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Proc. 8th Int. Symp. Insect-Plant Relationships, Dordrecht: Klwwer Acad. Publ.
S.B.]. Menken, .H. Visser & P. Harrewijn (eds), 1992

Introduction

Initially a mainly European affair in 1958, the Symposia on Insect-Plant Interactions have
developed into an international forum where researchers in both fundamental and applied
entomology can meet with other scientists. If was a great pleasure for the Organizing
Committee of this 8th Symposium to welcome over 180 participants from 26 countries from
all over the world: unfortunately, contributions from the developing countries fell short of
expectations.

The proceedings show the progress this field has made since the previous symposium in
1989 in Budapest. This volume follows the symposium program quite strictly. Papers are

, organized along the five major symposium topics: insect-plant communities, host-plant
selection, genetics and evolution, host-plant resistance and application of {ransgenic plants,
and multitrophic interactions. Besides seven invited papers and a paper with concluding
remarks, this volume contains the short communications of all 115 oral presentations and
posters. Included are also the summaries of four European Science Foundation workshops
held over the past two years where European scientists discussed the state of the art and the
future of major topics in insect-plant interactions in order to develop befter integrated
research programs. This occurred concomitant with a further political and economical
integration of Europe. It is just 150 kmn from Maastricht to Wageningen.

The field of insect-plant interactions nowadays includes almost all of biclogy, as well as
parts of chemistry and physics. It takes a central position in biology because insects are the
most abundant animal group, half of them are herbivores, and they dominate all terrestrial
ecosystems. Knowledge of insect-plant interactions is thus fundamental to an understanding
of the evolution of life on Earth.

Two major topics of world-wide concern give this field an extra dimension. First, large
amounts of food crops are still lost due to insect pests. With the increasing cencern for
environmental pollution and the subsequent plans to drastically reduce pesticides, integrated
pest management and development of resistant crops become a major focus in agriculture.
The importance of the study of insect-plant relationships is thus continuously augmented.
Clearly, successful pest control demands sufficient fundamental knowledge of pest-host
interactions. Second, our work can contribute towards stopping or even counterbalancing the
threatening biodiversity crisis thanks to an understanding of how the interaction of insects
and plants has influenced and still influences the diversification and speciation (evolution)
of both groups. These problems should, of course, be approached at a multitrophic level.

The editors would like to thank Raph de Rooij and Paul Piron for their extensive help in
preparing the camera-ready manuscript, Albert Koedam for photographic procedures and
Ninette de Zylva for correcting part of the English text. The assistance of Sandrine Ulenberg,
Diny Winthagen, Marco Roos, Kees van Achterberg, and Sybren de Hoog is gratefully
acknowledged.

The participants wish to dedicate this volume to Louis Schoonhoven, who recently retired
from Wageningen Agricultural University, for his stimulation of the field of insect-plant
relations in general and that of physiological entomology in particular, and for being
chairman of this 8th Symposium on Insect-Plant Interactions.

The editors
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Proc. 8th Int. Symp. Insect-Plant Relationships, Dordrecht: Khewer Acad. Publ.
S.B.J. Menken, |.H. Visser & P. Harrewijn (eds}, 1992

The importance of herbivore population density in multitrophic
interactions in natural and agricultural ecosystems

Donald R. Strong’ and Stig Larsson®
! Bodega Marine Laboratory, University of California, Bodega Bay, USA
2 Dept of Plant and Forest Protection, Swedish Univ. of Agricultural Sciences, Uppsala, Sweden

Key words: Herbivory, heritability, host plant resistance, insect outbreaks

Summary

Multitrophic interactions are an important aspect of evolution for insects on plants, with
carnivorous insects comprising a large part of plant defense against herbivores. We
explore a conflict between ecological and evolutionary aspects of tritrdphic interactions.
We reason that, by greatly lowering the densities of herbivores, carnivorous natural
enemies can thwart the opportunities for selection of resistance to herbivory. With
effective natural enemies, these opportunities should be fairly rare and restricted to odd
periods of herbivore outbreak,

An example of a gallmidge outbreak and consequent population decline in a genetic
experiment with willow saplings illustrates this idea. At the height of the outbreak, great
additive genetic variance and heritability in resistance to the midge occurred among
willow genotypes. With increasing mortality from natural enemies, gall densities
decreased over several midge generations, and additive variance and heritability for
willow resistance to the midge decreased in kind. At lowest gall densities heritability for
resistance equalled zero. Endemic densities of the midge are usually much lower than
even the lowest in the experiment, so heritability for resistance in nature is normally nit,
Since no plants died, no selection took place among these saplings. However, seedlings
can probably suffer heavy meortality from these galls. This is an example of an
interspecific genotype by environment interaction, with herbivore density being the
environmental factor that influences the expression of plant genotype. Without
heritability, no response to selection and no evolution of resistance can take place. Thus,
carnivorous natural enemies that suppress herbivore populations can protect plants
ecologically but at the same time thwart opportunities for selection of herbivore
resistance, ‘

Introduction

The interactions of plants with herbivores do not proceed independently of other trophic
levels. Carnivores and microbes have important rales in virtually every natural system of
plants and herbivores, and in a very large fraction of agricultural systems as well. Over
ten years ago, this theme was explored by Price ef al. (1980), under the rubric of
"tritrophic interactions”. These authors observed with dismay that contemporary general
theory was primarily made for two trophic levels, and was oblivious to the influences of
carnivores upon herbivores and plants. Their paper came two decades after the much



discussed hypothesis of Hairston et al. (1960), which carried a similarly multi-trophic
message, viz. the remarkable fact that the “earth is green" is owing to the suppression of
insect herbivore populations by carnivores. Hairston er al. (1960) asserted that these
natural enemies limited herbivore populations, in general, to levels sufficiently low that
the terrestrial world was saved from being grazed bare. The tritrophic argument of Price
ef al. (1980) was more evolutionary than that of Hairston ef al. (1960), and envisioned
plants to have evolved adaptations enlisting parasitoids, predators, and parasites into the
"battery of defenses against herbivores." The prime example of this evolutionary
encouragement is recruitment of ants, those "pugnacious bodyguards" of plants (Bentley,
1977; Vrieling ef al, 1991), but parasitoids can also fit this mold (Weis & Abrahamson,
1986; Price & Clancy 1986).

In this paper we will explore the prospect that, in some cases, natural enemies so
reduce insect herbivore density that selection pressure by these herbivores upon the
plant’s internal defenses are virtually eliminated. Thus, the effectiveness of defenses
external to the plant in suppressing  herbivores can thwart the evolution of internal
resistance to herbivory. When the rare outbreak of these herbivores occurs, there would
be an abundance of susceptible genotypes in the plant pepulation.

As an example, we will discuss resistance to herbivory by a gall midge in Salix
viminalis L., the basket willow. This plant is cultivated for biomass fuel in parts of Europe,
where it also grows wild. The data are the results of a serendipitous experiment, in which
the midge unexpectedly colonized an elaborate common garden of willow saplings
{Strong et al., in press). The garden was planted with offspring of a partial factorial cross
of willows meant to study woeod productivity differences among genotypes; parents of the
plant were feral. The gall midge Dasineura marginemtorquens Brem. (Diptera,
Cecidomyiidae), quickly grew to outbreak densities then declined over four generations
under heavy mortality from natural enemies, populations of which grew rapidly in
tandem to the gall midge outbreak.

The midge oviposits on very young leaves of the terminal bud. Eggs hatch, and first
instars search for galling sites as the leaves expand (Larsson & Strong, in press). D.
marginemtorquens is a "pocket galler,” causing the leaf to fold around the developing
larvae in the fashion of a taco. Parasitoids and predators come and go through the ends of
the folded leaf. The midge has from three to four discrete generations in central Sweden,
each of which leaves a band of galled leaves interspersed between bands of ungalled
leaves on the continuously growing willow shoots.

Methods

We defined resistance operationally, as the absence of galling by the midge. Genetic
variation for resistance was determined for paternal and maternal half-sib families and for
full sib families of willows. The garden was planted in the spring of 1988 with saplings
grown indoors in late winter from stem cuttings of 240 willow clones. Each clone was
replicated 10 times to yield 2400 separate plants in the garden. Eight seed parents
("mothers”) and eight pollen parents ("fathers") were used in the partial factorial cross that
produced the clones. The parents were feral plants from Sweden and Holland that had
been transplanted to the Department of Forest Genetics for the crosses. Six full sibs from
each of 40 (of the 64 possible) crosses were in the garden. Thirty offspring for each of the
eight willow fathers and each of the willow mothers comprised the 240 clones, with each
paternal haif-sib family representing five mothers and each half-sib maternal family
tepresenting five fathers. Each father and mother were represented equally among the 240
offspring clones. The garden was divided into two halves, corresponding to high and low
nutrients for the willows. Each half was divided into five parallel replicate areas, with one



plant from each of the 240 clones planted at a random grid position in each replicate.
Thus, there were five complete plot replicates for each nutrient treatment.

Results

The plot was in prime habitat for both basket willow and the insects. Even though in a
"common garden," the environment was certainly not artificial or strange to these
organisms. The outbreak of D. marginemtorquens occurred spontaneously in the plot in
1988, either from a few hitchhiking immatures on the cultivated plants or from adult
immigrants flying in from nearby fields of the plant (Fig. 1). After 1988, midge densities
declined through the three generations of 1989. By the first generation of 1990, gall
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Figure 1. Level of galling of basket willow, Salix viminalis plants by the midge Dasineura
marginemtorquens and combined parasitism rate of galls as the outbreak of the midge
declined from 1988 through 1991. Substantial additional mortality due to predation by the
bug Anthocoris nemeralis was suffered both by larval midges and larval parasitoids.
Endemic gall densities are at least an order of magnitude lower than those observed at
the end of the outbreak.

density had decreased to quite low levels. However, the level of 0.43 galled leaves per
shoot in the spring of 1990 was at least an order of magnitude higher than endemic levels
of the midge in the Uppsala area. Endemic densities of galls on feral and cultivated plants
range from about 0.01 downward to 0.001 galled leaves per shoot (Larsson and Strong,
pers. obs.), so natural levels of attack are usually much lower than those studied in the
outbreak. The 1988 galls occurred mostly in the third generation of midges. The first
generation had passed before the planting of the plot, and gall density of the second
generation was fairly low.

Combined parasitism of individual D. marginemtorquens larvae and pupae by three
hymenopteran species: Aprostocetus abydenus Walker, A. torquentis Graham (Eulophidae)
and Synopeas myles (Wallner) (Platygastridae) had risen to approximately 80% in the first
generation of 1989, when we began to study meortality from natural enemies. We
measured neither predation nor parasitism rate in 1988. All parasitized individuals of the



midge died. Parasitism decreased in a roughly linear fashion from the high level in the
first generation of 1989 to approximately 45% in the, second and 32% in the third
generation of that year. Finally, combined parasitism was but 4% in the first generation of
1990 (Fig. 1). In addition to parasitism, larvae and pupae were also killed by the bug
Anthechoris nemoralis L. {(Anthocoridae), which had become quite abundant in the galls by
the third generation of 1989. This predator also ate larvae and pupae of the parasitoids
that were developing upon the midge larvae in the folded leaves. The high mortality from
parasitoids and the predator is consistent with the inference that the outbreak of midges
was quenched by natural enemies.

The genetic constitution of the willows in the plot did not change over the experiment.
No plants died. The stem cuttings were all quite vigorous when planted, with well
developed root masses.

The implications for the evolution of host plant resistance within the context of tri-
trophic interactions are shown, within generations, by differences in gall density among
the willow genotypes during the course of the outbreak (Fig. 2). There were 13 extremely
resistant clones that hardly experienced any galling at all (Fig. 2, bottom). Two full-sib
families -- out of the total of 40 -- contained all of these 13 clones (Fig. 2, top). These two
families had different mothers but the same father, from Vaxjo, Sweden. The full array of
genetic diversity in herbivore resistance among all clones is shown by Fig. 2b. In addition,
three more clones had substantial resistance, falling between 5 and 10 galls per stem in
1988. These three clones had the father from Uppsala.

In brief summary of the complicated set of data from this outbreak, the extremely
resistant clones were not "induced" in any way by herbivory because stem sections that
had been stored from plants grown with no insect attack produced foliage as resistant to
the midge as those in the outbreak. In laboratory experiments, ovipositing midges did not
discriminate among extremely resistant and susceptible clones. Eggs hatched abundantly
on bath, but first instar larvae failed, by and large, to initiate galls and died on the
resistants (Larsson & Strong, in press). However, we have no evidence either in favor or
against induction of the remaining clones which define the upper mode of resistance
(Fig. 2).

Galling differences were not a function of vigor, so the variable "leaves galled per
shoot” does reflect resistance rather than leaf production differences among genotypes.
The paternal, maternal, and interaction genetic variances for leaves galled per shoot were
significant with very low p values in generations 1988, 1989:1, 1989:2 for both high and
low nutrients, and in generation 198%:3 for high nutrients, but were not significant in
generations 1989:3, low nutrients or in 199(0:1, high nutrients (no data for low nutrient
replicates were available in 1990:1). Maternal inheritance did not figure substantially in
the patterns of resistance, and maternal half-sib heritabilities were roughly commensurate
with paternal ones. Though interaction variances of fathers x mothers were significant in
most instances, in no instance did this interaction contribute more than 5% of explained
variance, in components of variance analysis. 50, the additive variance for resistance was
a very large part of the genetic variability for this character among the plants in the
garden. The extreme resistance has indications of being caused by a single gene or set of
closely-linked genes. There were females among the extremely resistant willows, so sex of
the host plant did not appear to restrict expression of this trait.

Substantial quantitative genetic variability in resistance, independent of the extreme
resistance, occurred among the plants of the experiment. This is suggested both in 1988
among full-sib families (Fig. 2, top} and among clones (Fig. 2, bottom), where an upper
mode is clearly defined above the 13 extremely resistant plants, below. Between about
40% and 60% of the heritability in the entire sample remains when the offspring with the
Vixjs father are excluded from the analysis; paternal and maternal vartances are mostly
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Figure 2. Galled leaves per shoot of the 40 basket willow full-sib families (top) and 240
clones comprising these families (bottom} during the midge generations occurring from
1988 through the beginning of the growing season in 1990; high nutrient treatment only
(low nutrients gave a similar picture). The full-sib families with the father from Vixjé
contained all of the extremely resistant clones (a top, father from Vixjd and mother from
Hérby; b top, father from Véxjo and mother from Rénnesldv). None of the other seven
fathers contributed any extremely resistant offspring. Genetic differences in resistance
among the genotypes were most apparent in 1988 at the height of the outbreak. The
progressive reduction in distinction among willow genotypes that developed as mean gall
density declined was not due to plant mortality; none died over the course of the study.




significant even without the families with the Vixjé father. Nutrient treatment did not
much affect the resistance of these willows to D. tmgrginemtorquens. Nutrients greatly
affected growth rates of the plants but they did not affect the fraction of leaves galled per
stem or the number of galls per leaf. Willow fathers do not interact statistically with
nutrient treatment in terms of galls per leaf. For galls per stem, willow fathers do interact
significantly with nutrient treatment, but the fraction of variance explained by this
interaction is very small (Strong et al., in press),

For the issues of multitrophic interactions and this paper, the magnitude of hentablllty
for resistance was correlated with gall density among generations of the insect. This
pattern occurred similarly in high and low nutrient treatments (Fig. 3). Standard errors of
the heritability, calculated by jackknifing, were about half of the magnitudes of the
heritabilities, so no exact functional form can be ascribed to the correlation.

Additive genetic variance in resistance fell in correlation with gall density, just as did
total phenotypic variance, yielding the fall in 4% This is an unportant point relevant to
den51ty-dependent response to selection. It was not the case that ¥’ fell because total
phenotypic variance (the denominator of #°) increased, or because of complex
relahonshlps between additive variance (the numerator of k) and fotal phenotypic
variance. Thus, it was not the case that the variation necessary for selection to operate
upon resistance was manifested but veiled by large total phenotypic variances among the
paternal half-sib families at low midge densities.

Discussion

The effects of populatmn den51ty in evolution can be viewed in the context of the
response to selecion, R = A’ S, where narrow-sense heritability = #%, and selection
differential = S (Maynard Smith 1989, p. 110). Thus, density dependent evolution can
proceed as a result of density-dependent selection, and/or as a result of density-dependent
heritabilities. The effects of population densities upon additive genetic variation and #* are
just beginning to be explored for single species (e.g., Mazer & Schick, 1992), and our
results with D. marginemtorquens on basket willow show the potential for both #* and S to
be affected in evolution due to interspecific interactions as well, especially for interaction
of herbivores with plants. Our results represent an interspecific genotype by environment
interaction, with insect density as the environmental effect upon the expression of plant
genotype. (We stress that no selection took place in the plot because no plants died or
reproduced; but selection of this resistance is not-unlikely, as discussed below). Endemic
densities of D. marginemiorguens are much lower than even those recorded at the end of
our study in the first generation of 1990. So, in many natural populations of the midge,
there would be virtually no opportunity for selection, no manifestation of heritability and
no selection differential among plant genotypes for this trait.

For multitrophic interactions, the result that natural enemies lower herbivore attack
enough that resistance variation in the host population is not expressed adds another
possibility to the list provided by Simms & Fritz (1992, p.358) for evolution of tritrophic
interactions. First in the list is that "plant resistance may enhance the impact of natural
enemies either through chemical cues that elicit parasitoid search or by prolonging
herbivore development and increasing the chance of pardsitism {synergism)." Second in
the list is that "density-dependent effects could increase parasitism and/or predation on
susceptible plants, which are expected to have higher herbivore densities." Third, is
“enemies may not respond to variation in plant resistance, making enemy impact
independent of and additive to, plant resistance.” Indeed, any of these are possible for our
system during the unusually high midge densities of the outbreak, although we have no
data pertinent to them. On the surface, our results seem closest to the third possibility.
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Figure 3. Heritability of resistance to Dasineura marginemtorquens in the full population of
basket willow clones, as a function of gall density. Top, high nutrients. Bottom, low
nutrients. Standard errors of heritability are calculated by jackknifing paternal half-sib
farnilies. All additive genetic variances for these data are statistically significant except for
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However, there is a key distinction in the fact that most of the time in most places,
densities of the midge are so much lower than in the plot; we infer that natural enemies
reduce gall midge population to densities sufficiently Iow that the evolutionary effects of
herbivory are not felt. Thus, consistent with possibility #3, “"enemy effects would be
independent and additive to plant resistance,” but, as well, enemies would be so effective
as to preclude selection and evolution of plant resistance.

In the extreme, this would be an evolutionary manifestation of the effects of the
Hairston et al. (1960) hypothesis. Indeed, the "world would be (kept so) green," most of
the time, by carnivorous natural enemies that the expression of additive genetic variance
and selection differential could be slight or nil. For basket willow, genes for resistance
would be increased by response to selection only infrequently, during outbreaks like we
have observed. Independently of costs of resistance (about which we have no information
in this case), fithess effects for basket willow of these resistances would be temporally
variable and quite infrequent. This circumstance means that some resistance variation is
usually selectively neutral, at least in terms of protecting the plant against the herbivore
in question.

Natural selection in basket willows for the resistances shown in our study would most
likely occur in the seedling stage, which is much smaller, with much less root and shoot
biomass than the cuttings in our study. It does not seem implausible that several galls on
the few leaves of a seedling could kill a seedling of basket willow. First generation midges
disperse and oviposit in early May, when seedlings are germinating. Were high midge
densities to coincide with germination of a cohort of basket willow seedlings, intense
natural selection could result. On the other hand, were pall densities in the endemic
range, attack would likely be quite limited and only a small fraction of seedlings would
be galled, in this scenario. Work with seedling attack by the gall insect is just beginning,
and at this time we have no data on selection of these resistances to D. marginemforquens
in basket willow.

Conclusions

Multitrophic interactions are an important aspect in the evolution of insects on plants in
both agricultural and natural ecosystems. Carnivorous natural enemies, predators,
parasitoids, and diseases of herbivores can be enlisted in various ways by the plant in its
protection. The list of possibilities for a scenario of evolution of tritrophic interactions
offered by Simms & Fritz (1990} includes direct positive correlations between protections
offered by enemies and endogenous plant protections, indirect positive correlations (with
the higher herbivore densities on susceptible plant genotypes receiving greater
proportional affack from enemies, due to some form of denmsity dependent parasitism
alone), and enemy attack independent of plant resistance genotype. We argue that there is
yet a fourth possibility, which may explain the large amount of resistance variation found
in natural and agricultural populations; carnivorous enemies are so effective in reducing
herbivore attack that evolution of plant resistance occurs only sporadically, during
infrequent outbreaks of the herbivore. This is an extension both of the venerable
proposition of Hairston ef al. (1960) and that of tritrophic interaction theory.

By way of example, we describe genetic work with basket willows during the collapse
of a gallmidge outbreak on cultivated willows that was probably suppressed by
parasitoids and predators. Great variance in resistance to the midge occurred among
willow genotypes, and the outbreak effectively occurred only among a susceptible fraction
of these plants. Heritability in resistance, quite high at the zenith of the outbreak, declined
to zero as the outbreak waned. Thus, density-dependent evolution of resistance can occur
as a result of both heritability and selection differential being density dependent in time.
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Potentially potent selective pressures upon willow populations generated by midge
galling are likely to be rare. We speculate that these selection pressures could happen
during the coincident events of a mass seedling germination and an outbreak of the gall
midge.
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Summary

The paradigm of plant herbivore coevolution suggests that determining the evolutionary
response of plants to insect herbivory will improve our understanding of many aspects of
plant and insect ecology. There are two potential evolutionary responses of plants to
herbivory: resistance and tolerance. This paper examines problems mherent in measuring
one factor involved in the evolution of plant resistance (the allocation coét of resistance)
and then briefly considers the relationship between the evolution of tolerance and
resistance in the common morning glory, Ipomoea purpurea Roth.

Introduction

Almost thirty years ago Ehrlich and Raven (1964) proposed that plants and the insects
that feed on them coevolve. Subsequent work has tentatively supported this hypothesis
(Berenbaum & Feeny, 1981; Berenbaum, 1983; Farrell et al., 1991, but see Thompson, 1986,
Miller, 1987, and Mitter et al., 1988, for a critique of Berenbaum’s thesis), suggesting that
understanding how plants evolve resistance to herbivory may illuminate one of the causes
of both plant and insect diversity, Furthermore, because insect herbivory affects plant
growth and reproduction (Marquis, 1992), and because variation among plants in
resistance to herbivory can influence the composition of consumer communities (Fritz,
1992; Karban, 1992; Simms & Fritz, 1990), understanding how plants evolve resistance to
herbivory can enhance our understanding of plant and animal ecology as well. At the end
of the paper, however, I will question the continued focus on plant resistance and suggest
that other plant responses to herbivory, such as the evolution of tolerance, might have
very different implications for the diversity and ecology of plants and insects.

In most models of the evolution of plant resistance to herbivores, costs of resistance are
important determinants of equilibrium levels of resistance (Fagerstrém et al., 1987; Simms
& Rausher, 1987, 1989; Fagerstrim, 1989; Rausher & Simms, 1989). These models show
that under certain circumstances stabilizing selection can maintain in a population an
intermediate optimal level of resistance determined by a balance between the costs and
benefits of resistance (Fig. 1). Consequently, measuring the cost of resistance is an
important step towards predicting the level of resistance.
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Figure 1. Optimality model for the calculation of cost and benefit of resistance. The fitness
of the most susceptible genotype in the absence of herbivory is designated W(0). The
amount of fitness lost to herbivory by the most susceptible genotype is designated H{(0).
The fitness cost of resistance, as a function of the resources allocated fo resistance, is C(R).
B(R) is the fitness benefit of resistance as a function of allocation. Fitness in the presence
of herbivory, as a function of allocation to resistance, is described by W(R). The point R,
corresponds to the genotype with maximum fitness. (Reprinted from S5imms, 1992.)

Mechanisms of costs and methods for measuring them

A number of mechanisms may produce fitness costs of resistance to herbivory (Simms,
1992), but most verbal presentations of plant herbivore theory have focused on allocation
costs, which are postulated to arise from the competitive allocation of resources to
resistance and other fitness-enhancing functions (growth, maintenance, reproduction)
(Chew & Rodman, 1979; Rhoades, 1979). This type of resistance cost is analogous to the
allocation trade-offs believed to constrain the evolution of life-history traits (e.g., Reznick,
1992).

Simms & Rausher (1987) argued that an allocation cost of resistance should be detected
as a negative genetic correlation between fitness in the absence of herbivory and
resistance. They reasoned that, if there is an allocation cost of resistance, this correlation
should be negative because, in the absence of herbivory, plants allocating resources to
resistance will not benefit from that resistance and should thus have lower fitness than
plants not allocating resources to resistance (Fig. 2).

Evidence regarding allocation costs

In one study using this method, Berenbaum et al. (1986} reported large negative genetic
correlations in wild parsnip (Pastinaca sativa L.) between inflorescence size (a component
of fitness}) in an herbivore-free greenhouse and production of several types of
furanocoumarins that provide resistance to the parsnip webworm, Depressaria pastinacella
{Dup.). In another pair of studies, however, Simms and Rausher (1987, 1989) eliminated
insect herbivores with pesticides and found no genetic correlation between fitness of
Ipomoea purpurea Roth (Convolvulaceae} in the absence of herbivory and resistances to
four types of insect herbivores. This result also agreed with their measurements of
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Figure 2. Genetic correlation method for detecting an allocation cost of resistance. The
y-axis represents fitness in the absence of insect herbivores, w. The x-axis represents the
resource allocation to resistance, R. An allocation cost is detected as ry, < 0.

selection on resistance to herbivory in the presence of insects (Rausher & Simms, 1989).
Instead of finding stabilizing selection, they found directional selection favoring resistance
to fruit damage and detected no evidence of selection on resistance to folivory.

In a review of the literature (Simms, 1992) concluded that costs of resistance exist in
some circumstances but are either nonexistent or unmeasurable in other cases. This
finding raises the interesting issue of why such an intuitively appealing assumption is
sometimes unsupported empirically. Most of the remainder of this paper is devoted to
examining this question. There are two possible answers: Either (1) resistance is not
costly, or (2} the genetic correlation method may not allow us to detect costs. I will
address each answer in turn.

Why costs might be absent

There are two potential reasons that resistance may involve little or no cost. First, traits
involved in resistance may have benefits other than those associated with reducing
herbivory. For example, lupine alkaloids defend plants against insect herbivory but also
reduce herbivory by molluscs and vertebrates (Wink, 1984b), inhibit pathogen infection
(Wink, 1984a; Wippich & Wink, 1985) and growth of neighboring plants (Wink, 1983), and
function in nitrogen transport and storage (Wink & Witte, 1985). If these alternative
benefits outweigh the allocation costs of traits involved in herbivore resistance, then there
may be no allocation costs associated with the function of these traits in herbivore
resistance. For testing the validity of models of coevolution between plants and insect
herbivores, measures of allocation costs of resistance traits should be restricted to those
directly due to the function in plant defense against insect herbivory. Detecting costs as
the negative genetic correlation between fitness in the absence of insect herbivores and
resistance includes only costs that can be charged directly to the resistance function of
these traits.
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Another explanation for why costs may be undetectable is that the traits may have
been costly when they first arose, but costs were reduced or eliminated by subsequent
selection. To illustrate this process, suppose that when rébistance first arises as a new trait,
it involves a substantial allocation cost. Nevertheless, because there is a net benefit to
resistance, the trait will spread and the population will reach an equilibrium level of
resistance. However, because resistance now occurs in a large number of individuals,
there is opportunity for mutation and recombination {o produce genetic variation in the
cost. Selection will favor any new alleles that reduce the cost of resistance without
reducing its benefit. Given enough time, this process might either reduce or eliminate
costs of resistance, and could even allow the level of resistance to increase in the
population.

One could imagine several physiological mechanisms that could mitigate costs of
resistance. For example, as described above, traits involved in resistance could acquire
new functions, causing resistant individuals to maintain high fitness relative to
susceptibles even in the absence of herbivory, Costs of resistance might also be reduced
by increasing the efficiency of defense production or by performing other necessary
functions with fewer resources. Alternatively, catabolic processes could arise that permit
recycling of resources from resistance inte other fitness-enhancing functions, potentially
allowing resistance compounds to function as storage molecules for important nutrients
such as nitrogen or carbon. Finally, if resources are allocated to resistance only when
defenses are mounted, then inducible resistance could reduce costs. This mechanism will
also complicate attempts to measure the allocation cost of resistance, as I will describe
below.

Although we have no evidence for evolution in the magnitude of trade-offs involved in
resistance to herbivory, two examples from other systems are particularly compelling.
McKenzie and colleagues (1980) reported evolutionary change in the cost of single-gene
resistance to the pesticide diazinon in the Australian sheep blowfly, Lucilia cuprina
(Wied.). In 1969-1970 the resistance allele reduced blowfly fitness in the absence of
diazinon {unpublished results by Arnold & Whitten, reported in McKenzie et al., 1980),
suggesting that the resistance allele should decline in frequency after discontinuing
diazinon. By 1977-1978, however, field surveys found that most L. cuprina populations
were close to fixation for the resistance allele (McKenzie et al, 1980). McKenzie and
colleagues (1982} solved this paradox by discovering that most populations no longer
exhibited a cost of resistance to diazinon. In a series of elegant backcross experiments,
they demonstrated that the cost of resistance had been reduced by the evolution of
modifiers at other loci.

Lenski (1988a, 1988b) also showed that the cost to Escherichia coli (Migula) Casteliani &
Chalmers of resistance to virus T4 can evolve. He discovered three distinct genetic
mechanisms whereby costs of virus resistance were reduced. In one case he found several
different resistance alleles at the same locus, each with different accompanying costs
(1988a). In the same experiment, he also found other loci with resistance mutations that
involved lower costs. Finally, Lenski (1988b) found that fitness modifiers could reduce the
costs of viral resistance in E. coli in much the same manner as occurred for costs of
resistance to diazinon in L. cuprina.

Why costs might go undetected
Clearly, there are plausible explanations for why costs of resistance to herbivory might be
undetectably small or absent. However, as is often the case for negative results, such an

unexpected outcome inevitably leads one to question the experimental methodology used
to produce it.
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There are several reasons that the correlation method might fail to detect existing
allocations costs of resistance. [ will discuss two that have interesting biological
implications, beginning with inducible resistance. In addition to reducing the actual cost
of resistance, inducible resistance also violates a critical assumption of the correlational
method for detecting allocation costs. Specifically, the fitness of plants in the absence of
herbivory may not reflect allocation costs of resistance that is mustered only in response
to herbivory. If one can artificially induce resistance without damaging the plant, as was
elegantly accomplished by Baldwin et al. {1990), then an allocation cost of resistance may
be detected as the genetic correlation between the fitness of induced but undamaged
plants and the resistance level of induced plants. However, inducible resistance presents a
host of new complexities. For example, if resistance is induced only once, then its cost
may be underestimated, but inducing resistance continuously could overestimate costs.
Thus, to measure the ecologically relevant allocation cest of inducible resistance, one must
determine the mean frequency of defense induction. Inducible resistance also involves
cost due to mechanisms not relevant to constitutive resistance. For example, the plant
must gather information about when to mount resistance and this is most likely done by
incurring damage. Information gathering is a cost attributed to many switchable or plastic
phenotypes (Van Tienderen, 1991), which suggests that the evolution of inducible
resistance should be examined using the theoretical framework erected to understand the
evolution of phenotypic plasticity (Sultan, 1987; Via & Lande, 1985; Van Noordwijk, 1989;
Van Tienderen, 1991).

Another interesting biolegical reason that the correlational method fof detecting costs
may fail is that the genetic carrelation between fitness in the absence of herbivory and
resistance depends critically on two factors: (1) variation in allocation to resistance and, (2)
variation in the resource pool from which allocations are made. This assertion can be
understood by recasting the cost-benefit model more explicitly as a resource-allocation
model of the type used for studying trade-offs in life-history traits (Riska, 1986, Van
Noordwijk & de Jong, 1986). Suppose that the total resources available to a plant, called T,
can be partitioned between two functions (Fig. 3). Resources can be allocated either to

Herbivores Present Herbivores Absent

T —>R T ——R

| |

i

i
E ——¥ E
Figure 3. Resource allocation model for the allocation trade-off between fitness and
resistance. The total resources available, T, may be allocated either to resistance, R, or to
other fitness-enhancing functions, E. The proportion of resources allocated to R is c. The
remaining proportion, 1-c, is allocated to E. Hence, R = ¢T and E = (1-¢)T. In the presence
of herbivores, both R and E contribute to fitness, w. In the absence of herbivores,
resources allocated to R do not contribute to fitness, w.

resistance, R, or to other fitness-enhancing functions such as growth or seed production,
which I shall call E. Suppose that the proportion of T allocated te R is determined by a
proportionality term, c. Presumably, in the absence of herbivory the portion of resources
allocated to R does not contribute to fitness, w, and w is therefore determined directly by
E. The allocation trade-off embodied in this model can be detected as ry,, the genetic
correlation between resources allocated to fitness in the absence of herbivory and
resources allocated to resistance. To avoid charging to resistance all allocation costs of
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traits with multiple functions, the level of allocatlon to resistance should be estimated by
bicassay. Thus, this correlation is equivalent to the one recommended by Simms &
Rausher (1987) for detecting allocation costs of resistance.
From the allocation model (Figure 3), cov(Rw) = c{c-1) var(T) - var(@QfT? - var(D)}

where T is the average resource availability (Van Noordwijk & de Jong, 1986; Riska, 1986).
When most variation in R is due to variation in ¢, then a negative correlation between
fitness in the absence of herbivory and resistance will result (Fig. 4a). In contrast, when
most variation in R is due to variation in T, the correlation will be positive (Fig. 4b).

%

#

o ©

R K

Figure 4. Variation in allocation to resistance, R, can be caused by variation in either the
total resources available for allocation, T, or the proportion allocated to resistance, c. The
line representing ¢ has positive slope and passes through the origin, T has a slope of
negative one because the total amount of resource available for both R and w sums to
one. In each panel, R has equal range and variance. The shaded region represents
potential genotypic values in a population with the given variation in ¢ and T. A. If
variance in R is due mainly to variance in ¢, then rp , the genetic correlation between
fitness in the absence of herbivores, w, and allocation to resistance, R, will be negative. B.
If variance in R is due mainly to variance in T, then rp , will be positive. C. If variance in
R is due to similar amounts of variance in both ¢ and T, then 7y, will be close to zero,
(Redrawn from Van Noordijk & de Jong, 1986.).
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Finally, when R varies due to similar amounts of variation in both ¢ and T, then the
correlation may be zero (Fig. 4c). One interesting and non-intuitive prediction of this
model is that when ¢ and T both vary, for a given level of variance in ¢ and T, the
correlation is more likely to be negative when T is high (Fig. 5). Thus, the trade-off is
more likely to be detected under high resource conditions.

b oW

R R

Figure 5. When both the total resources available for allocation, T, and the proportion
allocated to resistance, ¢, vary, then for a given level of variation in T and c, the
carrelation rg,, is more likely to be negative when the mean amount of resource available
for allocation is high {panel A) than when the mean is low (panel B).

Houle (1991} developed a model that assumes that all three traits (c, T, and R) are
polygenically controlled and at equilibrium due to mutation-selection balance. It suggests
that if the number of loci contributing to variance in T is large relative to the number
contributing to variance in ¢, then rg, may be positive. Houle used information on
biochemical pathways o argue that resource acquisition might commeonly be influenced
by more loci than allocation. The model also suggests that stabilizing selection for an
optimal allocation of resources to resistance will reduce the number of loci contributing
variance to ¢ and thus lead to near zero genetic covariances between fitness in the absence
of herbivores and resistance. Thus, the very types of selection pressures predicted by the
optimality model of evolution of plant resistance may lead to an equilibrium situation in
which 7, is either zero or posilive,

How can this problem be dealt with? One possibility would be to measure variation in
acquisition ability and "factor” it out of the correlation analysis (e.g., Futuyma & Phillipi,
1987). For example, one could use plant size to estimate acquisition ability, and then
calculate the correlation between fitness in the absence of herbivory and resistance while
controlling for plant size. This method might reveal a previously undetected negative
correlation, although J. Fry (pers. comm.) has argued that it still does not permit using the
lack of a cotrelation as evidence for the absence of a trade-off. This argument holds
because, as outlined by Pease and Bull (1988) and elaborated upon by Charlesworth
(1990), if trade-offs responsible for the cost of a trait such as resistance to herbivory
involve more than two traits, then particular pairs of traits may be posilively correlated
without alleviating the constraint imposed by the trade-off. Instead, the trade-off may be
manifested by negative genetic co:relations between other traits involved in the trade-off,

We can look to Ipomoea purpurea for an example where recent information suggests the
presence of a complex functional constraint that may limit the evolution of resistance. In
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addition to the insect folivory and fruit damage on I. purpures studied by Simms &
Rausher (1989}, Fineblum (1991) reported damage to apical meristerns by generalist insect
herbivores. Resistance to this damage varies among inbred lines and thus is genetically
variable. Furthermore, Fineblum did not detect a negative correlation between fitness in
the absence of herbivores and resistance to apical damage, even though she measured
fitness in the absence of herbivores in both the greenhouse and in the field. Thus, there
was no evidence that the evolution of this trait is constrained by allocation costs.

In addition to this resistance trait, Fineblum (1991} found variation among inbred lines
in tolerance to apical damage, where tolerance is defined as the ability to compensate for
damage caused by herbivory (Painter, 1958). By this definition, a damaged individual of a
tolerant genotype produces the same number of seeds as an undamaged individual of the
same genotype, whereas a damaged individual of an intolerant genotype exhibits reduced
seed production relative to an undamaged individual of that genotype. Tolerance is an
interesting trait because it provides an alternative method by which plants can mitigate
the deleterious effects of herbivory. But it is of particular interest in I. purpurea because
Fineblum (1991) found a substantial negative genetic correlation between resistance to and
tolerance of apical damage (r = -0.94, P < 0.005), suggesting that there is a trade-off
between being resistant or being tolerant.

Thus, if tolerance is beneficial, then selection will favor an increased level of tolerance
in the population. However, because tolerance and resistance are negatively correlated,
selection favoring increased tolerance will cause a reduction in the population mean level
of resistance, which selection on resistance is likely to oppose. Thus, although there is no
evidence for direct allocation trade-offs of either resistance or tolerance, it appears that in
the I purpurea population from which these inbred lines were established, both traits may
be maintained at intermediate optima by stabilizing selection due to another trade-off, the
opposing benefits of increased tolerance and increased resistance. It is not yet known
whether this trade-off is rooted in competitive resource allocation or is due to another
mechanism (Fineblum, 1991).

Conclusions

The issues I have discussed here lead to several conclusions and suggestions for directions
of future research. First, more empirical evidence is needed to determine whether
allocation costs associated with defensive function can constrain the evolution of
resistance to herbivory. Although several studies have detected evidence for allocation
costs of resistance, such trade-offs are not ubiquitous. Given that there are clear theoretical
reasons for why allocation costs of resistance might be small or non-existent, we must
broaden our fecus to elucidate the circumstances under which allocation costs can limit
the evolution of plant resistance and when other factors may be important,

Thus, the question should not be whether there is an allocation trade-off; each plant
has a certain pool of resources available and these must be allocated to various competing
functions, including resistance. The appropriate question is instead: How often does this
allocation trade-off constrain the evolution of increased resistance in a plant population?
The genetic correlation is a statistical abstraction that describes the average effects of large
numbers of factors contributing to the mean phenotype in a population (Riska, 1989). As
such, it can encompass the allocation trade-off but also many other aspects of the
phenotype that may be constraining the evolution of plant resistance. In a broad sense,
evolutionary constraints are created by the physical limitations imposed on the phenotype
by both the environment and the configuration of the genetic information encoding the
phenotype. Therefore, they involve the entire phenotype and are unlikely to be restricted
te allocation trade-offs. The genetic correlation method will be most successful, therefore,
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when it is used in conjuction with functional analysis (of physiology, morphology, insect
behavior, and even genetics) to determine the mechanisms of particular constraints.

In addition to broadening our views about trade-off mechanisms, the last example I
provided also emphasizes the importance of moving beyond the narrow confines of plant
tesistance to ask breader questions about how plants respond to herbivory. As Fineblum'’s
(1991) work shows, plant response can include resistance, tolerance, or a combination of
the two traits,

Recognizing the diversity of plant responses to herbivory will allow us to extend the
paradigms used to understand plant-insect coevolution. For example, a focus on plant
resistance has centered attention on the arms race paradigm, leading to expectations of
ever increasing plant defense and herbivore offense. How would Ehrlich and Raven’s
view of plant-insect coevolution have differed if they had instead viewed the evolution of
tolerance as the dominant mode of plant response to herbivory? The evolution of
tolerance may allow a plant lineage to enter a new adaptive zone (one in which it is not
affected by herbivory), but may not produce selection for host shifts in the herbivore,
thereby reducing its chances of entering a new adaptive zone and subsequent
diversification. What affect would this response have on rates of diversification and
extinction in insects? Finally, tolerance in its extreme form produces a commensal
relationship between plant and herbivore, and if plants overcompensate for herbivory,
plant-herbivore mutualisms might even develop (Owen & Wiegert, 1976; McNaughton,
1979; Owen, 1980; Paige & Whitham, 1987; Vail, 1992).

Currently, tolerance appears to be rare in plants, but that perception may be due to the
relative difficulty of detecting it. Resistance variation is easy to see in the field as variation
in damage, whereas detecting tolerance requires experimental manipulations. To eliminate
this methodological bias, future work must focus on the evolution of all potential plant
evolutionary responses to herbivory.
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Variability of insect species richness is largely explained by major determinants like size
of geographic host range of the plant and plant architecture, but a residual variation still
remains unexplained (Strong et al., 1984). Habitat characteristics play an important role,
since annual grasses dominate in early succesional habitats and perenpials in late
succesional habitats {(Brown & Southwood, 1987). We analyzed determinants of the
variability of insect numbers on annual and perennial grasses and tested the hypotheses
that variability of species richness of insect communities of grasses can be explained by
(1) plant chemistry, (2) plant architecture, (3) life-cycle of grasses (annuals compared with
petennials) or (4) by habitat characteristics.

Material and methods

Plant chemistry was characterized by analyzing contents of nitrogen, silicate, sugar, and
starch of 4 annual grass species (Alopecurus myosuroides Huds., Apera-spica venti (L.), Avena
fatua L. and Bromus sterilis L.) and 4 perennial grass species (Agrostis stolonifera L., Elymus
repens L., Dactylis glomerata L. and Lolium multiflorum Lam.). Plant architecture was
characterized by measuring the length, number of nodes and diameter of shoots of these
grasses. The impact of habitat and life-cycle was tested experimentally in an agricultural
region in southern Germany using the annual A. myosuroides and the perennial D.
glomerata and using two habitat types: one year old fallows of previously cultivated arable
land, and old meadows. Eight pols with the annual grass and 8 pots with the perennial
grass were planted into each of five fallows and five meadows. In May and June,
ectophytic pests of half of the grass pots were sampled by a suction sampler. Endophytic
insects of the other half of the grass pots were sampled by dissection of stems.

Results and discussion

The content of nitrogen, minerals, silicate, sugar and starch of the shoots of annuals and
perennials did not differ significantly nor did the plant architecture. In fact, the length,
number of nodes and basal diameter of shoots of annual and perennial grass species
showed great similarity.

In the case of ectophytes, appreciable variability in species richness of insects
colonizing annuals and perennials was not caused by habitat characteristics or life-cycle.
The mean number of ectophytic species infesting the annual A. myosuroides did not differ
from the mean number of insects attacking D. glomerata, regardless of whether the habitat
was a young fallow or an old meadow (Fig. 1a).
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Figure 1. Species numbers of (a) ectophytic and (b) endophytic insects on A. myosuroides
and D. glomerata in relation to habitat type (young fallow-old meadow) and life-cycle
strategy (annual-perennial). Arithmetic mean and 95% confidence limits are given.

a) F336= 12,7 = 0.34; b) F, = 8.0, P = (.0018.

In contrast, the impact of habitat and life-cycle proved to be important for endophytes.
Stems of the annual grass were infested by only one endophytic gall-midge, whereas
stems of the perennial grass had a total of 10 stem-feeding species (Greiler & Tscharntke,
1991). The mean number of insect species attacking D. glomerata increased with the age of
the habitat and was always greater than the mean number of insect species attacking A.
myosuroides, irrespective of the habitat. In contrast, the incidence of the gall-midge
infesting the annual grass was not influenced by habitat (Fig. 1b).

The impoverished community of endophytes on A. myosuroides could be explained by
the scanty appearance or predictability of annuals as a result of their life-cycle, whereas
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habitat characteristics explained differences in endophytes’ colonization of the perennial
grass (the "D. glomerata on meadows” mean is significantly different from the three other
groups: LSD-test).
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Invertebrate herbivores, such as insects, have been hypothesized to be less important than
vertebrates in plant population dynamics (Crawley, 1989). This generalization, if true, is
an important one. However, few experimental data are available on the role of
invertebrates in the recruitment and density of native plants. Also, few studies analyze
both interactions simultaneously. The purpose of this study was to concurrently test the
importance of three biological interactions that may limit plant densities. In three
concurrent experiments, we excluded insects or vertebrates, or altered the level of
seedling competition with established grasses.

The study plant, Platte thistle (Cirsium canescens Nutt.), is a native monocarpic species
of sand prairie in the middle U.S.A. This plant and its interactions lend themselves to
generalization for several reasons. First, the study builds on detailed studies of Cirsium
biology and interactions, Second, shori-lived perennial plants with fugitive life history
strategies, such as thistles, are important in the maintenance of biological diversity in
grasslands; yet, we know little about consumer effects on their population dynamics. And,
third, many species in the genus are problematic weeds, so the results should have
immediate application.

Results

In the first experiment, we studied the impact of flower- and seed-feeding insects by
reducing damage to developing flowerheads. with insecticide. We compared the
performance of insecticicde-treated plants with control plants treated with water or with
nothing (N = 11, 12, 8 replicates/treatment). Predispersal consumption of flowers and
developing seed caused a significant decrease in the seed matured (Fig. 1). A three-fold
reduction in seed by insects led to a six-fold decrease in seedling density. No
compensation in seedling survival occurred; the insect-induced difference in numbers
persisted and, in fact, grew during succeeding stages (Fig. 1). Reduction of insects
eventually led to a three- to 37-fold increase in the number of progeny that reached
maturity per test plant (Fig. 1; Louda & Potvin, unpubl). The differences in recruitment
and ultimate reproduction were established by the variation in insect damage. Note that
the increases in seedling and subsequent adult densities: in this experiment occurred in
spite of ambient levels of both postdispersal seed predation and plant competition.

In the second experiment, postdispersal seed consumers were excluded with full cages,
or allowed access in partial cage or no cage control treatments (N = 30 seeds/ treatment,
30 x 30 cm area/treatment, cage mesh = 1.27 cm). Replicates were placed in two habitats:
open and amid established grasses (N = 5/habitat). Seedling establishment and survival
were compared over two years. Germination was low in general (6.7%, full cage).
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Figure 1. Number (log) of Platte thistle individuals in three treatments (insecticide spray,
water-only spray, no spray; 1984-85 experiments combined) over sequential life history
stages: Flower = total number of flowers initiated per plant; Seed = total Tumber of viable
-seeds released per plant, after flower- and seed-predation by insects; Seedling = number
of seedlings established per plant; Adult = number of progeny matured per plant by test
plants as of May 1991.

Vertebrates did not have a definitive, statistically significant effect on seedling
establishment overall (ANOVA: treatment effect F, ), = 2.53, P < 0.10). However, 80% of
seedlings were in cages that excluded vertebrates. Postdispersal predators reduced
seedling recruitment in the open, but not in the grass (ANOVA: location effect F, ,, = 5.52,
P < 0.02, treatment x location interaction F,m = 495, P < 0.03). Postdispersal seed loss
thus amplified the negative impact of insects in the open habitat.

In the third experiment, we transplanted seedlings into two treatments to test the effect
of competition on seedling establishment. The treatments were: in open vs within
opennings in clones of Switchgrass, Panicum virgatum L. (N = 21 seedlings/treatment).
Within 9 weeks, established grasses significantly reduced seedling survival to 4.8%,
compared with 429% in the open (ANOVA, F, 5 = 7.23, P < 0.02). After 2 years, 9.5% of
the seedlings survived in open vs none in the vicinity of grasses. Thus, competition with
established grasses supplemented the negative effect of insect herbivory and postdispersal
seed predation by vertebrates.

Conclusions

These results have several important implications. First, the data suggest that flower- and
seed-feeding insects had a greater impact than did vertebrates on the population
dynamics of this plant, contrary to expectation. These results are consistent, however,
with the only other set of experiments that directly test the effect of seed destruction on
seedling establishment in situ (Louda, 1982, 1983). In both studies, seed was found to be
more limiting to seedling establishment than safe sites. Second, a generalization suggested
by these studies is that short-lived perennial plants with fugitive life history strategies are
highly vulnerable to insect impact on their dynamics. Why might this be so? Short-lived
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plants are dependent on seed recruitment for population persistence. Fugifive species may
be particularly susceptible, given the dependence of seédling establishment on the joint
probability of viable seed and disturbed safe-sites. Also, perennial plants may persist long
encugh to be relatively predictable to adapted insect granivores, allowing the cumulative
development and maintenance of significant insect loads. Third, the data suggest that
predation complements competition in shaping fugitive life histories.
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The ability of insects to select between different species of host plants {preference) is well
documented, and insect-plant coevolution is often assumed to have occurred through a
positive covariance between preference and performance (Thompson, 1988). In
gall-forming insects, high gall-densify on one of several host species may indicate
preference. But it is unclear whether this argument can be extended to differences in
density among different individuals of the same host species. 7

It is often observed that some Pistacia trees are heavily colonized by galling aphids
(Fordinae, Aphididae, Homoptera}, while neighbouring trees carry few galls or none at afl.
Fifteen species of galling aphids colonize Pistacia hosts (Anarcardiaceae) in Israel {Koach &
Wool, 1977).

We sought answers to two questions: (1) Are there persistent differences in gall density
among trees, over and above the considerable, temporal variation (Wool, 1990)? (2) If so,
do they result from preference or are there other causes? In this paper, we describe the
results of long-term observations conducted at three sites on two host species, viz.,
Baizongia pistacige (L.) which colonizes Pistacin palaestina Boiss. and Smynthurodes betae
Westw. which colonizes Pistacia atlantica Desf. We cdlaim that this widespread
phenomenon involves no preference.

Table 1. Colonization of recovering trees at the CAR site
in 1991 by Baizongia pistaciae

Growth status Colonized Not colonized
on April 1 >1 gall 0 galls
Growing 15 7
Dormant 7 10

Mean number of galls on colonized trees:

Growing 16.7 (range 2-59)
Dormant 2.1 (range 1-8)

= =
NG,
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Results and discussion

Gall densities of B. pistaciae were recorded for 13 years on 64 marked trees at three sites in
Israel. The gall densities of 5. betae, however, are known for three years only, on a few
trees in each of two sites. In addition, 39 trees of P. palaestina, recovering after complete
destruction by forest fire, provided data {in 1991) on the early stages of recolonization by
B. pistacine. Two-way ANOVA with no replication on square-root-transformed gall
densities, revealed highly significant differences among trees, apart from the very large
temporal fluctuations. Thus, differences in gall density among frees are persistent
(question 1}. At one site, 3 out of 33 trees were almost never colonized (with 1, 2 and 0
galls observed in 13 years) while neighbouring trees were almost always colonized (Wool,
unpubl. results).

Table 2. Average density of fundatrix and final galls of S. befaz on
different trees at two sites in 1988 and 1991 ("bad years") and in 1989
("good year"}

Year Galls per shoot Replacement rate
Tree Fundatrix Final (Final / fundatrix)
1988 1-GB 6.0 57 0.950
4-GB 3.2 2.0 0.620
9-GB 14.4 2.9 0.203
1989 1-GB 2.0 73 3.650
3-GB 29 6.0 2.070
4-GB 1.1 1.2 1.091
5-GB 22 6.9 3.136
9-GB{a) 2.0 9.0 4.500
9-GB(b) 5.2 85 1.634
12-GB 2.1 0.89 0.423
1991 1-GB 4.8 5.3 1.100
4-GB 5.4 1.4 0.264
9-GB 7.9 3.3 0.427
1989 2-TAU 3.0 11.7 3.900
6-TAU 5.6 9.8 1.741
7-TAU 5.0 16.9 3.378
1991 6-TAU 7.5 17.2 2.299
7-TAU 5.0 20.6 4.161

Gall density distribution among the 39 trees recovering after the fire indicated
significant departure from Poisson expectations and cilumping. Thus, colenization success
was apparently not a random process. However, colonization on trees which began
growing before April 1 was significantly heavier than on trees that were still dormant at
that time (Table 1) (-test, P < 0.05), In the complex life cycle of the Fordinae, the only
stage when colonizers may select hests is during the spring migration of sexuparae from
the secondary hosts, one year before gall formation (see also Moran & Whitham, 1990).
Clearly, the sexuparae distinguish between different species of Pistacia (Fordinae are host
specific in Israel), although they do make mistakes (Wool, unpubl). We have no data on
the ability of sexuparae of B. pistacige to choose among individual trees. But in 5. befae the
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two processes - colonization and fundatrix success (performance) - are partially separable
due to the extreme complexity of its life cycle (Wool & Burstein, 1991). The evidence
(Table 2) shows that fundalrices colonized all trees every year, but in 1988, and again in
1991, trees at GB hardly produced any final galls (< 1 per fundatrix). Table 2 illustrates
that fundatrix gall density (preference} is unrelated to or negatively correlated with
fundatrix performance. In 1989, fundatrix performance was good on all trees.

Rohfritsch (1981} described a true case of tree resistance to galling adelgids. In our
case, a chemical defence mechanism is unlikely because 2 of the resistant trees did carry
1-2 galls over the years, and the third was heavily galled each year by a different species
of Fordinae (Geoica utricularia (Pass.)). We suspect that the clue lies in tree phenology and
the synchronization of aphid attack and tree condition, which is heavily dependent on the
environment.

Two P. atlantica trees grow side-by-side on the slope of Mt. Carmel, with their branches
intertwined. One, a male tree, is heavily colonized every year by Slavum wertheimae HRL,
another species of the Fordinae. The other tree, a female, carries no galls of this species,
Cur observations {in 1991} show that both trees commence flowering at the same time in
spring, but the male tree begins to break its colonizable shoot buds 10-15 days earlier than
the female tree! Differences in the timing of bud break - which may or may not be related
to the sex of the tree but may indeed be modified by the microenvironment - can be
decisive in the short time window available to aphid colonizers.
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Many studies have been published on the ability of phytophagous insects to select an
optimal host for larval or aduit development, survival and reproduction. Moreover, the
ability to select leaves or shoots within a plant is also very imporiant since these may
differ in quality at different sites on the same plant. This ability is known as the
covariance of preference and performance (review in Thompson, 1988).

Most aphidoloegists agree that aphids can exercise preference both among and within
host plants {e.g., Whitham, 1978). Gall-forming aphids are particularly suitable for
preference studies because of their host specificity and their restricted colonization sites;
colonization being limited to a short period during leaf expansion. In this study we aimed
at finding out what determines the intraplant colonization by the gall-forming aphid
Smynthurodes betae West. (Homoptera, Pemphigidae), and the relationship of site selection
to performance,

Material and methods

The aphid 5. betae induces galls on Pistacia atlantica Desf. trees in Israel. The ecology of
this aphid has been described in detail by Wool & Burstein (1991). The study was carried
out in 1991 on trees in Tel Aviv University Botanical garden (TAU) and in Givat Brener
(GB) 35 km south of Tel Aviv. We monitored the trees twice a week during the gall
initiation stage, when we measured the shoot length and counted the number of leaves,
fundatrix and final galls and recorded their location on the shoot. The galls were collected
and examined in the laboratory at the peak of aphid clone size. Gall survival and clone
size were used as performance parameters. We also transferred aphids from an
early-budding tree in TAU to another tree which started growing about 15 days later.
Since pruning causes an extension of shoot growth, in 1990 we pruned several shoots on a
resistant tree in GB, and counted the galls on it in 1991.

Results

The fundatrix galls of S. betae were formed on leaves 1-8 on the shoot, while the final galls
were formed on leaves 7-17. Final gall density was positively correlated with shoot length
(average r = 0.8, P < 0.01) and with the number of leaves on the shoot (r = 0.75, P < 0.01).
Survival and clone size decreased with increasing leaf position whereas final gall density
{preference), had a symmetrical distribution with a peak on leaves 11-13 (Fig. 1).
Consequently, correlations between preference and performance variables were low and
non-significant. F, aphids from tree 6 were transferred to tree 10 about 15 days before the

36




native F, aphids were born. The transferred aphids colonized the lower leaves (3-6) of the

shoot (Fig. 2), but the average clone size of galls they produced was not significantly
g different from the mean of a random sample of native galls on leaves 8-11 on the same
’ tree (t = 1.079, df = 20, NS).
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Figure 1. Final gall density (“preference) and performance variables (clone size and gall
survival) in relation to leaf position on the shoot on tree 7 (TAU).
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Figure 2. Location of final galls induced by transferred and local aphids on tree 10 (TAU).
Transferred aphids were introduced to the tree 15 days before local aphids infestation.
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Ten pruning cuts were made on one tree in 1990, but produced only three shoots at the
cuts in the spring of 1991, Shoots that grew near the pruning cuts were more than three
times longer, and bore more leaves (t = 583, df = 20,.P < 0.001). They also carried six
times more final galls per shoot than normal shoots (average: 19 vs 3 galls/shoot).

Discussion

Not all the leaves or shoots on a host plant are available and usable by colonizers. Shoots
or leaves that cannot respond to the aphid stimulus (because of their age, developmental
stage, chemistry efc.) are not available as galling sites. Evaluation of whether the aphids
show preference for an optimal leaf or shoot can only be made if different usable sites
become available simultaneously. This is obviously not the case in elongating shoots,
where lower leaves mature rapidly and lose their ability to respond to aphid probing by
forming a gall.

Gall formers exclusively exploit immature organs, therefore leaf position on the shoot
indicates a time scale, since higher leaves are obviously younger. Hence, the low density
of final galls on lower leaves is explained by the absence of available leaves at the right
time, not by preference. When we artificially removed the limiting factor, and induced
further shoot growth by pruning, the number of final galls per shoot increased
significantly. Massive grazing by mammals can cause similar effects.

The highest performance variables in galls were measured on leaves 7-12 (Fig. 2).
However, the highest density (preference) was found on leaves 11-13. One may argue that
aphids go to suboptimal leaves when all the best sites are occupied, but our data show
that many galling sites on the superior leaves remained gall-free. We found no evidence
that intra-specific competition reduces reproductive success on the best leaves (data not
shown).

Insects can indeed discriminate between different host plant faxa (e.g., Thompson,
1988). However, insects must find it much more difficult to detect differences among
individual trees of the same species or among leaves on the same shoot. As our data
show, there is no need in involving active preference to explain distribution patterns
within hosts (Rhomberg, 1984).
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Abundance and mortality of a specialist leaf miner in response to
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Phytomyza ilicicola Loew (Diptera: Agromyzidae), a univoltine specialist leaf miner,
typically reaches higher densities on cultivated flex opaca Aiton planted in sunny, urban
sites than it does on native trees in the forest understory (Potter & Kimmerer, 1986;
Potter, 1992). I manipulated shading and fertilization to study their effects on holly leaf
morphelogy, nutritional quality, early leaf abscission, and incidence and survival of leaf
miners. [ hypothesized that one or more of the following factors could explain the higher
leaf miner densities on cultivated trees:

Structural constraints associated with mining thinner, shaded leaves could reduce
survival of leaf miners on forest irees. The palisade mesophyll consists of 3-4 cell layers in
unshaded holly leaves, but is only 2 cell layers thick in shaded leaves. The abaxial cell
layer contains abundant crystals, probably of calcium oxalate. Leaf miners feed mainly in
the middle layer of unshaded leaves, avoiding the crystals and leaving the adaxtal layer
as the mine roof. Shaded leaves do not have a middle palisade layer free of crystal-
containing cells.

Relatively higher levels of foliar N in cultivated trees could enhance suitability for leaf
miners. Mature holly leaves are very low in nitrogen and water. Urban trees are often
planted in fertilized lawns, or may themselves be fertilized. Sun leaves are higher in total
nitrogen than shaded leaves.

Differential mortality from early leaf abscission may favor leaf miners on cultivated
trees. Greater incidence of abscission of mined leaves on cultivated trees, induced by
direct sunlight and earlier senescence, could enhance leaf miner survival by reducing mor-
tality from pupal parasitoids, which do not search fallen leaves (Kahn & Cornell, 1989).

Methods

Clonal trees were planted at a common site and experimentally shaded and fertilized (0,
52%, or 93% shade; 0 or 1.5 kg N/100 m? in April & Nov,; 3x2 factorial, 6 replicates). Low
wire enclosures surrounded each tree to confine abscised leaves. Trees were grown for 14
months under these conditions before being exposed to oviposition by adult leaf miners,
and then for 12 additional months to allow leaf miners to complete one generation.
Differences in leaf size and number/tree, foliar N, water content, and leaf thickness and
morphology were determined by standard assays and examination of leaf cross sections.
Incidence of aborted and completed leaf mines, mine area, pupation date, weight of
puparia, and percentage survival of leaf miners was determined for each tree. Rates of
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abscission of mined and unmined leaves were monifored, and abscission-related mortality
of leaf miners assessed by dissecting abscised leaves after the emergence period.
Experimental details are reported elsewhere (Potter, 1992).

Results

Leaves from shaded trees were larger and about 20% thinner than sun leaves. However,
there was little or no difference in leaf miner abundance, developmental rate, survival to
pupation, area of finished mines, or pupal weight between shaded and unshaded trees.
Leaf miners compensated for feeding within shaded leaves by consuming portions of the
abaxial and adaxial cell layers and leaving a thinner roof on the mine. Furthermore, there
was no difference in thickness between leaves with successful or aborted mines in either
sun or shade. Leaves from fertilized trees contained 37% higher nitrogen than controls.
Fertilization did not significantly affect leaf miner abundance, developmental rate, mine
area or pupal weight. Survival to pupation was slightly lower on fertilized trees. Inter-
action between shading and fertilization was nonsignificant for all tree and leaf miner
parameters measured. .

Abscission rates of mined leaves were nearly twice as high for mined leaves than for
unminecd leaves. Rates of abscission were slightly higher for fertilized trees than for
unfertilized trees, and much higher in full sun than in shade. Abscission-related mortality
of leaf miners was 44% in full sun, 31% in partial, and 26% in deep shade, a trend
opposite that which would be expected if early abscission per se were responsible for
observed variation between urban and woods trees. Most mortality was from flies being
unable to emerge from dried fallen leaves. Pupal parasilism was negligible.

Discussion

These results indicate that structural constraints on leaf miner larvae within thinner,
shaded leaves, differences in leaf nitrogen related to variation in seil fertility, and differ-
ential mortality resulting from early leaf abscission are probably not the proximate causes
of density variation of this leaf miner between woods and urban habitats. Other factors,
including effects of habitat structure on behavior and survival of adult flies, differential
pressure from natural enemies, and genetic variation between cultivated and forest trees
may be important insteac.
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The traditional view of insect population ecology has long assumed that individuals
within a pepulation are identical to each other in terms of survival and reproduction,
handling populations as homogenized averages. This is, however, a biologically
unrealistic assumption, because in any population there is a great variety of individuals of
different ages, sizes, and degrees of fitness, thus exhibiting different demography. Recent
studies on herbivorous insects have revealed a considerable variation,in resource-use
tactics within a population (Ohgushi, 1992). Nevertheless, few insect population studies
have aimed at illustrating within-population variation in demography, although
theoretical studies have recently emphasized individual differences as an essential source
in determining population dynamics in natural populations.

I studied the population biology of a thistle-feeding lady beetle, Epilachna niponica
{Lewis), at six localities (A-F) in the northwestern part of Shiga Prefecture, central Japan
(Ohgushi, 1986, 1991). I investigated the average demography of each local population
and the cohort demography within a population at two study sites A and F, by
constructing life tables for populations and cohorts. My particular aim was to determine:
(1) how demography varies from one cohort to another over a reproductive season, and
(2) how variation in demography on different ecological scales of locality, year, and cohort
occurs.

The lady beetle is a univoltine specialist herbivore feeding on leaves of thistle plants,
Overwintering adult females emerge from hibernation in early May and begin to lay eggs
in clusters on the undersurface of thistle leaves. Larvae pass through four instars. New
adults emerge from early July to early September, feeding on thistle leaves through the
autumn. By early November they enter hibernation. The present results are based on five
years of mark-recapture experiments for individual beetles and life table statistics.

Survivorship curves clearly demonstrated a large variation in demography among
cohorts within the populations at the two study sites, compared to that among six other
localities in the same year, and that among five different years at site A and site F. In fact,
the coefficient of variation of survival from the egg to the reproductive stage {overall
survival) was much higher among cohorts than that among the localities. The overall
survival differed on different ecological scales. First, there was a decreasing tendency
from downstream to upstream areas. Second, the temporal pattern of changes in the
cohort survival differed considerably between site A and site F. At the downstream site A,
early cohorts had higher survival than later ones. At the upstream site F, however, late
cohorts undoubtedly enjoyed a higher survival. Components of survival contributed
differently to the variation in overall survival. Egg and larval survival largely explained
among-cohort variation, adult survival contributed little. Nonetheless, adult survival was
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the most important factor in producing variation between different years in the respective
localities. The major cause of the differential pattern of cohort survival between the two
sites was specific seasonal variation in the intensity of mortality during the egg and larval
periods. More specifically, arthropod predation acting early in the season and host plant
deterioration advancing late in the season were essential in generating the among-cohort
variation within a population at both sites.

This study emphasizes that contrary to the traditional population ecology viewpoint,
no cohort has identical demography with an averaged demography of the overall
population. Thus, to clearly understand dynamic features in insect herbivore populations,
we should pay more attenfion to within-population variation in demography, derived
from individual differences of different phenotypes or genotypes.
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Distributions of the host plants of mobile herbivorous insects form complex mosaics in
space and time. Thus it is difficult to track large scale patterns of herbivorous insect
movement without time- and labour-intensive trapping, tracking, and marking techniques
that are subject to misinterpretation. Here we summarize the use of a chemical
fingerprinting technique to describe the continental scale pattern of niigration by the
monarch butterfly (Danaus plexippus (L)) in relation to the spatial and temporal
distributions of its milkweed larval host plants (Asclepias spp.) in North America. :

We distinguish between two alternative hypotheses: (1) single sweep migration in
which overwintered adults migrate from overwinfering sites and distribute eggs on
milkweed plants across their entire breeding range, or (2) successive brood migration in
which overwintered adults lay their eggs on the first abundant early spring milkweeds
they encounter, and their offspring continue the migration.

Each March, monarch butterflies remigrate from Mexican overwintering sites and by
June they are distributed across eastern North America as far north as southern Canada.
Larvae produced by these butterflies feed on the milkweed genus Asclepias in North
America. Almost all of the 108 species are perennial and contain toxic, steroidal
cardenolides as their characteristic chemical defence against herbivores {Malcolm, 1992},
Nevertheless, monarch larvae feed as specialists on these plants and sequester cardenclide
amounts and arrays for their own chemical defences against natural enemies that are
characteristic of each exploited species of Asclepigs (Malcolm ef al, 1989). Thus these
cardenolide "fingerprints” can be used to assign wild-caught butterflies to a geographical
and temporal origin within that of their larval food plant species.

On a coarse scale, the most abundant and frequently used monarch host plants east of
the Rocky Mountains include the southern USA species Asclepias viridis Walt. and
Asclepias hwmistrata Walt. and the northern species Asclepias syriaca L. (Malcolm et al.,
1992). The two southern species appear in early spring (March) and the extremely
abundant northern species appears in late spring (May). Each species produces monarchs
with a characteristic quantitative and qualitative cardenolide fingerprint (Malcolm et al.,
1992), These fingerprints were derived from quantitative assays of . cardenolide
concentrations by spectrophotometry (Maicolm ef af, 1989), as well as qualitative
separations of cardenolides by thin layer chromatography (TLC) in overwintering and
migrant monarch butterflies {Malcolm et al., 1992; Table 1).
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Results and discussion

Using these milkweed-derived cardenolide fingerprints in adult, field-collected migrant
butterflies we found that monarchs migrate by a successive brood strategy each spring.
Thus almost all monarchs overwintering in Mexico, and early spring remigrants across the
southern USA, have the low cardenclide concentrations and TLC patterns characteristic of
butterflies that fed as larvae on the northern milkweed A. syriaca (Malcolm ef al., 1989;
Table 1). These butterflies lay all of their eggs on milkweeds like A. ziridis and A.
humistrata in the southern USA and the ensuing generation continues the migration north
to account for the later spring arrivals in the northern USA with significantly higher
cardenolide concentrations (Wilcoxon z = 12.21, P < 0.0001) and a TLC pattern dominated
by monarchs that fed as larvae on the southern A. viridis (Table 1).

Table 1. Quantitative and qualitative cardenolide finger-
prints of monarch butterflies collected overwintering in
Mexico (January-March) or migrating in the south (April-
May) and north (May-June} of their North American
breeding range, east of the Rocky Mountains.

Overwintering Migrating

Mexico South North

Quantitative cardenolide fingerprint {cardenolide
concentration in ug/0.1 g dry lean weight)

Mean 79 62 157
5D 80 65 81
N 562 133 646

Qualitative cardenolide fingerprint (% TLC cardenolide
pattern derived from larvai host plant)

Asclepias viridis 0 3 84
Asclepias humistrata 0 ’ 4 6
Asclepias syrinca 952 34 6
Indeterminate 8 9 5
N 386 133 629

Chemical fingerprints help us to show the influence of variation in the distributions of
different milkweed host plant species on the life history of the monarch butterfly and its
chemically-based protection against natural enemies. Thus chemical defence during the
monarch’s annual cycle of up to five successive generations varies from poorly protected
overwintering migrants to highly protected Jate spring migrants. Such life history
variation in host plant use has significant implications for our understanding of the
evolution of plant-herbivore interactions within at least three interacting trophic levels.
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Studies on geographic scale resource partitioning in insect-plant relationships are scarce
(Strong et al., 1984). This may be due to the absence of sufficient taxonomic knowledge
about various groups of insects, and insufficient data concerning distribution of insects in
different regions as well as on different plants.

In this paper, resource partitioning on plants differing in evolutionary age, species
richness, distribution, chemistry, efc., is discussed taking the very well explored
Diaspididae family as an example, an a global and regional scale.

The plant genus Buxus L. is found everywhere, but large numbers of local insect
species were only found in the Palearctic region. On Celtis L. the greatest insect richness
was observed in the Nearctic region followed by the Palearctic region. Cornus L. has an
equally large number of insects both in the Nearctic and the Palearctic region. Despite the
abundant species richness of Crafgegus L. in the Nearctic region, the largest number of
insects was found in the Palearctic region. The number of insects on Elzeagnus in the
Palearctic region and the Oriental region is equally high. Euonymus L., on the other hand,
has a larger number of insects in the Palearctic region than in the Oriental region.
Conversely, the species richness of Gramineae is greater in the Oriental region. Loranthus
L. has a large number of insect species in the Oriental region, followed by the Ethiopian
region. Melin has only 1-2 local, specialized insects in all regions, but numerous widely
distributed, polyphagous species. Pinus L. and Quercus L. have large numbers of insect
species in the Palearctic region, followed by the Nearctic region (Fig. 1).

In the Palearctic region, I found a North-South and similarly a West-East partitioning
of host plants by local groups of scale insects on fruit trees. The maps also show, that
wide distribution ranges of host plants are not occupied by scale insects. Often, regions
rich in plant species do not coincide with regions rich in scale insects, Thus, speciose plant
genera often appear to harbour low numbers of scale insect species and vice versa. Finally,
the average number of insect species per plant species (based upon 517 species of scale
insects on 10,771 plant species} amounted to 0.05; within a plant genus, this figure varied
from 0.02 to 1.6. The highest ratio of species was found on Melia, which represents a very
specific chemistry. In this case the number of widely distributed, polyphagous insects was
also very high. However, on Pinus and Quercus, also very chemically specific, the number
of locally distributed, specialized insects were much higher, which underlines the
oppertunistic character of speciation of these insects to host plants (Eastop, 1979).



Figure 1. The number of local scale insect species on six different host plant genera (the
separate vertical bar shows the number of scale insect species with world-wide
distribution on that particular plant genus).

Conclusions

1. The geographic scale resource partitioning of host plants by scale insects is based on
evolutionary patterns, and could only be explained by evolutionary (historical age, genetic
capabilities} and by biogeographic (historical events, plate tectonics, isclation, glaciation,
climatic zonation, etc.; Kozar, 1990a, b} processes.
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2. Ecologically based theories and hypotheses (Pianka, 1978), like ecological age,
heterogeneity, productivity, competition, enemy free space, saturation, plant chemistry,
etc., and even coevolution, could not explain the observed species richness of these insects
on plants in different regions.
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Why do droughts often result in devastating insect epidemics? The
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Insect outbreaks can either be caused by a sudden change in the environment of an insect
or by changes in the intrinsic genetic or physiological properties of individual organisms
in a population (Berryman, 1987). Drought has long been recognized as an important
factor in causing outbreaks. Two different situations can be distinguished in the drought-
outbreak relationship: one in which outbreaks develop on plants that are being stressed
by drought, and one in which outbreaks develop on unstressed plants that have recently
been stressed by drought.

A number of explanations has pointed out that severe droughts are frequently followed
by severe pest outbreaks (Brown, 1962; Pedgley ef al, 1989; McDonald et 2., 1990). In
particular: a) the effectiveness of predators and parasites in regulating population growth
may be significantly reduced by droughts (Marcovitch, 1957); b) plants that have survived
drought are thought to be superior hosts because of their greater nutritional value (White,
1984) or because drought stress may cause their defence mechanisms to be temporarily
compromised (Rhoades, 1985), or the increased production of secondary allelochemicals in
many stressed plants may enhance the development of the insect’s detoxification system
thus increasing survival (Mattson & Haack, 1987). Good experimental proof for these
explanations is scant. Their relative importance is as yet unclear and possibly varies
accerding to species, time and location. However, the coincidence of droughts and
subsequent outbreaks seems to point to for a general underlying mechanism. A thorough
knowledge of the drought-outbreak relationship is a prerequisite for improving forecasts
of severe pest outbreaks as well as their control.

Brown {1962) and Pedgley ef al. (1989) observed the drought-outbreak relationship of
the African armyworm (Spodoptera exempta (Walker)). This species feeds almost exclusively
on plants of the families Gramineae and Cyperaceae and periodically reaches high
population densities (up to 1000 larvae per m?) in Eastern Africa. Population development
was found to differ enormously between years, suggesting that variation in drought
intensity during the long dry season might be responsible. Severe droughts induce severe
armyworm outbreaks because of higher nifrate levels in the soil upon wetting (Birch,
1959). The higher nitrogen levels in the host plants result in an increased development
rate and survival of the larvae (especially the very young; White, 1984) and an increased
fecundity of the subsequent adults.

Results

Comparing field experiments carried out for the years 1988 to 1991 in Kitui District,
probably the most important primary outbreak area in Kenya, reveal major differences in
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organic nitrogen levels in host plants of the African armyworm during the first month
after the onset of the short rainy season - the start of the armyworm season. The organic
nitrogen levels seem to be positively correlated with "soil nitrate levels, and with soil
temperatures during the preceding long dry season (Table 1).

Table 1. Average soil temperatures during the long dry season at the Makindu
weather station (Kenya), and average soil nitrate and plant organic nitrogen
levels during the first month after the onset of the short rainy seasons at two
sampling sites in Kitui District for the years 1988-1991

Year 1988 1989 1990 1991

Soil temperature at 12.00 hr (°C) 28.5 26.4 271 281
Soil nitrate level (mg/kg) 5.3 29 23 57
Organic nitrogen content in wild grasses (g/kg) 384 29.6 283 369

However, laboratory experiments with a water-culture system carried out in a green-
house with maize plants showed only minor effects of the organic nitrogen content on
armyworm fitness: only preoviposition peried and fecundity were affected. Many cater-
pillars survived and their development was only slightly delayed in by nitrogen levels as
low as 1.5%. An estimation of the amount of leaf material eaten by the larvae indicates
that the absence of a nitrogen effect was due to compensatory feeding (Table 2}. The
relevance of these laboratory results to the field situation is not clear.

Table 2. Effect of organic nitrogen in maijze plants, grown on four different nitrate
concentrations in a water-culture system, on armyworm fitness

Nitrate concentration (nM) of
water culture

375 250 125 050

Maize plants organic nitrogen (g/kg) 37 33 23 13
Caterpillars  survival (%) ; 92 91 94 89
fresh weight, day 8 (mg) 223 230 209 131
larval-pupal duration {days) 205 213 208 215
leaf fresh weight eaten (g/caterpillar) 1.9 2.6 32 39
Moths longevity (days) 8.3 79 85 80
preoviposition period (days) 2.6 2.8 3.0 3.5
fecundity (eggs) 1003 954 841 59
{eggs/mg pharate pupal weight) 6.0 53 51 42

Conclusion

s

Though there is evidence of substantial differences between years in the quality of the
flush of new growth in primary outbreak areas, possibly as a result of differences in
drought intensity during the long dry season, this fact alone is not sufficient to explain
the differences observed between years in outbreak development of the African
armyworm.
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It is widely accepted that abiotic stress can increase the suitability of plants to insect
herbivores and subsequently improve herbivore performance and increase their
abundance (Mattson & Haack, 1987; Larsson, 1989; Jones & Coleman, 1991). In the
eastern United States, gypsy moth (Lymantria dispar L.) populations exhibit outbreaks
periodically every 8-12 years and are most likely to develop in stands growing on sandy
or thin rocky soils. In central Pennsylvania, these forest stands occur on steep upper
slopes and ridgetops which have been characterized as having extremely well drained,
poor quality soils (Doane & McManus, 1981).

We tested the hypothesis that abiotic stresses (water and nutrients) on chestnut oak
(Quercus prinus L., a xeric species) and red oak (Quercus rubra L., a more mesic species)
would result in 1) physiological plant stress, 2) changes in foliar chemical constituents and
3) subsequent impacts on gypsy moth life history traits. In addition, we predicted that a
species adapted to low soil resource availabilities (chestnut oak), would exhibit less
response to variation in water and nutrients than a species adapted to greater resource
availabilities (red oak).

Materials and methods

Red oak and chestnut cak seedlings were grown for twe years in 8" x 16" pots with a
1:1:1 mixture of peat:perlite:forest soil. One half of the plants received the equivalent of
201/130/165 ibs (90/60/75 kg) per acre of NPK supplied weekly as NH,NO; and
KH,PO,. In the second year, water was withheld from half the plants two weeks after
budbreak. Two weeks after water was withheld, (4 weeks post budbreak), diurnal
measures of physiology and destructive harvests for measures of growth and foliar
chemistry were made on 5 plants in each of the four possible treatments. These measures
continued every other week for 10 weeks.

Dry weight gains were determined for second instar gypsy moth larvae that were
reared for approximately two weeks on a cohort of plants not used for physiclogy.. Viral
mortality was recorded for third instar larvae that weré given a 50 mm? leaf disc on
which was placed a 2 yl aliquot of NPV (nuclear polyhedrosis virus} containing
approximately 50,000 PIBs (polyhedral inclusion bodies). Third instar is the larval stage in
which population influencing epizootics begin. Foliage was analyzed for chemical traits
which have been correlated with the growth performance and viral resistance of the

gypsy moth.
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Results and conclusions

Reductions in photosynthetic rates and leaf water potentials were not evident until week
8 of the drydown for red oak and week 10 for chestnut oak. In addition, photosynthetic
rates were more likely to be reduced in plants with low water and high nutrient
availability-conditions which are not representative of xeric ridges. Fertilized plants
accumulated significantly more shoot and root dry matter than unfertilized plants,
particularly in the more mesic species, red oak. Low water availability resulted in
significantly lower shoot and root dry weight gains in red oak only.

Low nutrient availability increased measures of foliar phenolics and decreased protein
concentrations while low water availability had no effect on measures of leaf chemistry.
Low nutrient availability significantly reduced protein concentrations in both red ocak and
chestnut oak. Significant increases in the measures of total phenolics (Folin-Denis),
hydrolyzable tannins {Potassium iodate) and protein binding capacity (Radial diffusion
assay) were limited to red ocak There was no effect of differential fertilization on
condensed tannin measures (HCL-Butanol} in either species.

Larval dry weight gains were influenced by the differential nutrient treatment but not
by differential water treatment. Dry weight gains were greater for larvae reared on plants
of both oak species in the fertilizer treatment than those in the unfertilized treatment.
There was no effect of differential watering or fertilization on the mortality of larvae
ingesting NPV and oak foliage.

Larval dry weight gains were related to variation in foliar chemisiry of red oak: only.
None of the chestnut oak leaf chemistry measures were correlated with larval dry weight
gains. Dry weight gains were positively correlated with red ocak protein concentration and
negatively correlated with hydrolyzable tannins, total phenolics and protein binding
capacity.

Expressed in terms of plant fitness, low nutrient availability had a negative impact on
plant growth, and low water availability had a negative impact on net photosynthesis and
water status. However, relative to the implied (foliar chemistry) and actual impact on
herbivore fitness, only low nutrient availability had a significant effect. Low nutrient
availability decreased foliar protein concentrations and increased measures of phenolics
and phenolic activity. These measures were associated with reduced growth of larvae on
chestnut oak (the xeric species) and correlated with reduced growth of larvae on red oak
{the more mesic species).

It does not appear that water stress is likely to have a significant impact on the biology
of an early season feeder such as the gypsy moth. By the time photosynthetic rates and
leaf water potentials were reduced in this study, the gypsy moth feeding period would
have been finished. Moreover, neither foliar chemistry traits nor gypsy moth performance
were affected by withholding water during this study. In a separate study, chestnut oaks
and red oaks on a ridgetop in central Pennsylvania exhibited no change in foliar
chemistry associated with a severe drought (Second driest month of June in 88 years, June
precipitation was 76% below normal).

Of the two oak species, chestnut oak exhibited less response to variation in water and
nutrient availability than red oak. Moreover, chestnut oak supported better gypsy moth
growth than red oak and provided a modicum of resistance to the virus, Chestnut oak is
the most abundant tree species on xeric ridges. Although water and nutrient stress are not
likely to increase the suitability of individual trees to the gypsy mioth, they are likely to
increase the abundance of trees that are more suitable.
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The Ohio Corridor Study (OCS) was designed to detect possible effects of acidic
deposition on oak-hickory forests in the central United States (Haack & Blank, 1991). The
hypothesis tested was that for analogous forest stand conditions and soil types,
differences in forest response along a geographic acidic-dose gradient could be explained
by differences in pollutant dose.

Several parameters were measured by a team of researchers in 7 ocak-hickery
(Quercus-Carya) forest sites along a 1200-km-long gradient from Arkansas to Ohio during
the period 1987-1990. Total sulfate deposition (wet + dry) increases 2-3 fold from west
(Arkansas) to east (Ohio). Similarly, total nitrogen deposition increases from west to east.
Growing-season ozone concentrations were not significantly different along the gradient
during the decade of the 1980's (Loucks, 1990).

From west to east, there was 1 site in Arkansas, and 2 each in Illinois, Indiana, and
Ohio. The 7 sites were broadly analogeus in stand composition and age, aspect, mean
annual temperature and rainfall, and soil type (poorly buffered, sandstone-derived soils).
However, subsequent detailed soil analyses indicated that the Arkansas site was
sufficiently different from the other sites, and therefore it was withdrawn from analyses.

Since many insects show improved performance on stressed plants (Mattson & Haack,
1987), several studies were conducted to determine if certain insect parameters changed
across the gradient. The main objectives were to determine if variation existed across the
gradient in regards to (a) attack density of trunk-boring insects, (b} the density of
tree-defoliating Lepidoptera, and (c} the preference of lepidopterous larvae to foliage
collected along the gradient.

Results from each of the above insect studies were compared with the soil Ca:Al ratio
in the upper 50 cm. Soil Ca:Al ratio is a good indicator of the degree of acidification that
has occurred on otherwise analogous sites, with lower values indicating greater
acidification. In the OCS, individual-tree growth decline of caks was higher at sites with
low soil Ca:Al ratios: <0.25 (Loucks, 1990},

Results and conclusions

Experiment 1. Attack densities of living-oak borers, which are primarily wood-boring insects
in the families Cerambycidae and Cossidae that do not kill their hosts, were determined on
black caks (Quercus veluting Lami.) and white oaks (Quercus albe L.) along the gradient
(about 100 trees/site). Individual attacks were quantified and expressed on a per-unit-area
of bark basis. Combining data from all oaks within each State, mean attack densities
increased as soil Ca:Al ratios fell, being highest in the eastern sites (Indiana and Ohio).
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Experiment 2. Population densities of defoliating Lepidoptera were estimated from the
number of larval head-capsules collected in ground—based traps (90 traps/site). Sampling
occurred over a 2—yr period. Densities of spring defoliators, expressed as the number of
head-capsules/m? of ground surface area during the period of April to June, were highest
in Indiana, which had the sites with the lowest Ca:Al ratios.

Experiment 3. Feeding preference studies were conducted in May (early-season foliage)
and August (late-season foliage), using one site per State. At each site, foliage was
collected from 5 white oaks and 5 black oaks, and returned on ice to the laboratory. Leaf
discs were cut from foliage and provided to gypsy moth (Lymantria dispar L.) larvae in
choice-test arenas. In both tests, larvae preferred foliage (i.e., consumed more leaf-disc
area) from the sites with the lowest Ca:Al ratios (Indiana and Ohio). The results were
similar for both black oaks and white oaks. Leaf water content did not appear related to
the feeding pattern. However, total leaf nitrogen was greater for leaves collected in
Indiana and Ohio. Increased foliar nitrogen may reflect tree responses to stress (Mattson
& Haack, 1987), and/or to greater nitrogen deposition in the eastern sites of Indiana and
Ohio.

In addition to the above studies, other co-investigators noted strong correlations
between low soil Ca:Al ratios and reduced tree growth, reduced soil pH, reduced soil
invertebrate densities, and increased soil carbon levels (Loucks, 1990), Overall, the pattern
of change observed in the Ohio Corridor Study is consistent with hypotheses relating
long-term acidic deposition to these changes.
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Aerial pollution frequently modifies population densities of herbivorous insects, and this
is often attributed to changes in host-plant quality. The role of indirect pollution mediated
by changes in host plant quality can be ehicidated only by monitoring both insect density
and plant quality in natural envirenments. A major problem with this approach is how to
identify parameters of plant quality which directly estimate its effects on insects, and
which can be evaluated in the field. ,

We estimated birch foliage quality as food for Eriocrania miners by monitoring an index
of the efficiency of conversion of leaf material to larval body mass. Our aim was to
examine the effects of aerial pollution on this index, and to determine whether the
changes in plant quality modified the performance and population density of Eriocrania
miners. In addition, we attempted to estimate the direct impacts of pellutants (heavy
metals) on miners.

Material and methods

The field work was carried out around a large copper smelter in Harjavalta, Southwestern
Finland, in 1991. The main pollutants present were sulphuric oxides and heavy metals.
Insect sampling was conducted at 13 sites situated at different directions and varying
distances {0 to 11 km) from the factory. At each site, the density of Eriocrania miners was
estimated in 10 randomly selected birch trees (Betuls pubescens Ehrh. or B. penduls Roth).
The samples contained at least two Eriocrania species: E. sangii (Wood) and E. semi-
purpurella (Steph.), and we analyzed the pooled data. Mines with penultimate and last
instar larvae were collected from each site and kept in plastic vials. When full-grown
larvae left the mines, the dried larval mass (LM) and the mass of frass within the mine
{FM, produced during the whole larval stage) were determined. LM was an indicator of
miner performance. The ratio between LM and FM was used as an index of plant quality
{IPQ). High values of the ratio indicate high efficiency of food conversion to body mass
and, consequently, a high leaf quality as food for miners, A sample of ten unmined leaves
was taken from each tree for analysis of heavy metal levels.

Resulis
Despite the high variance of larval and frass masses within the sites, we found that the

IPQ of the sites was significantly different (F, s = 270, P < 0.01). Highest larval masses,
lowest frass masses and, consequently, the highest nutritional value of birch foliage, were
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found at sites 1-3 km from the pollution source. Larval mass showed a positive
correlation with IPQ {r, = 0.79, P < 0.01).

Levels of copper and nickel in leaves decreased exponentially with distance from the
pollution source. LM, FM and IPQ did not correlate with the concentration of heavy
metals in the foliage.

Eriocrania  densities varied significantly among the sites (Kruskal-Wallis test:
CHISQ = 44.56, P < 0.001), and tended to be low close to the factory, although the
correlation between miner density and distance from the source of pollution was not
significant (r, = 0.48, P = 0.099}.

The population density of Eriocrania did not correlate with IPQ (r, = -0.12, P = 0.700),
but had a significant negative correlation with levels of copper and nickel in the foliage of
the host tree (r, = -0.825, P < 0.01 and r, = -0.836, P < 0.001, respectively).

Conclusions

1. The quality of birch foliage as food for Eriocrania miners can be conveniently measured
under natural conditions, using the index describing the efficiency of leaf conversion to
larval mass.

2. The quality of the foliage varied significantly among sites and was highest at the zone
of moderate pollution.

3. There was a positive correlation between performance of individual miners and foliage

uality.

4, %‘he p)épulation density of miners did not reflect differences in the nutritional value of
food.

5. Concentration of heavy metals in foliage did not correlate with larval mass, frass mass
or nutritional quality of the leaves; instead, it correlated negatively with the population
density of Eriocrania miners.
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Insect feeding or simulated herbivory can induce short-term and long-term quality
differences in plants, which affect the success of folivorous insects. Induced physico-
chemical changes in a plant include the appearance of resinosis, ie, increased
concentrations of fiber, and changes in secondary chemicals or nutrients. In woody plants,
the differences in responses reported have been mainly from deciduous trees. Damage-
induced defensive reactions in evergreen conifers have been found in Pinus contorta
Douglas {(Leather et al., 1987} and Pinus ponderosa Dougl. ex Laws. (Wagner, 1986).

During the summers of 1985 and 1986, I carried out a study at the Archipelago
‘Research Institute at Seili, SW Finland (60°15" N, 21°58" E). For the experiments, I used the
larvae of Neodiprion sertifer Geoffroy (Hymenoptera, Diprionidae), which overwinter at the
egg-stage; the gregarious larvae hatch in May-June. N. sertifer is the major damage agent
among sawflies in Finland.

Materials and methods

The randomly selected even-aged (mean age 23.9 years) test trees (Pinus sylvestris L.) were
divided into four defoliation levels according to removed needle biomass: 0% (control),
5-24%, 25-49% and 50-75%. The trees were defoliated at the beginning of the growing
season preceding the tests by cutting mature needles from a certain proportion of
branches with scissors to simulate the feeding of N. sertifer. For the nutrient analysis and
water content measurements I collected one-year-old needles from the mid-third of the
crown of a tree at every damage level. Concentrations of C and N were determined by
using a CHN-analyser, Na, K, Mg and Ca by atomic absorption, and P after digestion by
spectrophotometry.

Rearing was started when the larvae were at the first instar. The larvae grew in 1-litre
plastic containers in groups of 30. For every three trees at each level there was one larval
group, which I fed twice a week with a twig from a branch from defoliated and control
trees. The temperature was kept at an outdoor temperature.

Results and discussion

Significant differences in larval performance took place only in the next growing season.
The larvae that fed on the foliage from the highest defoliation level were the most
delayed in their growth. The female cocoon weights were retarded (ANOVA, F = 11.95,
df =3, P < 001} and larval periods were prolonged by 2-6 days (ANOVA, F = 4.61,
df = 3, P < 0.05). The needle water content decreased in the following summer at low and
moderate defoliation levels, thus differing from the strongly increased content of the
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highest level (Student’s paired comparison t-test, t = -2.48, df = 8, P < 0.05). The pocled
values of N and Na increased and the values of P and Ca decreased in defoliated trees,
but due to the small number of samples they just failed to be significant.

When the damage was over 50% defoliation affected the food quality of the sawflies
mainly at the highest level. Low damage did not cause any response in N. sertifer larvae.
The results were parallel to observations of Neodiprion autumnalis Smith and Panolis
flammea D. & S. on defoliated Pinus ponderosa (Wagner, 1986) and Pinus contorta (Leather ef
al., 1987). Significant changes in foliage quality have been detectable after a few days and
have lasted for years (Wagner, 1986). In the present experiments the treatment effects in
sawfly performance were seen after one years’s defoliation.

The increment of the needle water content at the highest damage level can be inter-
preted as being compensatory. The decline at the lower levels corresponds to earlier
observations. It has been suggested that T and K are important to folivores (Wagner, 1986;
Leather et al.,, 1987), whereas Ca and Na are not. The decreased amount of P may have
affected the success of N. sertifer. Obviously, environmental conditions and tree species
can also affect resistance (Tuomi ef al., 1988). In conclusion, Scots pine showed damage-
induced changes in follage quality after previous, extensive defoliation, which affected the
sawflies using those trees.
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Pecan, Carya illinoensis (Wang.} K. Koch, harbors a complex of three foliar-feeding aphid
species, with Monellia caryella (Fitch) considered to be the most economically important
amoeng the three species. Development or improvement of non-chemical control methods
for this aphid species requires a thorough understanding of the interaction between the
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Figure 1. Nymph Monellia caryella: Longevity, developmental rates and percent nymphs
developing to adult (%) among the Juglandaceae of North America.
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aphid and its hosts. In a general survey of aphid species on Juglandaceae in North
America, Bissell {1978) reported that C. illinoensis and Carya cordiformis (Wang.} K. Koch
were the principle hosts of M. caryella, but that M. caryella had also been collected from
Carya aguatica (Michaux f.) Nuttall, Carya glabra (Miller) Sweet, Carya laciniosa (Michaux £.)
Loudon and Carya ovata (Miller) K. Koch. He did not believe that M. caryefla inhabits any
species of Juglans. Tedders (1978) reported that M. caryella was frequently collected from
C. aguatica but never from other Carya spp., except C. illinoensis. These reports on the host
specificity of M. caryells were based upon field observations. In the present paper we
report results of investigations which more closely evaluate the biological and behavioral
aspects of the relationship between M. caryella and the Juglandaceae native to North
America. This information is prerequisite to elucidation and expleration of plant factors
which control host plant specificity and the host selection processes of M. caryella,

Methods

Objectives of the research -reported herein were: 1) to determine, under no-choice
conditions, the longevity and developmental rates of nymphs and longevity and
reproductive rates of adults of M. caryella among Juglandaceae native to North America (2
Juglans species, 13 Carya species and 1 interspecific pecan-hickory hybrid); and 2) to
determine, under choice conditions, host plant preferences of nymph and adult M. caryeila
among species of Juglandaceae determined to be suitable host plants under the no-choice
conditions. Observations of aphid behavioral activity (wandering as an indicator of
searching, and settled as an indicator of probing and/or feeding) and aphid spatial
position among the plant species were recorded. Studies were conducted under laboratory
conditions utilizing detached leaves plated onto water agar petri plates.
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Figure 2. Adult Monellia caryell: Longevity, reproductive rates and reproductive days
(RD = number days adults gave birth) among the Juglandaceae of North America.
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Results and discussion

Results show that only 5 and 4 of the 15 Juglandaceae species were relatively suitable host
plants for nymph and adult M. caryella, respectively (Figs 1 & 2). The interspecific hybrid
cross and both C. illinoensis cultivars (Stuart and Schley) were also relatively suitable host
plants for nymph and adult M. airyells. However, percentage of nymphs developing to
adults, and adult reproductive days clearly show C. illinoensis (both cultivars), C. aquatica
and Carya X. nussbaumeri Sarg. (interspecific hybrid) are the more suitable host species.
Results from behavioral preference studies (Fig. 3) indicate that nymph and adult M.
caryella prefer C. aquatica, C. illinoensis (both cultivars) and C. X. nussbaumeri, while adults
also showed a preference for C. laciniosa.
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Figure 3. Preference of nymph and adult Monellia caryells among selected species of the
luglandaceae of North America.

These results correspond with the phylogenetic relatedness of the Juglandaceae species,
with those species most closely related to C. illinoensis (C. aquatica and C. X. nusshaumeri)
representing the most suitable and preferred host species of M. caryella. Both C. illinoensis
and C. aguatica belong to the Apocarya section of the genus Carya ("pecan hickories™),
while C. X. nussbaumeri is an interspecific hybrid cross of C. illincensis and C. laciniosa.
Therefore, C. X. nussbaumeri is more closely related to C. fllinoensis than are the other two
Inember species of the Apocarya (C. cordiformis, Carya myristiciformis (Michaux £) Nuttall).
Present investigations of leaf chemistry and electronic monitoring of M. caryella host
selection and feeding behavior should identify mechanisms which control host specificity
of M. caryella.

63




References

Bissell, T.L. (1978). Aphids on Juglandaceae in North America. Maryland Agric. Exp. Station
Misc. Pub. No. 911, 78 pp.

Tedders, W.L. (1978). Important biological and morphological characteristics of the
foliar-feeding aphids of pecan. USDA Tech. Bull. No. 1579, 29 pp.

64



Proc. 8th Int. Symp. Insect-Plant Relationships, Dordrecht: Kluwer Acad. Publ.
5.B.J. Menken, J.H. Visser & P. Harrewijn (eds), 1992

Host-plant selection by the tropical butterfly Bicyclus anynana
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The African tropical butterfly Bicyclus anynana (Butler) (Satyridae) is present throughout
the year in Malawi. In the wet season (November until April), there is a rich abundance
of its grass food plants, which die away in the dry season.

B. anynana is oligophagous and its larvae feed on several tropical grasses. In this study,
some aspects of its host-plant selection have been tested in experiments on oviposition
choice and larval performance under dry and wet seasonal conditions.

Experiments

B. amynana was collected in Malawi (Brakefield & Reitsma, 1991). In an experiment on
oviposition choice, three plants each of nine species of tropical grasses and one Carex
species (Fig. 1} were offered simultaneously in a random block, to 20 females and 40
males in a climate room (5.9 x 2.25 x 1.90 m} (23°C, L12:D12, 90-100% RH} in two trials.
After one week the number of eggs on each plant species was counted. Eggs had been
laid on all of the species (Fig. 1). There was a significant difference in the number of eggs
deposited on the ten species (ANOVA, P < (1.001), but no difference between the trials.
Forty-eight newly emerged first instar larvae were fed three grass species (Fig. 2) at
28°C (wet season) and at 17°C {dry season) {L12:D12, 90-100% RH) to investigate the
suitability of food plants. The larvae developed well on all species tested. Oplismenus
compositus appeared to be the most suitable food plant under both conditions as the

100 —

60 1

“TU U 000

Oc Gs Spa Ss Sp Al Zm Ds Pm Cs

Figure 1. Number (n) of eggs deposited on ten grass species. Oc = Oplismenus compositus (L.)
Beauv., Gs = Ganotia stricta Brongn., Spa= Setaria palmifolia {J.G. Koenig} Stapf, Ss = Setaria
spec., Sp = Setaria plicata (Lamk.) Cooke, Af = Axonopus flexuosus (Peter) Troupin, Zm = Zea
mays L., Ds = Digitaria setifera R. et 5., Pm = Panicum monticola Stapf, Cs = Carex spec.
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Figure 2. Larval performance on three grass species. Survival (left), larval developmental
period (mid) and pupal weight (right}), (mean = SE). Hatched = 28°C; white = 17°C; see
also Fig. 1.

survival was higher, the developmental period shorter and the pupal weight greater
(ANOVA, P < 0.001). No interaction with temperature was found although the develop-
mental period was much longer and the pupal weight was greater at 17°C,

Discussion.

A more or less consistent pattern was discovered in the two experiments: the most
preferred grass for oviposition appeared to be the most suitable foed plant. This indicates
that females are able to select suitable food plant species. As the insect accepts various
plant species, presumably it can also shiff her main food plant. This may be important for
insects which are present in several generations per year.

These preliminary observations on the host-plant selection by B. anynana correspond
with the general image that insects specialized for feeding on grasses are commonly
oligophagous, feeding on grasses of more than one genus. They are mainly stricily
graminivorous, sometimes including sedges (Cyperacea) in their diet (Bernays &
Barbehenn, 1987). Remarkably, B. anynana larvae were able to complete development on
the Carex-species used in the oviposition experiment,

B. anynana shows phenotypic plasticity. In the wet season their wings have
conspicuous eyespots and a white band; in the dry season they are cryptic. Wet season
butterflies are active and may use eyespots and white bands as active anti-predator
devices, while dry season insects rest inactively on dead leaves.

As mentioned above, development time is dependent on food quality. Development
time per se may be the fundamental factor controlling the wing pattern of B. anynana
{Brakefield & Reitsma, 1991). Future work will investigate whether the effect of food plant
on the developmental period also effects wing pattern farmation,

Acknowledgements. 1 am grateful to P.M. Brakefield, H. Heijn, E. Schlatmann and J.F.
Veldkamp for their constructive criticism and helpful contributions.
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The Bruchidae {Coleoptera) are phytophagous insects developing in seeds of Leguminosae
during the larval and nymphal stages. When the pods of their host plant are not available
in the ecosystems, some species go into reproductive diapause. Diapausing enables insects
to survive prolonged periods of unfavourable biocenotic and climatic conditions
{Chippendale, 1982).

In this paper, we analyze the conditions of reproductive diapause termination in two
species of specialist bruchids, namely, a temperate species Bruchus rufimanus (Boh.)
developing in Vicia feba L. seeds and a tropical species Bruchidius atrolinestus Pic
developing in cowpea seeds (Vigna unguiculata (Walp)). The main factor allowing
diapause termination in both species, is the presence of host-plant inflorescences.
Huignard ef al. (1990} observed that when the host plant began to produce flowers B.
rufimanus colonized the V. faba cultures and consumed much pollen. Experimental studies
showed that the consumption of pollen was necessary for diapause termination of the
females. When females consumed pollen of a male sterile variety {(reduced to its exine) a
limited number of females terminated their diapause (Tran & Huignard, 1992). The
5. atrolineatus females did not penetrate the flowers and did not consume pollen. Previous
experiments (Germain et al., 1985) showed that the contact with host-plant inflorescences
of with pods terminated diapause. Some chemical compounds of the V. faba pollen or of
the V. unguiculata inflorescences probably influence the reproduction of the females by a
trophic or a neurosenserial signal. In both species, a high proportion of males terminated
their diapause when the climatic conditions were favourable, in the absence of host-plant
stimuli.

The photoperiod was the main seasonal factor influencing the life cycle of both Bruchid
species. Experimental studies were carried out to reproduce the photoperiodic conditions
that prevailed when the host plant flowered in the field. The B. rufimanus males and
females terminated their diapause only under conditions of long photoperiods (16:8 h LD
or 186 h LD). Short photoperiods inhibited diapause fermination, with or without
host-plant inflorescences. The reproductive diapause of B. atrolineatus was terminated in
the presence of host-plant inflorescences under climatic conditions prevailing at the end of
the rainy season (the flowering period of V. unguiculata), i.e., a short photoperiod (11:13 h
LD) and a high air water content (14 g per kg). Longer photoperiods (11 h or 12 h L), low
air water content (7 g per kg) and temperatures higher than 30°C, inhibited the influence
of the host plant.

These interactions between climatic factors and host-plant stimuli are important for the
regulation of insect reproduction. Females require more specific stimulations than males
for diapause termination. Regulating reproduction by information from flowers is
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important in species that oviposit on pods; an egg laying substrate, available in nature for
only a short period of time. It requires precise synchronization between the reproductive
cycle of the plant and that of the beetles.
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When we assess suitability of potential host plants for inmsects, we often measure
components of fitness, e.g., survivorship, larval developmental time, pupal weight, and
adult fecundity. But intensity of selection on different fitness components might vary
between species. The relative importance of two fitness components (larval developmental
time and pupal weight) was studied, and found to differ between two species.

Two congeneric butterflies Pieris napi oleracea Harris (Nearctic) and P. rapge L.
{naturalized to North America around 1860 from Palearctic sources (Scudder, 1889)) share
similar habitats in New England, USA. However, their flight seasons differ greatly (Chew,
1981). P. n. oleracen is bivoltine with single-cohort broods, whereas P. rapae is multivoltine
with 5 to 7 overlapping generations.

Larval developmental time was measured as date of hatching from the egg to date of
pupation, inclusive, Pupal weight was measured 16-24 h after pupation.

We found that (a) P. n. oleracea varied widely in its larval developmental time, whereas
P. rapae’s larvae developed faster within a narrower time range; (b) for P. n. oleracea males,
heavier pupae had longer larvai developmental times (r = 0.161, P < 0.05, n = 206; Fig. 1);
and (c) for P. rapae males heavy pupae had shorter larval developmental times (r = -0.234,
P < 0.05, n = 89; Fig. 1).
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Figure 1. Pupal weight vs larval time of Pieris males. Left: P. n. oleracea: pupal weight
increases with larval time. Right: P. rapae: pupal weight decreases with larval time. Trends
for females were not significant.
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These two species maximize different components of fitness. For P. n. oleracea males
pupal weight gain is more important, whereas for P. rapae males, fast larval development
is more critical. " )

When mating time is constrained by discrete flight periods (P. . oleraces), there is little
advantage for larvae to develop faster; and larval weight appears to be more critical.
However, with continuous adult presence (P. rapae), faster-developing individuals could
contribute an additional generation.

Host plants also influence larval time and pupal weight, and fitness components are
used to study host plant effects. To accurately compare host-plant effects across insect
species, we need to understand which fitness components are likely to be under intense
or relaxed selection.

Since sex and temperature can also influence net growth results we need to account for
these factors as well. Females in this study showed no significant trend; their growth
responses, due to nutrition or behavior, could affect the net results we obtained.
Temperature also affects growth responses and is currently under study.

Further research

To extend this work we plan to (a) determine whether pupal weight of a univoltine,
monophagous North American congener (P. virginiensis Edwards) increases with larval
developmental time; one might expect weight to be important because they only have one
generation per year, but their host-plant season is extremely short. In addition we will
examine (b) changes in larval time of P. yapae as voltinism varies from 2-3 generations per
year in Alaska to continuous presences in Florida; and (c) study effects of food limitations
(quantity and quality) on pupal weight and larval developmental time.
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There is striking variation among Lepidoptera in the size of newly hatched larvae. Part of
the explanation could be a link between size and feeding ecology.

Larval size could affect characteristics important in early larval life. For example, we
might expect larger larvae to be more mobile, more tolerant of starvation and able to
accept physically tougher food because they have larger mouthparts. We might therefore
expect size to vary with the nature of the food plant and the spatial and temporal
proximity of the eggs to the leaves on which the larvae will feed.

Here 1 examine patterns in the behaviour and survival of newly hatched larvae of 42
British species of Lepidoptera. | relate them to larval size and food plant characteristics. 1
find strong links between feeding ecology and larval behaviour. Surprisingly, however,
there are few links between larval size and behaviour.

Results

Source of eggs. Egps of 42 Lepidoptera species were laid in captivity by adults from the
wild. Each egg was examined daily and on hatching each larva was weighed individually.
Eggs were obtained from 13 families, mostly Noctuidae (17 spp.) and Geometridae (9
spp.). None of these overwinters as eggs. The mean size of newly hatched larvae spanned
two orders of magnitude, from 0.022 mg to 2.91 mg.

Survival of starvation (40 spp.). Newly hatched larvae were placed in a wrapped petri
dish at 15 °C. No food was provided. Each dish was examined daily until the death of the
larva. Newly hatched larvae survived for a mean of 1.0 to 20.0 days without food. There
was little variation within each species but great variation among species. There was no
correlation with larval size (Fig. 1a). Grass feeders survived significantly longer than herb
and woody plant feeders. The species surviving longest is the only lichen feeder studied.

Speed and direction of movement (35 spp.). Newly hatched larvae were placed midway
up taut, 1.1 m vertical strings illuminated fom above. The speed and direction of
movement (up or down) was recorded. Newly hatched larvae moved at a mean speed of
0.7 to 267.8 c/h. There was no correlation with larval size (Fig. 1b) or with survival time
(Fig. 1c). Grass feeders and woody plant feeders moved significantly faster than herb
feeders. Grass feeders moved faster than woody plant feeders. Direction of movement
varied widely among species. Woody plant feeders tended to move upwards, grass
feeders downwards, and herb feeders both upwards and downwards (Fig. 1d).

Silking (12 spp.). Thirty newly hatched larvae were placed on a plastic grid suspended
horizontally 20 cm above a tray. The proportion of larvae suspended by silk at any one
time was recorded. There was a negative correlation between the proportion of larvae
sitking and larval weight (Fig. 1e); smaller larvae tended to silk more readily.
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Figure 1. Relationships between (a) weight and survival time; (b} weight and speed of
movement; {c} survival time and speed of movement; (d) weight and direction of
movement; (e} weight and tendency to silk. For {a)-(d), food plant growth form for each
species is indicated as follows: » woody plant; © herb; O grass; ¢ lichen; * multiple.
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Discussion and conclusions

There are clear links between the feeding ecology and behaviour of newly hatched larvae:

Eggs and newly hatched larvae of woody plant feeders are larger than those of grass
feeders which in turn are larger than those of herb feeders. Larger larvae could have
mouthparts better suited to tougher food. Larger larvae also use foods more efficiently
because they have a lower weight-specific basal metabolic rate. Adaptation of egg size to
feeding requirements has been reported for predatory mosquitces where egg size is
related to the size of available prey.

While newly hatched larvae of woody plant feeders are bigger than those of herb
feeders, survival time and speed and direction of movement are not correlated with body
size. Rather, the patterns are characteristic of larvae feeding on plants of a particular
growth form.

Surprisingly, there is no correlation between size and survival time. Larger size
suggests greater energy reserves and a lower weight-specific metabolic rate. Survival time
could be an adaptation to uncertainty or difficulty in obtaining food rather than a mere
consequence of body size.

There is no correlation between size and speed. This is surprising as larval size
determines stride length and absolute distance moved across an irregular surface such
that larvae move more quickly as they grow. Speed could be an adaptation to the need to
locate a distant or unpredictable food rather than a mere consequence of body size.

It is not possible to define particular combinations of starvatiod tolerance and
behaviour that predominate. Other factors, like food proximity, food predictability and
perhaps first instar dispersal complicate the picture.

Larval feeding is just one of many factors affected by size. Size could affect tolerance of
desiccation and cold, vulnerability to predation, and time take to reach a critical size for
diapause. Egg size could be kept to a minimum to maximise fecundity or it might simply
reflect pressures for a particular size at another time in development if growth from egg
to adult has little flexibility. Indeed, if use of a particular food plant requires newly
hatched larvae to be a particular minimum size, it could require adults to be large enough
to produce sufficient of these larger eggs.

Additionally, a larval size range of two orders of magnitude across different species
has little effect on larval survival and behaviour. While particular features of larval size
and behaviour might be more suited to feeding on woody plants or herbs or grasses,
body size does not appear to constrain speed of movement and Lolerance of starvation.
Further features of these patterns are considered in Reavey (1992).
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After more than 30 years of research, several aspects of plant resistance to phytophagous
insects still have to be proved. They include: appearance, predictibility and availability of
chemical compounds, synchronisation and phenological protection, intraspecific variation
in plant secondary chemistry and the pattern of allocafion of defensive substances and
nutrients for insect in tissues, and resource availability (Feeny, 1990},

We undértook studies carried out from 1986 - 1989 aimed at finding: (1) the level of
secondary compounds that confer resistance to some pedunculate oak trees (Q. robur L.)
against Euproctis chrysorrheea L. {brown tail moth; Lepidoptera, Lymantryidae) attack;
{2) the relationships among defensive substances, organic nutrients for caterpillars and
mineral substances in leaves, as well as minerals in soil under the trees; (3) the quality of
the leaves as food for caterpillars; {(4) the transmission of the natural resistance from a
parental tree to its vegetatively produced seedlings; (5) the frequency of resistant trees
within an cak tree population and their specific phenotypic features, if any.

Material and methods

Location. Pure pedunculate oak stands in forest ecosystems located in northwest Rumania
{forest Flora and Noroieni).

Insect pest. E. chrysorrhoea is an important defoliator which in Rumania has one
generation per year, wintering as caterpillar in L2 instar.,

Field work. This consisted of identifying and marking undefoliated resistant trees (N),
and nearby heavily or completely defoliated unresistant trees (D), during outbreaks of
E. chrysorrhoea. Leaf samples were collected from the two selected tree categories, 3-5
times a year: in April and May when the caterpillar were in their L.2-L5 instars and at the
end of August (L1-L2 instars). Furthermore we assessed phenotypic tree features,
ingrafted seedlings using twigs detached from resistant trees, reared caterpillars from L2
to pupae on N and D tree leaves.

Laboratory work. This included chemical analysis using standard procedures, in order
to characterize secondary compounds (flavonoids, polyphenols, organic acids, tannins,
lignin), essential and unessential amine acids, organic nutrients for caterpillars {proteins
and sugars) in leaves as well as mineral substances in leaves and soil under the tree
(details will be provided elsewhere); biometric assessment of the caterpillars and leaves;
biochemical analysis of the protein and lipid contents of caterpillars.
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Results and conclusions

The natural defence of some resistant pedunculate oak trees was found to be constitytive
and quantitative, due to a higher content of secondary compounds in their leaves. The
concentrations of flavonoids and polyphenols in resistant (N) was always significantly
higher than in unresistant (D} trees. This also holds for organic acid levels, which were
often higher in young leaves, and tannins which were sometimes higher in mature leaves.
i Due to phenological differences in tree vegetation lignin presented some exceptions. At
the time that the sampling was done in May, the content of lignin would have been
normally higher in unresistant trees, which start budding earlier in spring. Essential
amino acids (e.g., valine) had higher values in D trees; unessentiat ones (e.g., arginine) in
N trees. Total protein and sugar, as well as protidic nitrogen was variable, buf usually
higher in N trees. Nitrogen and phosphorous was higher in N trees, while potassium,
calcium and magnesium were lower, but we did not find the differences between the two
categories to be statistically significant anywhere. In the soil underneath the resistant iree,
the leaf litter is provided a high acidity.

The mean values of polyphenols, organic acids and tannin of the ingraft seedlings were
equal to or even higher than those of the parental tree. Caterpillars fed with leaves picked
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Figure 1. General pattern of interrelations amang secundary defensive compounds in
leaves of pedunculate oak resistent trees (N) and other compounds in leaves and soil
influencing the development of E. chrysorrhoen caterpillars.
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from resistant trees produced pupae that were lighter in weight than those fed with
leaves from unresistant trees, whereas more leaves were consumed both in terms of
number of leaves and percentage of damage on unresistant trees. We have drawn a
general pattern of interrelations in a certain habitat (Fig. 1) based on (significant)
regression lines and coefficients of comrelation between the content in secondary
compounds, nutrients for caterpillars and mineral substances in leaves which influence
the growth of caterpillars, and between pH and mineral substances in the soil which
influence the composition of leaves.

Finally, we can say that there is much intraspecific variability in plant secondary
chemistry. The frequency of resistant trees within a pure pedunculate oak stand is over
20% of the total number of trees. Such resistant trees show specific phenotypic differences
in branch insert angle and the depth of rhytidome cracks.
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Chemical defences in plants are subject to two opposing forces: benefits due to decreased
herbivory and costs associated with the preduction and/or maintenance of the defence.
Rhoades (1979), sugpested that a varying herbivore pressure in time and space would
maintain genetic variation in chemical defence. The aim of our experiment was to test this
hypothesis under natural conditions over a three-year period. The biennial Senecio jacobaea
L. and its herbivores was chosen as a model system. S. jacobaea is heavily attacked by
several herbivores: pressure from most herbivores differs between populations and years.
S. jacobaea contains pyrrolizidine alkaloids (PAs) which act as a chemical defence. The PA-
concentration varies 10-fold between individuals and is under genetic control (Vrieling,
1991).

The following questions were derived from the hypothesis: 1) Do herbivores have a
negative impact on plant fitness? 2) Does herbivore pressure vary in time and space? 3} Do
herbivores discriminate between genotypes of S. Jacobsen? 4) Is herbivory negatively
correlated with PA-concentration (benefits)? 5) Is plant fitness in herbivory-free treatments
negatively correlated with PA-concentration (costs)?

Materials and methods

In April 1986, we cloned six genotypes of 5. jacobaea from the dunes of Meijendel (near
The Hague, the Netherlands) into 120 - 200 individuals per genotype. In April 1987, two
artificial populations were established in the field. Bach population was exposed to three
treatments: a) a treatment in which we prevented herbivory (exclosure), b) a treatment
where the larvae of Tyria jacobaene L. were excluded (Tyria exclosure) and c) a control
where all herbivores had free access. In May and September the rosette-diameter was
measured to estimate biomass and number of flowerheads were counted in October.
Experimental populations were visited frequently and visual damage by herbivores was
recorded. In May, leaves were harvested for PA-analysis. PAs were extracted according to
a procedure described by Vrieling et al. (1991},

Results

Herbivore pressure and plant fitness. Growth in rosette-diameter was less when herbivore
pressure increased. The percentage of flowering plants and number of flowerheads
produced was highest in the exclosure and lowest in the control.

Herbivore pressure in time and space. Herbivore pressure differed significantly between
the two populations. Density of the different species of herbivores varied greally between
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years when corrected for rosette-diameter or number of flowerheads. Differences in
density were even more pronounced when not corrected for available biomass.

Discrimination between genotypes by herbivores. In 8 out of 19 possible comparisons,
herbivores discriminated between the six genotypes (among which the two most
important herbivores of 5. jacobaea in our study area, T. jacobaene and the fleabeetle,
Longitarsus jacobaeqe Waterhouse), indicating genetic differences in acceptability.

Benefits of PAs. When herbivores significantly discriminated between genotypes the
correlation between herbivory and PA-concentration was calculated. Herbivory of adults
and larvae of L. jucobaene significantly decreased with PA-concentration, indicating benefits
of PAs.

Costs of PAs. Although differential growth between genotypes occurred in the green-
house (before plants were transported to the field), PA-concentration was not significantly
negatively correlated with the initial rosette-diameter. Moreover, growth during the
summer season, percentage flowering and flowerhead production {corrected for rosette-
diameter) were in none of the cases correlated with total PA-conceniration in the
exclosure.

Discussion

Fluctuations.in herbivore pressure between populations and years are large enough to be
important as a driving force in the maintenance of genetic variation in PA-concentration,
If no interference with costs of other defence characteristics occurs, costs associated with
PAs are rather small or absent, whereas benefits (reduced herbivory of L. jacobaese), are
present. Therefore, maintenance of genetic variation in PA concentration cannet be
explained by a balance between cost and benefits. This suggests that another selective
force acts on PA-concentration to counteract the benefits of reduced herbivory. Vrieling et
al. (1991) put forward an alternative hypothesis involving a tritrophic interaction to
explain genetic variation in PA-concentration.
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The Cynoglossum officinale 1.. - Ethmia bipunctella F, relationship was chosen as a model to
study induced chemical defence in plants. C. officinale (Boraginaceae), a biennial plant
species, is commonly found in the sand dunes in Western Europe. Plants contain
pyrralizidine alkaloids (PAs), known to be a deterrent for generalist herbivores. Larvae of
Ethmia bipunctells (Ethmiidae; Lepidoptera) are oligophagous and live on several species
of Boraginaceae in the dunes. Ethmig caterpitlars canse small holes, well dispersed over
the leaves of C. officinale plants.

First, we assessed whether C. officinale shows an induced response for PAs. Second, we
looked at the relation between the amount of damage inflicted and the strength of the
response. Third, we compared the effect of artificial damage and natural damage caused
by Ethmia.

Methods
Experiment 1, Seedlings were grown in a greenhouse {min. 20°C) for 8 weeks. 144 plants

were randomly assigned to 6 groups. The scheme of damaging and harvesting is shown
in Fig. 1. At T = 0 all the leaves of the plants of the first group (T3T0) were cut with a

._D 3 EL Time £h) }
TOT?2 Ta
< A
N Y
3 h
>
TOTH T6
< /\
= 57
§n
[—— "
TOT12
7N

Figure 1. Time schedule of damaging and harvesting.

79

4



pair of scissors. The rest of the damaged plant was harvested 3 h later (T3) and
simultaneously the plants of the next group (T6T0) were damaged and the leaftips
subsequently sampled. In this way we were able to chéck any diurnal fluctuations. The
samples were lyophyllized and extracted for PAs (Hartmann & Toppel, 1987). PA-
concentrations were determined by a spectrophotometric method (Mattocks, 1967).

Experiment 2, Twenty-five plants were randomly divided into 5 groups and damaged
by punching 5, 10, 15, 25 or 50 holes (3 mm) per plant. This type of damage mimics the
damage of Ethmin larvae. The plants were harvested after 24 h and the PAs were
measured. The undamaged leaves of the group with 5 holes (5 undam.) were collected
separately from the damaged ones (5 dam.). We used two control groups: one at the
beginning (con ¢h) and one at the end (con 24h) of the experiment.

Experiment 3. E. bipunctella larvae were reared on C. officinale leaves in the laboratory.
Fourth and 5th instar larvae were starved for 19 h and subsequently placed in leaf cages
{one per plant} on the youngest, fully expanded leaf of a C. officinale plant. They were
allowed to eat for 2 h. Then the larvae were removed and the place and amount of
damage was copied on another group of plants. Naturally and artificially damaged leaves
were collected at 0, 6, 12, 24 and 48 h after the larvae had been removed.

Results and discussion

C. officinale clearly shows an induced response after removing 50% of the leaf surface
(Fig. 2). The ratio of Tx/Tx,0 {induced divided by control) increases according to the time
between damage and harvest. C. officinale shows an induced response after severe
mechanical damage and also as a reaction to moederate damage (Fig. 3). The PA-content
reaches its maximum at 15 holes per plant. Plants with 10-15 holes are very commonly
found in the field. C. officinale thus seems well adapted to the natural amount of damage.
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Figure 2, PA-contents (+ SEM) in controls remain constant in time (ANOVA, P > 0.05) in
induced plants. PAs increase with time after damage (ANOVA, P = 0.004), Ratio increases
with time after damage.
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Moreover, results indicate that induction of PAs is local. The undamaged leaves of the
plants with five holes contain less PAs than the damaged ones of the same plants (Fig. 3).
Such local induction can be the reason for the dispersed damage pattern of Ethmia larvae
on C. officinale. Dispersion of damage might be one of the advantages of induced defences
because the plant does not lose whole leaves (Edwards & Wratten, 1983). More
experiments are needed to confirm this hypothesis.
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Figure 3. PA-content (+ SEM) is significantly different between groups (ANOVA,
P = 0.0005). Maximum response at 15 holes per plant.

Although no significant differences were found, the natural damage inflicted by Ethmia
larvae seems to result in a stronger response (Fig. 4). The great variability of the response
to natural damage (e.g., 12 h after damage) might be caused by differences in the manner
in which the larvae eat from the plant.

Future research should reveal whether the induced response affects the behaviour or
fitness of E. bipunctella or other herbivores of C. officinale. Prins (1987) has already
discovered that Ethmia larvae significantly preferred leaf discs from undamaged plants to
discs cut from damaged plants.
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Figure 4. No significant differences were found between artificial and natural damage
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Larvae of the specialized arctiid Tyriz jacobaese L. sequester pyrrolizidine alkaloids (PAs)
from their major host plant Senecio jacobaea L. (Asteraceae). The PAs are transferred via
pupae to adults as described years ago by Rothschild et gl. (1979). Plants and insects
containing PAs are usually avoided by predators. Larvae and imagines are aposematically
coloured to advertize their unpalatability to potential insectivores.

In the course of comparative studies of PAs as defensive chemicals in plants and
insects we reinvestigated the sequestration of PAs by T. jacobaere. We were particularly
interested in elucidating the origin of callimorphine, first described as a "PA-metabolite”
by Rothschild. Callimorphine is an insect-specific PA that has never been detected in
plants.

Results

A comparison of the PA patterns of T. jacobaeae larvae and their host plant revealed that

individual PAs are taken up without preference, except for O-acetylerucifoline, which is

hydrolyzed in the gut and sequestered in its deacetylated form. Like plants, insects store

PAs exclusively as N-oxides and they are able to N-oxidize any tertiary PA supplied in

their food or injected into the haemolymph (Ehmke et al., 1990).

The formation of callimorphine, present as N-oxide, was found to be restricted to the
early stage of pupation. Tracer studies with “C-labelled retronecine and isoleucine
revealed the formation of labelled callimorphine N-oxide. The label in the necine base
moiety was specifically derived from (MClretronecine fed to larvae whereas feeding of
[MClisoleucine led to a specific incorporation into the necic acid moiety (callimorphic
acid). Thus, callimerphine N-oxide is formed in the insect by "partial biosynthesis”, i.e.,
esterification of a necine base of plant origin with a necic acid produced by the insect (Fig.
1). The recently described creatonotines synthesized by Creatontotos transiens (Walker) are
another example of insect PA (Fig. 1; Hartmann ef al., 1990).

As the formation of callimorphine N-oxide in T. jucobaeae is restricted to the first stage
of pupation one might argue that the process is related to the metabolic changes that take
place during this critical metabolic transition. In particular, we have to expect changes in
the storage behaviour of PAs. Detailed studies gave the following results:

a. [MC]Retronecine fed to third instar larvae was incorporated into callimorphine N-oxide
with the same efficiency as when fed to last instar larvae. This indicates the ability of
larvae to store free retronecine until onset of pupation.

b. We compared the total amounts and concentrations of plant-derived PA-N-oxides,
retronecine and callimorphine N-oxides in the haemolymph and body-tissue of last
instar larvae and three early pupal stages (i.e., 1) prepupae, 2) soft, yellow coloured,
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Figure 1. Formation of insect PAs by esterification of a plant-derived necine base with a
insect produced necic acid.

age 0.5 day, 3) mature, 2 days). In both larvae and pupae most of total PAs were
localized in the body-tissue (mainly integument). However, in the larvae, the PA
concentrations in the haemolymph and body-tissue were found to be almost identical,
whereas the PA concentration in the "haemolymph" (cell-free liquor) of the three pupal
stages was almost twice as high as in the body-tissue. This clearly indicates the
“storage-problems” in pupae.

c. In larvae free retronecine was almost exclusively found in the haemolymph; in the
body-tissue the amount was negligible. A considerable proportion is rapidly
transformed into callimorphine N-oxide during the prepupal stage. The newly formed
callimorphine N-oxide is equally distributed between pupal haemolymph and
body-tissue.
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Conclusions

From the results described above we can offer two suggestions in answer to the question:
why does T. jacobaeae produce callimorphine? Callimorphine is either produced as 1) a
physiclogical need to transform free retronecine into an ester better suited for safe storage
in pupae, or 2} an ecological need to recycle retronecine into a compound with better (?)
properties for chemical defence.
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The functions of phytoecdysteroids remain enigmatic. The favoured hypothesis is that
they reduce the extent of invertebrate predation on plants containing them, but definitive
evidence for this is currently lacking (Lafont et al., 1991). This is largely because there is
presently no significantly detailed body of information about the identity and
developmental titres of phytoecdystercids for any one species of plant or any group of
closely related species. One of the most effective ways of testing this hypothesis would be
to establish from a normally phytoecdysteroid-containing plant species genetically stable
lines with elevated or reduced phytoecdysteroid levels and to assess their relative
susceptiblity to insect predation, However, prior to achieving this long-term goal, it
would be necessary to identify an experimentally suitable species and ascertain as much
as possible about the nature and distribution of phytoecdystereids within the plants.
Current research. The Chenopodiaceae were chosen as the subject of the investigation
because they are a large and important plant family, some members of which were
known to contain ecdysteroids. Several chenopods are of significant agronomic
importance being either crop species, weeds or the host plants for major insect pest
species. We initially screened a number of chenopods and identified Chenopodium album L.
as the major test system on the basis of its phytoecdysteroid content and growth potential
(Dinan et al., 1991). Phytoecdysteroids were isolated and identified as 20-hydroxyecdysone
{(69%), polypodine B (28%) and a mixture of at least eleven other unidentified ecdysteroids
{3%). Only the two major phytoecdysteroids are biologically active in an insect
(Drosophila) in vitro bioassay. In order to quantify phytoecdysteroids in small portions of
C. album and hence be able to determine their precise distribution within individual
plants, it was imperative to develop a sensitive micro-analytical method of extraction and
quantification. This was achieved by coupling a simple solvent extraction procedure with
an ecdysteroid-specific radioimmunoassay. Application of this procedure has revealed that
the highest concentrations {(ca. 0.1% of the dry wt} of phytoecdysteroids are present in the
uppermost aerial portions of the plant, in the roots and in the flowers. Concentrations in
root tissue fluctuate during development, indicating that this may be the site of
phytoecdysteroid biosynthesis. The distribution in the vegetative parts of the plant is
characteristic of a "qualitative" defence chemical. Within the flowers, the highest
concentrations of phytecdysteroids are associated with the anther tissue (0.5% of the dry
wt), yet the pollen contains negligible phytoecdysteroid levels. Analysis of several
members of the genus Chenopodium has revealed that they either possess a similar
association of phytoecdystercids with flowering as C. album or contain no detectable
phytoecdysteroid. This has led to the proposal that there may be a relationship between
the presence of phytoecdysteroids and the mede of pollination of the species (Dinan,
1992}, Thus, those species which are wind pollinated or pollinated by adapted insect
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species would contain phytoecdysteroids, while those species which are pollinated by
unadapted insects would contain low levels of phytoecdysteroid. The absence of
phytoecdysteroids from pollen from wind-pollinated species (such as C. album) may be
explained by its need to be protected only during development, since pollen represents a
considerable investment of resources by the plant, and hence the high levels in anther
tissue. Once it is released there is only a low probablity of an individual pollen grain
finding a flower to fertilise, so individual pollen grains are not worth protecting.
Unfortunately, little conclusive data exists on the modes of pollination of most members
of the Chenopodiaceae, so it is not currently possible to assess the validity of this
hypothesis.

Future research. The microassay provides a means for the identification of individual
plants of C. album which possess altered phytoecdysteroid levels. As a consequence of the
simplicity, sensitivity and rapidity of the microassay procedure, it is feasible to remove
single leaves from large numbers of individual plants in a population of C. album at, for
example, the four-true-leaf stage and assess their ecdysteroid levels before the plants
begin to flower. Genetic variability may already be present in natural populations or may
be induced by mutagenesis. As a first step to exploiting natural variability, the
repeatablity of phytoecdysteroid levels in the fourth and eighth leaves of 100 individual
plants in a population was assessed (Fig. 1). This suggests that the variation of this
character may be heritable. If the heritability is high enough, it should be possible to
select lines with either high or low phytoecdysteroid levels within 3 to 4 generations.
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Figure 1. Repeatability of phytoecdysteroid concentration in leaves from individual plants
of Chenopodium album. The uppermost leaf from 100 plants at the 4-true-leaf stage was
removed, the plants were then allowed to develop to the 8-true-leaf stage. Again the
Uppermost leaf was removed. Phytoecdysteroids were extracted from the removed leaves

and quantified by RIA. Equation of regression line: y = 0.299406x + 236.4285 (corr. coeff. =
.342776).
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Also, C. album's widespread occurrence will he used to advantage to test populations
from widely differing geographical locations. Should the natural variablity be inadequate,
mutations will be induced chemically in germinating seeds with ethyl methanesulphonate.
The M1 generation will be selfed and their progeny (M2 generation) assessed for
ecdysteroid levels, This approach has previously been successfully used for the
identification of mutants of lipid metabolism in Arabidopsis thaliana (L.) Heynh. (Browse et
al, 1985). Ultimately, it should be possible to determine the contribution of
Phytoecdysteroids to insect deterrence in the Chenopodiaceae.
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Zonocerus variegatus L. (Pyrgomorphidae) is a polyphagous, aposematic, West African
grasshopper, the dry season populations of which are nowadays a pest in agriculture and
forestry. The insects seem to gain protection from predation by storing pyrrolizidine
alkaloids (PAs) from plant sources: (1) Bernays ef al. (1977) reported storage of
monocrotaline as the main PA in specimens reared on Crotalaria relusa (Fabaceae);
(2) Boppré et al. (1984) found a close relative, Z. elegans, to be attracted to sources of dry
PA-containing plants as well as to pure PAs, suggesting a pharmacophagous relationship
of Zonocerus to PAs (cf. Boppré, 1986). In this paper, we report on sequestration of PAs by
Zonocerus from the Siam weed, Chromolaena odorata King & Robinson (Asteraceae) and
discuss a striking influence that secondary compounds of an introduced non-host plant
can have on native insect populations.

Results and conclusions

Field-caught specimens of dry season populations of Zonocerus variegaius, collected in a
teak plantation in Bénin, were found to contain four PAs in all stages and in both sexes as
well as in eggs: rinderine (major PA), intermedine, lycopsamine and echinatine, all
quantitatively as N-oxides. The PAs found in field-caught Zorocerus were not present in
specimens raised indoors unless they had been given access to flowers of Chromolaena,
which they readily consumie.

Chemical analyses of plant material revealed rinderine (major PA), 7O-angeloyl-
retronecine, °O-angeloyl-retronecine, intermedine, and acetylrinderine in roots and
flowers of C. odorata. The leaves, however, contained only traces of these PAs. Obviously,
Zonocerus transforms intermedine into its isomer lycopsamine and rinderine into
echinatine (3R derivative into 3'S derivative form).

The discovery that Zonocerus stores PAs from Chromolaena is not just another case of
utilization of secondary plant compounds by insects:

(1) Hatchlings and early instar hoppers partly feed on Chromolaena, and its thickets are
preferred roosting sites. The leaves, however, are not heavily consumed and the plant
turns out to be nutritionally inadequate for Zonocerus, not permitting normal development
{e.g., Chapman et al., 1986). But, all stages of Zonocerus are strongly attracted to flowers of
Chromolaena, which they consume in large numbers (Modder, 1984).

{(2) C. odorata is not native to Africa; it is a South American species which has only
recently been introduced into West Africa where it has become a serious pest (e.g.,
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Ambika & Jayachandra, 1990).

Although Toye (1974) suggested the possibility of a coryelation between the increase of
Zonocerus populations and the spread of Chromolaena, he offered no clue regarding any
possible causal link. Consequently the question remained: if this weed is nutritionally
inadequate for Zonocerus, why do the insects become a pest in places where it occurs?

The apparent contradiction of the facts known becomes intelligible when considering
the pharmacophagous trait of Zonocerus, supporting the suggestion forwarded by Boppré
(1991): Zonocerus enjoys a non-nutritional association with Chromolaena which provides
PAs; these secondary plant compounds are stored and chemically protect the
grasshoppers and particularly their diapausing eggs from predators and parasitoids (e.g.,
larvae of Mylabris beetles), contributing to the fitness and population density of dry
season Zonocerus. Without Chromolaena, ie, either before its introduction, or in areas
where it is lacking, or in the wet season when Chromolzena does not bloom, PAs seem o
be a limited resource restricting the reproductive suiccess of the grasshoppers.

Despite the coincidence of the spread of Chromolaena and the explainable pest status of
dry season populations of Zenocerus, this is an example of the dramatic effect that the
introduction of a plant may have on population dynamics of a native insect species
although not used for nutrition. There is the danger that such ecologically harmful effects
may occur with other introduced or exotic plants. By taking advantage of its
pharmacophagous behaviour we could try to find an inexpensive means of controlling
Zonocerus. We know, for instance, that Z. variegatus is attracted to various PA-containing
plants (Heliotropium, Crotalaria) in the same way as to Chromolaena flowers, and pure PAs
are effective lures, too.
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(GT2Z) is gratefully acknowledged.
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How an insect goes about finding its way to a food item or an oviposition site and starts
to use it, has traditionafly been divided into a number of stages. The commonest
classification of the stages, following the parasitoid literature, is probably into habitat-fin-
ding, host-finding, host recognition, host acceptance, and host suitability. A much broader
operational subdivision which has proved very useful for flying insects is into "pre-
alighting” and "post-alighting" responses. The main advantage of this brpader separation
is that it avoids the problem of trying to define functional transitions - for example, when
recognition stops and acceptance starts. Although the process is subdivided, an examina-
tion of the literature reveals that the greatest emphasis has been on the later stages; that
is, on host recognition and acceptance, and on post-alighting responses. This emphasis is
nhot surprising, for two reasons:

Methodological difficulty. Study of pre-alighting behaviours requires analysis of how
insects move around. Except in large, dayflying insects like butterflies and insects which
walk rather than fly, analyses of flight patterns and alighting behaviour may require
formidable levels of ingenuity and environmental manipulation (see, e.g., the methods
recently developed by Aluja ef al. (1989) to monitor the behaviour of fruit flies foraging in
trees). More often, the best that can be done is some form of mark recapture study, where
all that is known is where the insect started and where it was finally caught, without any
real idea of the track it took to get there. Consequently, analyses of pre-alighting behavi-
our are heavily biased toward butterflies and occasionally beetles, and to insects which
walk rather than fly. The problems involved in obtaining the data are, moreover, not the
only methodelogical difficulties presented by such studies: the analytical tools available to
examine the properties of tracks are not particularly well developed, a problem discussed
in more detail later.

Conceptual emphasis. Many of the most obvious and interesting questions relating to
host location and use by phytophagous insects were for many years based on developing
and testing ideas associated with plant-herbivore coevolution and plant chemistry:
questions of this kind often involve a focus on the mechanisms involved in insects’
response to different types of plant, and on plant attributes relevant to host selection and
use - that is, on host recognition and acceptance, and on the subsequent performance of
insects on the plants, rather than on how insects moved around to encounter objects to
which they might subsequently respond.

Questions involving host recognition and acceptance and subsequent phytophage
performance are certainly of profound interest, but it is now also clear that an insect's
problems in encountering potential hosts may also have a considerable influence on its
relationships with alternative kinds and distributions of hosts, and it is this aspect of host
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location that is considered here: that is, the tracks of insects as they move in search of
host plants, what they do when they find them, and what the consequences of those
processes may be. This paper will consider two case studies involving female pierid
butterflies seeking oviposition sites, but will also compare the processes involved in these
cases with those identified by Turchin (1986, 1987, 1988) for foraging by Mexican bean
beetles. There are three questions which are useful in structuring an approach to analyses
of search behaviour and movement patterns:

What are the rules? That is, what patterns can we identify in the decisions made by the
insect in the process of generating a track and encountering potential host plants. I do not
here mean the physiological and neurosensory mechanisms underlying those decisions,
critical though these are, but the behavioural rules that result in a track. If they are to be
useful, those rules will often be conditional ones: for example, a rule identified for
Colorado potato beetles (Visser, 1988) might be "if you are hungry, it is light, and you
smell a potato, then walk rapidly in a straight line upwind".

What are the consequences of those rules? Expressed in more operational terms, this
question might translate into questions about how a change in any of the rules would
affect the outcomes of the searching process. For example, will particular sets of
movement rules make particular sorts of plant and particular spatial arrangements of
plants more likely to be attacked? Will they increase dispersal distances? Will they make
egg distributions clumped or random? Will they reduce or increase susceptibility to
predators?

Where should we look for adaptation? That is, because any rule may have a
multiplicity of consequences, what should we consider in trying to identify the selective
pressures to which the behavioural processes are subjected.

Most of this paper will focus on the application of these three questions to a particular
problem associated with the three case studies mentioned earlier. Before doing so,
however, it is also useful to consider some methodological problems involved in
answering the first two of them: that is, the problems involved in establishing the rules
and evaluating their consequences.

The first problem was briefly alluded to earlier: that is, how to extract the rules from
the tracks. The attributes of a track which need to be measured are more difficult to
characterize than the binary choices involved in host recognition and acceptance. A track
has attributes such as speed, altitude, direction, pauses and the frequency and pattern of
turns, all of which have variances as well as means: Moreover, at various points along the
track the insect may systematically change its behaviour or undertake actions such as
oviposition: we may need to establish how tracks vary between individuals and
populations, and how they are influenced by external features of the environment,
including the distribution and attributes of host plants. There is, as yet, no real consensus
about how best to do this in a consistent and rigorous way. The problem of
characterization arises because tracks have directions and turning angles, and circular
distributions - distributions of angles - are more difficult to manipulate than distributions
of ordinary linear measurements. Some kinds of experimental situation are easily handled:
for examnple, if the only question of interest is whether the insect is otienting with respect
fo a particular known stimulus, then the available tools are quite adequate to cope with
identifying correlations between the direction of the stimulus and the net direction moved
by the insect. But if we wish to ask any more difficult questions, then the available
statistical tools are offen inadequate. An example involving butterfly tracks will illustrate
the problem. About 15 years ago, [ constructed simulation models to describe the
movement of Canadian and Australian female cabbage butterflies (Jones, 1977, 1987; Jones
et al., 1980). One of the rules built into those models was that on any particular day, a
butterfly had a preferred flight direction: that is, it was oriented with respect to some
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external cue, even if orientations differed between butterflies - which they appeared to
do - and even though there was no information to suggest what this hypothetical cue
might be. That decision could not then be adequately justified. It was made because the
tracks of Australian butterflies were strongly directional, but this might have arisen
simply because they were reluctant to change direction rather because they had a
preferred direction. At the time, I chose the mechanism which seemed to me most
biologically reasonable {on the grounds that it was not obvious how a butterfly in the
absence of external cues could, after a landing and perhaps moving around on the plant
and ovipositing, identify the direction of its previous flight in order to maintain it). Since
then, several other workers have built butterfly movement simulations {see ¢g., Root &
Kareiva, 1984; Zalucki & Kitching, 1982a, 1982b; Odendaal et al., 1989). Those studies all
made the opposite decision {on equally arbitrary grounds except in the last case). In other
words, they used a rule which said that the butterflies had no orientation but did not like
to make sharp turns between flights. Using one rule or the other makes ne difference to
the outcome of a movement episode on a small scale, but has very substantial effects
indeed over long periods (Marsh & Jones, 1988). Since then, a test has been developed to
distinguish between oriented and unoriented tracks {or more precisely, between biased
and correlated random walks; Marsh & Jones, 1988). When applied to tracks collected by
Jones (1977), the test suggests that Australian cabbage butterfly females do indeed have
preferred directions (Canadian females were not sufficiently directional enough for the
test to be able to discriminate between the alternative models). But tracks of the
nymphalid butterfly Euphydryas aniciz Doubleday & Hewitson to which the test has been
applied (Odendaal ef al., 1989) suggest that this species is appropriately described by a
correlated random walk, and thus is indeed able to remember the direction of a previous
flight. The overall lesson from this is that in the absence of formal statistical test
procedures, intuition is an unreliable guide to decisions about the appropriate models to
describe observed tracks (which usually are relatively short), and that we are not at
present well supplied with appropriate procedures.

Having extracted the rules from the tracks, the next problem is to evaluate the
consequences of those rules, and how outcomes of search behaviour might change if the
rules were different. The only procedure of sufficient flexibility to allow this involves the
use of simulation modelling, Simulation models may also be used in part as analytical
tools, since some of the parameter values which need to be extracted from the data may
only be estimable by trial and error using the simulation itself. This practice increases the
importance of requiring that a simulation model be subjected to appropriate experimental
verification: that is, tested for its predictive power against data sets not used for
parameter estimation. Used appropriately, simulation modelling is a powerful and very
useful technique in this context. It allows simulated experiments of a range and variety
which is not feasible in the field, and it allows the consequences of inferences from
observations made at small spatial scales to be extrapolated to much larger scales. It has,
however, two major limitations, outlined below.

A simulation model takes the rules governing behaviour which have been extracted from
the data, and uses them to reconstruct hypothetical tracks according to those rules. The first
limitation, therefore, is that the rules need to be correct, and as discussed earlier, they may
not be easy to establish. The second limitation is that realistic movement simulations are
themselves quite complex objects, and there is not yet any standard way of either putting
them together or of reporting them in the literature. Consequently, making comparisons of
results obtained by different people can be virtually impossible. This means that although
sitnulations are at present one of the few tools we have to ask questions about the
tonsequences of different sets of behavioural rules, it is to be hoped that they prove to be an
interim solution, and that we will find better ways of achieving this goal.
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The remainder of this paper discusses the three case studies mentioned previously in
relation to a specific problem: that is, how does the spatial distribution of host plants, and
specifically, whether they are isolated or in patches (and if in patches, their position in the
patch) affect the likelihood that the plants are colonized by phytophagous insects.

Resource concentration and the edge effect

Some years ago, arising from a study of collard insects, Root (1973) proposed the
"resource concentration hypothesis"; that is, that herbivores (and especially specialized
herbivores) are more likely to find and remain on hosts that are growing in dense or
nearly pure stands. For some phytophages this is clearly the case, but for others it equally
clearly is not: evidence bearing on the resource concentration hypothesis has been
comprehensively reviewed by Kareiva (1982). Some species - including most of the
butterflies which have been examined - show the opposite pattern. That is, isolated plants
receive more eggs per plant than plants in groups; plants in sparse patches receive more
eges per plant than plants in dense groups, and plants on the edge of groups receive
more eggs than plants in the centre. This reverse pattern has been called the "edge effect”.
The three questions initially discussed, applied to this phenomenon, then become (a) what
are the behavioural rules which result in the existence of either resource concentration or
the edge effect, (b} what additional consequences flow from those behavioural rules, and
(c) where should we look for adaptation - from the insects point of view, is the reason for
those behaviours that resource concentration or an edge effect has been historically
advantageous and hence selected for?

Two of the cases to be discussed are pierid butterflies - the cabbage butterfly Pieris
rapae L., and a tropical coliadine found in northern Australia called the grass yellow,
Eurema hecabe Hiibner. The third, as noted earlier, is the Mexican bean beetle Epilachna
varivestis Mulsant. Of these three, the cabbage butterfly shows a clearcut edge effect, first
documented by Cromartie {1975} - more eggs per plant are laid on the edge of patches
than in the centre, more in sparse patches with the hosts widely spaced than in dense,
closely-spaced patches, and more on isolated plants than on plants in groups. The
Mexican bean beetle exhibits resource concentration - it is more common in large, dense
patches of plants, and less common on isolated plants, or in sparse patches (Turchin, 1986,
1987, 1988). Within patches of plants, it is also more common towards the centre of the
patch than it is around the edges. There is an additional difference between the
distribution of Mexican bean beetles and cabbage butterfly eggs: Turchin showed that in
sparse patches of hosts, the distribution of beetles per plant was close to random. In dense
patches, by contrast, their distribution was highly aggregated. Cabbage butterflies reverse
this pattern - although egg distributions are always aggregated, the degree of aggregation
is greater in sparse patches than dense patches (Jones, 1977). There is less egg distribution
data available for the grass yellow, but what there is shows neither strong resource
concentration ner an edge effect: central and edge plants in large plots receive very
similar numbers of eggs (Jones, unpubl). If anything, more eggs were laid on central
plants but the difference was very small. The first question therefore, is how the behavio-
ural rules of these three species differ to produce these differences in distribution pattern.

What are the rules? The study of the Mexican bean beetle, as elucidated by Turchin
{1986, 1987, 1988) used marked beetles whose positions and behaviour within plots of
plants were regularly checked. The beeties made two kinds of moves: short moves, pre-
dominantly from plant to plant within the plot, which Turchin called “trivial moves", and
longer “"emigration flights” - higher straight flights out of the plot. As summarized in
Table 1, the directions of movement were uniform, so there was no evidence of any
directional tendencies within the plot. Even the "emigration flights" probably were not
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oriented, since the beetles quite often returned to the plots. Trivial moves were frequent
when the host plants were close together, but very rare when host plants were widely
spaced. More "emigration moves" occurred from widely spaced and edge plants. A critical
feature of the movement patterns was that the beetles showed active aggregation: that is,
the likelihood that they remained on a particular host increased with the number of
beetles already on the plant. When these rules, with parameter values estimated from
data collected in large host-plant patches, were built into a simulation, the model
successfully generated realistic distribution patterns and departure frequencies, for both
large and small host plant patches, and for dense and sparse host plant patches. It is clear
that generation of the resource concentration effect in this system is critically dependent
on both the rules governing trivial and emigration moves, and on the beetles’ aggregation
behaviour. That is, for this animal at least, interactions between individuals are important
to generation of the resource concentration effect. As Turchin points out, interactions of
this kind warrant much more attention in examining mechanisms which determine insect
distribution patterns.

Table 1. Behaviour of mexican bean beetles Epilachna varivestis (from Turchin,
1986, 1987, 1988)

Directionality within host-plant patch Nil

s
Movement outside patch Long, higher straight flights

"emigration moves"

Frequency of within-patch Frequent in dense patch
“trivial moves” Rare in sparse patch
Frequency of long Frequent from sparse patch
"emigration moves" Rare from dense patch
Probability of remaining on Increases with number of beetles
current host plant resident on plant

By contrast, the two butterfly species show no evidence of active aggregation: indeed,
both are more likely to make longer flights after an encounter with a conspecific. To a
casual observer, their oviposition behaviour appears very similar: both lay eggs singly,
normally flying between each oviposition. Not every alighting results in an egg being laid,
and not every flight resuits in a movement to a different plant: in fact "resettles” (that is,
hops around on the same plant} are frequent in both species. Both species perceive
possible hosts only from small distances away (that is, probably a metre or less) (Fahrig &
Paloheimo, 1987). In the cabbage butterfly, detection at a distance is probably entirely
visual, with final host identification from contact chemoreception (Traynier, 1979; Renwick
& Radke, 1988). This sequence is common to many butterflies, and is probably also true
for the grass yellow, as in other members of the genus Eurema (Mackay & Jones, 1989).
Despite these similarities, the cabbage butterfly produces a strong edge effect and the
grass yellow does not. Table 2 summarizes the results of analyzing observed tracks of
each of these species. The results for Australian cabbage butterflies come from previous
wark (Jones, 1977, 1987; Jones et al, 1980)%; those for the grass yellows are from
unpublished data.

97



Table 2. Behaviour of cabbage butierfly (Pieris rapae) and grass yellow (Eurema hecabe)

Directionality within
host-plant patch

Movement outside
host-plant patch

Alighting probability
within host-plant patch

Effect of oviposition on
subsequent movement

Eggs/alightings

Intensity of short-range

Pieris rapae Eurema hecabe
High Nil
Long straight flights Long straight flights

High, varies with host plant

Nil

Varies with host plant and
between butterflies

Varies with egg load

High, varies with host plant

Reduces frequency of
resettles and increases
average flight length

Varies with host plant and
between butterflies

Varies with egg load and

attraction to host plants between butterflies

There are a number of marked differences between the movement patterns of the two
species. The cabbage butterflies, as noted earlier, are strongly directional, whereas the
grass yellows, like the Mexican bean beetles, show no directional tendencies when moving
within a patch of hosts. Flight lengths within a patch (or alternatively, landing
probabilities) are comparable for the two species, varying in both cases with the type of
host plant (for example, landing frequencies are lower when haosts are small, so that flight
lengths then tend to be longer). After oviposition, the grass yellow shows a reduced
tendency to resettle on the same plant, so that average flight lengths after oviposition tend
to increase. This change decays gradually over several subsequent flights. No such effect
of oviposition was detected in cabbage butterflies. In both species, the probability of
oviposition during an alighting varied both with the quality of the host and between
individual butterflies, but the range of values observed was similar for the two species.
The strength of short-range attraction to hosts increased with egg-load in both species,
and in the grass yellows at least, also varied between individual butterflies. At least some
of the grass yellows appeared to show weaker host attraction than cabbage butterflies,
though others appeared comparable,

When these rules are built into simulation models, the cabbage butterfly model
generates an edge effect, and the grass yellow model slightly the reverse (ie, a slight
tendency for more eggs to be laid on plants in the centre of patches than on edge plants).
But in this case, it is not so obvious which of the differences in behavioural rules is
responsible for the differences in egg distribution!

One of the advantages of simulations, however, is that the investigator is not restricted
to the organisms that nature has provided: model organisms can operate with any
combination of rules. The next step, therefore, was to undertake a set of simulations in
which the effects of each rule were tested in a standard analysis of variance factorial
design in order to identify interactions as well as the main effects of each rule. Four
factors were varied: (a) patch size - 16, 36, 64, or 100 plants, (b} directionality - either high
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or none, (c) effect of oviposition on subsequent flight present or absent, and (d) short-
range attraction to host plants increases slowly or rapidly with egg load.

The resultant egg distributions for each combination of factors were then examined
after the plot had been encountered by 50 model butterflies: here we examine only those
main effects or interactions which influenced the edge effect. In order to standardize the
results for differences in the total numbers of eggs laid during a run, the average numbers
of eggs per plant laid on edge plants are divided by the average number of eggs per plant
laid in the whole plot, so that values greater than 1.0 occur when edge plants receive
more eggs than central plants, and values less than 1.0 occur when the central plants
receive more eggs.

Significant effects were as follows:
a. Plot size: edge effects tended to be stronger in larger plots (Fig. 1), but no interactions
involving plot size were significant.

1.4

1.2

10

0.8

Relative abundance of epgs on edge plants

05
16 a6 64 100

Plot size
Figure 1. Effect of plot size on the edge effect.

b. There was a very strong interaction between directionality and attraction to plants
(Fig. 2). A substantial excess of eggs on edge plants only occurred when butterflies
were both strongly directional and showed strong short-range attraction to hosts. Non-
directional butterflies with a strong attraction to hosts tended to concentrate eggs in the
centre of plots. Weaker host attraction reduced both these effects (and supplementary
runs in which host attraction was eliminated entirely, effectively eliminated both
effects). The central concentration effect in the non-directional but strongly-attracted
butterflies appears from supplementary runs also to be dependent on the switch to
longer, straighter flights once the butterfly is outside the host patch.

c. There was a weaker, but still significant interaction between directionality and the
existence of longer flights after oviposition (Fig. 3): this behaviour tended to weaken
the edge effect slightly in directional butterflies, but had no effect on the edge effect in
non-directional butterflies.
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Figure 2. Effect of flight directionality and attraction to plants on the edge effect.
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Figure 3.Effect of directionality and post-oviposition flight on the edge effect.
Overall, then, it appears that directional movement and shart-range attraction to host

plants are both necessary for the existence of an edge effect. When these two conditions
are met, an edge effect appears, although its intensity may be modified by other
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behaviours (post-ovipasitional flight lengthening} and by patch size. It also appears that if
flight lengths and turning behaviour are very markedly different inside and outside
patches of hosts, this may result in a concentration of eggs on central plants.

The necessity for short-range attraction to imdividual hosts suggests that edge effects
should be less common when visual attraction to individual plants does not occur or is
weakened - either because the insect species uses other perceptual cues, or because the
host plants are particularly cryptic. We might also expect that resource concentration
effects may be more common in species using olfactery cues to locate host patches from a
distance, since the attraction will be to the patch as a whole rather than to individual
plants within it (and, although this effect has not been examined here, because larger and
denser patches may produce a stronger signal).

What are the consequences of the rules?

The analyses described above elucidate the effects of the behavioural rules on the existence
or otherwise of edge effects. Each of the rules also has numerous other consequences, many
of which are likely to be of much more significance to the butterfly’s fitness than the
existence or otherwise of edge effects or resource concentration. For example, more
directional butterflies are also more dispersive, generate less aggregated egg distributions,
invest a smaller fraction of their total egg load in any one patch of host plants, and require
more flight time to lay a given number of eggs in patchy habitats {Jones, 1977).

Where should we look for adaptation?

Given the multiplicity of consequences arising from the operation of any one behavioural
rule, it may well be quite misleading to consider the adaptive value of any one
haphazardly chosen consequence in isolation: we should rather be considering the
simultaneous effect of the whole set. That is, we should consider the adaptive value of the
rule itself. There have been a number of studies comparing survivorship on isolated and
edge plants 5 clumped and central plants for several species showing an edge effect. The
most common result is that either no difference is found or the difference is in the
"wrong"” direction. Such studies are certainly useful, but the above argument suggests that
to ask "what is the adaptive value of the edge effect?" is to ask the wrong question. If
edge effects are a consequence of directional flight and the use of visual cues, the right
question is probably "when is it advantageous to use directional flight and visual cues?".
We do not yet have good answers to this question, but it is unlikely that a common
answer will be "when it is advantageous to generate edge effects"! For cabbage butter-
flies, a comparison of Australian and Canadian animals suggests that the answer may be
"when flight time is not limiting and the costs of local crowding are high" (Jones, 1987).
There may well be other answers in other circumstances.
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Ceutorhynchus assimilis Payk., the cabbage seed weevil, and Psylliodes chrysocephala L., the
cabbage stem flea beetie, are both important pests of oilseed rape (Brassica napus L.) in the
UK. In electrophysiological experiments their antennae perceived 3-butenyl, 4-pentenyl
and phenylethyl isothiocyanate (NCS), volatile metabolites of glucosinolates present in
rape (Blight et al., 1989). This study investigated the behavioural responses of the insects
to a mixture of these three NCSs.

Responses of C. assimilis. The chemotactic responses of the seed weevil were tested in
a linear track olfactometer. This olfactometer was designed by Sakumi and Fukami (1985)
and adapted for testing the responses of the pea and bean weevil Sitong lineatus L. by
Blight et al. (unpubl.). It has two chambers. Test material is put into one chamber and the
other chamber acts as a control. Insects move out of a holding pol and along a wire to a
T-junction. At the T-junction the insects can turn one way, into an airstream carrying
odour from the test material or the other way, into the control airstream. The response of
an insect to an odour is assessed by noting the number of insects turning towards it at the
T-junction. For each replicate, the responsiveness of the weevils was first assessed by
testing their reaction to 5 g of flowering rape {cv. Willi). The response to an equal (by
weight) mixture of the three NC5s in pentane was then tested. The mixture was released
into one of the chambers of the olfactometer by an automatic microapplicator at a rate of
1.7 pl/min. Twenty weevils were put into the holding pot each time. Turning responses
were observed for ten minutes. Eight replicates of 20 weevils each were used. Statistical
analyses used a generalized linear model (Blight ¢ al, unpubl). Pentane alone was
unattractive to the weevils (Table 1). Weevils were optimally attracted by a release rate of
15 pg total NCS over ten minutes. The odour of flowering rape was more attractive to the
weevils than the NCS mixture.

Responses of P. chrysocephala. The responses of the cabbage stem flea beetle were
investigated using field cages containing baited water traps. Nine field cages {2.74 x 2.74 x
1.83 m) each contained a seed tray (215 x 360 x 55 mm) filled with water. Water traps
were either; unbaited, baited with 50 rape seedlings, co. Topas, growth stage 1.2
(Sylvester-Bradley, 1985) or baited with an NCS mixture. An equal (by weight) mixture of
the three NCSs in nonane was released from a glass vial with a polythene cap via a pipe
cleaner wick. Initially 5 mg of each NCS in 3 ml of nonane was used giving a release rate
of 1.6 mg total NCS/day. The three trealments were arranged in a latin square, On 18
September ‘91, 100 field collected cabbage stem flea beetles were released at each corner
of every field cage. The number of beetles in each water trap was counted one week later,
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Table 1. Movement of cabbage seed weevils towards NCS and
towards flowering rape, tested in an olfactometer

Test material released over % of weevils turning towards the

10 minutes odour
Test material Flowering rape
pentane 56.9 85.6 ***
150 pg total NCS 62.4 * 86.0 **
15 pg total NCS 73.8 74.4
1.5 pg total NCS 65.9 * 82.3 **
0.15 pg total NCS 50.9 78.7

Attraction significant at: * I* < 0.05, ** P < 0.005, ** P < 0.001

The traps baited with seedlings caught more beetles than either the traps baited with NCS
or the unbaited traps, although there was some evidence that the NCS mixture was
attractive (Table 2). The baits were renewed on 27 September ‘91 and this time NCS was
released at approximately 16 mg/day. One week later both the traps baited with
seedlings and the {raps baited with NCS were found to have caught more beetles than the
control.

Table 2. Capture of cabbage stem flea beetles in baited water traps

Release rate Mean no. of beetles caught (+ SE)

(mg/day)

total NCS Seedling traps NCS traps Control traps

1.6 220+ 5.6 5718 2307

16.0 13.7 £ 4.6 13.0 £ 5.8 03+03
Conclusions

These results show that both the seed weevil and the cabbage stem flea beetle are
attracted by the NCS mixture. NCSs may assist the orientation of these insects to their
host plant.
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The oilseed rape pest Ceutorhynchus assimilis Payk. feeds and develops only on Cruciferae
and uses both olfactory and visual cues to orient to host plants. In this study, oilseed rape
(Brassica napus L.) volatiles which interact with the seed weevil antenna were detected and
identified. One group of compounds, the isothiocyanates, was then tested for behavioural
activity in the field. ,
Volatiles emitted from oilseed rape were collected using standard air entrainment
| techniques (Blight, 1990}, and electrophysiologically active compounds were located by
gas chromatography (GC) coupled with either electroaniennogram or single cell re-
cordings (SCR; Wadhams, 1990). Active compounds were then identified using coupled
GC-mass spectrometry.
Twenty-two of more than fifty compounds present in the air entrainment extract gave
: an antennal response (Table 1). Some volatiles, eg., the isothiocyanates, goitrin, guaiacol
(2-methoxyphenol), methyl salicylate, p-anisaldehyde {(4-methoxybenzaldehyde) and oct-1-
en-3-ol were present only in trace quantities, although amounts emitted differed with the
rape cultivar and the degree of tissue damage (Blight et al., unpubl.). Most of the active
compounds are ubiquitous plant volatiles, but the isothiocyanates and goitrin, which are
glucosinolate metabolites, are characteristic of the Cruciferae.

Table 1. Qilseed rape volatiles perceived by the anterna of C. assimilis

Isothiocyanates Fatty acid derivatives Aromatic compounds
allyl pentan-1-o} p-anisaldehyde
3-butenyl hexan-1-ol 2-phenylethanol
4-butenyl hexan-1-al phenylacetaldehyde
phenylethyl {Z)-3-hexen-1-o0l methyl salicylate
(Z)-3-hexenyl acetate benzyl alcohol

| oct-1-en-3-ol guaiacol
Terpenoids Nitrogen-containing compounds
1,8-cineole phenylacetonitrile
linalool indole

. (E,E,)-u-farnesene goitrin
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SCR studies showed that at least 30% of the olfactory cells found on the C. assimilis
antenna responded specifically to the isothiocyanates. These cells were of three types
(Blight ¢t al., 1989). The most abundant responded similarly te the 3-butenyl, 4-pentenyl
and phenylethyl analogues, but the other types discriminated between the alkenyl and
phenylethyl isothiocyanates. The allyl analogue elicited responses only at very high
concentrations.

Field trapping. Attraction of C. assimilis by a mixture of these four isothiocyanates was
demonstrated in the field (Table 2). Allyl isothiocyanate was released at 60 mg/day and
the other analogues at 6 mg/day. Baited traps were significantly more attractive than
controls (Factorial ANOVA, P < 0.001) but trap type did not have a significant effect on
the numbers of weevils captured.

Table 2. Capture of C. assimilis in three different types of yellow trap baited
with an isothiocyanate (NCS) mixture

Trap ~ Mean no. weevils caught per replicate
Control (nonane) Baited (NCS in nonane)
Sticky box 6.7 235
Water trap (Petri dish) 6.5 425
Water trap (bowl) 11.0 305

A total of 707 weevils were caught in 6 replicates (SE = 12.1). Means within
columns are not significantly different, (LSD test, P = 0.05).

Conclusions

The data suggest that certain isothiocyanates play an important role in host plant
recognition by C. assimilis, However, modern oilseed rape cultivars emit very little of the
3-butenyl, 4-pentenyl and phenylethyl isothiocyanates and the allyl analogue is absent or
present only in trace quantities (Blight et af., unpubl.). The role of the other physio-
logically active compounds in cueing orientation is therefore being investigated.
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The behavioural and sensory responses of cabbage seed weevils Cewtorhynchus assimilis
Payk. to oilseed rape Brassica napus L. odour were studied. At seed weevil emergence
sites, significantly more weevils were caught in yellow water traps baited with Industrial
Methylated Spirit (IMS) extracts of oilseed rape leaf and flower odour (970 and 722
weevils respectively} than the IMS control baits (seven weevils). The attraction of seed
weevils to oilseed rape leaf and flower odowr was also demonstrated in the laboratory
using a four-choice olfactometer (Vet ef al., 1983).

Analysis of components. The volatile compounds present in the odour of cilseed rape
were adsorbed on Tenax GC and identified using gas chromatographic and mass
spectrometric techniques. Electroantennograms (EAGs} were obtained from seed weevils
in response to the compounds identified from oilseed rape odour using the methodology
described by Visser (1979). The strongest EAG responses were recorded to the relatively
minor rape leaf volatiles, 3-butenyl isothiocyanate, 4-pentenyl isothiocyanate (both < 0.5%
of the composition of rape leaf odour) and the major rape fower volatile
{E,E)-o-farnesene (> 60% of the composition of rape flower odour).

Artificial rape leaf and flower odour was prepared in the laboratory based on the
proportions of the volatiles present in Tenax GC sampled rape odour. EAGs from seed
weevils exposed to the artificial equivalents of rape leaf and flower odour were
comparable to those obtained from Tenax GC sampled odour. When 3-butenyl
isothiocyanate and 4-pentenyl isothiocyanate were omitted from the artificial rape leaf
odour, significantly reduced EAGs were obtained from male weevil antennae; female
antennae also exhibited a reduction in sensory response. Similarly, when the two green
leaf volatiles, Z-3-hexen-1-ol and Z-3-hexenyl acetate were omitted from the artificial leaf
odour, reduced EAGs were obtained, significantly so in the case of female weevils. These
two volatiles accounted for over 90% of the composition of rape leaf odour. Omission of
o-farnesene from the artificial rape flower odour resulted in significantly reduced EAGs in
both male and female weevils.

Behavioural tests. In the olfactometer, the behaviourally attractive response of seed
weevils to artificial rape flower odour was absent when a-farnesene was omitted from the
odour. Seed weevils were behaviourally unresponsive to o-farnesene in the olfactometer.

In an inflatable wind tunnel (Jones ef al, 1981), male and female seed weevils moved
upwind via odour mediated anemotaxis in the presence of rape leaf or rape flower odour.
There was a significant reduction in the proportion of female weevils moving upwind
when 3-butenyl and 4-pentenyl isothiocyanate were absent from artificial rape flower
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odour. There was also a reduction in the proportion of male and female weevils moving
upwind when o-farnesene was omitted from artificial flewer odour.

At a seed weevil emergence site, nearly three times as many weevils were captured in
yellow water traps baited with artificial rape flower odour {175 weevils} compared to
artificial flower odour with no o-farnesene (60 weevils).

Odour-mediated anemotaxis. Upwind anemotaxis mediated by oilseed rape odour was
demonstrated in the field by the recapture of marked seed weevils released from the
centre of a circular array (40 m in diameter) of eight baited yellow water traps.
Significantly fewer weevils were recaptured when IMS was the bait (17%), compared to
the rape leaf (27%) and rape flower (36%) baits. The flight direction of weevils was
random in the case of females, but tended to be downwind for males when IMS was used
as the bait. In mark and recapture experiments with rape leaf or rape flower odour as
baits, both sexes of weevils were significantly recaptured upwind from their release point.
These results demonstrate that seed weevils are capable of detecting and responding via
odour-mediated anemotaxis to oilseed rape odour from a distance of at least 20 m from
the source of the odour.

Conclusions

Seed weevils can locate a source of oilseed rape odour by odour-mediated anemotaxis
from a distance of at least 20 m. Omission of key constituents of oilseed rape odour can
diminish or nullify the anemotactic response of weevils to rape odour. The decline in
behavioural response is accompanied by a reduction in the sensory response of olfactory
receptors on weevil antennae.
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The cabbage stem weevil Ceutorhiynchus quadridens Panz is an oligophagous herbivore that
feeds on Brassicaceae. This study describes the stimuli used as directing cues during host
finding, and explores whether host specific chemicals have any influence on the fiight
behaviour.

Material and methods

Field captured cabbage stem weevils were starved for 12 h and then released into a cage
with two walls of terylene net and two walls of glass. A frial consisted of counting the
number of alightments on each wall in one minute. To establish whether cabbage stem
weevils behave differently inside and outside a host odour plume, I placed the cage
alternately within a winter rape field, and in areas without host plants. The cage was
frequently rotated so that first a net wall and second a glass wall faced upwind.

Results and discussion

Flight of the cabbage stem weevil was directed by the sun and wind. At low windspeeds
{0-1 m/s) outside the host crop odour plume, significantly more weevils flew up against
the wind than in any other direction (Fig. 1A). At higher windspeeds (1-25 m/s}
significantly more weevils alighted oh wall 3 (downwind) than any other wall (Fig. 1B). I
was not able to determine whether the sun exposure of wall 3 is a dominating factor in
the profound preference for wall 3. The observed up- and downwind flight is optimal in
detecting odour plumes, according to the geometrical considerations of Sabelis &
Schippers (1984). Their conclusion is based upon the assumption that wind directions
fluctuate at least 30°

The weevils showed a profound phototaxis when a glass wall was turned upwind (Fig.
1A, B and D). Moreover, the observed up- and downwind flight was not directed by
visual cues as the flight direction was seen to change as the wind stimuli ceased.
Otientation in relation to both the sun and the wind is a way of avoiding flying over the
same area more than once.

Situated within the odour plume of a host, a significant part of the weevils flew up
against the wind. As volatile chemicals are transported by the wind, upon meeting
host-specific chemicals, flying upwind in search of the odour source would seem a good
strategy. ‘

When the cage was turned with a glass wall up against the wind the weevils were
devoid of the wind stimulus. Under these circumstances, significantly more weevils
alighted on the walls exposed to the sun. This behaviour often seems (o be unfavourable
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Figure 1. Relative flight orientation of C. quadridens, at different sun positions. Wall
number 1 refers to the wall turned against the wind, clockwise, followed by numbers 2, 3
& 4. Wall number 1 was either made of net (hatched bars) or glass (clear bars). A-B: The
cage was outside the host odour plume. C-D: The cage was inside the host odour plume.
Flight orientation was measured as the number of alightments on one wall in proportion
to all alightments. The sun position is indicated by #. v is the range of windspeeds
encounted during a trial.

in the process of finding hosts, but natural conditions in which the weevil will experience
this situation must be rare, because the weevils can sense and orientate to the wind at
windspeeds of between 0 and 1 m/s. Furthermore, the plume will be small so that the
weevils can see the plant when it encounters the odour plume.

Observations with the same weevils showed a significant decrease in flight activity
from 0.285 alightments/min/weevil under direct sun to 0.068 under cloudy conditions
(paired t-test). This observation indicates that the weevils apparently use none other than
wind and sunlight as guiding stimuli during flight. When a net wall was turned upwind,
a large proportion of the weevils still flew towards the sun exposed walls. 1 believe that
this, however, is an artefact of the experimental design. Normally, wind directions vary
over time due to turbulence. Such changes in wind direction will, in combination with the
presence of glass walls, create sheltered areas in the cage. Weevils departing from such
sheltered areas will, according to the observed behaviour of weevils devoid of wind, fly
toward the sun exposed wall.
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Conclusions

The cabbage stem weevil uses wind and sun as directing stimuli during distant host
search, Wind stimuli are preferred to the sun. Without these stimuli flight activity
decreases markedly. Apparently, no other directing stimuli are used during flight.
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Plant-produced volatile chemicals are known to influence host location and selection
behaviour by aphids (Pickett ef al., 1992). Coupled gas chromatography and single cell
recording techniques have shown that sensory cells in the proximal primary rhinarium of
winged virginoparous Aphis fabae Scopoli respond to alkenyl isothiocyanates (Nottingham
el al., 1991), although these compounds are not found in the aphid’s host plants. 4-
Pentenyl isothiocyanate was electrophysiologically the most potent. In the same study,
behavioural bioassays showed that this chemical repels A. fabae. The present report
explores the behavioural response of the aphid to specific amounts of 4-pentenyl
isothiocyanate in olfactometer bioassays and tests the effectiveness of a chemical slow
release formulation under field conditions.

Methods

4-Pentenyl isothiocyanate was released from a 10 pl glass microcapillary (Drummond
Ltd) held at 45° to the vertical, in the centre of a side arm of a perspex linear track
olfactometer (Nottingham ef al, 1991) and the amount diffusing into the 500 ml/min
airsiream was measured. Twenty five alate A. fabae were starved for 24 h, then placed in
the bottom of the olfactometer. Aphids which climbed a vertical bar towards an overhead
light were scored for their initial turning choice on reaching a horizontal bar. This was
either towards treated or clean air. Each replicate ran for 10 min, and the olfactometer
was rotated 18(° between runs to allow for directional bias. Release rates were varied by
controlling the amount of chemical in the microcapillary. Control runs were made without
chemical.

A preliminary field evaluation of 4-pentenyl isothiocyanate was made in late sown
field beans, Vicia faba (Moench) with the precursor [3,5-bis-(4-pentenyl}-1,3,5-thiadiazine-2-
thione] which decomposes to the isothiocyanate on exposure to water vapour. Five
treatments were applied electrostatically to the 3 x 3 m plots on six occasions between
June 4th and July 31st 1991, the number of applications being limited by poor weather
conditions in June. Treatments were as follows: (a) no'spray, {b) precursor 28 g/ha,
(c) precursor 280 g/ha, (d) tetrahydrofurfuryl alcohol (THFFA) solvent 10.4 1/ha,
(e) pirimicarb 280 g/ha. Laboratory studies showed that at 20°C and 100% RH the
precursor releases the isothiocyanate at a rate of approximately 25 pg/h and g. Numbers
of winged A. fabge landing were recorded on thirty plants per plot on eight occasions
between 12 June and 12 August along with colony size, assessed on a logarithmic scale.
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Two pitfall traps in each plot were emptied weekly between 4 June and 13 August and
the numbers of predators and A. fabae recorded.

At bean maturity, yield samples were taken from a six row x 1 m area in the centre of
each plot. :

Results

Olfactometer. No directional bias was found in control runs. Aphids were significantly
repelled when release of chemical exceeded 210 ng/h, i, 3.3 x 10" molecules/ml of air
(Table 1).

Table 1. Results from olfactometer assays of 4-pentenyl
isothiocyanate with winged virginoparous A. fabae

Release n Mean no. aphids + SE t P
rate
{ng/h) Laden air Control
¢ 0 11.2+118 105x089 1413 NS
25 8 56+ 1.30 53+176 0552 NS
60 8 9.6 +0.91 123 £ 125 2072 NS
90 8 93+107 115089 1528 NS 7
120 8 78+x15  109x138 1630 NS
150 8 64+ 1,13 96+ 158 2260 NS
210 8 64179 110x166 3360 *
430 10 90+092 150+094 3540 *

*P<002 *P <001 (Related sample t-test)

Field, Only five winged A. fabse were recorded during June, when temperature was
below average and rain was recorded on 28 days. Analysis of variance showed that the
two treatments of the 4-pentenyl isothiocyanate precursor did not significantly reduce
aphid colony size compared to the solvent-treated control plots on any of the assessment
dates.

Analysis of the pitfall trap catches showed that the experimental treatments had no
significant effect on the predator fauna of Carabidae, Staphylinidae, and Coccinellidae
throughout the period of colony growth. Although catches of apterous A. fabae showed no
treatment effect, they increased dramatically in mid July, when bean plants ceased
vegetative growth, No more A. fabae were trapped after July 30. Analysis of bean weights
from each plot showed that they were significantly increased only by the pirimicarb
treatment (P < 0.05).

Discussion

The initiation of repellency when the isothiocyanate was released at and above 210 ng/h
suggests that there is a threshold for the behavioural response of the aphid.

In the field, winged aphid numbers were low throughout the season making it
impossible to assess treatment effects on colonising insects, Wet weather may also have
washed the precursor formulation from the plants prematurely. The experimental treat-
ments had no significant effect on aphid colony size,
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Movement of apterous A. fabue detected by pitfall irapping was probably in response to
decreased nutritional value of the host plant since plant nutrients would then be directed
towards pod production. This is in agreement with laboratory studies by Hodgson (1991)
on other aphid species.
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We studied a Nearctic flower bud-feeding insect pest, Anthonomus musculus Say
(Coleoptera: Curculionidae) cranberry weevil, to determine whether a combination of
adult host plant finding ability and feeding preferences for host plants account for weevil
distribution on host plant species. A. musculus feeds on as many as 12 native, ericaceous
plant species. In addition, it is an economic pest on two native agricultural crops in two
different regions of the eastern United States: Vaccinium corymbosum L. (Ericaceae), high
bush blueberry in New Jersey, and Vaccinium macrocarpon Ait., large cranberry in
Massachusetts. However, at any one time during the growing season, adult weevils are
distributed on several host plant species.

This research reports our preliminary investigations with Y-tube olfactometer and
terrarium bivassays into the mechanisms of host plant finding for A. musculus. Since
adult A. musculus life spans, in days, exceed the number of days that flower buds of
individual host plant species are available (adult weevils live in laboratory culture from a
minimum of 32 days to a maximum of 13 months), we hypothesized that there would be
evidence of attraction to host plant volatiles, as adult weevils need to move between host
plant species as the growing season progresses. Further, since females require flower
buds for oviposition sites, while males and females can feed on leaves of certain host
plants when flower buds are not available, we wondered if females would differ from
males in their responses to host plant volatiles,

Results and discussion

We were unable to demonstrate response by the majority of the weevils we tested in
Y-tube olfactometers to host plant odors alone. Since field observations of weevils on both
native and commercial host plants revealed that distribution of the insect is often patchy,
we considered that weevil-produced pheromone(s) might be a source of volatile
attractants for this insect, as has been demonstrated in other anthonomine weevils.

Results from Y-tube olfactometer bioassays demonstrated that the majority of the
weevils, 69 to 81% depending upon the assay, selected volatiles from feeding-damaged
host plant (host plant with conspecific feeding-damage, frass and any altered plant
volatiles as a result of herbivory} when offered these volatiles against either purified air or
intact host plant (host plant with no feeding damage). There were no significant
differences in preference by sex of weevil. The pattern of response was similar for weevils
tested during 1990 on vegetative cranberry vines and weevils tested during 1991 on
Cranberry vines with flower buds,
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Weevils in terrarium microhabitat bioassays responded similarly when offered intact
host plant versus feeding-damaged host plant with or without the presence of conspecific
weevils, This pattern of preference was observed on three different host plant species: V.
pallidum, an early season native host plant, Gaylussacia baccata, a native host plant that
flowers between early and mid-season host plants, and V. macrocarpen, the commercial
mid-season host plant.

The results from both bioassays are based on one time responses of weevils to test
conditions and volatiles. Since the experimental weevils had been recently field-collected,
we suggest that this variation in attraction to volatiles from intact host plant versus
feeding-damaged host plant may mimic actual field responses.

Field observations of A. musculus during the early season in Massachusetts have
revealed that weevils are found on commercial cranberry bogs before any new growth is
present. At that time of the season, there are no flower buds for feeding or eviposition. In
laboratory feeding preference assays, weevils collected on cranberry and offered cranberry
versus another early season host plant, fed preferentially on the alternative host plant.
One interpretation of these data is that A. musculus may remain on a less-preferred host
plant due to an inability to find the preferred host plant.

These findings raise many questions for further study. In particular, we hope to
identify the source of volatile attractant(s) and determine over what distance the
volatile(s) are effective. In addition, we hope to determine what additional cues may be
used in host plant finding by A. musculus.
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Following a migratory or ftrivial flight, aphids are attracted to yellow and green colors
when locking for a new host plant for feeding and reproduction. Accumulating evidence
indicates, however, that not only vision, but also clfaction plays a role during host-plant
location {e.g., Visser & Taanman, 1987). The proximal and distal primary rhinaria (PPR
and DPR, respectively), which are located on the fifth (PPR} and sixth {DPR) antennal
segments, are thought to be general plant odor receptors.

Electroantennograms. In the present study the primary rhinaria were examined for
their sensitivity to plant odors and aphid alarm pheromone. Electroantennograms (EAGs)
were recorded from excised antennae of Acyrthosiphon pisum (Harris), Macrosiphum
euphorbige Thomas, and Myzus persicae Sulzer. It was possible to obtain electro-
antennogram recordings from the PPR and DPR separately. The sum of the relative EAG
responses from the DPR and PPR was equal to the relative EAG response from the total
antenna. Stimulus-response curves were made for a number of plant volatile components,
plant extracts, and aphid alarm pheromone.

All three species showed a high selectivity for the green leaf volatiles. The PPR of A.
pistim was more sensitive to lower stimulus concentrations of hexanal than the DPR, while
the reverse was true for (Z)-3-hexen-1-ol (Fig. 1). The DPR exhibited higher saturation
responses than the PPR for both hexanal and (Z)-3-hexen-1-0l, while no PPR responses
were found for the terpenocid {+)-carvone. For paraffin-oil extracts of mustard and celery,
the DPR and PPR showed virtually equal saturation responses. The PPR, however, was
much more sensitive to these extracts than the DPR.

The PPR and DPR were stimulated with a series of mono-saturated alcohols with
increasing numbers (3-9) of carbon atoms. While the DPR exhibited a characteristic
optimum around C6 and C7 (Yan & Visser, 1982), the PPR did not show such selectivity.

The primary rhinaria have also been shown to be the receptors of alarm pheromone
{Wohlers & Tjallingii, 1983). EAG responses of the PPR and DPR were measured when
stimulated by the main component of aphid alarm pheromone, E-(B)-farnesene (EBF). In
all three species, the DPR was more sensitive to EBF than the PPR. Compared to A. pisum
and M. euphorbige, the DPR of M. persicue was particularly sensitive to EBF, while the PPR
of this species showed a relatively lower sensitivity to EBF.

These results strongly suggest that there is a basic difference in olfactory (EAG)
Tesponse between the primary rhinaria. We hypothesize that specialization exists between
receptors in the two primary rhinaria.
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Figure 1. Dose-response curves of virginoparous A. pisum {n = 6} to serial dilutions (in
paraffin oil) of the host volatile components (Z)-3-hexen-1-ol, hexanal, {(+)-carvone,
paraffin oil extracts of mustard and celery, and (E)-8-farnesene. Relative EAGs are
expressed as percentage of the response to (Z)-3-hexen-1-ol (102 v/v). EAGs were
recorded from the DPR (solid lines) and the PPR (dashed lines) separate1¥. Curves were
fitted by non-linear regression using the logistic function R = o148y,
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The sex pheromones of a number of aphids have been shown to consist of two
terpenoids, nepetalactol and nepetalactone (Dawson et al, 1987). The ratios of these two
components differ between the various species and some species specificity has been
demonstrated, although males are attracted to a range of ratios (Hardie et al, 1990).
However, unless aphid males are able to disciminate between small differences in the
ratios, it is uncertain whether this ratio alone can account for species-specific mate
recognition. One factor that might increase the specificity of the signal is the odour of the
host plant on which mating takes place.

This hypothesis was tested by using aphids of the genus Crypfomyzus, which has two
closely related (sibling) species, C. galeopsidis (Kalt.) and C. maudamanti Guldemond, and a
more distantly related species, C. ribis (L.), all lving on Ribes rubrum, red currant.
Furthermore, an intraspecific form (host race} of C. galeopsidis that lives on R. nigrum,
black currant, was used (Guldemond, 1991). No response of the males to pheromone-
releasing females of different species and forms, and to synthetic pheromones and host
plant odour, was measured in an olfactometer (Pettersson, 1970). The first choice was the
field of the olfactometer that a male initially entered and was analysed using a X>-test; the
time spent in each of the four fields in the first three minutes was used as a measure of
prolonged attraction/arrestment of a male and was analysed using Friedman’s method for
randomized blocks.

Results

Host plant odour did not attract males of the black currant host race of C. galeopsidis: 28
and 23% of the time was spent in the fields containing leaf odour from black and red
currant, respectively {X? = 0.01, df = 3, NS). Also, host plant odeur did not increase the
attractiveness of natural or synthetic aphid sex pheromones. However, males were
attracted, both in terms of their first choice and time spent in the odour fields, by sex
pheromones, In no-choice tests, males of C. galeopsidis were attracted to females of the
other species and host races, but, in a choice test, they were preferentially attracted to
conspecific females (Guldemond & Dixon, unpubl). This indicates that specific mate
recognition is well developed, which could reduce the chance of interspecific
hybridization. Because C. galeopsidis males were attracted to a leaf which had previously
hosted pheromone-emitting females it would appear that sex pheromone is absorbed and
retained by leaves for at least several hours (Fig. 1). Since females only release pheromone
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for a part of the day (Guldemond & Dixon, unpubl), this response possibly enables males
to find females over a longer period. .

Males responded to different ratios of synthetic sex pheromone components only in
their first choice. Analysis of entrainment samples from pheromone-emitting females
using coupled gas chromatography - mass spectrometry (GC-MS), revealed that the sex
pheromones of the various species and forms of Cryptemyzus had similar lactone : lactol
ratios (1:30). This was surprising, because males of C. galeopsidis distinguished between
the sex pheromone emitting females of the different Cryptomyzus species, which strongly
suggests that the sex pheromone consists of more than two components.

60
_ B % time spent in ficld
50 o % first choice

40 1

30+

percentage

10 1

leaf Jeaf+ 4&ir &
pheromone

Figure 1. Percentage of time spent in each of the odour fields and the first choice of male
C. galeopsidis (red currant host race) in response to the odour of a red currant leaf, a red
currant leaf which had previously hosted sex pheromome releasing females, and two
control (air) odour fields. (n = 50; time spent (leaf versus leaf+odour): X2 =479, df =1,
P < 0.05; first choice: X% = 23.28, df = 3, P < 0.001)

Conclusion

We conclude that, in Cryptomyzus, 1) host plant odour does not act as a synergist to
increase the attractiveness of sex pheromone, 2} males can distinguish between
pheromones of closely related species, and 3) sex pheromones are likely to consist of more
than two components. Therefore, sex pheremone communication in aphids may resemble,
the sophisticated system in, for instance, moths more than previously acknowledged.
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Females of many butterfly species make use of visual cues and nonvolatile chemicals on
the plant surface to recognize their host plants for oviposition. For the black swallowtail
butterfly, Papilio polyxenes F. (Lepidoptera, Papilionidae}, whose host range in North
America includes various species of Apiaceae (Umbelliferae), plant odor provides
additional cues for host plant selection. Volatiles from carrot (Daucus carota L), a typical
host species, increased both the landing frequency of females and the number of eggs laid
in laboratory experiments with surrogate plants (Feeny et al., 1989).

In subsequent work, fractionation and bicassay of headspace volatiles from carrot
foliage revealed that the stimulatory activity could be attributed entirely to the polar
fraction, Gas chromatographic separation of this fraction, coupled with EAG
(electroantennogram) recording, revealed that females perceive a profile of compounds,
several of which were identified by GC-MS and comparison with reference compounds
(Baur et al., unpubl.).

GC-EAG recordings. Here, using the same techniques, we report that black swallowtail
females also perceive a profile of compounds in the polar headspace fraction of another
host plant, parsnip (Pastinaca sativa L.). In GC-EAG chromatograms of carrot and parsnip
volatiles, both recorded from the same female under identical conditions, some peaks in
both chromatograms had identical retention times, while others were unique to one of the
traces (Fig. 1). Peak identifications confirmed that some compounds were responsible for
EAG activity in both plant species, though the important peaks at 14.6 min were evoked
by (Z)-sabinene hydrate in carrot and by n-nonanal in parsnip. Of the compounds that
were most active electrophysiologically (Fig. 2), benzaldehyde and n-nonanal were found
only in parsnip. The fwo sabinene hydrate isomers and 4-terpineol, all hydroxygenated
monoterpenoids present in relatively high concentrations in carrot, were not detected in
parsnip. Of particular interest was the finding that the compounds with the highest
specific EAG activities of all, namely n-decanal and two unknown compounds A and B,
are apparently present in minute concentrations in both plant species (Fig. 2).

4

Conclusions

Though the identities of several of the perceived compounds have yet to be established,
and though behavioral assays are needed to determine the stimulant activity of individual
compounds and mixtures, it now seems likely that the effect of plant odor on oviposition
by P. polyxenes is based on responses to partially overlapping profiles of volatile
compounds in different host plants. However, since some of the most active compounds
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Figure 1. GC-EAG responses to the polar fractions of carrot and parsnip volatiles. Peaks
connected with shaded bars were evoked by the same compounds in both plants,

Concentration in Headspace Volatiles

COMPOUND PARSNIP CARROT
EAGactivity, ¢ 4 0.01 0.001 0.01 0.1 1 10

" " PR

bornyl acetate 67
unident. mierpencid 70
(E)-sabinene hydrate 103
{Z}-3-hexenyl acetate 122

benzaldehyde 154
(Z)-sabinene hydrate 174

4-terpineol 176
n-nonanal 220
uhkhown A -300
n-decanal 350
unknown B »500

Figure 2. Concentrations of compounds with major EAG activity in parsnip and carrot
volatiles, expressed as per cent of concentration of most abundant volatile compound in
respective plant, ie., {Z)-B-ocimene in parsnip and sabinene in carrot, both with low EAG
activity. EAG activity of 100 ppm of each compound is indicated as per cent of response
to 100 ppm of (E)-2-hexanal.
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were found in both carrot and parsnip, we cannot yet eliminate the hypothesis that
recognition of both host plants is based solely upon the common occurrence of a few "key
compounds".
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Zygaena frifolii {Esper) moths are strongly attracted to the flowers of Dipsacaceae, such as
Knautia arvensis {L.) Coulter and other scabious-like flowers. This attraction is particularly
cbvious in habitats where other nectar sources are readily available. It may thus be
assumed that during the life cycle of Burnet moths, scabious flowers offer resources that
are of special significance. We report on the physiological significance of wvolatile
compounds of K. arvensis flower-scents to Z. frifolii moths, as tested by their antennal
response and their attractiveness in the field.

Methods

Investigations were made by testing the EAG-activity of five fractions of the crude extract
of K. arvensis, of synthetic compounds and of the synthetic femal