a soil fungus
believed to belong to the Corticiaceae, was included,
with reservations, as a third prospective candidate.

The Corticiaceae fungus has been found at three of
the 73 sites surveyed from 1999 to 2002 and was
always associated with dying patches of N. trichotoma
plants showing root and crown necrosis (Briese &
Evans 1998, Anderson et al. 2002). All attempts to
isolate the pathogen on artificial media have failed, as
have artificial inoculations of plants. In glasshouse and
field host-specificity tests reported in Anderson et al.
(2002), which included target and non-target plant
species, the control N. trichotoma plants were not
infected by the Corticiaceae fungus under the given
conditions, precluding any conclusions to be drawn on
the specificity of this pathogen.

The smut Ustilago sp. was seen in the field
preventing seed formation on severely attacked plants
of N. trichotoma and N. neesiana (Anderson et al.
2002). However, the incidence of the disease in the
field was usually low, with only a few exceptions. A
severe outbreak of the disease on N. trichotoma was
recorded at two of the surveyed sites, whilst such a high
level of disease on N. neesiana was found at only one.
Interestingly, at the latter site where N. neesiana plants
were severely diseased, a large population of neigh-
bouring N. trichotoma plants showed no signs of infec-
tion, suggesting that cross-infection between smut
isolates from these plant species does not occur in the
field (Anderson et al. 2002). In a preliminary host-
specificity test, Anderson et al. (2002) demonstrated
that the South American native Nassella tenuissima
(Trin.) Barkworth was susceptible to a smut isolate
from N. trichotoma. However, no infection could be
recorded on the control N. trichotoma plants because
they failed to flower, despite the application of
gibberellic acid, which is known to trigger flowering.
Therefore, this test could not be considered conclusive
for the other plant species tested (Austrostipa scabra
(Lindley) S.W.L. Jacobs & J. Everett, Nassella tenuis
(Phil.) Barkworth and N. neesiana) that did not become
infected.

The bulk of the investigations concentrated on the
rust fungus P. nassellae, which infects both target weed
species and has been partially reported on previously
(Anderson et al. 2002). Only uredinia of the rust have
been found on N. trichotoma, whilst both uredinia and
telia have been recorded on N. neesiana. Levels of
infection in the field depend highly on environmental
conditions, ranging from hardly detectable after
prolonged dry periods to severe outbreaks that kill
plants under favourable wet conditions. Cross-inocula-
tions of P. nassellae isolates between the two target
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stipoid species have not resulted in any infection, indi-
cating the presence of different strains of the rust
adapted to specific hosts (Anderson et al. 2002).
Anderson et al. (2002) found that rust isolates from N.
trichotoma infected all tested accessions of this plant
species, including representatives from Australian
populations. Two of the tested isolates infected and
developed mature uredinia on the Australian native
species Austrostipa aristiglumis (F. Mueller) S.W.L.
Jacobs & J. Everett, but none of the isolates infected
either the three tested South American stipoid grasses
from different genera or the Australian native A.
scabra. In contrast, preliminary tests showed that rust
isolates from N. neesiana were capable of infecting
only the plant accessions from which they originated
(Anderson et al. 2002).

In this paper, we report on the most recent findings
obtained during the last phase of the project in Argen-
tina. These include results from further host-specificity
tests with Ustilago sp. and isolates of P. nassellae from
N. neesiana. We also report on further attempts to eluci-
date the life cycle of P. nassellae, as well as results
from screening additional rust isolates from N.
neesiana, in order to identify one that is pathogenic on
an Australian accession of N. neesiana. Future possible
courses of action for this project are discussed in the
light of these findings.

Materials and methods

Ustilago sp.

Cross-inoculation test: Pre-germinated seeds of N.
neesiana and N. trichotoma collected at site 64 (Table
1) were dusted with large quantities of dry freshly
harvested smut spores and then sown at a 2-cm depth in
potting mix contained in plastic trays with 3-cm diam-
eter cavities. Undusted pre-germinated seeds of these
two species were planted in a different tray as a control.
Spores collected from smut-infected inflorescences of
N. trichotoma at site 07 were used to inoculate N.
neesiana, whilst spores collected from smut-infected
inflorescences of N. neesiana at site 64 were used to
inoculate N. trichotoma. A total of 42 N. neesiana and
16 N. trichotoma plants emerged from inoculated seeds
in the glasshouse (temperature range 16-26°C) while
22 and 19 plants, respectively, emerged from the
untreated control seeds. After three months, all plants
were transferred to 10-cm pots containing potting mix
and kept in the glasshouse until the onset of flowering.
Plants were monitored weekly to detect the first appear-
ance of smut symptoms on the inflorescences.
Host-specificity test: Pre-germinated seeds of
different accessions of N. neesiana and N. trichotoma
from Argentina and Australia, 4. scabra from
Australia, and N. fenuis, N. tenuissima, Piptochaetium
napostaense (Speg.) Hack , Stipa clarazii Ball and
Stipa gynerioides Phil. from Argentina were inocu-
lated, using the same method as above, with dry smut
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spores collected from smut-infected inflorescences of
N. trichotoma at site 07. Undusted pre-germinated
seeds of each of the species were planted as control.
Inoculated and untreated seeds were sown as above in
potting mix contained in different plastic trays in the
glasshouse and plants that emerged were transferred to
pots after 12 weeks. Plants were monitored weekly to
detect the first appearance of smut symptoms on the
inflorescences.

Table 1. Details of sites mentioned in the text.
Site ID  Site location Coordinates
(nearest town) oF o
07 Villa La Gruta 38.15033 62.08607
16 Alcira 32.73529 64.34049
27 Bahia Blanca 38.66602 62.23448
30 Villa Ventana 38.03206 61.98911
45 Tornquist 38.36551 62.28152
52 Coronel Suarez 38.02574 61.38724
64 El Crucero 31.90762 64.52332
94 Napaleoft 37.40969 58.97501
99 Tandil 37.41076 59.15270

Puccinia nassellae

Life cycle: Nassella neesiana plants were grown from
seed collected at site 16 in potting mix contained in 3-cm
diameter pots. Two different methods were used to inoc-
ulate plants (ca. 2-months-old) with telia (ex. 16) that had
previously been treated to break dormancy (Anderson et
al. 2002). In one method, treated but ungerminated
teliospores were transferred with a needle onto the upper
surface of leaves under a stereomicroscope. The second
method involved an adaptation of the “leaf-disc method”
used by Morin et al. (1992), which consists of inverting
a Petri dish containing telia with germinating teliospores
stuck to the surface of water agar over plants, thus
allowing basidiospores to fall freely onto leaves. Basid-
iospores recovered from the surface of the water agar
were inspected under the microscope to check germina-
tion. Inoculated plants were transferred to a controlled
environment cabinet at 18°C, approximately 100 % rela-
tive humidity and a 12 h photoperiod (fluorescent 18W).
Plants were visually assessed for any type of symptoms
or development of aecia after 2—3 weeks. Ten inocula-
tions involving six to eight plants each were performed
over time using each of the methods.

Host-specificity test: A series of trials was performed
to test the susceptibility of different accessions of V.
neesiana from Argentina and Australia, A. aristiglumis
and A. scabra from Australia, and S. clarazii from
Argentina to isolates of P. nassellae recovered from
N. neesiana at sites 27, 52, 94 and 99. Leaves of healthy
plants (ca. 2 months old), grown in potting mix
contained in 3-cm diameter pots, were inoculated by
dusting dry urediniospores using a small paint brush
under the stereomicroscope (27, 94 and 99 isolates) or
by spraying to run-off a suspension of urediniospores in

71

distilled water (52 isolate) onto plants. Urediniospores
that had been dried and kept in the fridge at 4°C for
approximately 3 months were used for the 94 and 99
isolates, whilst freshly harvested urediniospores were
used for the 27 and 52 isolates. Inoculated plants were
misted with water and placed in a controlled environ-
ment cabinet (conditions as above) for 2-3 weeks.
Plants were then visually assessed for presence of fully
developed uredinia.

Results

Ustilago sp.

Cross-inoculation test: Slightly more than 80% of the
plants of each species grown from inoculated seeds
produced inflorescences. For plants grown from the
control untreated seeds, 100 and 63% of the N. neesiana
and N. trichotoma plants, respectively, flowered. None
of the inflorescences of the control or inoculated plants
developed symptoms of the smut fungus.
Host-specificity test: For seven of the accessions of
the various species, more plants grown from untreated
seeds flowered than those grown from smut-inoculated
seeds (Table 2). However, N. tenuissima plants grown
from inoculated seeds flowered as well as plants grown
from untreated seeds, whilst more of the inoculated A.
scabra, P. napostaense and S. gynerioides plants
produced inflorescences. Only a small percentage of
flowering plants of N. tenuis (12%), N. tenuissima (3%)
and the Australian accession of N. trichotoma (5%)
were found to be susceptible to the Ustilago sp. isolate
from N. trichotoma collected at site 07 (Table 2).

Puccinia nassellae

Life cycle: Telia incubated under the described condi-
tions germinated profusely producing hundreds of
basidiospores which were also observed to germinate
readily on water agar. However, none of the N.
neesiana plants inoculated with either method devel-
oped any sign of infection.

Host-specificity test: Rust isolates collected from N.
neesiana at various sites infected accessions of N.
neesiana from which they originated, but also infected
at least one other N. neesiana accession (Table 3). Two
of the four isolates tested on an Australian accession of
N. neesiana developed mature uredinia on some of the
inoculated plants. Neither of the rust isolates ex. 94 and
99 tested against the Austrostipa species infected plants.

Discussion

Anderson ef al. (2002) found inflorescences of both N.
trichotoma and N. neesiana infected by Ustilago sp. at
a number of field sites, but observed that cross-infec-
tion between the two stipoid species does not seem to
occur. Although results from the cross-inoculation
experiment presented here seem to be in agreement
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with these field observations they are by no means
conclusive. The same comment is applicable for the
results obtained in the host-specificity test. The very
low rates of infection obtained in the tests reported
herein and all previous inoculation trials involving the
Ustilago sp. (Anderson et al. 2002) undermine the
validity of the negative results obtained. Ideal condi-
tions for infection to occur may not have been provided
in these experiments. Nevertheless, it would appear that
such conditions are not easily met in nature either since
low disease incidence is the most common situation is
the field. There may only be a very narrow window of
opportunity during seed germination for infection to
take place.

Results from the host-specificity test performed in
this study concurred with previous findings (Anderson
et al. 2002) demonstrating that Ustilago sp. collected
from N. trichotoma can also infect other congeneric
species such as N. tenuis and N. tenuissima. However,
it is possible that additional species are also susceptible
to this smut, but failed to develop symptoms in these
host-specificity tests because of the very low rate of
infection obtained. Apart from the fact that the low
levels of infection obtained during experiments with
Ustilago sp. hindered glasshouse studies on this path-
ogen, the low rates of disease spread within host popu-
lations observed in the field suggest that the potential of
this pathogen as a classical biological control agent is
most likely limited.

On the basis of field observations, the rust P.
nassellae showed the greatest potential for biological
control of N. trichotoma and N. neesiana (Anderson et
al. 2002). However, the nature of the rust’s life cycle on
either host species has still not been fully elucidated.
The rust’s life cycle could only be studied experimen-
tally using isolates from N. neesiana because
teliospores have never been found on N. trichotoma in
the field. Although N. neesiana plants were subjected to
a strong inoculum pressure of germinating basid-
iospores (ex. N. neesiana) in this study, no infection
was obtained on plants originating from the same loca-
tion as the rust isolate used. This finding strongly
suggests that P. nassellae is not autoecious. It is note-
worthy though that Holway, who made the collection in
Bolivia of the type specimen of P. nassellae on
Nassella caespitosa Griseb., reported that aecia were
repeatedly found on surrounding Desmodium sp. plants
associated with the rusted grass (Greene & Cummins
1958). During field surveys conducted in Argentina
over the years for this project, aecia-bearing plants
belonging to this genus or other genera in the Fabaceae
have never been found associated with rust-infected V.
neesiana plants (unpublished data). However, several
other aecia-bearing species have been observed
growing close to rust-infected N. neesiana plants, but
no single species was consistently found to be seriously
considered as an alternative host for P. nassellae.
Nevertheless, further investigations of these aecia-
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bearing species are required before completely disre-
garding these as possible alternative hosts.

In contrast to results from previous experiments
reported by Anderson ef al. (2002), it was demonstrated
in this study that isolates of P. nassellae collected from
N. neesiana at different sites successfully infected M.
neesiana plants that did not share the same origin as the
isolates. Moreover, two of the isolates tested (ex. 27 and
52) were able to develop mature uredinia on N.
neesiana plants grown from seed collected in Australia,
suggesting that isolates from N. neesiana are not as
specific as previously believed (Anderson et al. 2002).
Notwithstanding, neither of the two additional tested
isolates (ex. 94 and 99) infected the Australian native
species 4. aristiglumis and A. scabra. This suggests that
rust isolates from N. neesiana may behave differently
from those from N. trichotoma, which were found to
develop mature uredinia on A. aristiglumis in previous
work (Anderson et al. 2002).

In conclusion, technical difficulties regularly
encountered during the investigations of two of the
candidates, U. hypodites sensu lato and a member of the
Corticiaceae, have not allowed a complete body of
information to be built on them, thus not permitting a
thorough evaluation of their potential to be made at this
stage. Studies on the third prospective candidate, P.
nassellae, have been more successful and proceeded
further, but have provided conflicting evidence which
needs to be resolved. Anderson ef al. (2002) reported
that isolates from M. trichotoma and N. neesiana did not
infect congeneric Nassella species, but showed that V.
trichotoma isolates were able to develop sporulating
uredinia on A. aristiglumis. In contrast, the study
presented here found that isolates from N. neesiana did
not infect any of the three Austrostipa and Stipa species
tested. These preliminary findings suggest that rust
isolates from N. neesiana may pose a lesser risk to non-
target plants than those from N. trichotoma, but may be
adequate for the control of N. neesiana only, because of
their higher specificity. Additional host-specificity
testing and cross-inoculation trials between both target
weeds using a wider range of isolates are required to
fully clarify these issues.

No other severely damaging pathogens were
encountered on N. trichotoma during the extensive field
surveys conducted in Argentina, with the exception of
a Septoria leaf spot, and this under exceptionally wet
weather conditions (Briese & Evans 1998, unpublished
data). The limited number of damaging pathogenic
fungi on N. trichotoma in Argentina does not therefore
offer other alternatives for the biological control of this
weed in Australia. In contrast, the prospects for
possible biological control of N. neesiana with P.
nassellae or another rust species recently found are
more encouraging. Trap plants of N. neesiana grown
from seed from ACT (Australia) and planted in a field
plot at Bahia Blanca recently became heavily infected
with another rust fungus tentatively identified as
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Uromyces pencanus (Diet. & Neger) Arth. & Holw.
(unpublished data). This rust species had been reported
previously on N. neesiana in Argentina by Lindquist
(1982) and has been found only once on an Argentinean
accession of this same host during this project (unpub-
lished data). The fact that it had not been recorded
during previous surveys may indicate that infection is
dependent on uncommon environmental conditions,
but since this rust fungus is one of the two autoecious
species known to infect grasses of the genera Stipa and
Nassella (Greene & Cummins 1958) and its host range
appears to be confined to the genus Nassella (Greene &
Cummins 1958, Lindquist 1982), it may prove profit-
able to explore its potential as a biological control agent
for N. neesiana.
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Psylliodes chalcomerus (Coleoptera:
Chrysomelidae: Alticinae), a flea beetle
candidate for biological control of
yellow starthistle Centaurea solstitialis

Massimo Cristofaro,! Margarita Yu. Dolgovskaya,?
Alexander S. Konstantinov,’ Francesca Lecce,* Sergey Ya. Reznik,?
Lincoln Smith,’ Carlo Tronci* and Mark G. Volkovitsh?

Summary

Yellow starthistle, Centaurea solstitialis (YST), is an invasive noxious weed in USA, Chile, Australia,
and South Africa. Several insect species have been introduced against this weed, but with limited
success. Thus, other biological agents are being sought. Among them, a flea beetle, Psylliodes chal-
comerus llliger, with stem-boring larvae and leaf-feeding adults, seems one of the most promising.
Several “biotypes” of this species have been collected on different host plants (YST, Onopordum acan-
thium, and Carduus nutans). Biological and morphological features of these biotypes were studied in
the field and laboratory. The results suggested that each biotype is closely associated with its respective
host plant. Field studies in natural conditions revealed negative correlation between plant biomass and
insect infestation, suggesting high impact on the target plant, which is encouraging for biocontrol.

Keywords: Carduus nutans, Centaurea solstitialis, Onopordum acanthium, Psylliodes
chalcomerus, Psylliodes chalcomera.

Introduction

Yellow starthistle, Centaurea solstitialis L. (YST), is an
invasive noxious weed in the western USA, Chile,
Australia, and South Africa. It originated in the Palae-
arctic (Maddox 1981, Sheley ef al. 1999). YST is highly
invasive in mediterranean and grassland habitats where
it can dominate local plant communities, displacing
forage and native plants (Carlson et al. 1990, DiTo-
masso 1998). It also causes the lethal disease, nigropall-
idal encephalomalacia in horses (Cordy 1978).
Conventional chemical control strategies have been
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inadequate and thus research on biological control of
yellow starthistle was initiated (Rosenthal ef al. 1994).
Since 1984, a number of insect species were released, all
of which attack flowerheads. Lack of effective control
indicates the need to broaden the search to find agents
that attack roots, stems and leaves (Turner & Fornasari
1995). Thus, other potential biological agents are being
evaluated. Among them, flea beetles of the genus Psyl-
liodes, which have stem-boring larvae and leaf-feeding
adults, appeared to be very interesting. During field
explorations in the northern Caucasus (Russia) and
central Italy, larvae and adults of Psylliodes chalcom-
erus Illiger were repeatedly collected from YST, from
Scotch thistle, Onopordum acanthium L., and from
musk thistle, Carduus nutans L., which are also consid-
ered invasive weeds. Although this nominal species has
previously been evaluated (Dunn & Rizza 1976, 1977)
and released in USA for biological control of C. nutans
(Dunn & Campobasso 1993), it appeared to us that host-
specific cryptic species or biotypes may exist.
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Material and methods

Field collections, experiments and observations were
conducted in Krasnodar territory (Russia) and in the
Latium region (central Italy). Laboratory studies were
conducted at Biotechnology and Biological Control
Agency facilities within ENEA (Italian Institute for the
Environment, the Energy and the New Technologies,
Rome, Italy), and in the Zoological Institute, Russian
Academy of Sciences (St Petersburg, Russia). Plants
for the laboratory experiments were grown in green-
houses. Host plants were mostly grown from seeds
collected in natural conditions in Russia and Italy and
also obtained from USDA-ARS Exotic Invasive
Weeds Research Unit, Western Regional Research
Centre, Albany, California. Safflower, Carthamus tinc-
torius L., plants were grown from seeds of two varieties
obtained from CDFA, Sacramento, California.

For insect rearing, biological observations and
experiments, individual plants were covered with trans-
parent cages. In certain experiments, separate leaves
(leafstalks wrapped with wet cotton and placed in a
small plastic tube filled with water) were used to feed
individual adults in Petri dishes. In this case, host plant
leaves were changed every second day and eggs laid
were collected, counted and transferred onto wet filter
paper in small Petri dishes. Newly eclosed larvae were
collected daily.

Adult feeding specificity was tested with two main
methods. First, survival and oviposition of individual
females in choice/no-choice conditions were recorded
in Petri dishes with host and/or non-host plant leaves
(as described above). Second, adult feeding, oviposi-
tion and progeny survival were checked in choice/no-
choice conditions on potted plants.

Most biological observations were made in artificial
climate chambers with 15 h light : 9 h dark and constant
temperatures of 15, 20, and 25°C. Host-specificity tests
with potted plants were conducted in greenhouse condi-
tions (temperature ranging from 22 to 27°C). Other
details of the methods are given with the results. Data
were analyzed by conventional statistics (in the text and
tables, means and SD are given).

Results

Russian populations

Adults of two biotypes of P. chalcomerus were
collected in Krasnodar territory in 2001-2002:

1. the “YST-biotype”: “Volna location”, Temryuk region,
ca. 10 km S Taman (45°07'36"N, 36°41'35"E), feeding
on Centaurea solstitialis, and

the “Onopordum-biotype”: “Krasnyj Oktyabr loca-
tion”, Temryuk region, near Krasnyj Oktyabr village
(45°10'59"N, 37°39'SS"E), feeding on Omnopordum
acanthium.

Adult fecundity and longevity

To estimate adult fecundity and longevity, beetles of
both biotypes were placed individually in Petri dishes
and fed with leaves of their respective host plant. Ten
adults of each biotype were monitored at constant
temperatures of 20 and 25°C from 11 April 2002 until
death. Life duration, daily and lifetime fecundity
showed significant differences between the YST and
Onopordum biotypes (p<0.01, two-way ANOVA test)
at both studied temperatures (Table 1).

Duration of development

In the YST-biotype the duration of egg development
at 15, 20, and 25°C was, respectively, 17 +£3.2,
99+1.0, and 7.4+ 1.0 days. In the Onopordum-
biotype, it was 15+ 4.5,8.9+0.9,and 7.2 + 0.9 days at
the same temperatures. Thus, the rate of egg develop-
ment in both biotypes was linearly dependent on
temperature, while in the Onopordum-biotype embryos
developed slightly (insignificantly) faster. In both
biotypes, the total duration of development of one
generation (from egg to adult) was 30—40 days at
constant temperature of 25°C.

Host specificity

No-choice tests with individual females were
conducted in Petri dishes simultaneously and with the
same methods that were used for the estimation of life
duration and fecundity. All specificity tests were
conducted at 20°C. Three plant species were used:
YST, O. acanthium, and Carthamus tinctorius (10
females per treatment).

Females of the YST-biotype, when fed with O. acan-
thium or safflower, demonstrated much lower life duration
and lifetime fecundity, compared to the controls, i.e.
females of the YST-biotype fed with YST at the same
conditions (Table 2). As for the Onopordum-biotype, YST
and O. acanthium seem to be more or less equally suitable
for adult feeding. When fed with safflower, however, both
survival and fecundity were much lower. As for the

Table 1. P. chalcomerus adult fecundity and longevity in laboratory conditions.
Longevity Fecundity Daily fecundity
(days) (eggs laid) (eggs/female/day)
Temperature 20°C 25°C 20°C 25°C 20°C 25°C
Psylliodes:
Y ST-biotype 79+13 20+£9 231+19 15636 8.4+1.5 9.2+3.5
Onopordum-biotype 23+4 37411 55+15 38421 6.5£3.0 4.1+1.9
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embryo’s survival (percentage of hatching larvae in rela-
tion to the total number of eggs), in both biotypes it was
significantly higher when fed on their “native” host plant.

No-choice tests with adults in potted plants in green-
house conditions gave generally the same results (Table
3). In all cases, where Psylliodes adults were placed in
cages with their “native” host plants, adults intensively
fed, survived longer and obviously laid eggs (larvae,
pupae and adults were found). In most of these cases, the
plants were almost dead or heavily damaged. Neither of
two biotypes survived for a long time or reproduced on
safflower. The YST-biotype was able to feed on O. acan-
thium, although with lower survival, and to reproduce on
this plant. The Onopordum-biotype also fed and repro-
duced when adults and larvae were forced to feed on
YST. However, in both cases feeding and reproduction
was much less intensive than on the “native” host, as
indicated from the lower rate of damage.

Finally, the host specificity of both biotypes was
tested with the possibility of choice. To do this, eight
adults were placed in a cage with six plants (two plants
of each test plant species). Under choice conditions,
beetles demonstrated approximately the same range of
host specificity: successful development on the
“native” host plant, oviposition and some larval devel-

opment on the closely related host, and no damage nor
reproduction on safflower (Table 4). In combination,
these data suggest that both biotypes are fairly host-
specific, although YST seems to be rather acceptable
for the Onopordum-biotype.

Impact of YST-biotype on the host plant

On 2627 May 2001, field sampling was conducted
at “Volna location”. Height, weight, diameter of the
stem, and number of Psylliodes larvae were recorded
for each YST plant separately. Mean values (n = 94)
were: height, 69 + 20 cm; stem diameter, 5.3 £ 1.7 mm;
weight, 20.5 £ 12.3 g; Psylliodes infestation, 2.6 £ 2.1
larvae per plant. When estimating impact on the host,
only plants with stem diameter = 3 mm were selected,
to exclude small plants from overcrowded patches.
Statistical treatment revealed a significant negative
correlation between plant weight and Psylliodes infes-
tation (r =—-0.30,n =79, p <0.001). During 16—17 July
2001 field sampling was conducted at “Primorskij loca-
tion” (Krasnodar territory, Russia). Means (n = 150)
were: height, 39 + 16 cm; stem diameter, 2.7 + 1.4 mm;
weight, 4.9+ 7.9 g; Psylliodes infestation, 1.7 +£1.9
larvae per plant. Statistical treatment also revealed a

Table 2. Survival and lifetime fecundity of the Centaurea solstitialis(yellow starthistle,YST) and the Onopordum-biotype
of Psylliodes chalcomerus when fed with YST, O. acanthium and safflower (no-choice tests in laboratory condi-
tions). Data for each biotype indicated by different letters in the same column are significantly (p <0.05)
different by ANOVA test (means) or by Xz test (percentages).

Psylliodes Host plant Survival (days) Lifetime fecundity Embryo survival
(eggs/female) (%)
YST-biotype YST 79+13 2 231+19 2 7282
0. acanthium 20+9° 15+11° 27.5°
Safflower 2549 ® 7+3° 4.5°¢
Onopordum-biotype YST 32492 33+162 21.4%
O. acanthium 23442 55+152 51.8%
Safflower 9420 8+2 5209

Table 3. No-choice test with adults of Psylliodes chalcomerus in potted plants in greenhouse conditions (5 beetles per

plant, 2-3 plants per each biotype/host combination).
Psylliodes Test plant Adult survival during one Plant state in one month ~ New generation recorded
month
YST*-biotype YST 100%, n =15 Dead plants Larvae, pupae, adults
O. acanthium 40%, n =15 Medium damage Larvae, pupae, adults
Safflower 0%, n=15 Light to medium damage Absent
O. acanthium 100%,n =9 Dead plants Larvae, pupae, adults
Onopordum-biotype ~ YST 67%,n=9 Medium damage Larvae, pupae, adults
Safflower 0%, n=9 Light damage Absent

2 Yellow starthistle, Centaurea solstitialis

Table 4. Host-specificity tests for biotypes of Psylliodes chalcomerus with possibility of choice.
Psylliodes Plant state in one month New generation development
YST? Onopordum Safflower YST Onopordum Safflower
Y ST-biotype Dead plant Medium damage Light damage Larvae, pupae, adults Larvae Absent

Onopordum-biotype Small damage Heavy damage

Light damage Larvae

Larvae, pupae, adults Absent

2 Yellow starthistle, Centaurea solstitialis
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negative correlation between plant weight and Psylliodes
infestation (r=-0.32), but because of the relatively
small number of plants with stem diameter = 3 mm
(n=35) the significance of the correlation was lower
(p =0.00).

Italian populations

Psylliodes chalcomerus (Carduus-biotype) was
collected at two locations near Rome in 2002;

1. Martignano, near Martignano lake, 35 km N of
Rome (42°4'60"N, 12°16'0"E), feeding on Carduus
nutans, and

. Vivaro, 45 km SE of Rome (41°40'60" N, 12°46'60"
E), feeding on C. nutans.

Host specificity was evaluated in greenhouse condi-
tions. In no-choice tests, single potted plants of
C. nutans, YST, safflower, and O. acanthium were
enclosed in 23 x 23 x 100 cm cages (five replicates per
plant species/variety). Six adults were put in each cage
and allowed to oviposit. In 20 days, insects were
removed and plants were carefully inspected for
feeding damage. High leaf damage was recorded only
on C. nutans, YST was moderately damaged, while
safflower and O. acanthium were only slightly
damaged.

In 50 days from the beginning of the experiment, all
plants were harvested and cages inspected. New genera-
tion adults were recorded only on C. nutans (n = 10),
YST (n=1), and O. acanthium (n = 2), while no progeny
were recorded on both safflower varieties.

In choice conditions, three different situations were
presented to the insects (Table 5). Each set of plants
was potted together and placed in a 30 x 30 x 120 cm
cage. Three replicates were made of each set. Ten
adults were put in each cage and allowed to feed and
oviposit during 20 days. Then the insects were removed
from the cages. Inspection of the plants showed exten-
sive feeding and oviposition on C. nutans plants in all
treatments, while only one O. acanthium plant showed
feeding attack on the stem. In 34 days after the begin-
ning of the experiment, all plants were harvested and
dissected under a binocular microscope to find larvae
(Table 5).

Taxonomic and morphological notes

Psylliodes chalcomerus Illiger was described from
Portugal (Illiger 1807). It was subsequently recorded in
most of Europe, except for the extreme north (Gruev &
Doéberl 1997). In eastern Europe, and Russia in partic-
ular, it is known to occur from taiga (Yakovlev 1902) to
steppe (Ogloblin 1925) and in all mountain regions
including the Carpathians (Zybenko 1958), Crimea
(Shapiro 1961) and Caucasus (Yablokoff-Khnzorian
1961, Yaroshenko 1982, 1986). Further east it is reli-
ably recorded in western Kazakhstan. Other eastern
records, for example the Russian far east and China
(Gruev & Doberl 1997) need to be verified. The poly-
morphic nature of this species has been known for some
time. Several varieties and aberrations have been
described (Gruev & Ddéberl 1997), but their taxonomic
status also needs further study.

We compared males and females from different
“biotypes” in an attempt to find reliable diagnostic char-
acters. Study of external morphology did not reveal such
characters, despite the fact that specimens collected
from Onopordum seem slightly larger than those from
YST. This result is not unusual, since many, especially
closely related, species of flea beetles are nearly indis-
tinguishable externally. Most flea beetle species have
unique genitalia, which have been used extensively for
diagnostic purposes (Konstantinov 1998). The distribu-
tion of several characters of the male genitalia in speci-
mens under consideration has been studied in detail.
These include the shape of the median lobe, particularly
the apex from ventral, lateral and dorsal views; a relative
depth, width and general shape of ventral groove (Figs
1-3). For well-established species these characters
would have enough diagnostic states, but in our case,
significant intrapopulational variability effectively
leaves no characters to separate the YST-biotype from
those on Onopordum and Carduus. The same is true for
the female genitalia. The tigna and vaginal palpi (Figs 4,
5) are similar in all the specimens, while the sper-
matheca are of two distinct shapes which differ in the
width of the receptacle: one with the receptacle wide
near the middle, the other with the receptacle much
thinner (Figs 6-9). However, both shapes occur in the
Y ST-biotype and the Onopordum-biotype.

Table 5. Results of indoor choice tests with Psylliodes chalcomerus.
Treatment Plants used Leaf damage Stem damage by larvae Total larvae on three plants
A YST* low low 7
C. nutans high high 278
Safflower absent absent 0
B YST absent low 1
C. nutans high high 121
Safflower absent absent 0
C YST absent low 1
C. nutans high high 145
O. acanthium low absent 7

2 Yellow starthistle, Centaurea solstitialis
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Figures 1-9. Genitalia of Psylliodes chalcomerus. Figures.
1-3. Male genitalia (ventral, lateral, dorsal, and
proximal views). 1. Centaurea solstitialis,
yellow starthistle (YST), Krasnodar territory,
Anapa, 2001. 2. YST, Krasnodar territory,
Volna, 2002. 3. YST, Krasnodar territory,
Anapa, 2002. Figures 4-9. Female genitalia: 4.
tignum. 5. vaginal palpi. 6-9. spermathecae. 6.
YST, Krasnodar territory, Anapa, 2002. 7. YST,
Turkey. 8. Carduus, Italy. 9. Onopordum, Kras-
nodar.

Discussion

Laboratory investigations on the biology of the three
biotypes of Psylliodes chalcomerus (i.e. two Russian
populations associated with YST and O. acanthium,
and two Italian populations both associated with C.
nutans), in combination with the results of field obser-
vations, suggested that there is rather strict specificity
of larval and adult feeding by all considered biotypes,
while those that were found on YST and C. nutans seem
to be more specific than those found on O. acanthium.
Such intraspecific differentiation has been observed in
other phytophagous insects (Bush 1969, Phillips &
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Barnes 1975, Fox & Morrow 1981, Via 1990). For
example, the leaf beetle Lochmaea caprea L., which
has been extensively investigated, includes up to five
races differing in their host specificity and other biolog-
ical and morphological characteristics. The authors
(Mikheev & Kreslavsky 1986, Kreslavsky et al. 1987)
suggest that more strictly specialized biotypes may
originate from less specialized by a single or a few
mutations. A similar case of “race” formation based not
on host, but on habitat specificity shift, was recently
reported for another leaf beetle, Galerucella
nymphaeae L. (Nokkala & Nokkala 1998).

As for its biocontrol potential, estimation of the
impact on the host in field conditions and measurement
of host-plant specificity in laboratory experiments
suggest that the YST-biotype of P. chalcomerus could
be promising for YST biocontrol because of its rela-
tively strict host specificity and the fact that it attacks
both leaves and stems of the target plant. We also
conclude that the other biotypes of P. chalcomerus
undoubtedly deserve further, broader investigations to
determine if they could be suitable agents to control O.
acanthium and C. nutans. The hope is that such investi-
gations, including genetic and taxonomic aspects, will
clarify the biological and taxonomic status of Psylli-
odes chalcomerus biotypes.

Acknowledgements

We are grateful to Chuck Quimby (EBCL, USDA-
ARS), Richard Greene (USDA-ARS), Mike Pitcairn
(CDFA, Sacramento, CA), and Vadim F. Zaitzev
(Zoological Institute, St Petersburg, Russia) for their
help in coordinating the project. We thank Rustem
Hayat and Levent Gultekin (AtatOrk University,
Erzurum, Turkey) for their help in carrying out field
experiments; Gloria Antononi and Paolo Audisio
(University of Rome) for their help in genetic analysis.
For the kind assistance in field collection and labora-
tory experiments, we are very thankful to Tim Widmer
(EBCL, USDA-ARS), N.N. Erlykova, B.A. Korotyaev,
and T. Yu. Moskaleva (Zoological Institute, St Peters-
burg, Russia). We thank A. Norrbom (Systematic Ento-
mology Laboratory, USDA, ARS, Washington, DC)
for reviewing this manuscript and providing valuable
suggestions.

References

Bush, G.L. (1969) Sympatric host race formation and speciation
in frugivorus flies of the genus Rhagoletis (Diptera,
Tephritidae). Evolution 23, 237-251.

Carlson, J.E., Willis, D.B., Michalson, E.L.& Callihan, R.H.
(1990) Yellow starthistle in North-Central Idaho: A survey
of farmers’ and ranchers’ behavior and attitudes (1982 and
1988). Bulletin Idaho Agricultural Experimental Station,
Series No. 11[712], pp. 2-10. Moscow, Idaho.

Cordy, D.R. (1978) Centaurea species and equine nigropallidal
encephalomalacia. Effects of Poisonous Plants on Livestock.



Proceedings of the XI International Symposium on Biological Control of Weeds

(eds R.F. Keeler, K.R. Van Kampen & L.F. James), pp. 327—
336. Academic Press, NY.

DiTomaso, J.M. (1998) Biology and impact of yellow star-
thistle. California Conference on Biological Control, Inno-
vation in Biological Control Research (ed M.S. Hoddle), pp.
82-84.

Dunn, P.H. & Campobasso, G. (1993) Field test of the weevil
Hadroplonthus trimaculatus and the fleabeetle Psylliodes
chalcomera against musk thistle (Carduus nutans). Weed
Science 41, 656—663.

Dunn, P.H. & Rizza, A. (1976) Bionomics of Psylliodes chal-
comera, a candidate for biological control of musk thistle
(Carduus nutans). Annals of the Entomological Society of
America 69, 395-398.

Dunn, P.H. & Rizza, A. (1977) Host specificity of Psylliodes
chalcomera, a candidate for biological control of musk
thistle (Carduus nutans). Environmental Entomology 6,
449-454.

Fox, L.R. & Morrow, P.A. (1981) Specialization: species prop-
erty or local phenomenon? Science 211, 887-893.

Gruev, B & Doberl, M. (1997) General distribution of the flea
beetles in the Palearctic subregion (Coleoptera, Chrysomel-
idae: Alticinae). Museum Historiae Naturalis Sloveniae.
Ljubljana. Scopolia 37, 1-496.

liger, J.C.W. (1807) Magasin fiir Insectenkunde. VI. Braun-
schweig.

Konstantinov, A.S. (1998). On the structure and function of the
female genitalia in flea beetles (Coleoptera: Chrysomelidae:
Alticinae). Proceedings of the Entomological Society of
Washington 100, 353-360.

Kreslavsky, A.G., Mikheev, A.V., Solomatin, V.M. & Grit-
senko, V.V. (1987) Exchange and ecologo-genetic differen-
tiation in sympatric population system of Lochmaea capreae
(Coleoptera, Chrysomelidae). Zoologichesky Zhurnal 66,
1045-1054 (in Russian, English summary)

Maddox, D.M. (1981) Introduction, phenology, and density of
yellow starthistle in coastal, intercoastal, and central valley
situations in California. US Department of Agriculture,
Agricultural Research Service, Agricultural Research
Results. ARR-W-20, July 1981, USDA-ARS, Oakland, CA.

Mikheev, A.V. & Kreslavsky, A.G. (1986) Ecological and
genetic principles of race differentiation of Lochmaea
capreae (Coleoptera, Chrysomelidae) in Moscow district.
Zoologichesky Zhurnal 65, 18261834 (in Russian, English
summary)

Nokkala, C. & Nokkala, S. (1998) Species and habitat races in
the chrysomelid Galerucella nymphaeae species complex in

80

Northern Europe. Entomologia Experimentalis et Applicata
89, 1-13.

Ogloblin, D.A. (1925) Leaf beetles of Stavropolsky Krai (Cole-
optera, Chrysomelidae). Izvestiya Stavropolskoi stantsii
zaschity rastenii 1, 41-47 (in Russian).

Phillips, P.A. & Barnes, M.M. (1975) Host race formation
among sympatric apple, walnut and plum populations of the
codling moth, Laspeyresia pomonella. Annals of the Ento-
mological Society of America 68, 1053—1060.

Rosenthal, S.S., Davarci, T., Ercis, A., Platts, B. & Tait, S.
(1994) Turkish herbivores and pathogens associated with
some knapweeds (Asteraceae: Centaurea and Acroptilon)
that are weeds in the United States. Proceedings of the Ento-
mological Society of Washington 96, 162—175.

Shapiro, D.S. (1961) Review of flea beetles of Crimea. Zoolog-
ichesky Zhurnal 40, 833-839 (in Russian, English
summary).

Sheley, R.L., Larson, L.L. & Jacobs, J.J. (1999) Yellow star-
thistle. Biology and management of noxious rangeland
weeds. (eds R.L. Sheley & J.K. Petroff ), pp. 408-416.
Oregon State University Press, Corvallis.

Turner, C.E. & Fornasari, L. (1995) Biological control of
yellow starthistle (Centaurea solstitialis) in North America.
Proceedings of the VIII International Symposium on
Biological Control of Weeds (eds E.S. Delfosse & R.R.
Scott), pp. 405-410. DSIR/CSIRO, Melbourne.

Via, S. (1990) Ecological genetics and host adaptation in
herbivorous insects: the experimental study of evolution in
natural and agricultural systems. Annual Review of Ento-
mology 35, 421-446.

Yablokoff-Khnzorian, S.M. (1961) Attempt to reconstruct
genesis of the beetle fauna in Armenia. /zdatel’stvo
Academii nauk Armyanskoi SSR. Erevan. (in Russian).

Yakovlev, A.L (1902) List of beetles of Yaroslavskaya
guberniya. Trudy Yaroslavskogo estestvenno-istoricheskogo
obschestva 1, 88—168 (in Russian)

Yaroshenko, V.A. (1982) To the flea beetle fauna (Chrysomel-
idae, Alticinae) of West Circassia. Ministerstvo Vysshego i
Srednego Spetsial’'nogo Obrazovaniya RSFSR, Kubanskii
Gosudarstvennyi Universitet. Manuscript printed in VINITI
# 5206-82. (in Russian).

Yaroshenko, V.A. (1986) Ecological and faunal characteristic
of the flea beetles (Coleoptera, Chrysomelidae) of the
Northern Caucasus. Entomologicheskoe Obozrenie 65, 107—
113 (in Russian, English summary).

Zybenko, A.A. (1958) Additional data to the fauna of Halticinae
of Transcarpathian region. Nauchnye Zapiski Uzhgorod-
skogo Universiteta 31, 155-158 (in Russian).



Ecological basis for selecting biocontrol

agents for lantana

Michael D. Day' and Alan J. Urban?

Summary

Over the last century, more than 40 natural enemies have been released against the noxious weed
lantana (Lantana camara L.) in over 40 countries or regions. Biocontrol of lantana remains inadequate,
however, except on a few islands. Three of the main factors preventing adequate biocontrol of lantana
are its unresolved parentage, resilience to established agents and climatic adaptability. These factors
form the ecological basis for the current Australian—South African lantana biocontrol research project,
which is tackling three main topics: (1) Host plants: the aim is to counteract the effects of the genetic
heterogeneity of the weed by selecting agents from (a) the most probable parent species, (b) several
species closely related to the probable parents or (c) ornamental cultivars growing in the native range
of the probable parents. (2) Agent guilds: we aim to reduce the growth and reproductive vigour and
resilience of lantana, by selecting agents that multiply quickly, or feed on the stems or roots. (3)
Climatic adaptations: we seek to counteract lantana’s ability to grow in an extensive range of climatic
conditions by selecting agents that can bridge periods of plant dormancy and/or leaflessness caused by
cold and/or dry conditions. Candidate biocontrol agents, including pathogens and mites, selected on the
basis of these ecological considerations, are currently being investigated and are showing considerable

promise.

Keywords: climatic adaptation, ecology, genetic heterogeneity, guilds, Lantana.

Introduction

Numerous ornamental forms of lantana were bred in
glasshouses in Europe by selection and hybridization of
unknown, imported, parental species, probably
obtained from the New World (Stirton 1977). Of the
over 600 named varieties of “Lantana camara L.” that
now exist, different aggregations became environ-
mental and agricultural weeds in different countries. At
least 40 recognizable weedy lantana varieties are
present in South Africa, and 29 in Australia, threatening
ecosystem biodiversity and reducing pasture produc-
tivity (Howard 1969, Smith & Smith 1982, Graaff
1986, Swarbrick et al. 1998).

Biocontrol of lantana began in 1902, with the intro-
duction of 23 insect species into Hawaii. Over the last
100 years, 41 biocontrol agents were introduced into

! Alan Fletcher Research Station, PO Box 36, Sherwood, QId 4075,
Australia.

2 Plant Protection Research Institute, Private Bag X134, Pretoria 0001,
Republic of South Africa.
Corresponding author: Michael D. Day <Michael. Day@dnr.qld.gov.au>.

81

over 40 countries or islands worldwide and 27 species

established (Julien & Griffiths 1998, Baars & Neser

1999, Day et al., unpublished data) (Table 1). Despite

some agents causing sporadic, localized damage,

lantana is still not under adequate control in most

regions. Day & Neser (2000) and Broughton (2000)

suggested six factors that thwart adequate biocontrol of

lantana:

1. the plant species from which potential agents were
collected

. the phenotype of the target plant

. plant biology

. the climate where agents were released

. parasitism of agents

. release techniques.

To improve biocontrol of lantana, efforts have
recently been made to select candidate agents that
address three of these key factors: host plants, agent
guilds and climatic adaptations. This paper discusses
each these factors in relation to agent selection, and
provides information on some of the candidate agents
currently being investigated that show considerable
promise.
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Selecting agents for lantana

Host plants

The first step in any biocontrol program is to know the

identity of the target weed (Schroeder & Goeden 1986).

For lantana, this has not been achieved. The name

“Lantana camara” has been loosely applied by collec-

tors and authors to many species and hybrids, with the

result that much of the recorded host-plant information
in botanical, horticultural and ecological literature is
unreliable. The introduction of cultivated forms back
into neotropical regions has allowed interactions with
the native gene pool, producing further complex
morphological variation (Mendez Santos 2002). Even
after decades of considerable effort by morphological
taxonomists and molecular biologists, lantana remains

a taxonomic enigma. However, there have been some

significant achievements: DNA studies showed that the

common pink-flowering lantana variety from Australia,

Fiji and Vanuatu has a greater affinity with L. urtici-

folia from Mexico than with any other species of

lantana tested (Scott ef al. 2002).

The DNA studies also suggested that the progenitors
of lantana in other regions of the world may be different
from those of lantana in Australia, Fiji and Vanuatu.
For example, lantana plants from Hawaii and the
Solomon Islands are similar to one another, but
different from those from Australia (Scott ef al. 2002).
As yet, the DNA studies have not determined the
progenitors of lantana from Hawaii, the Solomons or
many other countries.

In addition, some lantana specimens from Australia
and South Africa have been identified (using morpho-
logical characters) as L. urticifolia x L. camara hybrids
(R. Sanders, Botanical Research Institute of Texas,
pers. comm.). These findings, along with the DNA
studies, suggest that many of the weedy lantana varie-
ties that were assumed to be L. camara could be deriv-
atives of L. urticifolia.

Retrospective studies have revealed the following:

. most insects and mites collected as potential biocon-
trol agents in surveys in Mexico and Brazil have
discrete hosts (less than 10% were found on more
than one Lantana species) (Winder & Harley 1983,
Palmer & Pullen 1995)

. a greater proportion (73%) of agents that were
collected from L. urticifolia or L. camara estab-
lished on weedy lantana than agents collected from
other species of Lantana (25%) (Day et al. 2002,
Day et al., unpublished data)

. agents that were found on three or more Lantana
species in their native range had a greater establish-
ment rate (82%) on weedy lantana than those that
were found on only one or two Lantana species
(36%) (Day et al., unpublished data).
Entomologists are now selecting agents that are

either (a) specific to L. urticifolia or L. camara, as they

should be better adapted to the weedy hybrids, or (b)

stenophagous to several Lantana species, as they may
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have a wide enough host range to be able to utilize the
hybrid forms of lantana in the target countries.

Agent guilds

Leaf- and/or flower- and fruit-feeding insects have been
utilized successfully against many weeds (Julien &
Griffiths 1998). However, they have not been able to
achieve similar results against lantana. Lantana has the
ability to withstand a wide range of climatic conditions
and can survive in hot, dry regions as well as those
areas susceptible to frost or prolonged droughts (Swar-
brick et al. 1998). During periods of drought, plants can
lose all their leaves, and populations of biocontrol
agents, especially those of leaf- and flower-feeding
insects, can decrease dramatically. Insect populations
can increase again once conditions improve and the
plant becomes healthy (Day et a/.2004). As a result,
populations are not maintained at levels sufficient to
control the plant. Rather than leaf- and flower-feeding
insects suppressing plant growth and reproduction, it
appears that they may respond to the health of the plant.

Historically, most agents selected for the biocontrol
of lantana were insect members of leaf- or flower-
feeding guilds (possibly as these were the most
conspicuous and easiest to test). Other guilds such as
stem borers and root feeders and groups such as patho-
gens require more effort and were often overlooked.
Worldwide, the proportion of the 41 agents introduced
(and the 27 established) in the different guilds were:
leaf feeders 56% (60%); flower or fruit feeders 24%
(19%); stem feeders 10% (11%); and root feeders 2.5%
(a single species which did not establish). Three fungal
pathogens have also been introduced and all have estab-
lished where released.

When considering individual countries or regions, the
effort put into biocontrol varies considerably. Australia
(30), Hawaii (25) and South Africa (24) have imported
the most agents, with most other countries importing 3—5
agents (Julien & Griffiths 1998, Day ef al., unpublished
data). However, some agents have been introduced into
only one country or region and no country has introduced
all 41 agents. In most countries or regions, only leaf- or
flower-feeding insects have established. In South Africa,
71% of the 14 insect agents that have established feed on
leaves, 21% feed on flowers/fruits, while no insects that
feed on the stems or roots have established. One path-
ogen has established. In Australia, 69% of the 16 insect
agents established feed on leaves and 19% feed on
flowers/fruits. One stem-feeding insect and one path-
ogen have also established. Both countries can claim
only partial control of lantana. Other countries, such as
Fiji (seven agents established), India (seven) and Feder-
ated States of Micronesia (six) have only leaf- or flower/
fruit-feeding agents and adequate control has also not
been achieved.

In contrast, in Hawaii, where lantana is reported to
be under control in some areas, a smaller proportion of
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the established agents feed on leaves (53%), 29% attack
flowers/fruits and a greater proportion attack stems
(12%). One pathogen has also established. The stem-
boring cerambycid Plagiohammus spinipennis, and the
stem-galling tephritid Eutreta xanthochaeta, have
established only in Hawaii. Both agents cause substan-
tial damage to lantana, especially in the dry areas of the
big island and aid control, such that lantana is not
considered a major weed there (Davis et al. 1992).
These insects were introduced into Australia and South
Africa, but failed to establish.

For most countries where only a few agents have
been introduced and established, introducing the main
damaging agents such as Octotoma scabripennis,
Uroplata girardi and Teleonemia scrupulosa would be
a priority. However, most perennial weeds can tolerate
a single defoliation (Harris 1973). Lantana is adapted to
repeatedly losing its leaves due to drought and/or frost.
This defoliation tolerance is the basis of the resilience
of lantana to most of its biocontrol agents (Broughton
2000, Day & Neser 2000). For this reason, added pres-
sure is needed on the plant, to further deplete carbohy-
drate reserves accumulated for regrowth. For countries
such as South Africa, Australia and India, priority
should be given to the utilization of pathogens and
obtaining agents that attack stems or roots. Accord-
ingly, in the past few years, a number of promising new
candidate agents has been imported and released into
South Africa or Australia.

One major advance in the biocontrol of lantana has
been the recent introduction of two pathogens, Mycov-
ellosiella lantanae in South Africa and Prospodium
tuberculatum in Australia. Only one other pathogen,
Septoria sp. in Hawaii, has been utilized against lantana
(Trujillo & Norman 1995). All pathogens have estab-
lished in their respective countries or regions of intro-
duction but it is too early to determine their impact on
the weed (Tomley & Riding 2002, A. den Breeyen,
pers. comm.). Pathogens induce toxic effects that
disrupt physiological processes and may complement
the actions of insects. Surveys by Barreto ef al. (1995)
found several other pathogens, such as Puccinia
lantanae and Ceratobasidium lantanae-camarae, that
are also worthy of further study.

The stem-boring beetle Aerenicopsis championi has
been released in Australia and Hawaii. It has failed to
establish in both regions, probably due to the small
numbers released. It is particularly damaging, tunnelling
down and killing branches of lantana. In the field, plants
attacked by 4. championi are stunted and less fruitful. So
far, the beetle has proved difficult to rear and establish. If
a successful rearing method can be developed to produce
large enough numbers of insects for successful establish-
ment, 4. championi may markedly improve biocontrol of
lantana. At present, South Africa and Australia are
working on new methods to rear the insect.

The root-feeding beetle Longitarsus sp. AcSN2440,
undergoing quarantine testing in South Africa, is host-
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specific (Simelane 2001) and very damaging to plants.
Adults feed on leaves, but the significant damage is due
to larvae feeding on secondary roots (Baars & Neser
1999), disrupting the uptake of water and nutrients by
the plant, thereby increasing plant stress and reducing
plant growth (Simelane 2001). The adults have a
diapause stage enabling over-wintering and the insect is
relatively easy to rear.

The eriophyid budmite Aceria lantanae has been
tested in South Africa and is deemed host-specific. A4.
lantanae causes undifferentiated inflorescence buds to
form microphyllous galls instead of flowers, fruits and
seeds. The galls probably also act as a metabolic sink,
debilitating the plant and reducing its competitive
ability (Baars & Neser 1999, Urban et al. 2001).

Climatic adaptations

Despite the introduction of several new, potentially
damaging agents, the climatic adaptability of lantana
may still prove an immense problem to overcome.
Lantana is found in a wide range of climatic and
geographical areas (Henderson 2001, Day et al. 2004)
and agents are unlikely to be suitable for all regions. As
an example, at the limits of the distribution of lantana in
Australia (33°S), only two agents, the leaf-mining
hispine Octotoma championi and the fruit-mining agro-
myzid Ophiomyia lantanae are found. Both are found
in only low numbers, such that damage to the weed is
negligible, even in late summer (Day ef al. 2004). In
addition, few agents are found on lantana under canopy,
or at altitudes greater than 200 m in temperate areas.
Agents such as O. scabripennis cease oviposition when
temperatures drop below 15°C and may complete only
two generations a year (C. Clech & M. Day, unpub-
lished data). This is insufficient for populations to build
up and be maintained at damaging levels.

The herring-bone leaf miner, Ophiomyia camarae,
was released in South Africa in 2001 and has estab-
lished widely (Simelane 2002). Larvae tunnel along the
leaf veins, disrupting translocation of water to, and
photosynthates from, the lamina, and causing prema-
ture abscission of leaves. Field trials suggest that it indi-
rectly reduces plant growth and reproduction (Simelane
2002). O. camarae appears to perform well in sheltered
areas where lantana grows as an understorey. Even
though this agent is a leaf feeder, it may improve
biocontrol in cooler and sheltered areas where few
agents are present.

Apart from the diverse climates in which lantana can
grow, many areas where lantana is a problem have
distinct wet and dry seasons. During the dry season,
lantana may lose its leaves, causing populations of leaf-
feeding agents to crash. It is therefore desirable to select
agents that can bridge periods of leaflessness. The
petiole-galling apionine Coelocephalapion camarae is
a small, fast-breeding, host-specific beetle that indi-
rectly stunts root growth (Baars & Heystek 2001).
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Adults feed on the leaf laminae, while the larvae form
galls in the petioles, causing early abscission of leaves,
or occasionally in the peduncles of inflorescences,
reducing flowering and seed set (Baars & Neser 1999).
The petiole galls disrupt the transport of water and
nutrients, causing a reduction in root growth (Baars &
Heystek 2001). The long-lived adults have been
recorded at altitudes of 1600 m (Kissinger 2000), are
clearly adapted to arecas where lantana is leafless in
winter, and should contribute to biocontrol in such
areas.

Discussion

Lantana has been the subject of biocontrol programs for
100 years and adequate control has not been achieved
in most regions. Recent developments have suggested
that better biocontrol could be obtained with the intro-
duction of better-adapted and more effective agents.
While it is generally hard to predict which agents or
even guilds of agents are likely to be the most damaging
to a weed, there is sound reason to suggest that targeting
agents that have certain characteristics would be advan-
tageous.

Sheppard (1992) suggests that genetically variable
weeds are more difficult to control through biological
means than weeds that are genetically homogeneous.
Therefore, potential agents should be collected from the
most closely related plant species, as those agents
should be better adapted to the target weed. However,
the most closely related species to the weedy forms of
lantana were, for many years, just not known. The
results of recent DNA studies suggest that potential
agents should be collected from L. urticifolia and some
of these agents are showing considerable promise in the
laboratory.

A method for rating the effectiveness of agents,
using a number of criteria such as host specificity, type
of damage inflicted, phenology of attack and number of
generations per year, was developed by Harris (1973)
and later modified by Goeden (1983). The benefits of
defoliating insects have been well documented, espe-
cially in annual weed species. They can reduce plant
growth, flowering, seeding and the accumulation of
carbohydrate reserves. However, the prime concern in
controlling perennial weeds is the destruction of
existing plants. Defoliating insects do not necessarily
achieve this and their effectiveness is restricted to the
summer months during which the weed is vulnerable to
insect attack (Harris 1971).

Selecting agents that feed on the stems or roots may
be more effective for suppressing the weed, as they do
not rely on plants to be in leaf all year round (Harris
1971). Stem-boring or root-feeding agents remove
biomass and/or disrupt the transport of water and nutri-
ents and can severely weaken the plant. Stem-boring
larvae, being internal feeders, can survive independent
of the condition of leaves, while root-feeding agents
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can have dramatic impact on plant health and popula-
tions (Harris 1973, Blossey & Hunt-Joshi 2003).
Furthermore, root feeders have contributed more to
control of weeds than other agents. Over 50% of estab-
lished root feeders contribute to control of weeds,
compared to only 30% of aboveground feeders
(Blossey & Hunt-Joshi 2003). There are several Longi-
tarsus species that have been utilized against weeds and
they appear to make a valuable contribution to the
control of annual weeds (Julien & Griffiths 1998). The
group’s impact on perennials, however, is unknown.

The effect of gall-forming agents is often underesti-
mated. Galls can act as metabolic sinks and their effect
is often greater than their size or physical damage to the
plant would indicate. Galls can disrupt the translocation
of water and nutrients to growing shoots and nutrients
to roots, increasing water stress and reducing plant
growth. There are a number of stem- and flower-galling
agents causing substantial damage to perennial weeds,
e.g. Cecidochares connexa on Chromolaena odorata in
Guam and Indonesia, and Trichilogaster acaciaelongi-
foliae on Acacia longifolia and Uromyces tepperianum
on 4. saligna in South Africa (Julien & Griffiths 1998).
In addition, other Aceria spp. have already been used
successfully against weeds (Julien & Griffiths 1998).
Therefore, the potential of gall-forming agents, such as
A. lantanae and E. xanthochaeta, to contribute to the
control of lantana would seem to merit further research.

Pathogens are still grossly under-utilized. In fact,
they make up only a small proportion of all agents
released against weeds. Until recently, there was some
concern about the use of pathogens, but pathogens have
now successfully controlled weeds, such as rubber vine
and noogoora burr (Julien & Griffiths 1998). Pathogens
may be highly specific and may actually be limited in
their impact, especially on weeds that are genetically
diverse. However, it is possible that not all varieties of
lantana would be susceptible to any one pathogen. Path-
ogens have a number of attributes that are superior to
those of insects. They have different modes of attack to
insects and are able to build up into large populations
faster and disperse more quickly than insects. Patho-
gens can usually be mass-cultured more cheaply than
insects while some pathogens can also be prepared and
applied as a target-specific mycoherbicide when and
where required.

While targeting specific guilds may appear benefi-
cial in theory, the diverse range of climates in which
lantana can grow may limit the effectiveness of many
potential agents, especially in the cooler regions.
CLIMEX has been particularly useful in identifying
possible search areas, given that lantana has a wide
distribution in neotropical regions.

Biocontrol of lantana has been conducted for over a
century, yet suppression of the weed remains inade-
quate. Today, practitioners have the advantage of being
able to review, analyze and learn from past attempts,
and to utilize new technology. Applying this knowl-
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edge in selecting agents that are ecologically better
adapted to the target plant and its environment, and are
able to markedly suppress plant growth and reproduc-
tion, should offer some improvement in the overall
biocontrol of lantana.

Acknowledgements

We thank members of the lantana biocontrol teams of
NRM-AFRS and ARC-PPRI for their research inputs,
Dane Panetta, Joe Scanlan and Stefan Neser for their
constructive criticism, and the Working for Water
Programme of the South African Department of Water
Affairs and Forestry and HL Hall & Sons of South
Africa for financial support.

References

Baars, J-R. & Heystek, F. (2001) Potential contribution of the
petiole galling weevil, Coelocephalapion camarae Kiss-
inger, to the biocontrol of Lantana camara L. Proceedings
of the 13™ Entomological Congress (eds T. Olckers & D.J.
Brothers), pp. 79-80. Pietermaritzburg, South Africa.

Baars, J.-R. & Neser, S. (1999) Past and present initiatives on
the biological control of Lantana camara (Verbenaceae) in
South Africa. African Entomology Memoir 1, 21-33.

Barreto, R.W., Evans, H.C. & Ellison, C.A. (1995) The myco-
biota of the weed Lantana camara in Brazil, with particular
reference to biological control. Mycological Research 99,
769-782.

Blossey, B. & Hunt-Joshi, T.R. (2003) Belowground herbivory
by insects: influence on plants and aboveground herbivores.
Annual Review of Entomology 48, 521-547.

Broughton, S. (2000) Review and evaluation of lantana biocon-
trol programs. Biological Control 17, 272-286.

Davis, C.J., Yoshioka, E. & Kageler, D. (1992) Biological
control of lantana, prickly pear, and Hamakua pamakani in
Hawai’i: a review and update. Alien Plant Invasions in
Native Ecosystems of Hawaii: Management and Research.
(eds C.P. Stone, C.W. Smith & J.T. Tunison), pp. 411-431.
University of Hawaii Press, Honolulu.

Day, M.D., Broughton, S. & Hannan-Jones, M.A. (2004)
Current distribution and status of Lantana camara and its
biological control agents in Australia, with recommenda-
tions for further biocontrol introductions into other coun-
tries. Biocontrol News and Information (in press).

Day, M.D. & Neser, S. (2000) Factors influencing the biological
control of Lantana camara in Australia and South Africa.
Proceedings of the X Symposium on Biological Control of
Weeds (ed N.R. Spencer), pp. 897-908. United States
Department of Agriculture, Agricultural Research Services,
Sidney, MT and Montana State University, Bozeman, MT.

Day, M.D., Playford, J. & Zalucki, M.P. (2002) The role of
DNA analyses in the biological control of Lantana camara.
Proceedings of the IOBC International Symposium on the
role of genetics and evolution in biological control (ed C.
Silvy), p. 18. Montpellier, France.

Goeden, R.D. (1983) Critique and revision of Harris’ scoring
system for selection of insect agents in biological control of
weeds. Protection Ecology 5, 287-301.

Graaff, J.L. (1986) Lantana camara, the plant and some
methods for its control. South African Forestry Journal 136,
26-30.

86

Harris, P. (1971) Weed vulnerability to damage by biological
control agents. Proceedings of the Il International Sympo-
sium on Biological Control of Weeds, (ed P.H. Dunn), pp.
29-39. Commonwealth Agricultural Bureaux, Slough, UK.

Harris, P. (1973) The selection of effective agents for the
biological control of weeds. The Canadian Entomologist
105, 1494-1503.

Henderson, L. (2001) Alien weeds and invasive plants. Agricul-
tural Research Council, South Africa.

Howard, R.A. (1969) A checklist of cultivar names used in the
genus Lantana. Arnoldia 29, 73-109.

Julien, M.H. & Griffiths, M.W. (1998) Biological Control of
Weeds: A World Catalogue of Agents and their Target
Weeds, Fourth Edition. CABI Publishing, Wallingford,
UK.

Kissinger, D.G. (2000) A new species of Coelocephalapion
Wagner (Brentidae) from Mexico with host Lantana camara
L. (Verbenaceae) The Coleopterists Bulletin 54, 365-369.

Mendez Santos, E.I. (2002) A taxonomic revision of Lantana
sect. Lantana (Verbenaceae) in the Greater Antilles. Willde-
nowia 32, 285-301.

Palmer, W.A. & Pullen, K.R. (1995) The phytophagous arthro-
pods associated with Lantana camara, L. hirsuta, L. urtici-
folia, and L. urticoides (Verbenaceae) in North America.
Biological Control 5, 54-72.

Schroeder, D. & Goeden, R.D. (1986) The search for arthropod
natural enemies of introduced weeds for biological control —
in theory and practice. Biocontrol News and Information 7,
147-155.

Scott, L.J., Hannan-Jones, M.A. & Graham, G.C. (2002) Affin-
ities of Lantana camara in the Australia—Pacific region.
Proceedings of the 13 h Australian Weeds Conference (eds
H. Spafford Jacob, J. Dodd & J.H. Moore), pp. 471-474.
Plant Protection Society of Western Australia, Perth.

Sheppard, A.W. (1992) Predicting biological weed control.
TREE 7,290-291.

Simelane, D.O. (2001) Laboratory host range of Longitarsus
sp., a flea beetle on Lantana camara L. Proceedings of the
13" Entomological Congress (eds T. Olckers & D.J.
Brothers), p. 59. Pietermaritzburg, South Africa.

Simelane, D.O. (2002) Biology and host range of Ophiomyia
camarae, a biological control agent for Lantana camara in
South Africa. BioControl 47, 575-585.

Smith, L.S. & Smith, D.A. (1982) The naturalised Lantana
camara complex in eastern Australia. Queensland Botany
Bulletin 1, 1-26.

Stirton, C.H. (1977) Some thoughts on the polyploid complex
Lantana camara L. (Verbenaceae). Proceedings of the
Second National Weeds Conference of South Africa, pp.
321-340. Stellenbosch, South Africa.

Swarbrick, J.T., Willson, B.W. & Hannan-Jones, M.A. (1998)
Lantana camara L. The Biology of Australian Weeds (eds
F.D. Panetta, RH. Groves & R.C.H. Shepherd), pp.
119-140. R.G. & F.J. Richardson, Melbourne.

Tomley, A.J. & Riding, N. (2002) Prospodium tuberculatum,
lantana rust, a new agent released for the biocontrol of the
woody shrub Lantana camara. Proceedings of the 13 th
Australian Weeds Conference (eds H. Spafford Jacob, J.
Dodd & J.H. Moore), pp. 389-390. Plant Protection Society
of Western Australia, Perth.

Trujillo, E.E. & Norman, D.J. (1995) Septoria leaf spot of
lantana from Ecuador: apotential biological control for bush
lantana in forests of Hawaii. Plant Diseases 79, 819-821.

Urban, A.J., Mpedi, P.F., Neser, S. & Craemer, C. (2001) Poten-
tial of the flower gall mite Aceria lantanae (Cook) (Acari:



Selecting agents for lantana

Eriophyidae), for biocontrol of the noxious weed, Lantana ~ Winder, J.A. & Harley, K.L.S. (1983) The phytophagous

camara L. (Verbenaceae). Proceedings of the 13 " Entomo- insects on Lantana in Brazil and their potential for biological
logical Congress (eds T. Olckers & D.J. Brothers), pp. control in Australia. Tropical Pest Management 29,
67-68. Pietermaritzburg, South Africa. 346-362.

87



Eriophyid mites for the biological
control of knapweeds:
morphological and biological observations

E. De Lillo,! R. Baldari,! M. Cristofaro,? J. Kashefi,?
J. Littlefield,* R. Sobhian’ and C. Tronci®

Summary

During 2001 and 2002, Turkish populations of eriophyid mites infesting Centaurea solstitialis L. and
C. squarrosa Willd. (Asteraceae) have been examined. The analyses of the morphometric data, induced
symptoms, and the morphological comparison with the descriptions of known species, allowed us to
identify three new Aceria species, here described and illustrated.

Aceria solcentaureae and A. solstitialis were collected on C. solstitialis, and A. squarrosae was
associated with C. squarrosa in Cappadocia, Turkey. The infested plants were stunted, showing a
reduced growth, a heavy broom-like appearance, being bushy, with the apical parts of the stems and
flowerheads still green and fresh during the hot and dry season, less spiny than usual, and producing

smaller seedheads.

Additional information is given about the ecology of these associations and on the potential role of

these eriophyids as control agents.

Key words: biological control, Eriophyiidae, knapweeds, mites, weeds.

Introduction

Plants of the genus Centaurea (Asteraceae) are collec-
tively referred to knapweeds and starthistles. The genus
comprises over 1000 species of predominantly Eura-
sian origin (Wagenitz 1975, Roché & Roché 1991). The
interest in herbivores of these Centaurea spp. is rele-
vant to the “weed” status acquired by some of these
host plants accidentally introduced into North America
during the mid-1800s (Rosenthal 1996, Piper 2001).
Ten species of eriophyid mites have been found and
described on plants belonging to the genus Centaurea:
Aculops centaureae (Farkas) and Epitrimerus jaceae
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Liro are considered vagrant species; Aceria acroptiloni
Kovalev & Shevtchenko, A. calathidis (Gerber), A.
grandis (Nalepa) and A. paniculatae (Cotte) cause
severe deformations of flower- and seedheads; similar
damage is reported for A. prima (Cotte); Aceria brevi-
setosa (Cotte) and A. centaureae (Nalepa) cause blis-
tering on leaves and stems; Aceria thessalonicae
Castagnoli causes abnormalities in growth, with a
broom like appearance (J.W. Amrine Jr. & E. de Lillo,
unpublished electronic database, 2002). None of these
species have been found so far on Centaurea solstitialis
in the field, and only 4. centaureae was able to develop
stable populations on this target weed during laboratory
host-specificity tests (Sobhian ef al. 1989). Unfortu-
nately, most of the eriophyid occurrences on different
Centaurea species have been recorded only on the basis
of the symptoms observed on the hosts, without any
morphological specific identification of the associated
mite populations. Aceria centaurea therefore seems to
have a large geographical and host distribution (Amrine
& de Lillo, unpublished electronic database, 2002) that
requires confirmation.
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During 2001-2002, surveys were conducted in
Turkey, attempting to find additional biological control
agents mainly against yellow starthistle. The purpose of
the present paper is to describe the new eriophyid mites
found on C. solstitialis and C. squarrosa, and to report
ecological observations.

Materials and methods

Specimens were recovered from dried and ethanol
(70%) preserved plant material and were prepared and
slide mounted according Keifer’s method (Jeppson et
al. 1975). Lindquist’s (1996) terminology and setal
notation of the morphological details has been adopted
in the descriptions. All measurements of mites were
made according to Amrine and Manson (1996), given
in micrometers, with measurements and means are
rounded off to the nearest integer; range values being
given in brackets. The classification of the genus
according to Amrine (1996) and Hong and Zhang
(1997) was followed.

Type materials are deposited at the Dipartimento di
Biologia e Chimica Agro-forestale e Ambientale
(Di.B.C.A.), Entomological and Zoological Section,
University of Bari, Italy.

Drawing abbreviations

AP1, internal female genitalia; CS, lateral view of a
caudal region; DA, dorsal view of the prodorsal shield;
E, empodium; ES, lateral view of annuli; GF, coxal and
genital region of a female; L, foreleg; SA, lateral view
of anterior region.

Aceria solcentaureae de Lillo, Cristofaro et
Kashefi

Female (Fig. 1) — Body wormlike, colour whitish,
278 (243-310, n = 10) long, 72 (63-78) wide and 64
(50-75) thick. Gnathosoma 27 (22-30) projecting
obliquely downwards, chelicerae 24 (22-28) long, seta
d 9 (7-10) long. Prodorsal shield 40 (36-43) long, 39
(35-42) wide, semicircular in anterior shape with
anteriormedian lobe over gnathosoma base 6 (5-7)
long; shield pattern composed of median line, adme-
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dian, and submedian lines; The submedian lines end
about 1/4 before the rear prodorsal shield margin. Some
short dashes are included between the lines, many
dashes are on the median fields. Tubercles sc are on the
rear shield margin 32 (28-35) apart, sc setae 50 (45-55)
long.

Foreleg 40 (36—44) long, tibia 10 (9—11) long, tarsus
9 (8-10) long, w 10 (9-10) long distally rounded,
empodium simple, 7 (7-8) long, 5-rayed. Hindleg 33
(26-38) long, tibia 8 (7-8) long, tarsus 8 (7-9) long, w
10 (9-11) long distally rounded, empodium simple, 7
(7-8) long, 5-rayed.

Coxae ornamented by short striae and coarse gran-
ules; /b setae 13 (11-14) long, b tubercles 16 (15-18)
apart, /a setae 28 (24—30) long, /a tubercles 14 (11-14)
apart, 2a setae 56 (50—62) long, 2a tubercles 31 (29-34)
apart. Prosternal apodeme 8 (6-9) long.

Opisthosoma with 74—87 annuli. Pointed microtu-
bercles on the rear margins of the annuli. Setae ¢, 30
(24-35) long on annuli 9-10, d setae 63 (50-72) long
on annuli 25-28; e setae 24 (20-31) long on annuli 42—
48; f'setae 23 (21-24) long on annuli 68—79. Last 67
annuli with elongated and linear tubercles. Setae 4, 59
(50-65) long very thin at the apex, h; setae 5 (4-6)
long.

Genitalia 22 (18-25) long, 33 (30-35) wide. Female
genital coverflap with 15—17 striae; 3a setae 25 (23-27)
apart, 27 (24-31) um long.

Male — Similar to the female, 247 (220-260 n = 3
specimens) long, prodorsal shield 40 long; sc setac 39
(38-41) long; opisthosoma with 72—73 annuli.

Host plant — Centaurea solstitialis L. (Fam. Aster-
aceae), yellow starthistle.

Type locality — Goreme (38°39.87' N, 35°49.73' E),
near Kayseri, Cappadocia, Turkey.

Type material — Holotype: 5 females and 1 male on
a slide, dated 2, August 2001; Paratypes: many slides
prepared from material collected in the same locality on
the same date.

Collected by — Kashefi J.

Other material — Ethanol preserved stems, flower-
heads and leaves from which the above slides were
made.
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Aceria solstitialis de Lillo, Cristofaro et
Kashefi

Female (Fig. 2) — Body wormlike, colour whitish,
235 (215280, n = 10) long, 47 (43-50) wide and 46
(40-56) thick. Gnathosoma 28 (27-30) projecting
obliquely downwards, chelicerae 23 (20-26) long, seta
d 8 (6-10) long. Prodorsal shield 35 (31-38) long, 35
(33-38) wide, semi-elliptical in anterior shape with
anteriormedian lobe over gnathosoma base 6 (5-8)
long; shield pattern composed of a median, admedian,
and submedian lines; the submedian lines do not reach
the rear prodorsal shield margin. A few dashes are
included between the admedian field close to the rear
prodorsal shield margin, many dashes are on the
median fields. Tubercles sc are on the rear shield
margin 27 (20-30) apart, sc setae 42 (38—45) long.

Foreleg 35 (30—40) long, tibia 8 (7-8) long, tarsus 7
(6-7) long, w 10 (8-11) long distally rounded, empo-
dium simple, 7 (6-8) long, 6-rayed. Hindleg 31 (28-34)
long, tibia 6 (5-9) long, tarsus 7 (5-8) long, w 12 (10—
13) long distally rounded, empodium simple, 8 (7-8)
long, 6-rayed.

Coxae ornamented by short striae and coarse gran-
ules; 1b setae 12 (10—-14) long, /b tubercles 15 (13—15)
apart, /a setae 23 (20-25) long, /a tubercles 10 (9-13)
apart, 2a setae 47 (40-50) long, 2a tubercles 27 (25-30)
apart. Prosternal apodeme 6 (5-8) long.

Opisthosoma with 76-90 annuli. Rounded microtu-
bercles on the rear margins of the annuli. Setae ¢, 21
(19-26) long on annuli 11-15, d setae 52 (45-60) long
on annuli 29-33; e setae 15 (12—19) long on annuli 48—
52; f'setae 16 (15-20) long on annuli 70—79. Last 5-6
annuli with elongated and linear tubercles. Setae /1, 51
(42-65) long very thin at the apex, h; setae 5 (5-6)
long.

Genitalia 18 (15-20) long, 27 (22—-30) wide. Female
genital coverflap with 17-20 striae; 3a setae 21 (18-24)
apart, 16 (11-20) um long.

Male — Similar to the female, 176 (160—185 n =6
specimens) long, prodorsal shield 29 (25-32) long; sc
setae 32 (28-36) long; opisthosoma with 64—77 annuli.

Host plant — Centaurea solstitialis L. (Fam. Aster-
aceae), yellow starthistle.

Type locality — on the road from Nevsehir to
Aksaray, about 1200 m asl, Cappadocia, Turkey.

Type material — Holotype: 2 females and 1 male on
a slide, dated 25 September 2001; Paratypes: many
slides prepared from material collected in the same
locality on the same date. Other population collected in
Goreme, Central Cappadocia, Turkey on 21 June 2002.

Collected by — Cristofaro M., Tronci C.

Other material — Ethanol and dried preserved stems,
flowerhead and leaves from which the above slides
were made.
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Aceria squarrosae de Lillo, Cristofaro et
Kashefi

Female (Fig. 3) — Body wormlike, colour whitish,
227 (195-240, n = 10) long, 41 (35-48) wide and 45
(40-50) thick. Gnathosoma 27 (24-28) projecting
obliquely downwards, chelicerae 23 (20-26) long, seta
d 7 (6-7) long. Prodorsal shield 27 (24-30) long, 27
(24-33) wide, semi-elliptical in anterior shape with
anteriormedian lobe over gnathosoma base 6 (5-7)
long; shield pattern composed of median line, adme-
dian, and submedian lines; the submedian lines are
curved and posteriorly end in a space included between
the admedian line posterior end and the sc tubercle. A
few dashes are included between the admedian field;
many dashes are on the median fields. Tubercles sc are
on the rear shield margin 21 (19-24) apart, sc setae 47
(42-50) long.

Foreleg 31 (27-34) long, tibia 7 (5-8) long, tarsus 7
(6-8) long, w 8 (8-9) long distally rounded, empodium
simple, 6 (5-6) long, 6-rayed. Hindleg 26 (25-28) long,
tibia 5 (4-5) long, tarsus 6 (5-7) long, w 10 (9—10) long
distally rounded, empodium simple, 6 (5-6) long, 6-
rayed.

Coxae ornamented by short striae; /b setae 13 (12—
15) long, /b tubercles 10 (8—12) apart, /a setae 23 (21—
25) long, /a tubercles 8 (7-9) apart, 2a setac 48 (45-52)
long, 2a tubercles 20 (19-23) apart. Prosternal
apodeme 4 (4-5) long.

Opisthosoma with 61-75 annuli. Rounded micro-
tubercles on the rear margins of the annuli. Setae ¢, 29
(23-33) long on annuli 8-10, d setae 60 (55-65) long on
annuli 22-27; e setae 22 (20-27) long on annuli 38—44;

f'setae 22 (20-25) long on annuli 58—69. Last 5—6 annuli

with elongated and linear tubercles. Setae 4, 76 (66—80)
long very thin at the apex, 4, setae 7 (6—8) long.

Genitalia 12 (10-14) long, 21 (20-22) wide. Female
genital coverflap with 12—18 striae; 3a setae 16 (14-18)
apart, 20 (18-22) um long.

Male — Similar to the female, 176 (165-185 n =4
specimens) long, prodorsal shield 27 (27-28) long; sc
setae 38 (36—42) long; opisthosoma with 61-62 annuli.

Host plant — Centaurea squarrosa Willd. (Fam.
Asteraceae), squarrose knapweed.

Type locality — 30 km to Askary, on the road from
Nevsehir to Aksery (38°29.39' N, 34°16.20' E), Cappa-
docia, Turkey.

Type material — Holotype: 2 females on a slide,
dated 30 July 2001; Paratypes: many slides prepared
from material collected in the same locality on the same
date.

Collected by — Kashefi J.

Other material — Ethanol-preserved stems and
leaves from which the above slides were made.
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Aceria solstitialis de Lillo, Cristofaro et Kashefi: semischematic drawings.

Figure 2.
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Ecological aspects

The mite populations of these new Aceria spp. were
found in Cappadocia, a particular highland region of
central Turkey, characterized by a dry continental
climate. They occur in dry open habitats, with sandy or
rocky soil, on stunted plants showing a reduced growth
(15-20 cm tall instead of 70 cm tall), with a heavy
broom-like and bushy appearance. The apical stems
and the inflorescences are fresh and green during the
hot and dry season, and the smaller seedheads have
flexible, soft spines (Fig. 4). First symptoms were
observed on rosettes in early June, while the distortion
of the flowerhead spines appeared in early July. Galled
plants remained green in the field for a longer period
than did the healthy plants, until the end of September.
The damage apparently causes a reduction of biomass,
especially for young plants. The most typical damage is
the distortion and failure of flowerheads to develop,
consequently reducing seed production. Unfortunately,
these symptoms are similar for all the Aceria found on
Centaurea in Turkey, so it is not possible, at least at
present, to clearly distinguish these species based on the
morphology of infested plants. Moreover, no plants
have been found containing populations of both A.
solstitialis and A. solcentaureae. Nor do we have
reason to presume the presence of deutogynes. More
field observations and laboratory tests could provide a
better understanding.

These symptoms cannot be confused with those
produced by A. centaureae and A. brevisetosa, which
induce blister galls, discoloration etc. on the leaves of
many Centaurea spp. (Cotte 1924, Castagnoli &
Sobhian 1991).

Discussion and conclusions

Three new eriophyid mite species have been described on
C. solstitialis and C. squarrosa. They induce similar
effects on the developmental growth of stems and flower-
heads. Similar symptoms and morphology have been
previously observed for other Aceria found on other
knapweeds. The very small morphological differences
between the different eriophyids infesting closely related
host plants might be explained by the large number of
Centaurea species and by a co-evolution process that has
been inducing a pool of sibling Aceria species, specifi-
cally adapted to each plant species.

Eriophyid mites are considered extremely important
for biological control of weeds (Briese & Cullen 2001).
In the current case, their narrow host range, combined
with a strong impact on the target plant, multivoltine
life cycle and great fertility, give these agents the possi-
bility of playing a key role in controlling both annual
and perennial knapweeds. Their attack often produces
an apparent decrease of the biomass and seed produc-
tion of the target weeds. Further evaluation of the erio-
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phyoid species associated with weeds belonging to the
genus Centaurea could result in the discovery of effec-
tive agents for the biological control of these target
weeds in North America, especially considering the
apparent high degree of host plant specificity.

Figure 4.

Centaurea solstitialis L. showing symptoms
produced by Aceria solstitialis (above), and
Aceria solcentaureae (below).
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Flea beetles (Coleoptera: Chrysomelidae)

associated with purple loosestrife,
Lythrum salicaria, in Russia

Margarita Yu. Dolgovskaya,! Alexander S. Konstantinov,’
Sergey Ya. Reznik,' Neal R. Spencer® and Mark G. Volkovitsh!

Summary

Purple loosestrife, Lythrum salicaria L., has become one of the more troublesome wetland exotic inva-
sive weeds in Canada and the United States from initial introductions some 200 years ago. In the US,
purple loosestrife has spread to most of the contiguous 48 states (no records from Florida) with the
highest density in the north-east. L. salicaria is now recorded in all Canadian provinces with the excep-
tion of Yukon and the North-West Territories. A biological control effort begun in the 1970s resulted
in the introduction in the 1990s of four insect species: a root-boring and a flower-feeding weevil, and
two leaf beetle species (both adults and larvae are leaf feeders). As long-term impact assessments of
these introductions are conducted, additional research is looking at other potential biological control
agents, particularly insect species attacking both leaves and roots of the target plant. Thus, flea beetles
with root-feeding larvae and leaf-feeding adults may be of value. Purple loosestrife is widespread in
Russia in wet meadows, riverbanks and other moist habitats from the Baltic region to eastern Russia.
Literature searches, studies of museum collections and ecological observations in the field and the
laboratory suggest that a number of flea beetle species feed on L. salicaria, of which the oligophagous
Aphthona lutescens with a flexible life cycle and two-fold impact on the host (larvae are root-borers
and adults are leaf feeders) appears to be a particularly promising biocontrol agent.

Keywords: Aphthona lutescens, flea beetle, biological control, Lythrum salicaria, purple

loosestrife.

Introduction

Purple loosestrife, Lythrum salicaria, is a deep-rooted
perennial plant of Eurasian origin infesting wetlands
and semi-aquatic habitats. It has become a particularly
troublesome species in both the US and Canada,
spreading over 48 states from Maine to California and
in all but the two most northern provinces of Canada
(Stuckey 1980, Thompson ef al. 1987, Mal et al. 1992,
Mullin 1998). Since the 1970s, a biological control
research program targeting this weed has resulted in the

1 Zoological Institute, 199034, St Petersburg, Russia.

2 Systematic Entomology Laboratory, USDA, National Museum of
Natural History, Washington, DC 20013, USA.

3 USDA/ARS/PPRU, Federal Plant Soil & Nutrition Lab, Tower Road,
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Corresponding author: M. Yu. Dolgovskaya, Zoological Institute,
199034 St Petersburg, Russia <rita@MD12306.spb.edu>.
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introduction of four phytophagous insect species. Two
weevil species, the root-borer, Hylobius transversovit-
tatus Goeze, and a flower and seed-feeding weevil,
Nanophyes marmoratus Goeze (Coleoptera: Curculion-
idae), are now established in the US and Canada. Two
leaf beetles, Galerucella calmariensis L. and G. pusilla
Duft. (Coleoptera: Chrysomelidae) whose adults and
larvae feed on the above ground portions of L. salicaria
have also become widely distributed (Batra et al. 1986,
Blossey & Schroeder 1995, Hight et al. 1995).

The four introduced insect biocontrol agents are well
established and local impact on purple loosestrife has
occurred (Hight et al. 1995, Katovich et al 1999,
Katovich et al. 2001). However, The Invaders database
(www.invader.dbs.umt.edu) lists purple loosestrife as
noxious in 18 states (Anderson 1995, Hager & McCoy
1998, Mullin 1998, Blossey et al. 2001), although it has
been argued that the environmental impact of purple loos-
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estrife in North America has been overrated (Hager &
McCoy 1998). Based on future potential need, research
on new biocontrol agents was conducted.

Previously, the search for loosestrife biocontrol
agents was concentrated in western and central Europe
(Batra et al. 1986, Blossey 1995), although the natural
range of L. salicaria is spread over Eurasia. In Russia,
purple loosestrife is rather common in wet meadows,
riverbanks and other flooded locations. For this reason,
exploration for new biocontrol agents has been
conducted in Russia. Among other phytophagous
insects associated with L. salicaria, four species of flea
beetles (Coleoptera: Chrysomelidae) were studied in
the field and two species were screened for host specif-
icity for purple loosestrife.

Materials and methods

Most of the field collections and field observations
were conducted in Krasnodar territory (Russia). In
addition, the search for potential purple loosestrife
biocontrol agents was performed in natural stands of L.
salicaria from north-western Russia (Karelia and
Leningrad province) to the Caspian Sea (Kalmykia and
Astrakhan province).

Laboratory studies were conducted in the Zoological
Institute of the Russian Academy of Sciences,
St Petersburg, Russia. Plants for the laboratory experi-
ments were grown in a greenhouse and biological
observations made as noted below. Standard moder-
ately wet soil in 500 mL pots was used and artificial
light was provided by special fluorescent lamps (Osram
Fluora®) adapted to photosynthesis. L. salicaria plants
were started from roots and stem parts collected in
natural environments in Krasnodar territory. Raspberry
(Rubus idaeus) and strawberry (Fragaria magna)
plants used for host-specificity tests were grown under
the same conditions from commercially supplied trans-
plants of local varieties. These two plant species were
selected for preliminary host-specificity tests because
earlier studies with Galerucella calmariensis L.,
another leaf beetle that fed on L. salicaria, have shown
that several Rosaceae, and particularly Fragaria x
ananassa, were rather suitable for adult feeding and
survival (Kaufman & Landis 2000).

For insect rearing, biological observations and
experiments, certain plants were covered with trans-
parent individual cages of 20 cm diameter and 35 cm
height. Separate leaves (leafstalks wrapped with wet
cotton and placed in a small plastic tube filled with
water) were used to feed individual adults in Petri
dishes. Every second day, host plant leaves were
changed, and laid eggs collected and counted.
Collected eggs were placed on damp filter paper in
small Petri dishes. Eclosed larvae were collected daily
and transferred with a small brush onto stem bases of
potted plants under the same greenhouse conditions.
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Adult host specificity was tested using several
methods. Feeding, survival and oviposition of indi-
vidual females under choice/no choice conditions was
recorded in Petri dishes with host and/or non-host plant
leaves (as described above). In addition, adult feeding,
oviposition and progeny survival were checked under
choice/no choice conditions on potted plants. Larval
feeding specificity was tested in no-choice conditions
by transferring neonate larvae to the stem bases of host
and non-host plants.

Most of the biological observations were made in
bioclimatic chambers with a 15h photoperiod and
constant temperatures of 15, 20, and 25°C. Biological
observations and host specificity-tests with potted plants
were conducted under greenhouse conditions (11h
photoperiod, temperature ranging from 22 to 27°C).
Other details of the methods are given with the results.
Data obtained were treated by standard descriptive statis-
tics (in text and tables, means and SD are given). When
necessary, means were compared by Student’s t-test.

Results

Following is the list of flea beetle species collected
from L. salicaria with short notes on their biology and
biocontrol potential.

Altica lythri Aube.

This species was quite common on L. salicaria in
Krasnodar territory. Preliminary observations in field
and laboratory conditions suggest that A. Iythri exhib-
ited a rather wide host range. Under natural conditions,
adult feeding was recorded on various plants from
different families (Medvedev & Roginskaya 1988,
Dubeshko & Medvedev 1989). Thus, this species was
not used in the further studies.

Longitarsus callidus Warch.

As far as we know, species of this genus have never
been recorded on Lythrum, at least in most of the Palae-
arctic (Medvedev & Roginskaya 1988, Doguet 1994).
L. callidus is known to occur from France to Kaza-
khstan (Gruev & Déberl 1997). Its host associations are
very poorly known. It is tentatively recorded on Lysi-
machia vulgaris L, Teucrium sp. and Stachys sp.
(Doguet 1994), but these records may be the results of
misidentifications. In nature, L. callidus was collected
at the beginning of May, only on L. salicaria. Only 12
adults were collected and 5 of them were ovipositing
females. Under laboratory conditions, adults markedly
preferred purple loosestrife to strawberry or raspberry
leaves (practically no damage to these two species was
recorded). The mean lifetime duration was 21 £ 15 days
from the beginning of observation, daily fecundity was
2.8 +2.4 eggs/female/day, total lifetime fecundity, 54 +
30 eggs.
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Lythraria salicariae Pk.

This species was occasionally collected on L. sali-
caria in Krasnodar territory, together with Aphthona
lutescens. The data from the literature are rather contra-
dictory. Medevdev & Roginskaya (1988) listed Lysi-
machia spp. as the most common host plants, although
they also noted feeding on L. salicaria. Dubeshko &
Medvedev (1989), however, stated that feeding on
Lythrum is doubtful. Our observations suggest at least
adult feeding on Lythrum, but because of the small
number of individuals collected, laboratory tests were
not performed.

Aphthona lutescens Gyll.

This species was the main object of our investiga-
tions. It is fairly widespread in European Russia,
Caucasus, middle Asia, northern Africa, southern
Siberia and Mongolia (Konstantinov 1998). According
to the literature, adults and larvae fed mostly on L. sali-
caria (Medvedev & Roginskaya 1988, Dubeshko &
Medvedev 1989). It was also recorded on Filipendula
ulmaria (Putele 1970) and Mentha aquatica (Konstan-
tinov 1996), but these records need verification.

At the end of May 2002, ca. 20 adults of Aphthona
lutescens were collected from L. salicaria in Krasnodar
territory. Laboratory biological observations were
started on May 29. At this time, only two females laid
eggs. Soon, one after another, females started to
oviposit. At temperatures of 20 and 25°C, the mean
fecundity of ovipositing females was 3.1 + 2.9 and 5.0
+ 4.1 eggs/female/day, egg survival was 73 and 51%,
and the mean time of embryo development was 11.9 +
1.2 and 7.7 £ 1.2 days, respectively. At the end of
August, under both temperature regimes, a few females
collected in May continued to oviposit, but by the end
of October, all had died. Maximal lifetime fecundity in
these females was 418 eggs/female (see Table 1).

Eggs laid by females collected in May were used to
establish a laboratory colony and, in the middle of July,
the first adults of the new laboratory generation emerged.
The larvae developed on roots of potted L. salicaria
plants under greenhouse conditions. Under these condi-
tions, development from egg to adult stage took about 30
days. Some of the females of the F laboratory generation

soon started to oviposit. The F; generation, reared again
in the greenhouse, produced adults in 3040 days (F,).

In July 2002, more than 100 A. lutescens adults were
collected from the same location. Beginning July 15,
oviposition was recorded in the laboratory at constant
temperatures of 15, 20, and 25°C. The mean fecundity
of young ovipositing females at these temperatures was
2.1 £ 1.6, 5.7 £ 49 and 6.7 + 4.8 eggs/female/day,
respectively, i.e. significantly (t-test, p<0.05) higher
than in overwintered beetles under the same conditions.
The mean time of embryo development at 15, 20 and
25°Cwas 27 £3,11.5+ 1.3 and 7.7 + 0.8 days, respec-
tively. Thus, the rate of embryo development depends
linearly on temperature with an approximate threshold
of ca. 10°C and the sum of effective temperatures esti-
mated at ca. 120 degree-days.

Most of the females collected at the end of summer
did not lay eggs. Dissections revealed well developed fat
body, suggesting diapause. At the end of October,
diapausing adults were placed in low temperature condi-
tions to imitate wintering (food was still provided).
After four months (end of February), beetles were trans-
ferred to high temperatures of 15, 20 and 25°C. At all
temperatures, oviposition was observed in certain of the
females suggesting successful reactivation.

Host specificity of adult feeding was estimated in
no-choice tests conducted with the females of the first
natural generation simultaneously collected at the same
location. The results (Table 2) suggest that both straw-
berry and raspberry leaves are suitable for adult feeding
and survival (at least, at the studied sample size, the
decrease in adult survival was insignificant). However,
the percentage of ovipositing females also decreased
when fed with non-host plants, and the sharp decrease
in mean total fecundity was significant.

In choice feeding tests, adults markedly prefer purple
loosestrife to strawberry or raspberry. When the choice
between purple loosestrife and strawberry was offered
to six adults kept in Petri dishes and the feeding of each
beetle separately recorded every second day during 60
days, feeding on purple loosestrife was observed on
87% of the occasions while that on strawberry on only
7% of occasions. Observations conducted in the tests
with the choice between purple loosestrife and raspberry
gave similar results (81 and 14%, respectively).

Table 1. Results of laboratory biological observations on Aphthona lutescens collected in natural conditions (Krasnodar
territory, Russia).
Data Collection dates
May 23 July 6 July 28
Total number of adults observed 11 41 10
Ovipositing females (number and % of adults) 6 (55%) 17 (42%) 1 (10%)
Preoviposition period (days)® 4.7+17.7 9.6 2.6 0
Mean fecundity during the observation period (eggs/female/day) 34+1.0 57=%3.6 2.6
Total fecundity during the observation period (eggs/female) 208 =136 157 =130 129
Total adults survival till November 1 (%) 0 54 60

2 The period from the beginning of observation to first oviposition.
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Table 2. Biological characteristics of A. lutescens when fed with purple loosestrife, straw-
berry, or raspberry in no-choice adult feeding test.
Data Food plant
Purple loosestrife Strawberry Raspberry

Number of females studied 41 10 10
Ovipositing females (%) 42 30 30

Total fecundity, eggs/female 157 £ 130 34£392 11+£9%
Adults survival during 60 days, % 70 60 40

2 Significantly (p<0.05) different from the control fed with purple loosestrife.

Table 3. No-choice test with adults in potted plants in greenhouse conditions (5 beetles per
plant, 3 plants per each plant species for 30 days).
Test plant Adult survival Plant damage New generation recorded
Leaves Roots
Purple loosestrife 53%,n=15  Medium damage Heavy damage Larvae, pupae, adults
Strawberry 33%,n=15  Medium damage  No damage Absent
Raspberry 40%, n=15  Medium damage  No damage Absent

In the middle of August, feeding and oviposition
tests were conducted on potted plants with the first
generation adults. The results (Table 3) agree well with
our earlier data. Larval transfer on potted plants in no-
choice conditions revealed that successful larval devel-
opment occurred only on L. salicaria.

Impact on the host was evaluated under laboratory
conditions. Larvae fed on small secondary roots and at
high density (more than 15 mature larvae per plant)
caused significant damage and wilting of the potted
host plant.

Discussion

Field observations, data obtained from literature
(Medvedev & Roginskaya 1988, Dubeshko &
Medvedev 1989), and unpublished data from collec-
tions of the Zoological Institute (St Petersburg, Russia)
suggested that Aphthona lutescens is fairly widespread
and common from European Russia to eastern Siberia,
although the flea beetle can be collected only in large
dense patches of purple loosestrife. A. lutescens is the
only species of the genus Aphthona known to feed on
purple loosestrife. It can sometimes be confused with
Lythraria salicariae since both are of similar body
shape, size and yellowish in colour with a darker strip
along the suture. 4. [utescens can be easily separated
from L. salicariae based on the confused punctation of
elytra. Other characters are given by Konstantinov &
Vandenburg (1996).

The combination of our field survey and laboratory
observations suggests the following life cycle of 4.
lutescens in Krasnodar territory. Adults overwinter in
leaf mulch or in the soil and emerge at the beginning of
May, soon after purple loosestrife produces vegetative
growth. This time of emergence is suggested by the
relatively short preoviposition period in adults
collected on May 23 (Table 1). Specifically, most of the
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females collected were already ovipositing and only
one female started oviposition 20 days after the begin-
ning of observation (which indicates that it was still in
diapause when collected). On the other hand, no beetles
were collected in the same location in the middle of
April. Thus, adult emergence can be approximately
positioned at the end of April to early in May.

Under laboratory conditions, the mean duration of
oviposition in overwintered females was 70 days (i.e.
till the middle of August, although the last female of
this cohort continued to lay eggs until the end of
September). However, none of the adults collected in
May survived until November, which suggested the
absence of the second winter diapause, at least among
the adults studied. Thus, we suppose that, under field
conditions, some of the overwintering adults survive to
the end of summer, although the sharp decrease in the
adult population recorded in June, suggest that many of
them died relatively soon after emergence.

Under greenhouse conditions, at a mean temperature
of ca. 25°C, the duration of development from egg to
adult stage was ca. 30 days. Considering the tempera-
ture in May—June (daily means, ca. 20°C) we suppose
that, in natural conditions, emergence of the first gener-
ation adults begins at the end of June, two months after
the reactivation of the maternal females. In the begin-
ning of July, a sharp increase in population density was
recorded during our field survey.

At least some of the newly emerged adults of the F,
laboratory generation soon started to lay eggs. Almost
half the adults collected in the field in the Krasnodar
territory on July 6 started to oviposit when observed in
the laboratory, although the mean pre-oviposition
period in this cohort of females was almost twice as
long as in the overwintering generation (Table 1),
suggesting that many of the females were not yet ready
to oviposit and the development of their ovaries
continued in the laboratory.
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Under natural conditions, the second generation may
not emerge until the middle of August. It is not clear if
some of them laid eggs before diapause, but obviously
most of the second-generation adults enter diapause
controlled by some environmental cues, which have not
been investigated in this species. Even at the end of
July, only one of 10 females collected was ovipositing,
yet more than half survived until November (i.c.
diapaused).

Our results made it possible to develop a preliminary
description of the life cycle that contributes to the
survival of A. lutescens under a wide range of climatic
conditions and natural zones from dry steppes (north
Caucasus) to cold wet meadows close to the Arctic
Circle (Karelia) and also in sharply continental areas of
eastern Siberia. All the overwintered females laid eggs.
Then, in each following generation, some of the adults
diapaused just after emergence while some of females
started oviposition but retained the ability to diapause.
This flexible life cycle is rather common among insects,
particularly in leaf beetles. The Colorado potato beetle
represents one of the best-studied examples (Hare
1990).

Rather strict host specificity is suggested both by
field and laboratory observations. Under natural condi-
tions, A. lutescens adults were collected only from L.
salicaria. In the laboratory, while adult beetles fed on
purple loosestrife and non-host plants, larval develop-
ment was recorded only on purple loosestrife.

We conclude that the oligophagous A. lutescens,
with a flexible life cycle, and two-fold impact on the
host (larvae are root-borers, while adults are leaf
feeders) may be an effective agent for the biological
control of purple loosestrife. The earlier published
conclusion by Blossey (1995) giving A. lutescens a
relatively low score as a potential biocontrol agent for
purple loosestrife control was partly based on the
hypothesis that it was a univoltine species, which is true
only for the northern part of its geographic range.
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The significance of intraspecies
pathogenicity in the selection of a rust
pathotype for the classical biological
control of Mikania micrantha
(mile-a-minute weed) in Southeast Asia

Carol A. Ellison,! Harry C. Evans' and Judith Ineson?

Summary

Mikania micrantha, commonly known as mile-a-minute weed (Asteraceae), is a vine of Neotropical
origin, which has become an important, invasive weed within the moist tropical zones of Southeast
Asia. A classical biological control program focusing on the potential of fungal agents, evaluated three
rust pathogens, Puccinia spegazzinii, Dietelia portoricensis and Dietelia sp. nov., which occur within
the native range of the plant. These rusts were found to have distinct and disparate geographical distri-
butions. Puccinia spegazzinii is the widest-ranging species and 16 pathotypes were collected from eight
countries, together with one isolate each of the other two species. Using molecular techniques, the
genetic variability of M. micrantha throughout its native range was analyzed (21 accessions from nine
countries) and compared to that in the exotic range (29 accessions from nine countries). The results
show that great genetic variation occurs within the Neotropics, whilst in the exotic or palaeotropic
range the genetic base is narrow, indicating that those populations originated from only a few introduc-
tions. The molecular data were compared with an extensive cross-inoculation program undertaken
between selected accessions of M. micrantha (25) and rust pathotypes (9). These studies have been
instrumental in the selection of the rust strain most suitable for the first target area of release (southeast
India). An isolate of P. spegazzinii from Trinidad has been recom