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ABSTRACT

THE ECOLOGY OF A MIGRATORY MOTH, Autographa gamma L.

Although the Silver Y moth, Autographa gamma, is recognised as one of

Britain's commones t migrant insects, little is known of its exact habitat
requirements. This study attempts to define these requirements more clearly
by assessing foodplant preferences and norms of reaction to environmental
parameters under controlled conditions.

The high level of polyphagy found in this species is produced by a female
oviposition strategy which utilises many hostplants, high larval mobility and
an ability to grow to maturity on a wide range of plant species. Selective
pressures leading to polyphagy are discussed. Reduced growth rates and adult
size were produced by different foodplants, larval density and temperature
changes. The size changes ére due to a subtle interaction between growth rates
and the hormonal control of moulting. The susceptibility to size variation
is the price paid for short generation times.

Factors affecting adult fecundity were assessed and adult food intake was
found to be a major influence, providing a mechanical stimulus initiating
rapid reproductive maturation, as well as energy which increases egg production,

The most suitable habitat for a Silver Y would be a mesic environment
with a temperature of about 17.5°C and abundant nectar. No Palaearctic or
Mediterranean region provides these conditions all year round, As the Silver
Y lacks a well-defined developmental arrest and trials showed a poor ability
to overwinter in Britain, the moth must continuously track a shiftingkpatch-
work of favourable habitats. The spatio-temporal pattern of habitat changes
is discussed in relation to whether true migration (sensu Lack) or dispersal
is an appropriate life history tactic. Flight records purporting to
demonstrate true migration are shown to be compatible with a random flight
direction model and it is concluded that insect species such as the Silver Y
are best regarded as nomadic generalists fundamentally different from

classic migrants like the Monarch butterfly.
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INTRODUCTION

Ever since the pioneering work documenting the extent of migratory
movements by insects conducted by C.B. Williams (Williams 1930, 1958,
Williams et al. 1942), it has been accepted by ecologists that a
number of insect species regularly move thousands of kilometres
northwards from their overwintering regions to produce new generatioms
in the more favourable conditions found during the summer months at
temperate latitudes. The model species and focus for research into
migration has, for a long time, been the Monarch Butterfly,

Danaus plexippuva., whose adults each spring migrate from their

overwintering sites deep in the forest glades of the Mexican Neo-

. B .
volcanic Plateauhfecolonlze Asclepias spp. throughout the United States

and southern Canada (Urquhart 1960, Tuskes and Brower 1978).
Throughout the period 1940-1960 the major emphasis in migration
research was in documenting and observing those species which move
and where they go,with little additional study of the biology of

the species involved. The whole field of research lay well away from
the developing theoretical framework of ecology until 1967, when the
publication of MacArthur and Wilson's seminal work 'The Theory of
Island Biogeography' placed migration and colonisation firmly amongst
the attributes of r-selected species. r-K theory was the dominant
theoretical tool of ecologists for the subsequent 10 years and it was
oniy in the late 70s that the concept of an r-K continuum finally
proved too simplistic to accommodate the variety of life-history

strategies documented by field workers.

During the same period a number of important reviews synthesised

available data on migratory insects revealing important ecological



similarities and parallels. Southwood (1962) emphasised the strong
correlation between migratory species and the occupation of ephemeral
niches. Johnson (1969) incorporated migratory movement of many adult
insects into an 'oogenesis-flight syndrome', where movement takes
place prior to adult reproduction; a concept reinforced by Dingle
(1972), who stressed the importance of dispersal by individuals which
are at their maximum reproductive potential. The full elucidation

of the hormonal control of adult flight activity and reproductive
maturity (Rankin 1978) brought with it the realisation that migration
and diapause serve as alternative methods of surviving deteriorating
environmental conditions (Southwood 1977, Dingle 1978). It is now
apparent that, rather than existing as an attribute of one end of the
r-K coﬁtinuum, migration itself exists as an ecological continuum of
strategies used by insects to survive in habitats which vary both in
space and time. The recent incorporation of spatial dynamics into
models of classical population dynamics (Taylor and Taylor 1977, 1979)
thus represents an important, albeit difficult, advance in the

"reality" of models of changes in insect numbers.

The Silver Y moth, Autographa gamma L. is one of Britain's

commonest migratory insects, appearing in variable numbers every
summer throughout the country and sometimes achieving almost plague-~
like population sizes locally, even though it is not thought to be
capable of surviving the winter at these latitudes. A. gamma figured
prominently in William's analyses of insect migration to and from
Britain and was one of the first insect species to be analysed for

the existence of seasonal changes of flight direction (Fisher 1938),

During the excitement following the discovery of the morphological

phase associated with migratory behaviour in the Desert Locust,



Shistocerca gregaria L. (Uvarov 1931) the larvae of A. gamma were

extensively studied to see if they exhibited similar series of changes
(Long 1953). More recently data on the flight direction of A. gamma
adults at different times of the year have been used to support both
wind-controlled and oriented migratory flights (Taylor, French and
Macaulay 1973, Baker 1978). Along with the Red Admiral and

Painted Lady butterflies, the Silver Y is one of Britain's common
migrant insects. Inevitably perhaps, an assumption seems»to have
been made that the mechanism by which these movements are achieved is
essentially the same, not only for both the northwards and southerly
movements, but also for all the different species involved. Although
the gradual accumulation of observations by both amateur and
professional biologists has greatly strengthened the argument for
controlled oriented flight in butterflies the evidence for similar
behaviour in moths remains equivocal. A major reason for the deficiency
of evidence for nocturnal flying insects is the technical difficulty
of collecting accurate data; a problem which has been slowly overcome
in the past few years by the introduction of radar studies and large
scale marking programmes (Schaffer 1976, Rabb and Kennedy 1979,
Greenbank 25_51.1980).v There remains, however, the problem that we
may be setting out to prove what we want to believe; a task which can
always be achieved in the realms of equivocal data. The main thrust
of insect migration research has always been towards demonstrating
that they do not form an aerial plankton passively moved through the
atmosphere, but exhibit some degree of control over their movement.
This thrust is in danger (I feel) of becoming an overshoot where

all species are automatically endowed with the navigational attributes

of the most highly evolved (or studied) species. Two important



points may be raised to demonstrate the needs for caution before
accepting this kind of extrapolation; firstly (assuming that migratory
ability is not of monophyletic origin) the requisite genetic

variation may not have arisen or, more likely, not have been selected
for in all species. Secondly, and more importantly, it is the life
history strategy of the insect in question which will dictate the
intensity of selection for migratory ability and navigatiomal control
of movement. This may not always result in the evolution of highly

specialized directional movement patterns,

Evidently great ecological differences exist between the Silver Y
moth and a classic migrant butterfly like the Monarch. The latter,
for instance, possesses an adult diapause stage, lays a maximum of
500 eggs and is essentially monophagous, The Silver Y moth shows
continuous development with no diapause or hibernation stage, lays
a maximum of 1500 eggs per female and is one of the most widely
polyphagous lepidopterans. The two species thus differ for three of
the most fundamental life history éttributes; generation time and
fecundity, which together determine the intrinsic rate of natural
increase (rmax)’ and habitat (sensu foodplant) distribution. Did
these diffetencgs_arise as the result of diffefent migtatory str;;egies?
Did alternativermigratory strategies evolve because-of‘these ecolOgical
differences? Or are thg two att:ibutes,so tightly»interquen
(goevolved) as to render questions of this kind superfluous? The_

answers to any of these questions will not emerge from more and more

studies of the bidogy of Danaus plexippus._ They will only’comeyfrom
the gradual build-up of informatién abdu; comparative life histories
gained from the study of new species. ' There aré ovéf one millioﬁ

- ways of "earning a living" in this world (a légical-cordlla;y of

the number of extant species and the priﬁciple of Competitive Exclusion).



It is possible to resolve these into a smaller number of life history
tactics, just as we arrange species into higher taxonomic groups.
Unfortunately the groupings '"migrant' and "non-migrant' appear not

to be appropriate, even in the light of our present limited knowledge.
Most likely we will have to learn to '"position' a species along a
series of continua for variables like habitat predictability, re-
productive potential, vagility etc. (Southwood 1977). Since a major
component of these axes consists of other living species which are
themselves evolving, we must also accept that no position will remain
static (Van Valen 1973), although the rate of change of position is

unlikely to interfere with present day ecological studies.

In this study I have attempted to dissect the life cycle of the
Silver Y moth not just for descriptive purposes, but also to assess
the likely selective pressures which have,: and are, shaping its
highly mobile life history strategy. The methods I have used are
not those typically used in a single species thesis, which would
usually adopt the classic autecological approach of documenting the
interactions of the species with its natural habitat. This is
relatively easily and meaningfully achieved when the habitat of the
species under consideration is known (c.f. Asclepias plants for larval
D.plexippus). But, although many papers have beeh published on the
Silver Y and numerous énecdotal,records of the‘specieé are condensed
into the accounts contained in South (1962), Scorerv(l9l3), Newman
and Leeds (1913), we do not really know what the exact habitat of
the moth is, We know that it is polyphagous,‘but which ﬁlant species
does it brefer over others? Do oviposi;ing females prefe? théyséme 
plants as the larvae themselves? Which’critefia arelimpo;tant in the

assessment of best? In order to answer these questions it is necessary



to conduct the initial investigations under controlled conditions,
where relatively unambiguous results might be obtained and we may
begin to see "habitat" as it might appear through the eyes (rather
sensory apparatus) of the Silver Y. Only when we achieve this does
it become possible to ask whether the Silver Y is a migrant or not.
The later sections of this report'are devoted to an investigation of
dispersal and its effect on reproductive success in Silver Ys, Only
if sufficiently large selective advantages for directional migrationm,
or diapause for that matter, can be demonstrated need we consider

whether these strategies might actually be evolving.

In summary, the aims of this study are:-

l. To attempt to define the preferred habitat of the Silver Y

moth.

2. To invéstigate possible conflict between adult and larval
preferences.

3. To establish which larval environmental factors influence
reproductive success,

4, To establish which adult environmental fgctor§ influence
reprbduc;ive success.

5. To review the‘evidence for directional migration by
Silver Ys,

6. To discuss the existence of a highly mobile "nomadic" life
history strategy whichvhés no requirement for direq;ional

migration.

GENERAL METHODS:

‘The moth species for which experimental data were;collected
are all members of the Plusiinae, a sub-family within ﬁhe»family |

Noctuidae. Although I mainly concentrated on the'ecology of‘the‘f"‘



Silver Y moth, Autographa gamma L. it was necessary to include

comparative studies of other closely related non-migrant species.

This enables particular biological characteristics to be assessed

for their importance to the highly mobile life history of the Silver Y,
rather than their being attributes shared by all members of the group,
and therefore not specifically adaptations to migration. It was

not possible to complete full control studies at every stage of the
study due to the high workload this would have entailed. Where the
controls are thought to be particularly relevant the data have

been included in this report, but for other parts only small pilot
controls were run to confirm that differences existed or not,

without full replication. The data from these trials are not
included in this report. Four different resident species were
utilised inithe study because each offered contrasts to the Silver Y.
Below I give a summary of the lifé cycle of each species, emphasising
their particular relevance to this work. Table 1 contains details

of the typical phenology and known foodplants as given by standard
textbooks (South 1961, Scorer 1913, Newman and Leeds 1913),

Autographa gamma L. (The Silver Y). This moth was recorded as

causing economic damage to crops as long ago as 1735 near Paris and
has remained an irregular pest throughout Europe since this date.

It is traditionally thought to migrate north from N.Africa in the
Spting and invade Europe in May, the time at which the first British
adults are usually trapped. After an initial burst of‘aduits4in iate
May and early June there is a much more proﬁradted flight périodb
lasting from July to October in Btitain.’ A.gamma'ié thought hoti

- to possess a resting stage at anybpoiﬂt in its life c§c1é;and is o
not considered to be able to survive the winter months?at'theée

latitudes. The larvae are noted for their extreme polphagy, eating



virtually any low-growing herbaceous plant, including grasses and

some shrubs,in confinement.

Autographa jotal{The Plain Golden Y) This moth was utilised as

a control species because it (along with A. pulchrina) is the most

closely related British plusiid to the Silver Y. It differs from
A.gamma in possessing a photoperiodically controlled diapause period
during the third larval instar. Larvae cease to feed and move from
the foodplant into the surrognding leaf litter during October and

only initiate feeding again th\*qxposed to lengthening photoperiods
in the spring. Prevention of ind&ction of this diapause appears to
be impossible, so the life cycle‘is strictly univoltine., This species
does, however, share with A.gamma a tendency towa;ds polyphagy and
has been recorded on a wide variety of differeﬂt foodplants ranging

from Crataegus and Salix to common herbs such as Lamium and Urtica.

Autographa pulchrina Haw. (The Beautiful Goldeh‘Y) Thié spécies
is similaf‘in most respects of its biology to ;he previbusvspecies
but is slightly more common, in the vicinity of oxford at least, and
has a flight period slightly earlier in the year; during June rather
than July, It is not>recorded‘as being as catholic in its foodplant

choice as A.jota, being restricted to herbaceous plants'(see‘Tabié .

Diachrysia chrysitis L. (The Burnished Brass) Although less closely

related to A.gamma than the previous two’species; this ﬁoth‘was used
because it does not have a strictly univoltine life cycle, sometimes
producing a sécon& generation’of aduiﬁé in August/September; It was
thought that it would prove possible to establish‘a'non-diaﬁause

stock fér uselas a control‘in larval devélopment time experiménts,'l
etc. This in fact proved to be impossible‘Sdt the specieé‘aﬁill

provided a usefql‘compari§on as an‘oli{gophagous’spécies with’a,»,"

preference for Urtica rather than Lamium,




AQABLE 1: SUMMARY OF THE BIOLOGY OF BRITISH PLUSIID MOTHS

UTILISED IN THIS STUDY.

SPECIES SEASONALITY
Diachrysia Imago July - Aug
chrysitis Ova Aug
Larva Sept - June
Pupa June
Autographa Imago July
jota Ova July
' Larva Aug - May
Pupa June
Autographa Imago “June = July
pulchrina Ova July
Larva Aug - May.
Pupa . May
Autographa Imago June - Oct
mma Ova July .
Larva Aug - May
Pupa May -
Abrostola Ihago June - July
triplasia Ova July
' Larva . Aug - Oct .

Pupa  Nov - May

HABITAT AND FCODPLANT

Lamium album, Urtica dioica

Galeopsis tetrahit, Arctium

minus, Carduus lanceolatus

Urtica dioica, Geum urbanum,

Senecio vulgaris, Lamium

album, Chaerophyllum sylvestre

Lonicera periclymenum,Stachys

sylvatica, Heracleum spp,

Plantago spp, others in confines.

Urfica spp, Chaerophyllum

sylvestre, Senecio vulgaris,

Lonicera perjclymenum, Geum

urbanum, Lamium album,

Widely polyphagous on

‘herbaceous plants, has also

been found on lime and buddleia.

Urtica dioica only.

Compiled from Allan(1949), South(1961), Scorer(1913)

and Newman and Leeds(1913).
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Abrostola triplasia L. (The Spectacle) The Spectacle provides a

contrast to the majority of other British plusiids. The adults and
larvae are different morphologically from those of the other species
in this group. The life cycle is also different,; overwintering
being achieved as a pupa rather than the usual larval stageland the
larvae are strictly monophagous; not being found on any foodplant

other than Urtica dioica. Although South (1962) and Newman and Leeds

(1913) consider the species to be univoltine, the protracted adult
flight period (May-November) and occasional direct development and
emergence found in laboratory stocks indicate that there may be a
genetic polymorphism for one or two generations per year in this

species, similar to that found for the Burnished Brass.

Stocks of all the moth species used in th1s‘study were obtained
from wild females trapped in Robinson mercury vapour light traps
situated either on the roof of the Biology Department of Oxford
Polytechnic (1977 1978) or in a suburban garden in HeadLngton,
Oxford (1978-1982).‘ All stock lines were established from single
gravid females but the genetic constitution of these lines was not
assumed to be particularly homogeneous due to'the frequent occurrence
of multiple matings in this group of moths. ’Established stock
lines were maintalned as two sepatate‘populationswwhenevet possible.
One set of populatlons were malntalned in a laboratory where they
were exposed to normal photoper1ods (the laboratory was rarely lit
after dark in the summer months when the stocks were in re51dence),
and to temperatures less varlable and sllghtly h1gher than those
outside. The other populatxons were malntalned under controlled
condltlons at a constant temperature of 20° C (sometlmes reducedvto ‘
18 C) and a photoper1od of 16L:SD. Whenever p0881ble stock 11nes~zy
were outbred to onelanother or freshly‘caught females/msles inyotdet

to preserve genetic heterozygosity. Lines,which'werekinbred eti

10
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different times in the study showed increased mortality rates and
lower mating success than outbred lines, implying that inbreeding is
not common in these species. No single line of any of the species

was maintained throughout the whole study period. Usually only a
single line was maintained during the winter months and new lines
established each summer. All stocks were reared as larvae in plastic
boxes (27 x 15 x 10 cm) at a maximum density of 50 larvae per box,
Experimental larvae were kept either in groups of up to twenty in
containers (17 x 12 x 6 cm) or in individual containers (8 x 5 x 2 cm).
All boxes were cleaned and provided with freshly picked foodplant at
least every 48 hours, and usually every day. Mortality due to nuclear
polyhedral virus (NPV) infection appeared to be unavoidable in all
species, but in order to minimise the amount and spread of infection
the following sanitary‘procedures were used:

1. Foodplant material was fresﬁly picked each day and soaked
for an hour, then rinsed thoroughly in running water before use.

2. All frass and uneaten food was removed from the boxes
daily (sometimes only every forty-eight hours with the smaller instars)
along with the tissue paper used to line thé boxes.k Each box was
then wiped with a cloth soaked in 70% alcohol before remewing the
tissue paper and replacing the larvae with new food.

3. Any larvae showing a charac;eristic black lesion on the last
abdominal ségment were removed. The appearance of’these spots
indicates a viral infection which may not killithe 1arvéVunti1 it
reaches the»finél ins;af, by which time,i; will.havebiﬁfected otﬁer‘
larvae by the{production‘of contaminatéd frass.‘ Any larvae in
individual bo#es showing a lesion or a low growth rgtekwere’placed'
at the end of the feeding order until they gither récqvered or
developed the full symptoms of infection. In_fhis,way tbe»transmisaign‘t 

of disease was minimised.
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4, Each week all the rearing boxes were exchanged for other
boxes which had been soaked for at least 48 hours in a 1% solution of
sodium hypochlorite, a laboratory disinfectant. The used boxes
were then soaked in the disinfectant before being used again.

5. At some times during the course of the study period the
stocks of the controlled environment cabinets were provided with a
source of ultra-violet light in addition to the normal lighting.
U.V. radiation is reported to be effective in reducing the viability
of virus pérticles; ét least whilst they are outside their hosts.
Since no proper control lines were run in parallel to these stocks
I have no evidence as to whether this is an effective means of virus

control in laboratory stocks.

Pupae from stock lines were uéually removed from the rearing
boxes the day after pupation when the pupal case was fully tann ed,
and then kept in either ﬁale or female only containers until
emergence. Pupae may be sexed by close observation of the abdominal
regions of the pupa since the outline of the genital opening differs

between sexes, as shown in Figure 1.

Newly emerged adults could be sgxed by gently separating‘thg
forewing from the hind wing and observing the single or multiple
nature of the frenulum arising from the base of the hindwing,
Paired moths for stock lines or experimental trials were kept in the
gfoup containers with freshly picked leéves for ovipositioﬁ and a
cotton wool pad soaked in a 10% sucrose solution as a nectar
substitute, Pairs were transferred to new boxes daily once aviposition
had commenced so that synchronously Hatching batches of éggs ééﬁld
be used to initiate experimental lines.‘ Any surplus adults were”
either kept in large muslin flight cages or ;eleésed wgll'éway from

the ttap sites.
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Figure 1 : The differences in genital opening of the pupae of

Autographa gamma males and females,

MALE : Genital pores close together, often with white flashes
on_the cuticle. :

FEMALE : Genital pores further apart, no white flashes,
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Trap records of moths were kept for captures at the two light
traps mentioned above. In addition occasional records and specimens
were obtained from Malaise traps situated in suburban gardens in
Headington and Leicester, and a woodland site in Bernwood Forest,

Bucks.

Choice of plant species for oviposition and feeding trials, The

range of plant species used for the assessment of oviposition preference
and larval feeding by the Silver Y Qas dictated partly by the need to
choose plants which were available in sufficient quantity close by,

and partly by a desire to utilise a taxonomiéally wide range of plants
which did not vary too much in growth form. The final choice of seven
species represents plaﬁts known to be utilised by at least séme of

the study moths, or plants found in similar habitats at approximately
the same density. All the plant species chosen occur throughout

most if not ail of the’fotal geographical range of A.gamma, and are
therefore nof‘likely to be plants only used in this country. Table 2

summarizes the characteristics of the plant species used.

HABITAT CHOICE: THE IMPORTANCE OF THE OVIPOSTING FEMALE. It is

recognised that the main functions of the adult stage of a holo-
metaboldus insect ére dispersal and reproductivé activity. The
division of labour between the larval feeding'stages and the‘more
mobile adults is the major'ecoloéicai édvahtagé of holometébély.

When considering the chosen habitat of any species:it is usuallyr
necessary to’consider the movements of fhe adult insect, pérﬁicuiér1y>‘
the ovipositing female, in selection of the'1atv$1'h§bitat.:‘There

are many anecdotal examples of inappropriate ovipositionrsité choices
being made by insects;rranging‘from attempts by dfagohflies to :

deposit their eggs in wet concrete or almost boiling water, to the .
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TABLE 2: DISTRIBUTION OF FCODPLANT SPECIES USED IN THIS STUDY.

STATUS IN BRITAIN AND

SPECIES AND FAMILY HABITAT DISTRIBUTION ABROAD.
Taraxacum officinale Pastures, meadows, Abundant throughout
COMPOSITAE lawns, wayside etc N. Hemisphere.
Lamium album Hedgebanks, road-=  Common. Scandanavia

LABIATAE sides,wasteplaces, to Spain and Italy.

open woodland.

Stachys sylvatica Woodlands, hedge— Common; Norway to
LABIATAE banks and shady N.Portugal and Albania.
' places.,
Plantago lanceolata Grassy places and = Generally disributed.
PLANTAGINACEAE wastelands . -- Europe north to |
4 ' ‘ " Iceland, |
Urtica dioica ‘ Hedgebanks,koods, Abundant .in all |
URTICACEAE grassy places, fens, temperate regions,
wastelands,etc. '
Rumex obtusifolius ~ Waste ground, hedge- Common, Scandanavia to %
POLYCONACEAE rows, margins of Spain, L
_fields, disturbed o |
land, ' |
Brassica oleracea  Cultivated land “Local, Distributed in é

CRUCIFERAE B all temperate regions,

Compiled from Clapham,Tutin and Warburg(1962).




more commonly observed depositions of eggs found amongst the contents
of moth traps. In general the fidelity of oviposition choice is so
consistent that its significance, and the cost associated with

inaccurate selection,is often overlooked.

The level of selectivity shown by ovipositing females is an
adaptation to the distribution pattern of larval foodplants, with
the degree of sophisitication shown being adjusted to give the best
cost : benefit ratio (maximal fitness). For example, a female

of the Feathered Gothic moth, Tholera decimalis, a generalised

grass feeder, can afford to literally spray its eggs into the grass
where they roll down amongst the roots which form the larval food.

At the other extreme, a female of Euphydryas editha may spend up to

an hour locating and testing the suitability of a potential foodplant

prior to laying an eggbatch (Singer 1982),

The scale at which habitat selection is made also varies from
species to species, Selection may be made at the major geographical
level by migratory insects like the Monarch butterfly, at the local
habitat scale by the Orange tip butterfly (Courtney 198;), between
individual plants within a habitat by other pierid species (Chew 1979),
and even between individual leaves on the same plant by Heliconius spp.
| (Smiley;1978). Similarly the female is capablevof making é choice of
when to lay eggs in order to most benefit the larval sfages. Thisv
is most obvious ambngst the nymphélid butteffiies which éverwinter
as adults in Britain, but is also found in species which delay

oviposition during the summer (e,g. the Large Yellow Underwing,

Noctua pronuba),

In view of the overriding importance of the females, the adultl

stage is a convenient point at which to enter the life cycle of

16
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Autographa gamma when considering the problem of habitat definition.

Direct field observation of oviposition by night-flying insects
is not a simple matter even when the potential‘larval foodplants are
known. It is even less practicable when the range of hostplants
utilised 1is nct known. Daylight searches during 1978 and 1979 for
eggs and ycung larvae of A.gamma and other plusiids showed that they
occur at a density too low to provide meaningful data on habitat
choice. The choice of larval foodplants by gravid females was
therefere investigated under laboratory conditions., The experiments
were designed to provide information about two criteria of selection:-

(1) the rank order of prefereuce shown to the foodplant species

| used in this study by A.gamma and other resident plusiids.

(2) to test the etreugth‘qf absteution:from»cviposition’iu

‘the absence of any foodplant, This gives:a measure of
the 1ike1ihood that novel species might be incorporated

into the foodplant spectrum.

OVIPOSITION BEHAVIOUR IN THE ABSENCE OF FOODPLANT =

A‘femele mcth; oncefcommitted»tc reuroductive meturityvand~
successfully 1nsem1nated may qulte reasonably be regarded as anegg-
1ay1ng machlne Thls machlne may already be fully loaded w1th mature '
eggs, as 1n the adult females of the Lasxocampldae and Lymantrndae.
or the eggs may need to be matured usxng energy from the fat body.' |
Thxs latter sltuatlon is that found for plusxxd moths.. The rate o
at whlch the eggs mature 1s a function of temperature, and thxs sets
the upper 11m1t on the number of eggs avallable for ovrposltlon,;_;; :;th[

and hence the maxxmum ov1p031tlon rate. Thls max1mum rate may be

further reduced by a number of other factors, the most 1mportant of

~ which are, the handlxng time (the time taken to complete an. ov1posxt10n i

: act) and the rate of encounter of suxtable sxtes.k In~the=abeen u
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of suitable oviposition substrate a female will usually abstain from
laying and continue to search for a site. If maturation of additional
eggs continues then the increased physiological pressure to oviposit
may reduce the threshold of suitability of plants for oviposition,
resulting in oviposition on novel or less suitable plant species.

The oviposition rate of females held in the absence of foodplant

may be used to monitor the giving up time of a species, This time
will be a function of the expected rate of encounter of plants, to
which the rate of egg maturation should be adapted, and the cost

incurred by an inappropriate choice.

METHODS: Female moths from laboratory stocks were force fed with

a 10% sucrose solution, paired with males, and theu randomiy assigned
to either a rearlng box contalnlng suitable ov1p051t10n materlal, or
one containing only a 11n1ng of tissue paper.»’These boxes were

then placed in growth cabinets held at 20°C and 16L:8D. :Each morningz
the moths were fediand‘transfetfed'to new'centainere}' The'eggS laid
~during the previoes night Qe;e then cdhnted."fhishprecedhfe was -
tepeated until the death of the femele‘moth;’Whiehiwae'thed
dlssected to conflrm that matlng had occurred and also to assess thej
numberrof:uhla;d'eggs.‘ Sub-samples of the 1a1d eggs were kept untllr
hatchihg to obtain en estlmate of the fertxllty of‘each palr._ From
the data collected only those from the four day periodweithither
highest mean ov1p051t10n rate are presented and used’fbr]anelysis;‘

Thls was done because the parameter of 1nterest is the pteesufe\to*'k

ov1p091t in the absence of the usual foodplant stlmulus. This pfeseefe:h ;ﬁif§

does not arlse in ‘the early stages of egg laylng, when no backlog of

‘ eggs ex1sts, nor 1n the latter stage when the number of eggs remaxnlng [h»,»ijx

to be laid is small.’ The results of these trlals are glven in Table 3
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TABLE 3: Number of eggs laid in the presence and in the absence of larval
foodplant by A.gamma and other British plusiids

FOODPLANT ABSENT FOODPLANT PRESENT

Day Day Day Day g |Day Day Day Day >

SPECIES 9 ) v 2 3 4 X |1 2 3 4 X
A.gamma 1 82 47 65 70 66,0| 84 362 172 173 197.8
2 | 170 231 292 37 195,0{109 121 349 162 185.3
3 65 83 92 57 74.,31190 123 132 129 143.5
4 83 93 117 123 104,0325 304 172 143 236.0
5 65 137 153 126 120,3180 183 140 133 159.0
6 97 123 92 71 95.8

Mean No.Eggs/%/24 hr 111.9| Mean No.Eggs/?/24 hr 1695
1 32 34 48 62 44,0101 132 333 147 178,2
2 17 63 62 41 45.8] 93 198 125 104 130.0
3 27 82 32 33 43,5 112‘ 183 168 93 139.0
4

48 51 39 62 50,0} 85 73 117 57 83.0
Mean No.Eggs/g/ZA hr 45,8 |Mean No.Eggs/9/24 hr 132.6

A.pulchrina

D.chrysitis 1 62 57 48 72 59.8]| 70 43 72 74 64.8
2| 32 39 47 23 35,38 79 103 74 84,5

3] 93 62 48 52 63.8|278 269 217 140 226.0

41 37 41 69 72 54,8[102 179 121 107 127.3

51 30 40 61 57 47.0|205 92 154 66 129.3

Mean No,Eggs/®/24 hr 52.1|Mean No,Eggs/®/24 hr T126.4

Abrostola 1 15 13 23 17 17.0] 32 122 32 8 48,5
friplasia , | 15 g 22 18 14,5053 67 38 30 47.0
3 9 13 19 27 17.0l40 116 9 35 71,3

4| 27 23 24 35 27,391 27 139 23 70.0

Mean No,Eggs/$/24 hr 18,9 |Mean No.Eggs/%/24 hr . 59,2
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The results in Table 3 show that there is a considerable reduction
in the oviposition rate of all species tested when they are deprived
of suitable foodplant. The three resident species (A.pulchrina,

D.chrysitis, Ab.triplasia) all show reductions of over 50%, whilst that

of A.gamma is not so large, at 44%. This latter reduction is the
only value which does not differ significantly from the control
oviposition rates (Mann-Whitney U test, 95% level). It is also of

interest that the largest % reduction was found for Ab.triplasia, the

only true monophage in the study. The results support the idea that
each species has its own trade-off point beyond which the inhibition

to oviposition is overridden and eggs are laid even in the absence

of foodplant. This, admittedly aftificial, manipulation of oviposition
behaviour gives an insight into the natural behaviour of the different

species. For a specialist monophagé, like Abrostola triplasia, failure

to locate the appropriate fqodplant is a severe disadvantage and one

might expect any variation for resistance to mistakes to be selectively
advantageous and thus a higb threshold to random laying will be

observed, as was found in these experiments, A.gamma on the other

hand incurs a much smaller cost for 'histakeg"sinée the larvae are

able to develpp successfully on a much wider rangg'qf qudplant species,
A.gamma femalegachAAtheréfore respond to alte:native pressures (quicker
ovipqsition rates to avoid predation risk) without Fhe congtraint of

larger subsequent larval moftality.v This éoiﬁt wili be réturnedyfb

and discussed in grgater detail after the data frp@ the next set

of experiments have been presented, sihce,'although thé érevioﬁsﬂexberimenﬁ
shows the potentiai gxistencé of a faculty,for‘control of oviposition
timing and location;it says nothing of the exact nature and specificity:{
of the choice. 1In otder to further eluéida;e this‘asbect;ofvovipositibﬁ_  
behaviour a series of choice trials werevcénducted in which séverél

plant species were‘ptesented to gravid females simultaneoﬁély.f‘f~'"
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OVIPOSITION SITE CHOICE IN FLIGHT CAGES CONTAINING SEVERAL FOODPLANTS

METHODS :

These trials were carried out using stocks obtained in the summer
of 1981. Newly emerged females were placed in standard rearing
boxes with one (sometimes two) males and force fed with a 10%
sucrose solution. These boxes contained no foodplant material. The
day after the first laid eggs were observed the females were transferred
to the oviposition trial cages. These consisted of a wooden frame
(34 x 34 x 34 cm) covered with white muslin cloth, the whole cage
standing on a smooth hardboard base. Within this cage a sprig of
each of the best foodplants was placed. Each freshly picked sprig
was held upright in a small vial which provided sufficient water to
prevent wilting of ﬁhe plant within 24 hours, The exact arrangement
of the plants was determined randomly; the position of the plants by
drawing numbers, and the orientation of the cage by random number
generation, The cages were then left overnight in complete darkness
in order io elimiﬁate fhe strong tendehcy of the moths to fly (and
oviposit) in the direction of any light source, Each morning the
female was removed and returned to the rearing box whilst the ﬁumber
of eggs on each of the plant Specie§ was countéd. These sprigs
were then replaced with fresh ones, This procedure was repeated
until the death of the female or: until the oviposition rate fell to a
low level. Because the pattern of oviposition became rather erratic
after the‘major‘Burst of ovipositioq only the data frém thé first five
(four in some species) days are presentgd‘for analysié.‘ The mean

numbers of eggs laid are given in Table 4,

“The laid data were subjected to a fwb-way'analysis of &ariance,
using the Statistical Package for Social Sciences: SPSS (Nie et al.
1975, Hull and Nie 1979), and the results of this analysis are given

in Table 5.



TABLE 4: % Total No of eggs laid'on‘different plant species by A.gamma and other plusiid species

SPECIES OFF TARAXA LAMIUM STACHYS PLANTAGO I‘JRTICA RUMEX BRASSICA
A.gamma 9.45  25.3  28.6  1L.4 11.1 13.85  0.53 0.0
Apulchrina | 5.25 075 78,79 1L5L. 1.0 2.5 0,06  0.13

D;;:hFYSitis‘ 12.93:'   4.93 14.2 13,77 1.80 47.23 0.4 0.33
abrostola | 10.0  3.61  1.65  0.08 2.93  8L.2  0.53 0.0
triplasia ‘
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TABLE 5: Analysis of variance in oviposition choice by A.gamma and

other plusiid species

SPECIES Source of F Value Significance
Variation

A.gamma Foodplants 16,21 p<0.01
Females 0.99 NS

A.pulchrina Foodplants 46,98 p<0,01
Females 2.80 NS

D.chrysitis Foodplants 37.07 p<0.01
Females 0.93 NS

Abrostola Foodplants 18.02 - p<0.01

triplasia Females 0.50

23
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The data obtained from this trial give a more detailed picture of
resource utilisation, and demonstrate  a marked asymmetry in the
foodplant choice of all the species tested. These patterns are shown
in Figure 2, where the mean number of eggs laid by females of each
of the different species is graphed. This use of means is legitimate
since a 2-way ANOVA of the raw data failed to reveal any significant
variations between females within species. A lack of variation supports
the existence of species wide tendencies to utilise several foodplants,
rather than the recorded polyphagy being the accumulated response
of different females,each of which has an individual preference.

This latter strategy of local race specialisation is found, for

example, in the Yellow barred brindle moth, Acasis viretata (Allan

1949) and may be of wider occurrence than previously realised

(Fox and Morrow 1981),

The ANOVA also demonstrates highly significant variation in
mean numbers of eggs 1aid(per female between foodplants (within each
plusiid species). The exact pattern of egg deposition differs for
each species of moth, however, as shown by Figure 2. The rank ofder
of preference shown by each species is given in Tablé 6, with those
plants‘not significantly different with respect to’oviposition,use
denoted by the same alphabetic symbol. Although obvious differences
in the rank orders exist there appears to be an underlying pattern
to the plant choice shown by all the moth species. Plant épeciea‘
fall into one of three groups with respect to the frequency Qith‘
which they‘are used as oviposition substrates, A firgt group‘of

plants seems to stimulate oviposition.‘ For Abrostola triplasia and

D.chrysitis only Urtica dioica falls into this gtoup; whilst
A.pulchrina utilises Lamium significantly more often than any other

plant, Only A.gamma uses more than one plant species at this high
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FIGURE 2.: 4 Eggs laid on different plant species by A.gamma and other plusiids

) .
x-axis symbols refer to foodplants listed in Table 2.
Off represents eggs laid on cage sides,etc.



TABLE 6:

Rank Order of Preference for oviposition by A.gamma and

other plusiids

26

Rank Order of A.gamma A,pulchrina D,chrysitis  Abrostola

Preference triplasia
1 Lamium Lamium Urtica Urtica,
2 Taraxécuma Stachys, Lamiumb Off,
3 Urtica, Off, Off, Taraxa;ug
4 Stachys,  Urtica . Taraxacum, ~ Plantago,
5 Plantago, Plantagoc Stachys Lamium,
6 Offb Taraxacumc Plantagoc Eﬂﬂgfb
7 Rumex Brassica Rumex Stachys,
8 Brassicac Rumexc Brassicaé Brassica‘

similar alphabetic symbols (a-c) denote foodplant species not
differing»significantly(Least’SignificantrDifferenc%;r0-05)
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level,utilising both Lamium and Taraxacum at a similar rate. A

second group of plants appear to act neither as stimulants nor
deterrents and the frequency of oviposition on them is not significantly
different from the rate at which eggs were laid on the side walls

of the cages. For A.pulchrina both Stachys and Urtica fall into this

group; similarly for D.chrysitis only Lamium is used at this rate,

but Urtisa, Stachys and Plantago were commonly oviposited on by

A.gamma, indicating less discrimination between hosts by this species.

Abrostola triplasia hardly oviposited on plants other than Urtica,

all six other species appearing to act as deterrents to oviposition.

Similarly D,chrysitis used Taraxacum, Stachys, Plantago, Rumex and

Brassica at rates lower than the side walls, indicating deterrence,

whilst A. pulchrina neglected Plantago, Taraxacum, Brassica and Rumex,

A.gamma on the other hand oviposited at this low rate only on Rumex

and Brassica, the other plants falling into the neutral category.

The importance of fe@ale ovipositionkto the‘subsequent ecology
of the different species is thus apparent, as imposing the limits to
the range of foodplants which the larva must encounter, and it is
clearly shown by these data that the polyphagqqs charactgristics of
A.gamma, compared to other plusiids, are(initigted, at least, by the

oviposition choice of the female moth.

CHOICE OF LARVAL FOODPLANT BY 1ST INSTAR PLUSIID LARVAE

" In the preceding se;tion differences in the sele;tiqn of
oviposition sites by different species of plusiid mq;hs,in expéfimental
cages were demonstrated., If these differences}are‘realyand‘exist
in a field éituationythen fhey‘must”influence the rahge:df’food,

plants experienced by the larvae of the‘different‘species and consequently -
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the exact nature of any adaptive response shown by the immature
stages with respect to feeding ecology. These differences in
oviposition preference could, however, be rapidly negated if the
young larvae redistribute themselves amongst foodplants, This
situation is commonly found amongst tree feeding Lepidoptera, such

as Lymantria dispar and Operophtera brumata, whose larvae use their

silk to "balloon" away from unsuitable hosts. In these examples

the unsuitability is not usually due to foodplant chemistry per se
but rather the lack of synchrony between egg hatching and leaf
budburst., If similar redistribution strategies were a common feature
of herbaceous feeding larvae also then the selective pressure for
accurate oviposition would be considerably diminished, Alternatively,
the existence of a pattern of foodplant choice by young larvae

which is essentially the same as that shown by ovipositing females
would provide strong support for the idea that the existence of a
hierarchy of preferred foodplants is an adaptation in its own right.
With these two possibilities in mind‘a series of foodplant choice
trials was conducted for A.gamma larvae, again utilising the other
resident species as a yardstick against which to measure differences

which might be specific adaptive.responses to a highly mobile lifestyle,

METHODS

Newly hatched larvae from stock females were used f§r the -
foodplant choice trials, Allvchbicé trials were conducted in‘étandard
microbiological petri dishes (9%m diameter). Each dish was lined
with moistened filter paper thus maintaining»arrélatively high relative,
humldlty and minimising rates of water loss from the leaf dl8C8. 'ﬂ
A leaf disc from each of the seven foodplants (see 118t 1n General
Methods section) was arranged in the dish‘arognd“the,petimetet_at'

equal distances apart,
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The exact sequence of discs in any one dish was determined using
a dice. A slight methodological problem was encountered over how best
to introduce the larvae into the experimental arena. Ideally larvae
should be placed.(or better still, allowed to hatch from eggs laid)
on the different foodplants in turn and their redistribution monitored.
This however would have necessitated an extremely large experimental
design. Since it had been observed that, for A.gamma at least, the
larvae frequently moved distances of up to 1l0cm before initiating
feeding I decided that introducing the larvae to the centre of the
dish amongst the discs would be sufficiently random to allow
an appropriate measure of choice to be obtained. The null prediction
is that each leaf disc has an equal probability of having larvae
select and feed upon it., Any deviation from equality is an indication
of active preferential acceptance or rejection., Ten larvae were
released into each dish with as many replicates as possible, up to
a maximum of 13, being run. After reléase of the larvae the
dishes were placed in a growth cabinet maintained at 20°C and
16L:8D, The distribution of thé larvae was recorded at "lights on"
in the morning. As the consumption and deterioratipn‘ofrthe:discs
was minimal after just one feeding period the discs were then returned
to the cabinets for a. further 24 hours and the,positionsvbf the larvae
recorded again in order to gain some idea of the extent of
redistribution of larvaé after the initial feeding choicevhad been

made, These data ate summarized in Table 7.

RESULTS

The data obtained from these trials may be utilised in a number *
of ways to demonstrate the possible exiétence of'difference in lafvai
foodplaut preferences both within and between Brltlsh plusxld spec1es.

The data for each species of moth may be slmply represented as a




" TABLE 73 lest instar larvae found on 1ea$'disés after 24 and 48 hour feeding periods

: triglasia

; SPECIES TIME OFF TARAXACUM LAMIUM  ~ STACHYS PLANTAGO URTICA RUMEX BRASSICA
T 24 12.0 11.0 25.0 23.0 7.0 22.0 0.0 0.0
et A 48 10.0 20.0 35.0 15.0 5.0 15.0 0.0 0.0
e 2 0.0 10.0 33.3 10.0 3.3 20.0 10.0 13.4
=002 48 0.0 13.3 33.3 13.3 3.3 23.3 0.0 13.3
e R 2 | s | 185 40.0 22.4 1.5 12.3 0.0 0.0
- EL T R 4.6 17.7 43.1 17.7 1.5 15.4 0.0 0.0
" D.chrysitis 2 | 3.3 1.1 35.6  21.1 14.4 23.3 1.2 0.0
Abrostola | o, | 5.0 0.0 1.0 0.0 0.0 94.0 0.0 0.0

o¢



histogram of the number of larvae recorded on any one foodplant
expressed as a percentage of the total number of larvae in the
trial (Figure 3). Figure 3 shows that differences in foodplant
choice exist but does not reveal the significance of these
differences. Statistical tests of the differences were therefore
performed and are discussed below, initially for each species
separately, and then with respect to differences existing between

the moth species used in the different trials,

FOODPLANT CHOICE BY Abrostola triplasia LARVAE

Larvae of this species, the only true monophage in the species’
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studied, exhibit a clear-cut preference for the discs of Urtica dioica,

their normal foodplant, All other discs were observed with larvae

on them less often than larvae were observed on the filter paper

between the discs (the Off category in the Tables). An ANOVA

confirms the significance of this distribution (F = 825.7,p<¢0.001)
whilst the LSD test on the rank order of preference shows that all

the significant variation lies in the difference between Urtica and

the remaining choices.

FOODPLANT CHOICE BY Diachrysiachrysitis LARVAE

Although Figﬁre 3 shows that D.chrxsitié.larvae do not possess
such a narrow range of foodplant acéeptance as A.triglaéia, utilising
six of the seven possible plant species, they still show a préferencg
for some species over othefs. The ANbVA réveéls a significaﬁt amount

of variation (F = 4,44, p<0.01) but no one species is preferred over

all others., The LSD tests show that the plants fall into three

slightly overlapping groups. The first group contains Lamium, Urtica

and Stachys which are positively selected along with Pléntagb,‘whilst




4 Larvae

on disc

4 Larvae

on disc

% Larvae

on disc

% Larvae

on disc

4 Larvae

on disc

' 66

40

20

60

40

20

60

40

20

60

40

20

40

20

NN

N

A.gamma
i
L ///// 77 %
off Tax" Lam 5ta Pla Urt Rum HEra

A.pulchrina

v

/

T

011 Tar Lam oSta Pla Urt num Bra

1/

:
%

7,

A.jota

Off Tar Lam Sta Pla Urt Rum Bra

//
Y
v
Off Tar Lam Sta ‘Playhum bra
/ Abrostola triplasia
waval é 2

Off Tar Lam Sta Pla Urt Rum ppg

FIGURE 3 : Percentage A.gamma 1st instar larvae choosing

different foodplants over a 24 hour veriod.




the remaining species appear to be actively rejected by the larvae,
being found occupied less often than the Off category. This foodplant
profile is in agreement with the records given in Allan (1949),

who lists Lamium and Urtica as potential foodplants but not the

other species used in this study.

FOODPLANT CHOICE BY Autographa jota LARVAE

The distribution of larvae between the foodplants for this
species was more even than that of D,chrysitis, and was in fact the
most even of the whole set. This is reflected in the ANOVA result
(F = 1,978, p. NS)., This species did have fewer replicates than the
other species and this may have contributed to the non-significant
ANOVA result. A non-significant result for the overall variation
means that one cannot attach much importance to differences between

pairs of plant species but there appears to be a trend towards

A.jota larvae selecting Lamium, Urtica and Brassica over other
species, Although the latter is not given as a potential foodplant
in Allan (1949) larvae of this species are known to accept a wide

range of foodplants in captivity, including some tree species,

FOODPLANT CHOICE BY Autographa pulchrina LARVAE

The ANOVA for this Specigs is again highl} significaﬂt
(F 5_15.27. P-<0.01) indicating ﬁhat some foodplantS'a;e preferred
over others. From the LSD tests of the rank order it may ﬂé seen
thét the majority of the variance lies inithe clear.preference for

Lamium discs, with Urtica, Stachys and Taraxacum forming a second

group of positively selectedlplants.r The remaininglthree species

appear to be actively avoided.
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FOODPLANT CHOICE BY Autographa gamma LARVAE

Finally,the data for A.gamma larvae again reveal a relatively
even pattern of foodplant choice but containing a significant amount
of variation (F = 9,163, p<0.0l). Inspection of the LSD test
values indicates that three groups of plants exist; those positively

selected by this species being Lamium, Stachys and Urtica; a second

group of fairly neutral plants not chosen at a frequency above that
expected by chance (Plantago and Taraxacum); and a third group of

actively rejected plant species; in this case Rumex and Brassica,

The above records for foodplant preference were all made after
a 24-hour period during which choice and feeding could occur in order
to assess the initial choice made by the larvae. This choice
profile can then be compared with that made by the females during
the oviposition trials. For the last three species a further test
of larval foodplant selection was made by allowing the larvae to
remain in the choice chambers for a further twenty-four hours.
Comparison of the distribution after 24 and 48 hours will give an
estimate of the persistence of the original choice. The data for
the larval disfributions after 48 hours are also included in Table 7.
After 48 hours the distribution of A.pulchrina is essentially the
same as thét found after 24 hours, the moét-obvious change being
a slight increase in the proportion‘of larvae found on‘Lamiuﬁ. For
A, jota the trend is almost tﬁe opposité, with'tbé change being towards
an erosion of the differences between the numbers of larvae found §n
different plants.b The only ﬁhange‘in the rank qfder was the inéreaééd
utilisation of Plantago compared withkggggi, whiéhVWas‘avoided mbré
after 48 hours. The biggest changg in the number of Iarﬁae on

different plants'was found for A.gamma larvae, Here there waévan W
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increase in the number feeding on Taraxacum and Lamium with a
corresponding decrease in the number of larvae on the other foodplants.
The forty-eight hour distributions thus do not reveal any major changes
in foodplant choice by the species tested and no clear trend towards
either a widening of the original differences or their disappearance
may be deduced from this admittedly limited set of data. One further
point which these data can provide is, however, a little more
revealing. If the number of larvae on any particular disc is

different after 48 hours compared with the 24-hour value then, obviously,
this must be due to larval movement (immigration or emigration). A
count of the number of changes in numbef of larvae per disc scores

each larve twice, once as an emigration from its original disc and
once as an arrival on a second disc. Dividing the total number of
changes by two thus gives the minimum number of larval movements
requirement to explain the change in larval distribution. Applying
this method to the three species for which 48 hours data was recorded

gives the following results:-

% Moving
Autographa pulchrina 11,9
Autographa jota | 16.7
Autographa gamma | 42.5

The static dispersion patterns recorded at the end of 24 and 48 hours
are thus masking an important difference in the mobi1ity shown by

the different speéies. It,aﬁpearé tbét firs;'instar‘iatvse oé
A.éamma are far more likely to move sufficiently far to chahge

foodplants than those of other species.
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DIFFERENCES BETWEEN THE FOODPLANT DISPERSION PATTERNS OF THE DIFFERENT
MOTH SPECIES

The significance of the differences in foodplant profile shown
in Figure 3 may be tested by use of the Kolmogorov-Smirnov Test
(Table 8). Pairwise comparison of the percentage of the total number
of larvae on each of the foodplant discs revealed that significant
different distributions only exist for those of A.triplasia from

A.pulchrina, A.gamma and D.chrysitis. These differences are due to

the high percentage choice shown by the larvae of A.triplasia for
Urtica discs. The foodplant spectra for the other species could all
have been drawn from the same distribution and therefore do not provide
evidence for niche separatioﬁ by choice of different larval habitats.
In the light of the low numbers of field observationsof larvae, this
result is perhaps not unexpected. It is unlikely that competition

for suitable foodplants ever becomes a limiting and theréfore selective
factor in this country and thus ﬁhe evolution of foodplant preferences
is due to other fbrces.: It does appear that a common péttern of
foodplant utilisation fbr polyphagous species emerges from these
trials, Regaidléss of which particdiar spécies afe preféfred there
seem to be three categories of foodplant which may be arranged

within the following framework:-

1. Large percentage of larvae on plant: A plant species which

is chemically distinguishable to the larvae and whose defence
chemicals (if any) pose no barrier to feeding and growth by the

larvae.

2. Smaller percentage of larvae on foodplant: A plant species
which is acceptable but not favourable for rapid growth and
development; or alternatively one which is not recognized as

suitable due to its novel chemical composition,




37

TABLE 8: Kolmogorov-Smirnov Test for Differences in foodplant
selection shown by lst Instar larvae of different plusiid

species
Species Pair D Significance of D
A,gamma v. A.jota 21.4% ~ N8s
v, A.pulchrina 15.8 NS
v. D.chrysitis 18.6 NS
v. Abrostola 72.0 p<0.05
triplasia
A, jota v. A.pulchrina 32.9 NS
v. D.chrysitis 32.2 NS
v, Abrostolg 50.6 NS
triplasia
A.pulchrina v. D.chrysitis 25,1 NS
v. Abrostola - | 81,7 ' p<0.01
——————————
triplasia :
D.chrysitis v, Abr?stole 69.5 p=0,05
triplasia ,
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3. Few or no larvae found on the foodplant: A plant species

which is chemically distinguishable to the larvae but which has
chemical defences which prevent adequate feeding and growth by the

larvae and the chemical distinction is therefore used for rejection.

The LSD tests for the foodplant choice data split the different
plant species into these three categories quite well. A.triplasia
has only Urtica in Group 1, with the rest presumably belonging to
Group 3. A.pulchrina has only Lamium in Group 1, whilst Taraxacum,

Stachys and Urtica comprise Group 2, and Rumex, Brassica and Plantago

are actively rejected. A.jota has Lamium and Urtica forming Group 1,

with all the other species falling into Group 3, a pattern which
conforms with the records of larvae of this species feeding on a
whole range of plant species including shrub and tree species.

D.chrysitis shows a preference for Lamium, Stachys and Urtica whilst

Plantago most likely falls into Group 2, and the remaining three

species (Taraxacum, Brassica, Rumex) forming Group 3. Finally

A.gamma actively selects Lamium,Stachys, Urtica with Taraxacum and

Plantago forming Group 2, Brassica and Rumex were chosen by larvae
less frequently than expected by chance and: form Group 3., The
ecological significance of these groupings cannot be-gairied too far
in the absence of detailed knolwedge of the biochemical compositibn
of the different plant species, but it is of interest to note that,
for all the species listed, there is a consistent trend towards
selection of members of the Labiat ae and Urti%?ae 6ver othef plant
species. Members of these groups hay‘represent thg usual,foqdplant
of ancestral plusiid moﬁﬁs, with the differenc§; iﬁ‘Present‘dgy
foodplant choice being determineé mogtly‘by Whéther new plant groﬁpé

have been incorporated in the diet or not,
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FOODPLANT CHOICE BY FIFTH INSTAR LARVAE OF A.gamma

The choice of larval foodplant in the first instar is an
important one;.since it determines whether the adult oviposition
choice is accepted or negated, It is also likely that physiological
stress caused by secondary plant chemicals is greater in the lst
and 2nd instars, due to the relatively greater volume of gut
contents to body tissue, making these larvae a sensitive test of
preference. The majority of total food consumption in the larval
stages occurs in the last instar however, on average 52% (Scriber
and Slansky 1981),and it is therefore important to consider whether
larval foodplant preference in thisinstar is different from that

shown by early stages.

METHOD

Stock A.gamma‘lérvae were reared on each of the foodplants

chosen for this study ﬁﬁtil’the majority had successfully moulted

into the fifth instar.' Five groups of ten larvae each weré then

placed into boxes (24 x 24 x 2¢m)'containing a random1y distributed

equal amount df'the'seven'different fOodplaﬁtsi"Fér this trial

equal amounts should be meaéured ih‘wéigﬁt éihcg'it is the biomass

ingested’which determines consumption‘raﬁes; ‘Direct gf#ﬁimetric

methods in féédihgvtrials alﬁayé poSe"iéigé p;ob1émé:of éérrécting

for watér’ldss, especially when usiﬁg”différent‘blént'sﬁééiési‘éﬁdfﬁ

for thxs reason consumptxon was assessed by meamunng the area of

leaf consumed 1 Slmllar area measurements, however, do not allow ;

for varlatxons 1n thlckness of the leaves between the dlfferent élant
~ species. " The amount of leaf ptesented 1n the trlals and the
,:calculatlons of consumptlon were corrected for the dlfferent walgh£.  :f : a

- surface area ratios of each species to campensate for thls bl&S.f‘
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As much foodplant as possible was added to each box to minimise

errors due to depletion of one plant over the 24-hour feeding period
but care was taken to ensure that the larvae still had freedom to
move around the box easily. During the feeding period the larvae
were kept under the same rearing conditions as they had been exposed
to during their eerly stages (18°C,’16L:8D). The results from tthis
trial are given in Table 9 (as the amount of each foodplant consumed
expressed as a percentage of the total consumption) and are shown
graphically in Figure 4, The use of percentages is ﬁeceesary to
correct for the different weight and physiological state of the larvae
in the different replicates., This inability to use the raw data
precludes the use of a two way ANOVA to test‘the overall significance
of the differences between preconditioning foodplents, but it is
possible to use a one-way ANOVA to test the variation within foodplant
classee. The resuits of these analyses are given‘in Table 10 along

with the LSD tests of significance between ranks,

DISCUSSION

The overall picture to emerge from these trials is not easy
to interpret. The variation between different preconditioning foodplants
is high, indicating that preconditioning may greatlyAinfluence
subsequent foodplant choice. The rahk position of the
preconditioning plant is higher than its mean positiee in all,frials,
with the exceptioe of Brassica, which was consumed less in the
trial in Whlch it was the precondltlonlng spec1es also. These results
eupport ev1dence from other studles of the exlstence of short term
habituation to partlcular foodplants (Schoonhaven and Meerman 1978
Blau et al, 1978, Fox and Morrow 1980). Othet var1at10ns in the

rank order of foodplant choice are not so e3811y reconc11ed w1th

accepted concepts of larval foodplant chalce, however. It appearsf,'.ﬁﬂrf,"‘“
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TABLE 9: 7% Consumption of different plant species by 5th Instar larvae
of A.gamma after preconditioning to different foodplants

izzggggitioning Taraxacum Lamium Stachys Plantago Urtica Rumex Brassica
Taraxacum 44,6 12,2 6.2 13.4 5.6 0.0 18,0 %
Lamium 10.6 31,0 19,8 162  17.2 0.0 5.2
Stachys 19.6  25.2  23.2 3.2 222 0.0 6.2
Plantago 8.0 27.6 5.4 16,8 23,6 0.0 18.4
Urtica 15.8 16,6 16,0 3.8 32.4 0.0 15.4
Rumex 0.6 37.2 0.2 144 12,2 13.0 22.4
Brassica 17.2 22.8 1,6 18.6 24,0 0.4 15.4
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TABLE 10: Rank Order of Preference to different foodpiants shown by 5th Instar larvae of A.gamma

. after preconditioning to one plant species

Rank Order. Preconditioning Plant Species
Pref:£en¢e, 13Taraxacum Lamium 'Stéchys Plantago Urtica Rumex Brassica
71; {rTérakacﬁma Lémiuﬁa Lamiumab Lamiuma Urtica Lamiuma Urtica
"2 1:BraSSiééb, Stachys5 'Stéchysab Urtica Lamiumb Brassicab Lamiumab
, 3 | ’Pléntagobc i Ui‘ticab : Urticab Brassicab Stachys, Plantagoc Plantaqobc
4 | f Lgﬁium'f: :   Plagtagobc Taraxacum ,Plahtagob Taraxacum, ~ Rumex Taraxacum
: 5  1,Sféchysl,.,: ‘Tarax8cum;d Bréssicad fara*écumc Braséicab Urticac Brassica
6; ;’Uftigai B%aséica&c fiéntagoc Stachysc | PlantagoC Taraxacum, Stachysd
-75 ’lRﬁmex'f'x | R&méx e Ruﬁekf» Rumek1 Rumex Stachys Rumex ,

 ¥oodplant species not differing significantly (LSD Test;0.,05) with respect to larval
~ feeding are denoted by the same alphabetic svmbol. .

%
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that in the majority of the trials, Urtica, Stachys and Lamium tend

to either be concentrated on or ignored. These three species occupy
the first three rank positions whenever one of them was the pre-
conditioning species, but»when the preconditioning species was
different they drop in rank (as in Taraxacum) or Stachxs drops down
the ranking on’its own, In a similar)way Taraxacum and Brsssica
appear to be correlated inktheir ehanges in rank position. If these
patterns have anyvtrue biological significance it seems to me that
they indicate that Argamma larvae do not nake direct ehoice decisions
about particular foodplants, rether they make them against an internal
standard. This internal reference is not fixed but modifieble by

past experience (recent at least), Exposure to any particular foodplant
will affect the reference such that the larval response not only to
that foodplant but also other spec1es is changed This hypothe313
would be compatlble with known detoxlflcatlon mechanlsms of
polyphagous specles, Wthh rely on a series of mlxed functlon onldase
enzymes 1nduced by the presence of partlcular chemlcals 1n the food

If two plants possess dlfferent chemlcals whxch are recognlsed in the
same way by the larva- by 1nduct1on of the same enzymes; then exposure
to one spec1es w111 also precondltlon the larva to the other one,

even though it has never been exposed to 1t and the exact chemlcal
profllesof the plants are qulte dxfferent.. Although we may see the
plants as belng d1fferent taxonomlcally and blochemxcally the larvae,
thh their 11m1ted number of sensory cells for olfactxon (Schoonhaven,
1973), may be unable to, and perhaps not need to, dlstlngulsh between'f

»the two.

" THE EFFECT OF DIFFERENT FOODPLANTS ON LARVAL DEVELOPMENT T

The experlments 1n the prece dlng sectxons have been prlmarxly

~,kconcerned w1th attempts to defxne the foodplant env;ronment that laeree"
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of A.gamma might find themselves in. They demonstrate that a fairly
large number of potential foodplants are likely to be encountered and
eaten by A.gamma larvae but we do not yet know the effect that these
plants may have on the fitness the larvae, This can be assessed
by rearing larvae on each of the foodplants utilised for this study,
simulating conditions in which the larva lacks the behavioural reprtoire
to leave a foodplant or lacks suitable alternative foodplants which
might be;reached by larval movement. A decrease in fitness relative
to other individual larvae will occur if restriction to a particular
foodplant causes any of the following:~-

1. a decreased probability of survival to reproductive age

2. a lengthening of the generation time

3. a decrease in potential feéundity through reduced body

size, fét Body'size or number of ovarioles,

Accurate quanﬁification’of these parameters ié difficult under field
conditions due to the inability to hold other variables constant,
Since it ié,the chemicélldifferenCes between the:plants which were my
chief concern for these trials they were conducted in the laboratory
under controlled conditions. In 6rdgr to asééés”pérametets 1 and 2
é'simple lifé table tecord‘was’kept‘for eaéhlcqhort‘of‘la:vaevwhilst‘
it was decide& that‘adult weight'would béfuséd as‘an'indicator of
potentlal adult fecundlty. The exact relatlonshlp between adult

weight and fecundlty is dlscussed in a later sectlon.‘

.METHODS

Single larvae hatcﬁing7from egés'laid by\stockffemaiés wefe’
‘placed in 1nd1v1dual rearlng boxes (8 X 4 5 X 2cm) llned ulth tlssue E
paper. Each box contazned foodplant surplus to the amount consumed o

by a larva of that size in 24 hours,:'Old remalp;ng foodplapt and
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frass were removed each day and new foodplant supplied. Cohorts of
forty larvae were started on each of the six different foodplants
with the exception of Brassica for which only twenty larvae were
used. All stocks were maintained at 16L:8D and 22°C in environmental

cabinets and the following measurements recorded:

1. The number of larvae surviving each day: This parameter

does not necessarily indicate time of death accurately since virus
infected larvae (distinguishable by a characteristic blackened patch
on the terminal segment and reduced growth rate) were removed whenever
they were seen to minimise cross contamination.

2. The head capsule width of the fifth instar larvae: Since

the sclerotised parts of an insect do not change in size within a
stadium this could be measured at any time within the instar but
the measurement was usually made on the second day after moulting

into the fifth instar,

3. The maximum weight of the fifth instar larvae: After

moulting into the fifth instar the larvae were weighed each morning.
The maximum weight achieved prior to spinning the cocoon was used

for the analysxs.

4, The fresh we1ght of the pupa. The day after pupation the
pupae were removed from thelr cocoons, aexed and we1ghed

5. The fresh welght of the emerging adult moth~f Adults whxch

had cmerged on xnspectlon of the boxes in the. mornxng were agltated
slightly to encourage e11m1natlon of the meconlum then cooled ina
refrigerator and weighed Adults emergins Iater 1n the day were‘
,stored overnlght in the refrlgerator and then wexghed, agaln after ‘{
ensurxng that the meconlum had been e11m1nated‘ e £

kv6. The duratlon of the larval stage., The tlme in daya frow £f [:'

hatch1ng of the eggs unt11 the day of pupatxon, not cocoon aplnnxng;,j
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7. The duration of the pupal stage: The time from the day of

pupation to adult emergence.
8. Winglength: This measure is the distance from the midpoint
of the thorax to the tip of the forewing when the forewing is positioned
so that the front margin is at right angles to the main axis of thé
body. Only one wing measurement was made to facilitate comparisons
with measurements made on trap caught individuals which often had
one wingtip damaged. Measurements were made using vernier calipers,
on dead individuals.,

9. Proboscis length: The proboscis was unrolled and the position

of the tip when fully extended marked with a pin as was the proximal

end, This distance was then measured again using vernier calipers.

These data are summarised as Table 11, whilst Table 12

shows the results of the statistical analyses of these data.

These foodplant trials provide a iarge data set from which details
of the effects of the dxfferent plants on A.gamm may be extracted.
The ANOVA results shown in Table 12 demonstrate that the varlatlon
between foodplants is significant for all parameters except wing length
and proboscis length. Teble 12 also shows that variatien due to sex
differences is not signifieant, with the except{on of tbe‘bupal
duration and total development time, both of which are significantly
longer in the males. This pattern ofylongerrdevelopment times in
A.gamma males was appafent’in most dfithe rearing trials eefried out
for this study and strongly indicates that adult emergence in'this
species is protogynous, the opposite to the eefiy male emergence
found in many moth species (Wiklhnd aﬁd Fagerstfﬂm 1977). This is an
indication that mortallty durlnz BdU1t stages may be high in- A.ga a,

with males delay1ng emergence to coincxde thh the tlme of ovarlan

maturation, rather than emergence °&'&”“M"




S rooPLANT B HeH ~ LARVAL PUPAL ADULT LARVAL PUPAL TOTAL WING PROBOSCIS %
b o WEIGHT WEIGHT  WEIGHT DURATION DURATION DURATION LENGTH LENGTH SURVIVAL
Sl M 20 203.5+ 6.42  347.15¢26.54  283.17427.31 133.66+21.20 15.45+0.76  11.35:0.81  26.841.15 20.5140.79  7.5240.43
 TARAXACUN I P ~ 87.5
AR 1S 201.044.7¢ 0 333.38425.5  282.65:20.65  140.94+20.48  15.40+0.97  11.00:1.18  26.29+1.82  20.34+0.73  7.56+0.31
W19 198.7+7.43 . 329.28425.16  266.29+19.86  132.41420.9  14.0540.62 - 10.68+1.0 26.74+0.81 - 19.94+0.87  7.45+0.51
Cotawnw T Cn T o Ty : 72.5
" F 10 195.6+17.28 - 337.02+422.85  269.49+414.75  120.38+14.95  13.09+0.57  11.00+0.67 24.9+0.57 19.7140.62  7.47+0.24
U M17 199.544.82  348.93:23.18 © 283.41425.45  131.74433.76  14.94+40.56  10.88+0.7 25.84+0.81  20.38+0.9 7.53+0.34
o STACHYS SRR T SEEE AR : o 72.5
U F12 202.3+4.68  345.89429.55  277.44+28.55  123.53+15.65  15.00+0.74  10.0+0.74 25.0+1.13 20.34+1.06  7.55+0.53
M6 204.7+4.68 - 360.42428.21  274.5¢31.59  112.75+10.69  16.67:0.52  10.5+1.23 27.1741.47  19.77+1.48  7.40+0.76
F 14 206.4+4.31  350.61437.52  274.56+36.94 120.33+26.72 16.29+0.73  10.07¢1.07  26.36+1.5 20.28+1.26  7.56+0.57
W15 205.345.93 - 320.4+30.57  260.78+29.96  106.66+15.38  14.92+0.67  11.33:0.65  26.25¢0.75  20.06+0.77  7.26+0.34
I L S S T L e SR ‘ 67.5
S F 12 202.145.23  320.11+28.24  239.83+32.81  103.21420.82  16.93:0.70  10.57+0.51  25.57+0.76  19.33:1.05  7.15+0.48
M5 191.242.28  273+43.7  225.53436.55  90.04+15.83  20.4s1.14  12.40+0.55  32.80+1.30
T R R SR . 32.5
F 8 197.0:3.70  267.39437.35  218.3+32.43  86.81+17.39  19.63:1.69  11.63+1.06  31.25+1.67  19.37:0.45  7.2+0.62
K 127.81+20.67  21.00+0.82  10.75+0.5 31.75+0.96
L T g 50.0
F 6 183.545.26  319.68+10.86 260.45+32.7% 124.88423.35 21.67+0.52  11.17+0.75  32.83:1.17

ABLE 11: THE EFFECT OF DIFFERENT FODDPLANT SPECIES ON LARVAEOF A. gamsa

8%



_TABLE 12: ANALYSIS OF VARIANCE OF THE EFFECTS OF DIFFERENT FOODPLANTS ON A. pamma LARVAE

Source of | |  Larval = Pupal Adult Larval Pupal Total Wing Proboscis
Variation -] HCW Weight Weight Weight Duration Duration Duration Length Length
Foodplant ~ | F| 6.27  16.4 11,9  10.8 72.0 6.4 27.5 1.8 1.6

| p| <0.01  <0.01 ~  <0.01 <0.01  <0.01  <0.01 <0.01 NS NS

Sex | F| 0.03  0.49 1.4 0.16  0.21 3.4 10.0 0.20 0.15
S lpl N8 w8 Es NS NS <0.01 <0.01 NS NS
Interaction |F| 1.10  0.31 0.62  0.85  0.24  0.79 0.35  0.60 0.84
B NS =~ NS NS NS NS NS NS NS NS

6%
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It is apparent from Tables 11 and 12 that the amount of variation
shown by different parameters is not the same. The gravimetric
parameters, maximum larval weight, pupal weight and adult weight all
show highly significant variation (F = 16.4, p¢0.01; F = 11.9,p<0.01;

= 10.8, p«£0.01, respectively) as do the parameters measuring time;
larval stage duration (F = 72,0, p<0.01), pupal stage duration (F =
6.4, p<0.0l1), total egg to adult development time (F = 27.5, p< 0.01).
Those parameters which measured morphological attributes, however, do
not show such a high degree of variation, with both the wing length
and proboscis length failing to show any significant variation with
foodplant changes. This indicates that within certain limits at
least, the size of A.gamma adults may show a degree of canalisation,
maintaining a relatively constant value in the face of wide fluctuations
in larval and pupal weight. Since the size of morphological features
such as wings is to a large extent determined by the shape of the
pupal epidermis (Snodgrass 1954), it may be that the size of the final
adult is determined more by the mass at pupation, whilst the adult
weight is determined more by the calorific content a; this stage. Two
larvae with the same mass but different calorific contents, caused by
growth on foodplants differing in water or fibre content, might
therefore pupate to form similar sized pupae and thus similérksized
external adult fe;turgs. In one, however, the propéitiqﬁ»of‘nﬁfrients
committed to adult structures is,ptoportionately grgétef'than in»thé
other, leaving less energy in the‘fat body for reproductive use. ‘Ihe
optimal foodplant in this case would not be the one which produced
the largest adult necessarily but the one p;odqcing‘;he largest ‘adule
using the minimum amount of calorles, the plant wlth the hlghest

calor1f1c value:weight ratlo. Although many studxes of plant -

insect interactions have documented the 1mportancg of;water conteht_f

of the plant to larval growth efficiency (Scribet and'Slanqky:;981), RS o

it seems that no studies have been performed whichlfplldwf;hgqe effect3 g71 if
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through into the adult stage, even though it is only through the

adult that fitness effects and therefore natural selection can operate.

The absence of a significant amount of variation resulting from
sex differences makes it acceptable to pool the data from both males
and females and perform a oneway analysis of variance for significance
of foodplart effects. More interestingly, one can obtain the rarnk
order of suitability of the different foodplants and the Least
Significant Differences (LSD) between different plants., The results
of these calculations are shown in Table 13. The most obvious
observation from inspection of Table 13 is that no common pattern of
suitability emerges, and thus no immediate conclusions over suitability
can be drawn without knowledge of the relative importance of adult
weight, speed of development, etc., to fitness. This will be returned
to at a later stage when more information of the effects of larval

biology on adult reproductive activity has been presented.

The final parameter recorded in these trials and not thus far
mentioned might conceivably be the most important in determining
foodplant choice in A.gamma. The results for percentage survival
through the larval and pupal stages show large differences, ranging
from 87.5% for Taraxacum to a low of 32.5% for Rumex. If these
mortality differences were to be found under field conditions, one
would expect selection to remove inferior species from the range of
Plants accepted as food. This may be the case but I feel that field
mortality of larvae feeding on these different plants would not vary
as much as in these trials. The majority of the mortality in the
rearing boxes of all trials was due to nuclear polyhedral virus
infection, and it is likely that once one larva in a box succumbs
to the virus due to physiological stress caused by inferior food, then

the probability of other larvae in the same box dying is increased. This



TABLE 13: Rank Order of Performance of A.gamma when restricted to particular foodplants

Rank Order Larval Pupal Adult Larval Pupal Total Winglength Proboscis
of Weight Weight Weight Period Period Development
Performance :
1 Plantago: Taraxacuma Taraxacuma Lamium; Plantagoa Lamiuma Taraxacuma Stachysa
2 Stachzgab Stachysab Lamiqgab Urticab St:achysab Stachysab Stachzsa Taraxacumab
3 Taraxacum . Plantagoab Brassica Stachys, Lamium:;b Urticabc Plantagoab Plantagonb
4 Lamiumbc Lamiumbc Plantagosb Taraxacum, Urticabc Taraxacum, Lamium b Lamiumab
5 1 Urticac Brassica Stachys, ~ Plantago Brassica Plantago Urtica] Rumex
6 Brassica Urtica Urtica Rumex Taraxacug Brassica Rumex Urtical
7 RﬁmexI Rumex ; Rumex Brassica kumexd Rumex ; - -

[49
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supposition is supported by the tendency for mortality rates in

different boxes of larvae on the same foodplant, to be either very

high or low,

If the differences in mortality rate do not vary by too much, or
are not consistent in their direction, for example when the physiological
condition of the plant is more important than its chemical defence
spectrum, then it is possible for selection to act on the biology of
the larvae through other agencies, such as growth rates, deansity,
temperature. The effect of some of these parameters on larvae of

A.gamma was therefore also investigated in some detail.

OTHER FACTORS AFFECTING LARVAL DEVELOPMENT:

The effect of one variable, the foodplant upon which the larvae
feed, has been shown to exercise a major influence on size and rate of
development in A.gamma. In a field situation this effect might be ‘
either exacerbated or confounded by the effects of other environmental
variables. The effects of two other variables were investigated in
this study. The first, temperature, was chosen because a geographically
widespread species such as A.gamma must be exposed to‘a wide range of
temperatures, probably changing considerably from generation to
generation. The second, larval population density, was chosen because
high population levels have traditionally #ttracted considerable
attention as a proximate factor triggering emigration responses. This
was in an attempt to extend the phenomenon of phase transformation
found in desert locusts by Uvarov (1931) to other insects and
resulted in an intensive search for similar changes in lepidopterous
species during the 1950s and '60s (reviewed by Iwoa 1967, Harrison
1980). A series of detailed but tantilisingly inconclusive experiments
on density responses of A.gamma was performed by Long (1953, 1955; 1959) and

it was hoped that a repetition and extension of these experiments might
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throw further light on the effect of crowding on the life history of

this species.

THE EFFECT OF TEMPERATURE ON LARVAL DEVELOPMENT:

METHODS

Newly-hatched larvae from eggs laid by stock females were placed
into solitary rearing boxes lined with tissue paper. Each box was
provided with a surplus of L.album leaves which were replaced every
24 hours. At the same time the uneaten food and frass was removed.
Those larvae being reared at low temperatures and thus with a long
developmental time were transferred to new sterile boxes every
tenth day in order to minimise viral infection buildups. Forty
larvae were reared at each of the following temperatures:-

12.5%, 15°, 17.5%, 20°c, 23°c, 25°C. These temperatures were
maintained using the growth cabinets described in the General Methods
section. Each cabinet was kept at an air humidity of between 60-807%ZRH
but it is likely that the relative humidity within the rearing boxes
was near to saturated due to water loss from the leaves into a small
air volume. Due to the constraint of only two cabinets being
available for use, plus a third in use for another project but maintained
at 15°% initially and then 20°¢ later, the experiments were conducted
in two parts. The first series of trials used stock line 79B2

whilst the second series was conducted using 79B3, the offspring of

a sib mating of 79B2, in order to minimise the likelihood of any
genetic variance for temperature effects being introduced., For each
temperature regime the following variables were recorded:-

1. The number surviving to adult emergence., Only those individuals
which emerged with no obvious physical deformities were included. The
Z survival figure is therefore probably a fair estimate of the number

capable of successful breeding.
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2. The duration of the larval period (days)
3. The duration of the pupal period (days)
4. The fresh weight of the pupa (mg.)

5. The fresh weight of the emerging adult (mg.)
The results of the temperature trials are given in Table 14,

RESULTS

The results shown in Table 14 were initially tested for the
significance of differences between the two sexes for the parameters
measured. This was done using t-tests (SPSS Package) and a summary
of the results is given in Table 15. All tests for sex differences
failed to show significant results with the exception of those for
the duration of the pupal stage and also the total developmental time
from egg to adult emergence at 17.5°C. These latter results again
show that the males take longer to emerge from the pupae indicating
the possibility of a tendency towards protogyny in A.gamma. Although
the data are kept separate throughout this section it is assumed that
comments on temperature effects apply to both sexes equally unless
otherwise stated. The effect of temperature on both larval and pupal
period duration is shown graphically in Figures 5 and 6 and the effect

on size is shown in Figures 7 and 8.
DISCUSSION

DEVELOPMENT TIME

Increasing the ambient temperature at which larvae are reared

has a dramatic effect on the rate of development. At a temperature of



TABLE 14: The effect of different rearing temperatures on larval growth and adult size of A.gamma
Rearing % Emerging Larval Stage Pupal Stage Total time = Pupal Adult
Temperature | Sex N as adults Duration Duration Egg to adult Weight Weight
M 7 56.1 £ 3,0 31.8 ¢+ 2.5 88.0 # 2.8 286.0£14,8 | 148.61 7.1
12,5% 40.0 :
F 9 ' 56.9 + 3.4 32.4 2 2.1 89.3 £ 2.6 279.6216.4 | 147.8 £7.5
M 10 41.2 = 4.8 26.7 ¢ 1.3 65.9 = 2.9 348.9£18,7 | 168.1+8.3
15.0°C 60.0
F. 14 41,0 x 3.8 26.5 = 1.5 67.5 x 3.7 355.7212.2 | 172.6 28.2
o M 14 30,1 x 1.8 17.1 + 1,0 47.4 2 2.0 371,0234,7 | 189,5432.0
17.5°¢C 92.5
F 23 29.4 £ 1.4 16.1 + 1.2 45.6 + 1,6 363.8x34.,2 | 195,7432,7
o M 15 19.4 x 0.6 14.5 ¢ 0.7 33.9 £ 1.1 363,4233,5 | 167.6:26.7
20,0°C’ 71.5
F 16 19.0 % 0.9 14.3 % 0.8 33.3 = 1.0 366.3224,2 | 169,0£25.3
o M 19 14,1 1 0.6 10.7 z 1.0 27.7 z 0.8 329,3225.,2 | 132.4220.9
23.0°¢C ’ 72.5
: F 10 13.9 x 0.6 11.0 + 0.7 24,9 z 0,6 337.0£22.9 | 120.4%15.0
'0 M 7 14.0 = 0.8 8.7 + 0.8 22.7 + 1.0 193,6114.5 | 101,0214,1
25,0°C 32,5
F 6 14.2 x 0.8 9.0 ¢ 0.6 23.0 = 0.6 198.0%£17.0 93.5215.4

9¢



TABLE 15: Student's t test results for significant differences between sexes of response of

A.gamma to different rearing temperatures

Rearing Larval Stage Pupal Stage Total time - Pupal Adult
Temperature Duration Duration Egg to Adult Weight Weight
t P t P t P t P t P
: 12.5°C 0.46 0,65 0.51 0.62 0.99 0.34 0.80 0.44]1 0.22 0.83
15.0°% 0.11 0.91 0.34 0,74 1.14 0.27 1.09 0.29| 1.30 0.21
17.5°C 1.51 0.14 2.72 <0.01 3.02 20.01 0.45 0.66| 0.53 0.60
20.0°% 1.43 0.16 0.56 0.58 1.44 0.16 0.28 0.78} 0.15 0,88
23.0°C 0.65 0.52 0.89 0.38 0.57 0.58 0.80 0.431 1.61 0.12
25.0°¢ 0.38 0.71 0.73 0.48 0.62 0.55 0.50 0.63f 0.92 0.38

LS



FICURE 5 : The effect of rearing temperature on the duration of the larval

and pupal stages of A.ramma,
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FIGURE 6 : The effect ofltemperature on developmental period of larval

and pupal stages of Autographa pgamma.
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FIGURE‘-} : The effect of larval rearing temperature on size of

Autogravha gamma pupae.
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FIGURE 8: The effect of larval rearing temperature on size of

Autogranha gamma adults,
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12.5% development from egg to adult emergence requires almost 90
days whilst at 25°C the time required is only 23 days. Converting
the times for development into rates is easily achieved by taking
the reciprocal and a plot of the rate against temperature gives a
straight line graph (Figure 9). The slope of this graph shows that
the QIOS for growth rates of a similar range may be found in the

literature; for example, is reported as approximately 2.77 for

o
Diaphania nitidalis, the pickleworm, (Elsey 1980) and 2.68 for

Agrotis ipsilon (Archer et al. 1980). QlO values in the region of

2-3 are expected for processes which are under the control of enzymes
and contractile proteins (Heinrich 1977) and simply reflect the
increasing speed of cellular metabolism at higher temperatures. The
speed of development thus continues to increase as temperatures
increase until either enzyme inactivation or denaturation occurs

or other physiological processes, such as water conservation or
osmoregulation become disrupted. This is indicated by the increased
mortality occurring at 25°C and the failure to obtain perfect adults
above this temperature. The graph of developmental rate versus time
may also be used to calculate the developmental zero, or threshold
temperature, at which no growth occurs. For A.gamma this appears to
be 9.3°C; a relatively high value compared with the mean monthly
temperatures for Britain and other N,European countries. Once the
developmental zero is knmown it is possible to calculate the number of
degree-days required to complete development. The values calculated
using the formula: Thermal units (degree-days) = (T-th) x Dt (where

T = constant temperature, th = threshold temperature, and Dt =
Development time in days) for each of the experimental temperatures
except 25°C, where deleterious effects seem to interfere with

development, are given in Table 16.
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FIGURE 9: Reciprocal plot of development time of A.gamma against temperature.
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From Table 16 it may be seen that an average value of 364.3 +
17.04 degree-days for females and 373.5 + 13.33 degree-days for males
is required to complete development. Using an average time of four
days from egg-laying until hatching at 20°C a further 44 thermal units
should be added to these values giving a figure in the region of
410 units for the total developmental period. 1In conjunction with
the mean temperatures for a particular geographical region and trap
data showing the time of adult flight activity it may be possible to
assess whether the moths trapped belong to a local resident population

or have recently arrived in the area.

This method may be feasible for monophagous species, which
have few other influences on their developmental rates other than
temperature, but may not be of much predictive value for highly
polyphagous species, such as A.gamma, where foodplant differences
may alter the developmental rate by up to 307%, even under the same

temperature conditions.

THE EFFECT OF TEMPERATURE ON SIZE

Whilst the effect of temperature on developmental rates is
fairly simple, in the sense that the relationship is essentially
linear, the size response of A.gamma to different temperature regimes
is more complicated. There is an apparently "optimal" temperature
for size at about 17.5°C, with a rapid decline in size at
temperatures above and below this value. Although this is the usual
pattern obtained in studies of the effect of temperature on insect
growth (Sokoloff 1974, Wigglesworth 1972) it is astonishing how few
studies present data on these effects, or comment on the significance

of the curves. When the reproductive success of many insect species



TABLE 16: Degree day accumulation at different temperatures for

A,gamma
Rearing Total 1
Temperature Developmental /T Degree days
Period (T)

M 88.0 0.0113 283,36
12.5

F 89.3 0.0112 273.64

M 65.9 - 0.0152 376.95
15.0

F 67.5 0.0148 386.10

M 47,43 0.0211 389.87
17.5

F 45,6 0.0219 374.91

M 33.9 0.0295 363.09
20.0

F 33.3 0.0300 357.08

M 27.74 0.0360 380.59
23.0

F 24,9 0.0402 341,63

M 22,7 0.0440 357.0
25'0

F 23.0 0.0435 361.56

- M 373.5 £ 13,33

X

F _ 364,3 £ 17,04
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is, to a large extent, determined by their size (number of eggs in
females, competitive advantage in males) these effects may deserve

more attention than they have previously received.

Inspection of the standard deviations of the graphs in Figures
7 and 8 reveals that within the range of temperatures 15°-20°C the
maximum size is still attainable, but the further the temperature
is from 17.5°C then the smaller the chance of actually achieving this,
Beyond these temperatures there is a rapid decline in mean size of
adult which presumably reflects the disruption of normal growth
processes at these higher or lower temperatures. This disruption
is brought about by imbalance between rates of food intake and rates
of water and energy loss. The precise mechanism of this imbalance
is not easily explained without recourse to details of the moulting
processes of larval growth and will therefore be explained after

presentation of the experimental results of other growth experiments.

THE EFFECT OF LARVAL DENSITY ON DEVELOPMENT

METHODS _

Although many experimental studies of the effect of larval
density on their subsequent development have been performed (Iwao
1967) no standard set of densities has ever been adopted making

comparative interpretations almost impossible.

In the light of the large temperature and foodplant effects
found in the previous sections all density trials were carried out at
a temperature of 17.5°% using only Lamium album as a foodplant, Three
separate replicates of the density trials were run in order to increase
the sample size. During the summer of 1980 two parallel replicates

were run using different stock lines (SY80A and SY80C, both the
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offspring of wild females). Trials were set up using larvae which
all hatched on the same day and consisted of twenty larvae in solitary
rearing boxes and a further sixty larvae in three separate batches
of twenty to a standard rearing box. Particular care was taken to
ensure that at no time did the crowded larvae run short of food,
especially in the fifth instar when food consumption is high and
it was necessary to reélenish stocks twice daily. In the crowded
boxes larvae were removed as they pupated, weighed and sexed, and
then placed into separate boxes until they emerged as adults. It
was therefore not possible in these trials to test the possibility
of any density effect operating on the pupae themselves, although
this might be considered unlikely. Any differences in pupal duration,
etc. observed in these trials must therefore be the result of
effects perceived by the larvae prior to pupation. A third generation
of stock A.gamma was used for another trial in the late autumn of
1981 (Stock line SY81Al), In this triai only two boxes of crowded
larvae were reared along with twenty solitary larvae. For each trial
the following parameters were recorded:-

1. Time from hatching to pupation (days)

2. Time from pupation to adult emergence (days)

3. Total time from egg hatching until adult emergence (days)

4. Fresh weight of the pupa (mgs)

5. Fresh weight of the emerging adult (mgs).
The results from these trials are given in Table 17 and were
initially subjected to a three-way ANOVA, the results of which are

given in Table 18p

RESULTS

Larval duration: The F values from the ANOVA show there is a significant

effect of density on the time taken from egg hatching to pupation



TABLE 17: The effect of larval rearing density on the development time and adult size of A.gamma
DENSITY GEN SEX N LARVAL PERIOD PUPAL PERIOD TOTAL TIME - ADULT WEIGHT
Egg to Adult

1 M 29.9 x 1.60 16.6 + 0.74  47.1 £ 2.6 172,5 £ 23.9

11 M 29.7 2 0.52 17.8 2 0.83 47,5 = 1,1 223.4 £ 11,6

111 M 29.2 % 0.41 17,7 &+ 1.00 46,8 x 1.3 198.3 + 16.7
SOLITARY

1 11 29.0 1.60 15.0 £ 0.77 44,0 2.0 182.1 2 26.7

11 12 29.7 1.20 16,9 £ 0.79 46.6 % 0.9 209.3 2 33.6

I11 3 29.7 % 0.58 17.7 £ 1.53 47.3 2.0 193.9 z 20.6

1 M 18 27.9 = 2,0 16,1 = 0.90 44,0 x 2.6 154.6 + 35.8

11 M 22 27.6 0.73 17.9 % 0.53 45.5 = 0.7 219.7 + 37.4

: 111 M 7 28.6 + 1,0 18.1 £ 1.07 46,7 %= 1.6 185.7 = 12,8
CROWDED

I F 13 27.4 ¢+ 1.80 15.5 % 1.05 42.8 2 2.4 172.0 2 24.4

11 16 27.8 £ 0.9 17.4 % 0.81 45.1 £ 1.3 198.0 * 42.6

111 F 6 28.5 &£ 0.8 16.8 % 0.41 45.3 % 1,0 162.9 £ 20.7
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TABLE 18: Analysis of Variance for combined Density Trials: the significance of variation due to sex,

generation and rearing density in A.gamma

Source of Variation

Larval Period

Pupal Period

Total time =
Egg to Adult

Adult weight

F P F P F P F P
. Generations | 0.636 NS 68.66 < 0.001 17.46 <0.001 25.25 <«£0.001
Main . .
Effects Sex 0.848 NS 31,63 <0.001 11.18° ¢0.001 1,05 NS
Density 46,900 <0,001 0.359 NS 26.45 0,001 4,58 0.034
Gen Sex| 1.946 NS 0.38 NS 1.98 NS 3.82 0,025
Two-way Gen Den| 1.738 NS 0.38 NS 1.07 NS 0.23 NS
Interactions * ° - :
. Sex Den|] 0.440 NS 1.07 NS 1.10 NS 0.04 NS
Three-way
Interactions Gen Sex Den} 0.549 NS 3.26 0.04 2,09 NS 0.34 NS

69
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(F = 46.9, p {0.01) with no significant differences between generations
or sexes as main effects and»no significant interactions. The
difference is due to the more rapid development of the crowded larvae,
which on average pupated about one day sooner than solitary larvae,
This result is similar to that obtained by Long (1953),who observed

a 10-20% reduction in larval duration for A.gammaxthose reported

for Leucania seperata (Iwao 1967) Spodoptera exempta (Brown 1962) and

for Prodenia litura (Hodjat 1970),amongst others. This is by no

means a general trend however and several reports showing no change
or even a retardation of larval development exist, even in species

closely related to the above eg. Plusia. nigrisina, (Ichinose and

Shibuya 1959) and Leucania loreyi (Iwao 1967). It appears that the

explanation to these results lies in a subtle balance between negative
effects of crowding, such as competition for food and contamination

of the enviromnment, and positive effects of grouping, such as mutual
stimulation to greater feeding activity. These effects will be
discussed in more detail after presentation of results for the

other parameters.

Pupal duration: The ANOVA reveals significant main effects of both

generations and sex for the time from pupation until adult emergence
but not for density itself. The variation between the sexes is again
due to the female moths emerging before the males, on average about
one day earlier in both the crowded and the solitary cultures. The
differences found between the generations is not so easy to explain,
although similar results are to be found in other studies of this
species (Zaher and Long 1959). 1In the latter case the variation

was almost certainly due to changes in the ambient temperature which
was not carefully controlled. Since my trials were conducted in the

same growth cabinets, albeit at different times, it is unlikely that
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temperatures varied much, but this, in conjunction with possible
genetic variation between strains and foodplant quality changes may
be sufficient to account for the range of results, There appears
to be no general trend for the effect of larval density on pupal
duration. Iwoa (1967) reviews three species which show no effect,
two where the rate of development is faster and three which are
retarded, including A.gamma (Zaher and Long 1959). A similar
compensatory lengthening of the pupal period when crowded was found

in Prodenia litura (Hodjat 1970). This may be due to a negative

correlation between pupal weight and the speed at which metamorphosis
proceeds. Significant negative correlations between pupal duration
and weight of the larva, pupa and adult were found in thé large data
set of the food plant t;ials where the range of sizes produced was
greater but were not apparent in the demsity trials. It is perhaps

_ not unreasonable to speculate that the rate of metamorphosis might
be limited by nutrient supply in a smaller pupa. A further possible
explanation for the variation between generations is indicated by

the significant interaction component in the ANOVA which might be

due to the changing sex ratio in each cell of the data.

Total development time: Total development time shows significant

main effects for generations, sex and density reflecting the influence
of the sources of variation discussed above. The generation effect

is mostly due to the variation in pupal duration whilst the sex
variation is a reflection of the faster female development. The
density effect is due to the shortened larval period (supplemented

by the non-significant trend in the same direction shown by the

pupae) of crowded cultures.
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Adult weight: The analysis of variance reveals a significant effect
(F = 4,58, p = 0.034) of larval rearing density on the size of the
subsequent adults, with the crowded larvae smaller in all three
generations. Besides this consistent trend there was also
considerable variation between generations for size (F = 25.25, p<0.001).
Again this appears to be due to a number of compounded experimental
errors including slight temperature differences, changes in foodplant
quality, and differences in food provision. Similar differences
between generations were also found by Long and Zaher (1958) and
although this variation does not obscure the density effect it does
. provide a reminder that the effects observed under controlled conditions
may be weak compared with the range of variation produced by
fluctuations in other environmental influences in natural conditions.
Regardless of how small the density effect might be it still requires
a biological explanation. Some factor in the environment of a crowded
larva produces a change such that pupation occurs at a size which
produces a smaller adult than is produced under solitary conditions.
This could be the result of one of the following effects:-

1. The larva senses the crowding and “decides" to pupate
earlier than it normally would in order to escape competition or
to prepare for migration. Such ideas have been proposed in the past
by workers (see Johnson 1969, p.218-224) searching for migratory
adaptations, particularly in response to local crowding.

2. The smaller size of the crowded larvae is due to a
starvation effect, either real in the sense of decreased food
availability, or apparent through an increased amount of interference
to food intake or increased energy expenditure to obtain the
same amount of food. (A poorly designed density experiment would
demonstrate the first real starvation whilst a well designed one

would demonstrate the latter effects).
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Whichever mechanism is operating in A.gamma (or any other species)
it might reasonably be asked why a larva encountering these conditions
does not continue to feed until it finally reaches the desired size
but after a longer time. There is gbundant evidence that insects can
adapt to nutrient poor situations with prolonged slow growth both

within the Lepidoptera (cf the clothes moth, Tineola bisselliella Hum.

will pupate after 4 moults in 27 days on a rich diet but will take
40 moults and 900 days on a poor one (Wigglesworth 1972), and in
other insect orders (cf mayfly nymphs and periodical cicadas).
Although this type of adaptation may be available as an evolutionary
choice it is not one open to the larvae of leaf-feeding lepidopterous
species on an ontogenetic level, Individual larvae are constrained
as to the number of moults which they can undergo prior to pupation
and the times when these moults occur. Changes in final adult size
may be the result of changes to these constraints produced by the
larvae themselves or the result of changes produced by external
forces. Although the first of these choices is a possibility it is
my contention that the latter is most likely for the following reasons:-
1. All the experiments designed .to measure ways by which larvae
might detect density effects have failed except those which allow
direct physical contact (Long 1955). This absence of a proximate
control for an adaptation is rare in ecology.
2. Food deprivation studies demonstrate that despite an increased
assimilation rate on reintroduction of food the normal adult weight

cannot be achieved (e.g. in the Cherry Scallop moth, Calocalpe undulata,

Schroeder 1976). This indicates that the larvae are attempting to
but are prevented from compensating for past losses.
3. Similar size reductions to those observed in density trials

are produced by temperature and foodplant changes and possibly by

other factors.
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It appears that all adult size differences observed in this study
might be due to subtle changes in energy bélanceﬁ similar to those
referred to by Iwao (1967) with respect to social aggregation but
where the effect is mediated and made irreversible by the dictates
of insect moulting processes. Temperature effects, foodplant
differences and crowding might well be termed surrogate starvation
effects which interfere with the normal moulting processes in the
same way as true food deprivation. With this possibility in mind I
decided to investigate the ways in which each of these factors

might interact with the moulting process.

THE RELATIONSHIP BETWEEN GROWTH, SIZE AND MOULTING IN INSECTS:

The post-embryonic life of an insect is divided into successive
developmental stages, or instars, by a series of moults (ecdyses) which
provide the insect with a new, larger cuticle within which growth
can continue, In holometabolousinsects like the Lepidoptera, the
juvenile stages, concerned primarily with feeding, are separated
from the adult stage by a pupal stage within which drastic morphological
changes occur. During the larval stages growth is limited within
each instar by the finite extensibility of the cuticle and it is
generally accepted that each moult is initiated by the detection of
stretch on the cuticle (Wigglesworth 1972). Stimulation of these
stretch receptors results in a complicated sequence of hormonally

controlled changes culminating in ecdysis.

Since the sclerotised parts of the insect cuticle do nof change
in size during an instar (only unsclerotised parts can stretch)
it is possible to characterise.an instar by measuring the dimensions
of these sclerotised parts. Dyar (1890) deduced, from his studies

of the head capsule width (HCW) of 28 lepidopteran species, that the
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size of the head capsule increased in size with each moult in a

regular geometric progression, each HCW being 1.4 times larger than the
preceding one. The ratio between the two HCWs is termed the Moult
Ratio (MR). Similar Moult Ratios have been found for linear
measurements of many different cuticular structures in many different
insect orders (Tessier 1936). In the past 50 years numerous papers
have, however, documented deviations from and exceptions to this constant
Moult Ratio (see Cole (1980) for a review). Deviations from Dyar's

Law have been reported for species from most insect orders, between
individuals in the same species, between different moults in the same
individual and even between different structural parts in the same
moult. One might therefore be justified in querying the significance
of the Moult Ratio at all were it not for the fact that there are

a number of interesting correlations associated with these progressions,
which indicate that the Moult Ratio characteristics, even the amount

of variance itself, are shaped by natural selection. Enders (1976)
observed that those species which have large Moult Ratios tend to

be relatively immobile as larvae (notably larval Diptera and Hymenoptera)
whilst highly mobile predaceous Coleoptera larvae and Hemiptera

nymphs have smaller Moult Ratios. Enders speculates that the latter
are prevented from evolving higher Moult Ratios by the need to maintain
an adequate power/weight ratio. This association between Moult Ratio
and motility appears to exist within the Lepidoptera also., In a
similar manner there is an association between speed of development

and a reduced number of moults regardless of the final size of the

adult insect and also an association between the variance on ghe

number of moults and environmental unpredictability  (Duthie, in

prep).
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This final section on the larval stages of the life cycle of
A.gamma therefore concentrates on elucidating the exact nature of

the control of moult initiation at an ecological (not biochemical)

level.

THE RELATIONSHIP BETWEEN HCW AND WEIGHT WITHIN ANY INSTAR:

A preliminary analysis of data gathered in other parts of this
study reveals‘that there is a strong correlation between the HCW
of a larva and the maximum size that it attains prior to moulting.
Figure 10 shows a log-log plot of the relationship, in which the
correlation is highly significant (r = 0,999, p ¢0.001). This
result was obtained from the mean values of many larvae at each
instar. Inspection of the individual values within each instar
reveals that not all the larvae achieve the maximum size prior to
moulting. It is therefore apparent that it is not the maximum
weight attainable in each instar which triggers the actual moulting
process and this trigger must be operated at some other weight (or
rather some other degree of stretch). This lower threshold weight
was determined for different larval instars in A.gamma in the

following experiments.

THE CRITICAL WEIGHT FOR INITIATION OF MOULTING IN A.gamma

METHOD

The first requirement for this series of experiments was the
production of larvae all in the same instar but covering a wide
range of weights. This was achieved by taking stock larvae as they
moulted into a particular instar and transferring them to individual
rearing boxes in which the amount of food supplied could be closely

controlled. By manipulation of the amount of food supplied and



FIGURE 10: The relationship between Larval Head Capsule Width and the maximum weight
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monitoring of the weight of each larva each day a range of larval
weights varying from normal to almost starved was obtained by day
three into the new instar. All the larvae were then deprived of
further food and weighed daily until they either moulted or, if
moulting had not occurred by the sixth day of starvation, they were
returned to a normal diet. Those larva which successfully completed
moults were also returned to a normal diet after the size of the

new head capsule had been measured. These starvation experiments
were completed for moult 3I-4I, 4I-51 and the final pupal moult, and
the results are given in Tables 19-21 and Figures 11-13, These data
show that it was not necessarily the lightest larvae which failed to
moult within each instar group. This means that it cannot be weight
alon§ which serves as the trigger for the initiation of moulting. As
the moult is triggered by stretch, at least in the bloodsucking
hemipteran, Rhodnius (Wigglesworth 1934) and another hemipteran

Oncopeltus fasciatus (Blakley and Goodner 1978, Nijhout 1979) it

may be necessary to allow for the slight size difference revealed by
HCW variation.within instar groups. This can be déne by calculating
a weight/size ratio of the weighﬁ of the larva (in mgs) divided by
the HCW (%b mm units). This value will be called the Moult Index
(MI). From Tables 19-21 and also the graphs in Figures 11-13 it

can be seen that moulting cannot occur unless a certain critical
value for the MI is attained, From the graphs it seems that this
eritical value is itself size dependent and tentative lines have been
drawn to indicate the values which seem to be essential to successfﬁl
initiation of moulting. Using these approximate values it is
possible to compare the»minimum MI possible with that achieved by

a larva under optimal conditions. These comparisons are given in

Table 22. From these results it may be seen that a normal third
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TABLE 19: The threshold size for moulting from the 3rd to 4th Instar
of A.gamma

HCW Maximum Moult HCW Moult
3rd Instar Larval Index 4th Instar Ratio
Larvae Weight Larvae
76 12,5 0.164 114 1.50
74 10.7 0,145 110 1.49
76 11,2 0,147 118 1.55
76 7.8 0.103 102 1.34
72 9.4 0.131 110 1.53
78 12,8 0.164 120 1.54
74 10.6 0.143 120 1.62
76 10.8 0,142 108 1.42
72 8.1 0.113 90 1.25
78 10.3 0.132 118 1.51
76 11,6 0.153 124 1.63
72 12.2 0.169 116 1.61
72 7.5 0.104 92 1.28
74 9.8 0,132 110 1.49
72 10,8 0.150 122 1.69
78 14,2 0,182 124 1.59
76 8.9 0.117 100 1.32
76 10.4 0.137 114 1.50
76 7.9 0.104 96 1.26
78 9,2 0.118 102 1.31
76 13.0 0.171 118 1.55
80 11.4 0.142 120 1.50
76 8.2 0.108 )
78 8.2 0.105
78 6.8 0.087
72 7.3 0.101
76 7.1 0.093
% 6.8 O 05a | failed to moult
74 6.2 0,084
76 6.3 0.083
72 5.8 0,080
72 6.3 0.094
76 7.3 0.099
80 8.5 0.106 |

Tables 19-21: HCW in 1/50 mm. units, weights in grams, Moult Index
and Moult Ratio are explained on pages 78 and 75 respectively,
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FIGURE H : The threshold size for moulting from 3rd to 4th Instar

for larvae of A.ramma,
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TABLE 20: The threshold size for moulting from the 4th to 5th Instar
of A,.gamma
HCW Maximum Moult HCW Moult
4th Instar Larval Index 5¢h Instar Ratio
Larvae Weight Larvae
114 45,2 0.396 176 1.544
122 50.9 0.417 182 1,492
110 34.9 0.317 144 1.309
118 61,1 0.518 194 1.644
126 72,6 0.576 192 1,524
124 81.3 0.655 196 1,581
102 37.4 0.367 162 1,588
110 34,8 0.316 152 1,382
120 59.0 0.492 190 1,583
108 35.9 0.332 148 1,370
90 21.4 0.237 130 1.444
114 52.2 0.458 180 1.579
118 52,9 0.448 182 1,542
124 45,7 0.369 186 1.500
116 63.9 0.551 194 1.672
92 33.2 0.361 130 1,413
110 55.1 0.501 182 1,655
124 45.3 0.365 180 1.452
100 23,2 0.232 134 1,340
114 49.4 0.433 186 1.632
96 24,4 0.254 138 1.438
138 72,2 0.523 200 1.450
114 20.0 0.175 )
110 18.3 0.165
98 10.1 0.103
116 14,5 0.125
128 14,7 0.115 .
126 27.1 0.215 } failed to moult
102 18.1 0.177
102 14.5 0,142
132 24,0 . 0.182
94 12,9 0.137
116 24,1 0.208

s
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FIGURE }2A: The threshold size for moulting from the 4th to 5th Insta:
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TABLE 21: The threshold size for pupation of larvae of A,gamma

HCW Maximum Moult
5th Instar Larval Index
Larvae Weight
200 269.8 1,349 )
194 209.0 1.077
192 202.6 1.055
190 260.7 1.372
204 376.1 1.844
200 320.8 1.604
180 320.8 1.723
182 208.1 1,143
194 277.6 1.431
182 239.0 1,313
180 232.0 1,289
186 211.0 1,134
200 259.2 1.296 } success fully pupated
200 225.1 1,126
192 233.4 1.216
198 255.1 - 1,288
196 231.1 1.179
188 205.1 1.091
188 219.8 1.169
196 233.8 1.193
204 307.0 1,505
202 255.8 1.266
208 299.2 1.438
198 263,2 1,329
200 285.8 1,429 |
188 154.5 0.822 )
182 168.9 0.928
194 163.9 0,845
196 204.0 1.041
184 151.2 0.822
204 198.5 0.973 ‘
198 146,7 0.741 ) failed to pupate
192 140.2 0.730
182 159,.8 0,878
200 161.6 0.808
196 195.8 0.999
204 150.8 0.739
194 211.5 1,109
208 252.,1 1,212 |
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FIGURE 131 The threshold size for pupation of larvae of A.pamma.

1.ﬁ.

1 07' X ouireDn.
o Yansn "R Mont

1.6 . .
Moult
Index
1.57 »
F] - »
1.4
[ ]
|
L 3
1.3 - «
R 4

0.8¢ | °

(] -]

185 7 184 188 192 196 = 200 = 204 208
HCW of Sth Inatar larvas



85

TABLE 22: Moult Indices of A.gamma larvae under normal and starved
conditions
Moult Fed Normally Starved -
N X SD N X sD
31-41 23 0.183+0.016 22 0.139+0,023
4T-51 24 0.560 £0.044 22 0.414x0.113
Pupation 25 1,786 20,158 25 1.312+0.199
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instar larva of A.gamma would have a HCW of about 75 units and

attain a maximum weight of 13.75 mg. before moulting giving an MI

of 0.183, whilst the minimum MI which allows moulting is 0.106

and would be obtained from a larva of similar HCW but only weighing about

8 mgs.

The significance of the critical Moult Index ratio to the larval
ecology of insects does not lie just with its function as a trigger.
It is the precise nature of this trigger and, most importantly, the
time delay between triggering and actual ecdysis which brings about
size variation. In order to understand how these changes are
brought about it is necessary to outline the hormonal control of
moulting in some detail. Once the critical MI value is passed a
larva (under normal rearing conditions) continues feeding and attains
the maximum size for that instar and its own particular HCW. The
delay between triggering of moulting and ecdysis is the result of
the requirement for the larva to complete the following processes,
The first change induced in the larva is the cessation of JH secretion
by the corpora allata and the removal of JH already present in the
haemolymph by the action of JH esterases (Nijhout and Williams 1974).
This takes about 24 hours at normal physiological temperatures,
During this period larval behaviour is normal and feeding may
continue. Once the JH level is low enough the larval brain becomes

competent to release prothoracico trophic hormone (PTTH).

This hormone, which stimulates ecdysone release, has a photo-
periodically gated control on its secretion from the brain (Truman
1972). There is only one period in any 24 hour cycle during which

PTTH secretion can occur., A larva which attains the correct level of



JH during this period (Gate I) will release PTTH and ecdysone
activity will begin within the next few hours. If JH is not cleared
from the haemolymph before the closing of the photoperiodic gate
then the larva must wait a further 24 hours until the next gate (Cate 2).
During this additional period the larva would be able to continue
feeding until the maximum size was reached. TFollowing PTTH release
the prothoracic glands secrete ecdysone which in turn controls
apolysis and new cuticle synthesis after which ecdysis can finally
take place. The duration of the events following PITH release

is temperature dependent but takes about 24-36 hours at 20°C for
A.gamma. During the latter half of this period the occipital region
of the new head capsule withdraws from the old head capsule but the
old capsule remains as a "muzzle" over the new, preventing any

further feeding until ecdysis is complete.

From the above account it should be apparent that, not only can
differences in feeding rates during the critical time between moult
initiation and completion affect growth, but also that the length
of this critical period itself can be influenced by external conditions.
The significance of these differences lies in their effect on the
quality of the subsequent moult., Whilst a normally fed larva will
moult and have a head capsule width of around 125 units, a starved
larva with an MI of only 0.106 would only have a HCW of 96 units,
thus limiting the size which the larva can reach in the next instar
before moulting is triggered again. In this way any failure to
maintain a normal growth pattern has an enduring and irreversible
effect on the size of the insect. Variations introduced ddring
larval moults affect even the adult moth, since the changes which

occur during larval growth also set the upper limit to size attainable



88

prior to pupation. The trigger for metamorphosis as opposed to another
larval moult is again size dependent (Blakey and Goodner 1978,

Nihjout 1975) and although the exact hbrmonal control is not yet

fully understood the switch from larval to pupal moult is thought

to be triggered when the JH titre is sufficiently low during a critical
time period, usually midway through the instar (Nijhout and Wheeler
1982), 1f the JH titre is high then another larval - larval moult
takes place but if the larva is large enough to dilute the JH

titre sufficiently then a pupal moult occurs. A sub-optimally

sized larva may have a HCW large enough to allow it to attain a

size which will trigger pupation yet prevent it from achieving the
normal weight prior to gut purging and cocoon spinning, thus resulting
in a smaller adult. Alternatively, an even smaller larva would reach
its maximum weight (limited by the amount of stretch in the cuticle)
whilst still short of the size required to trigger a pupal moult and
is therefore forced to undergo an additional larval moult (Nijhout
1975). Although supernumerary moults have been reported for A.gamma
(Long 1953, Novak 1968, Cayrol 1972) only a few larvae from early
experiments of this study are thought to have undergone supernumerary
moults and by far the commonest result of any mistreatment of the
larvae was the production of small adults, weighing as little as

50% of the normal adult weight.

The results reported in this section are far from telling the
complete story of how moulting is controlled in A.gamma larvae but
they do clearly show how the requirement to moult dramatically
alters the way that different perturbations of growth affect larvae,
Regardless of the cause of a failure to attain the appropriate size

in any instar the net outcome is the same. It therefore seems
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possible to propose that the size differences reported in the

earlier sections of this report and by other workers, not only with
A.gamma but with any other insect larva, are due to similar effects.
Below I outline the ways in which moulting disturbances bring about

size changes in A.gamma for each of the factors investigated earlier.

FOODPLANT:  Each larval foodplant has its own characteristic nutrient
and secondary compound profile. Since lepidopterous larvae do not
digest the cellulose content of théir food, a fibrous plant, such

as Brassica, provides less nutrients per mg tissue in the gut than

a more typical foodplant, eg. Lamium, But if the trigger for
moulting is a particular weight/size ratio as suggested above, then
the moult is triggered at the same point in two larvae feeding on
these two plants, The Lamium feeding larva should have more nutrients
available for new cuticle growth, etc., than the Brassica feeding
larva, which has a greater portion of its weight composed of useless
cellulose,

Alternatively, two foodplants with similar fibre content may
differ in their defence chemicals and thus present the larva with
greatly different energetic costs for detoxification. A noted
Polyphage, such as A.gamma, is almost certain to possess a mixed=-
function oxidase detoxification mechanism (Brattsten 1979). These
enzyme systems are induced by the presence of a broad range of
toxic compounds but their production drains nutrients and energy

from other processes leaving fewer reserves for growth,

It is possible that growth differences between larvae on different
foodplants may be caused less by nutritional differences per se but
more by the way these differences interact with the temporal sequence

of events involved in moulting. As already noted a larva which
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has been temporarily starved is unable to attain a normal adult
weight when provided with unlimited food even though its assimilation
rate may rise to above the normal rate (Schroeder 1979). A larva
which is starved whilst below its critical MI is incapable of
moulting and steadily loses weight until it dies or is fed again. A
larva which is starved when past its critical MI moults regardless
of its subsequent feediﬁg regime and the lower Moult Ratio resulting
from starvation imposes a new upper limit on the size attainable
prior to pupation. A similar result to that obtained by starvation
is observed if a lower food assimilation rate is caused by increased
metabolic cost of detoxification or by increased attivity searching
for a more suitable foodplant. A larva confined to a sub-optimal
foodplant (e.g. Rumex for A.gamma) may be paying the cost for both

of these activities.

DENSITY: Even when provided with suitable foodplant and physical
conditions, rearing larvae in close proximity to one another can
Prevent them from attaining a normal weight. This can now be
explained ih the following way. The repeated contact between larvae
in a crowded culture alters the pattern of activity shown by
individual larvae. Long (1953) found that crowded larvae spent

13 less time resting but only 5% of this was used for feeding
activity; the rest being non-feeding activity. Once the larva

has passed the critical weight it is irreversibly committed to
moulting either at Gate 1 or twenty-four hours later at Gate 2. A
Gate 1 larva will be interrupted from feeding so often that it will
fail to attain its maximum possible weight before the first surge of

PITH release. A Gate 2 larva may have time to reach its maximum
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mass but will also lose more nutrients than a solitary larva through

its increased activity. The above scenarios are statistical likelihoods
which may or may not happen to a particular larva but, since the

effect of sub-optimal MIs is a permanent consequence regardless of

the instar during which it occurs, it is likely that every larva in

a crowded culture is affected to some extent, during at least one

moult sequence and will therefore not attain the typical size

achieved by non-crowded larvae,

TEMPERATURE: The results given in Table 14 show that both higher and
lower than normal temperatures influence the growth of A.gamma,
producing smaller adults. A larva growing at a low temperature will
have a slow assimilation rate. Once the larva passes the critical
size for moult initiation it has only 36-48 hours before the head

capsule slips forwards and prevents further feeding.

If the temperature is sufficiently low during this period the
assimilation rate of the larvae will be so low that the maximum
weight will not-be obtained. At higher than normal temperatures the
metabolic rate of the larvae is much higher and althougﬁ feeding
rates are adequate to ensure that the larvae reach their maximum
size before the opening of the PTTH gate, the increased metabolic
costs and water loss at these temperatures will reduce the effective
mass available for cuticle expansion after the moult. These losses
will be particularly important in the pupal moult where the larva
must first 'wander' to locate a suitable site for pupation, then
spin a cocoon with the pupal moult only occurring about 48 hours

after PTTH release.

It appears that there may be a common physiological explanation
for previously separately considered effects of environmental

Parameters on growth and size in insects, If the above reasoning
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is correct then consideration of the influence of the threshold weight
for moulting to the overall ecology of A.gamma may yield clues to the
nature of its usual habitat and the strategy A.gamma has evolved to

cope with it.

The exisgence of widely varying numbers of moults and differing
Moult Ratios (under good conditions for growth) in different insect
orders implies that these parameters may evolve by natural selection,
at least over long time periods. But if attaining the correct size is
important to the survival and fecundity of insects, which it appears
to be, then it is surprising to find that the achievement of this
size is so easily disfupted in some insects, Is there any
corresponding advantage or limitation which makes size stability less
desirable to some life styles? The simplest way to guarantee the
achievement of the optimal (maximal) size would be to have the critical
MI ratio identical to the optimal, maximum size. In this way moulting
could not occur unless the correct size had been reached. This would
also mean,however, that’ the larva would then have to wait about 48
hours whilst the moulting processes are completed without being able
to feed. This may have two drawbacks. The first is that this period
may be too long for the larva to persist without the water intake
which accompanies food consumption. This will be especially
important at the high temperatures and/or low ZRH conditions that
A.gamma encounters at its southernmost distribution limits, ‘A
second and possibly more important drawback is that a 48 hour delay
with no feeding at each moult may add as much as 75% to the length
of the larval period. An opportunist colonizing species like
A.gamma would be expected to be strongly r-selected (MacArthur and

Wilson 1967) and therefore to have as high an intrinsic capacity of
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natural increase as possible. Cole (1954) demonstrated that an
equivalent effect on r to that achieved by a doubling of the

fecundity might be brought about by a 10% reduction in the

generation time, highlighting the importance of this parameter to
r~selected species. Selection for a critical MI lower than the

maximum MI will shorten the time period during which the larva is unable
to feed and thus considerably shorten the larval period. Another
consequence of a lower Critical MI is that in conditions of intense
food competition or-poor food quality it allows a larva to successfully
pupate albeit at a smaller size. The small adults emerging from these
pupae can then disperse to new, more favourable habitats. A larger
adult might have greater fecundity if it survived the larval stages

but under these extreme conditions hard selection (sensu Wallace

1968) will remove the majority of these individuals from the gene

pool, even if these situations are relatively rare occurrences. In
view of the extremely small size of A.gamma adults which can be
produced by manipulations of the Moult Ratio in the laboratory, and
which are also encountered under field conditions (personal observation,
Bretherton 1978) it seems likely that A.gamma has been subject to

this type of selectivevpressure.

FACTORS AFFECTING REPRODUCTIVE SUCCESS IN THE ADULT STAGE OF THE
LIFE CYCLE OF A. gamma

In the previous section I have been primarily concerned with
attempting to determine those factors which have the greatest effect
on the larval stages of A.gamma, not just with respect to survival,
but also to elucidate the type of phenotypic change produced in
the adult by these factors. Whilst the 'goal" of the larva is simply

to survive and produce an optimally sized adult, the "goal" of the
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adult phenotype is not only to survive but also to achieve the
maximum reproductive success., For male moths this entails obtaining
the maximum number of matings (with the best possible/fittest
females) whilst for females reproductive success is usually equated
with the number of viable eggs laid (although the site of oviposition
should also be taken into consideration especially in highly mobile,
polyphagous species such as A.gamma). Measuring the potential
reproductive success of an organism is not a simple procedure and
insects are no exception. If the germ line tissues of an orgahism
were provisioned separately from the somatic tissues which carry
them then the assessment of reproductive potential would be a simple
matter of measuring the number of gametes or calorific value of the
germ line. This situation is almost attained in some lepidopterous
insect adults where the ovaries are fuliy developed on emergence and
no further calorific input is possible because the mouthparts have
atrophied. If the females are flightless, thus further reducing the
variance on the amount of energy used in movement, then a good
linear relationship between size and the number of eggs laid by a

female might be found (e.g. in Lymantria dispar or Operophtera brumata).

Such a relationship has indeed been found by many workers in laboratory
studies of insect fecundity (Prebble 1941, Richards and Waloff 1954,
Murdie 1969, Taylor, 1975). In very few cases can these measurements
be reliably extrapolated into field situations, however, because in
most insects a dynamic relationship exists between the germ line

the soma (in particular the fat body) and further calorific input by
adult feeding. Any instantaneousmeasure of the reproductive investment
is therefore likely to be misleading. A simple flow chart of the

factors affecting reproductive output is given in Figure 14 and
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although it is unlikely that all these factors are important to
A.gamma, some undoubtedly are. Since selection operates on the variance
in reproductive output between A.gamma adults, those factors producing
the largest variance should be the most important selective forces at
work on this species (whilst those with the smallest variance are
either no longer important selective pressures or mnever were}. In
order to measure the response of A.gamma adults to some of the above
forces one would ideally like to conduct a series of controlled
experiments varying only one factor at a time. Unfortunately the
factors themselves are not completely.separable and therefore a more
complex situation is inevitable. However, for initial simplicity

at least, the experiments conducted are reported separately and then
integrated in a final discussion.

THE RELATIONSHIP BETWEEN LARVAL, PUPAL AND ADULT SIZE, WEIGHT AND
FECUNDITY

In order to assess the influence of the maximum weight achieved
by the larva on the subsequent pupal and adult sizes data from
previously reported trials were utilised. Tables 23 and 24 show that
the percentage weight losses during larval-pupal and pupal-adult
transformation are in the region of 20% and 55X of the weight at
the beginning of each stage, respectively. These values show little
variation with the larval foodplant, with the exception of the larval
to pupal loss of those larvae fed on Plantago, which lost rather more
but as the larvae were slightly heavier before pupation than those
on other foodplants, this made little difference to the weight of the
final adults. The larval - pupal weight losses (expressed as
percentages) for those larvae fed on Rumex were slightly smaller than
with other foodplants. This is probably a reflection of the much

reduced overall mass of these larvae which must pupate with minimal
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TABLE 23: Weight loss during pupation and metamorphosis of A,gamma

Larval
Foodplant Sex Loss during Pupation| lLoss during Metamorphosis
%
Weight Larval| Weight %
Lost (mgs) Weight| Lost (mgs)
M 64,0 18.4 | 149.5 52.8
Taraxacum F 50.7 15.2 | 141.7 50.1
M 63.0 19.1 | 133.9 50.3
Lamium F 67.5 20.0 | 149.1 55.3
M 65.5 18.8 | 151.7 53.5
Stachys F 68.5 17.8 | 153.9 55.5
M 85.9 23.8 | 161.8 58.9
Plantago F 85.1 23.7 | 145.2 52.9
. M 59,6 18.6 | 154.1 59.1
Urtica F 80.3 25.1 | 136.6 57.0
M 47.5 17.3 | 135.5 60.1
Rumex F 49,1 18.4 | 131.5 60.2
M - - - -
Brassica F 59.2 18.5 | 135.6 52.1

TABLE 24: Weight loss during metamorphosis of A. gamma reared at different

temperatures. —
Rearing

Temperature Sex Loss during metamorphosis
‘fﬁ:ihfmgn %
12.5% M 136.4 57.7
* F 131.8 47.1
15.0% M 180,.8 51,8
' F 183,.1 51.5
17.5% M 181.5 - 48,9
' F 168,1 46,2
20.0% M 195.8 53.9
' F 197.3 53.9
23. 0% M 196.9 59.8
* F 216.6 64.3
25.0% M 92.6 47.8
) F 104.5 52.8




fat body deposits.

The lack of variance shown by these results may underestimate
the losses which might be incurred during these changes in the field
since the environmental conditions within the rearing boxes are, on
the whole, favourable to the minimization of losses. Potential
losses during pupation would include energy expended locating a site
suitable for pupation. This cost may be quite considerable in some
species where the site may be some distance from the larval foodplant,

e.g. Pieris brassicae, but is unlikely to be large in plusiid species,
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the majority of which spin cocoons on the larval foodplant. Containment

within the larval rearing boxes is likely to keep this potential cost
at a low level. A second cost which might vary in field situations
is the cost of constructing the cocoon itself. The usual method
employed by plusiid species is to pull several leaves together, a
procedure which uses considerably less silk than the construction

of a complete cocoon. This latter situation was often found in the
rearing boxes where larvae chose the uppermost corners of the boxes
for pupation. Construction of an adequately secure cocoon was
implied to be a major factor influencing not only pupal weight loss,

but even survival in the cabbage moth, Mamestra brassicae (Honek

and Novak 1980), where failure to provide the correct soil substrate
for cocoon construction prevented successful pupation. This study
also concluded that the most important factor influencing the weight
loss during both the prepupal and the pupal stages was the relative
humidity surrounding the pupa. In the rearing boxes utilised in

the present study the atmosphere was almost ﬁertainly at or near
100%RH, thus minimising water loss from the pupae. Water loss is
likely to be a major problem facing pupae during the summer months

especially in the arid Middle East localities which A.gamma inhabits.
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It is likely that saturation of the atmosphere within the rearing

boxes is responsible for the lack of variation seen in the percentage
weight losses of larvae reared at different temperatures. These

results are given in Table 24 and show that the losses vary over a

range of only 46-64%. Although there is a trend towards increasing

loss at higher temperatures this is lost at the highest temperature

(25°C) when the larvae are much smaller at the beginning of metamorphosis,
presumably due to a higher rate of water loss in the previous stages

combined with the lower threshold size for pupation.

Although there is the potential for considerable variation
between the completion of larval feeding and emergence of the adult
moth there is still a highly significant correlation between maximum
larval weight and pupal weight (r = 0.695, p €0.001) and pupal and
adult weight (r = 0.617, p£0.001). One point of interest which
emerges from these correlations (Figure 15, based on the combined
data from the foodplant trials) is that the best predictor of adult
size as measured by the winglength and proboscis length is not adult
weight, as might be expected, but réthet the weight of the pupa
(r = 0.773, p<0.001 and r = 0.683, p£0.001, respectively). As
previously noted, this implies that the size of the adult moth is
determined at an early stage in metamorphosis, possibly by the actual
dimensions of the pupal case, which bear the outline of the wings and
proboscis at metamorphosis, and that increased weight loss subsequent
to this period might be seen as a reduction in those structures
developed at a later stage, i.e. the fat body, through which energy

for the ovaries must be channelled.

It seems that although potential differences in weight loss and
size, and hence fecundity, may appear during development of the pupa

the variance present at this stage of the life-cycle is relatively small
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FIGURE 15: Correlation matrix of developmental parameters of

Autographa gamma (based on total foodplant data).
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when compared with the amounts present during larval growth and also

in the adult stages, as is shown in the following sections.

THE RELATIONSHIP BETWEEN ADULT SIZE, FEEDING AND FECUNDITY

Ideally one would like (and expect) to be able to establish a
strong correlation between the size or weight of an adult moth and
its reproductive success. This would be expected to be true particularly
of the females, whose investment in reproductive tissues is so much
larger than that of males. 1Initial trials to establish a regression
line between the weight of A,gamma females and their reproductive
output soon revealed that it was not possible to obtain realistic
reproductive performance in the absence of adult nutrition. Trials
which comprised matings of females of different weights and counting
the eggs laid were therefore replaced by a more sophisticated series

of trials.

METHOD

Adults emerging from isolated, sexed pupae were allowed to fully
expand and dry their wings and produce meconia, cooled to 4°¢ to
reduce their activity and then weighed. Pairs of moths of
approximately similar weight were placed in standard rearing boxes
provided with suitable foodplants for oviposition (usually Lamium
album). The boxes’were kept under constant conditions of 20°¢,
16L:8D and the moths provided with one of the following feeding
regimes:

1. Provided with neither water nor nectar substitute (10% sucrose).

2. Provided with access to water only (a soaked cotton wool

pad, replaced daily).

3. Provided with a 10% sucrose solution.
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For each pair of moths the following data were recorded:

A. Weight of the male and the female (mg.).

B. Winglength of the male and female (recorded on the dead moth
at the end of the trial)(mm).

C. The longevity of the male and female (days)

D. The length of the preoviposition period (days)

E. The number of eggs laid each day. (The moths were transferred
to new boxes each day once oviposition had begun. The old boxes
were then retained in order to obtain the number of eggs hatching).

F. The ovarian status of the female moth at death. (Moths
were placed in one of the following four categories: 1. Only fat
body present, no ovarian development. 2. Only immature eggs and fat
visible. 3. Some mature eggs present, still some fat, 4, No fat
visible only mature and developing ‘eggs).

G. The number of mature eggs left in the ovaries. Mature
eggs were classified as those on which the sculptured pattern of
the chorion was clearly visible,

H. The number of matings, This was determined by counting the

number of spermatophores in the bursa copulatrix of the dead female,

A summary of the mean values for each parameter is given in
Table 25. These data were analysed using the ANOVA. programme of the
SPSS computer package. The summary output from this analysis is

given in Table 26 (Trial 1).

RESULTS

The results shown in Table 25 and 26 reveal the importance of
adult feeding to reproductive success in A.gamma. In the absence of
a supply of sucrose the number of viable eggs laid is effectively

zero. Those moths kept as adults without access to either water or



TABLE 25:

The effect of adult feeding regime on the longevity and reproductive success of A.gamma

Adult Adult Wingspan Longevity Preovi- Maturity of  Unlaid Eggs Number of Tdctal Eggs
Food N Weight Position Ovaries
Period
10 118.120.9 19.5:0.18 10.4%0.97
I 106.923.0 18.6%0.85 8.6+2,72 3.3+1.1  2.740.7 55.4+52.7 526.1+161.4 90.645.0
Sucrose
11 128.2421.5 12.742.05
I, 121.5£16.5 12.243.74 3.240.9  3.340.7 30.9438.3 2.3641.0 806.1+159.8 90.4+10.4
10 103.618.8 18.9:0.52 4,90.57
I 109.0+18.0 19.10.74 5.9%1.29 4.7¢1.3  2.3%0.8 23.5424.0 .0.0 78.0% 0.0 |
Water
18 119.8$21.3 7.240.86
II 18 F 114.6t16.3 9.241.72 5.3:1.6  2.7¢1.1 22.2+43.0 0.840.6  233.1% O4.4 86.6+
118.8+18.4 19.60.93 3.540.53 |
I 8 5 113.2¢420.2 19.140.79 4.0%0.53 6.0%0.0  1.3%0.7 3.3+ 9.2 0.1%0.4 0.0+ 0.0 0.0+ 0.0
Nothing
~ 8 M  128.8t16.2 4.120.64 |
II ¢ ¢ 118.5¢ 7.9 5.9+0.84 0.0£0.0  1.0%0.0 0.0% 0.0 0.040.0 0.0+ 0.0 0.0+ 0.0

€01



TABLE 26: Analysis of Variance of the effect of feeding regime on

reproductive success of A,gamma

Variable Trial Source of F P
Variation
1 Food 35.5 <0.001
Number of Matings 3.76 0.014
eggs hatching Interaction 0.04 0.844
II Food 32.85 <0.001
Matings 3.40 0.021
Interaction 5.36 0.028
1 Food 12,18 <0,001
Male Matings 8,38 <0.,001
Longevity Interaction 27.95 <0.001
I1 Food 12,39 <0.001
Matings 3.34 0.040
Interaction 8.19 0.003
1 Food 138,10 <0.001
Female Matings 00.81 0.501
L .
ongevity Interaction 65,46 <0.001
II Food 8.48 0.002
Matings 1,13 0.363
Interaction 0.93 0.412
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sucrose failed to lay viable eggs; indeed only one female laid eggs

at all. This female was observed "in copulo" on the morning of the
third day and remained coupled to the male until he died later in the
day. The male was then removed artificially leaving a completely
formed spermatophore partially transferred to the female., This

female subsequently laid 13 infertile eggs before she died. Dissection
of the female later revealed that she was the only moth to show ovary
maturation in this group. All other females in this group were

unmated at death, showed no ovary maturation and had greatly depleted

fat bodies when dissected,.

Those paifs supplied with water only showed improved longevity
and achieved a higher level of ovary maturation than the previous
group. Three females failed to show development, however, and
resembled Group 1 females on dissection. Three females showed signs
of ovarian maturation (Grades 2 and 3) but were unmated and
consequently laid few eggs. Four females had been mated once, containing
a single spermatophore at death. Of these, one sh;wed no signs of
ovary maturation when she died on Day 5, whilst the other three
females all laid small numbers of eggs and contained mature eggs in
their ovaries on dissection. Only one of these females laid fertile

eggs; sixteen larvae hatching from the 21 eggs that she laid.

Those pairs which were supplied with sucrose as a nectar substitute
achieved a far greater reproductive success. Although one femgle
died unmated on Day 3 with immature ovaries, and a. second died
unmated on Day 11 with a large number of fully developed eggs in her
ovaries, seven of the remaining females laid fertile eggs. These
moths produced an average of just over 500 larvae each. The
remaining female of this group contained two spermatophores but laid

only a few eggs which failed to hatch. These‘spermatophores were not
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the usual translucent colour but instead a dark black colour and I
suspect that the male of this pair was not fertile, thus disrupting

the normal oviposition behaviour of the female.

DISCUSSION: Although the importance of adult feeding to fecundity is
immediately apparent from the results of this trial a simple clear
cut explanation for the results is not so obvious. Carbohydrate
intake seems to be essential for normal reproductive performance yet
one female provided with only water laid fertile eggs and most of

the females in this group showed signs of ovary maturation. Another
female deprived of all fluid input also maﬁaged to develop her
ovaries, The simplest explanation of the results would be to accept
that sucrose is required for normal behaviour and that the other
results were accidents or experimental artefacts. An alternative
explanation might be that it is the intake of fluid regardless of

its constitution which is important for triggering ovary maturation,
and that the difference between the sucrose and water trials was

the result of a secondary qualitative difference caused by the
additional calorific input., In addition to a feeding stimulus for
female ovarian maturation the act of mating itself may act as a further
but less effective stimulus. This type of multiple stimulés trigger
for reproductive development has been found in other moth species
(Benz 1970). 1In an attempt to determine which of the above alternatives
was correct a further series of mating trials was conducted during
the following summer. The first of these trials was essentially a
repeat of the original format with a slightly larger number of
replicates. A second experiment‘was designed to clarify further the

qualitative role of sucrose consumption.

The results of the repeat trial (Trial II) are also summarized
in Tables 25 and 26. Tﬁe overall trends are the same as the first

trial but a number of interesting differences also emerged.
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Those moths deprived of both water and sucrose again had zero
reproductive success but the results from moths provided with only
water were considerably different from those in the previous trial
producing an average of 233 larvae. The sucrose fed adults again
differed from the previous trial producing an average of 806 larvae
per female, an increase of around 300 larvae. The results of the
second trial therefore differ qualitatively from those of the first
but show the same trend. The significance of this difference was
assessed using an analysis of variance which showed a highly significant
variation between trials (see Table 27). The greatly increased
reproductive success of the water fed pairs in the second trial implies
that it is the mechanical stimulus of feeding which serves as the most
important trigger to reproductive development of the females, and
that the calorific content of the sucrose trials is important in only
a qualitative sense. The large difference between the two trials still
requires an explanation, however., This may lie in the different
conditions under which the two trials were conducted. The first
trial was carried out during an extremely warm period in July in a
room where the ambient temperature was about 25°%¢ by day and only
slightly lower by night. The second trial was completed.inAugust the
following year in the same room but whilst temperatures were
considerably lower, about 18% by day and around 16°c by night,

Those moths in the second trial were thus not subjected to the same
amount of metabolic stress as those in the first trial. The higher
temperature appears to have a twofold cost of increasing the rate of
water loss and also the metabolic rate, thus increasing the amount of
energy stored in the fat body which has to be used for maintenance.
This leaves less energy available to the developing ovaries., The

magnitude of the maintenance cost felt by the moths in these trials



TABLE 27: Analysis of Variance of the effect of feeding regime

on adult A,gamma in both Trials

; Variable

Source of F ]

Variation

Trial 10,25 0.002
Number of Food 25.40 <0.001
Eggs hatching Matings 5.14 <0,001

Trial 27.12 <0.001
Male Food 101.75 <0.001
Longevity Matings 3.64 0.010

Trial 19.88 <0,001
Female Food 9.89 <0.001
Longevity Matings 2,01 0.105
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may have been amplified compared with a real situation since the
rearing boxes severely limit the moths ability to exercise any
behavioural control over their temperature or water balance. If the
conditions were sufficiently unfavourable to cause an emigration
response then the moths would use a much greater amount of energy
trying to leave the boxes. It was noticed during the trials that those
moths which were deprived of fluid showed much higher levels of
activity, especially by day, than the moths from boxes supplied with

sucrose,

Further evidence for the quantitative rather than qualitative
role of the carbohydrate component of the adult diet is provided by
the second series of experiments which were conducted using an identical
format to the sucrose replicates of the previous trials but the amount
of sucrose supplied was varied between 2% and 107% strength. Six pairs
of moths were provided with 2,4,5,8 and 10% sucrose solutions and the
same measurements as before made. The results from this experiment

are presented in Table 28 and Figures 16-18.

The results of these trials further demonstrate the critical
role of adult feeding to reproductive success in A.gamma, Those
pairs confined to weak solutions achieved a reproductive output not
much larger than that of the water fed trials reported above (running
at the same time, in the same room). Thosé adults fed higher
concentrations of sucrose produced greater numbers of eggs, although
there was considerable variation within groups (Figure 16), Similar
large increases in fecundity with increasing sucrose concentrations

have been reported for Autographaprecationis (Khalsa et al. 1979) and




TABLE 28: The effect of sucrose solutions of different strengths on reproductive success of A.gamma
Sucrose Adult Adult Preovi~ Maturity No, of Number of Number of 4 Eggs
Solution Sex Weight Longevity position of Ovaries unlaid Matings Eggs hatching Hatching
. Eggs -
142,3+32,4 9.3%2.0
2% F 99.5%¥26.3 9.8%2.3 4,17+0.4 3.0:0.6 29.2+22.5 1.33:0.8 227.5+241.3 84.9+13.,7
M {127.4%22,9 9.,3%2,2 .
4z F |107.8%8,22 10,.7%2.8 . 4.00%0.6 3.340.8 16.7+23.6 - 2.0020.6 373.3+229.5 88.5+ 8,2
M. j111.4%24.5 10.8%1,7
6% F |111.8%17.5 10.8%1.9 3.80%0.8 3.3%0.5 30.8+58.9 2,0+1,27 709.2+313,2 94,2+ 4.3
M 1147.3%#43.4 11.0%1.6
82 F . [103.0%19,9  10,8%3.8 3.1720.4 2.7%1.4 23.3t16.0  1.7%0.82 414.2%289.0 80,5%35.3
M {143,6%20.9 10.5%1.6
102 F |108,521.1 12.2t1.9 3.00:0.0  3.2t0.4 15.8+14.6  2.840.75 786.3%314.0 92.4% 5.4

011
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FICURE J6:The effect of varying sucrose concention on adult longevity
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FIGURE |#: The effect of sucrose solutions of varying strength on

fecundity of Autographa gamma females.
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Trichoplusia ni (Shorey et al. 1963). The latter authors also noted

that there was no significant difference between sucrose concentrations
above 6% possibly reflecting the ability of the moths to adjust

consumption to suit calorific requirements.

In addition to an overall increase in numbers of eggs produced,
A.gamma females fed higher concentrations of sucrose attain their
peak of reproductive output more quickly than those feeding on more
dilute solutions. Although this is not réadily apparent from the
small decreases in preoviposition period with increasing sucrose
concentration (Figure 17) it is clearly shown by the complete
egglaying profiles plotted in Figure 18. These reductions in generation
time and the risk of egg shortfall through adult mortality constitute
further selective advantages for the location of nectar rich regions

by A.gamma adults.

The preceeding experiments have demonstrated a strong effect of
adult nutrition on reproductive maturation in A.gamma. This does mnot
in itself preclude the operation of other environmental factors as
controlling influences on reproduction. An environmentally controlled
reproductive arrest might still allow a resident species to survive

unfavourable conditions (cf.Aglais urticae and .Inachis i0 in England)

or, alternatively, allow time for an emigratory response (Danaus
Elexiggus in the United States). A general slowing down of reproductive
maturation on the other hand, might allow a population to survive

less favourable conditions with no true diapause strategy, as appears

to be the case in some moth species, such as the Angle Shades moth,

Phlogophora meticulosa. Which of these strategies is Currently

being shown by A.gamma? In order to answer this question it is

necessary to consider evidence on the following three points:-
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(i) What is the influence of environmental factors, particularly
those prevalent in autumn in N. Europe, on the reproductive biology

of A.gamma?

(ii) What is the evidence for overwintering of A.gamma at these

latitudes?

(iii) What is the evidence for an emigratory response of A.gamma

to a decline in habitat suitability?

THE REPRODUCTIVE CONDITION OF SILVER Y FEMALES IN THE AUTUMN

The fact that the majority of the females captured in late
summer and autumn are reproductively immature haQ been cited as
g&idence for the need for a (return) migration to conditions compatible
with reproduction (Williams 1958). This idea was given respectability
by the emergence of a common theory of migration and dispersal in
insects associated with the reproductively immature stages of the
adult life cycle (Johnson 1969). This 'oogenesis-flight syndrome'
was incorporated into ecological theory by Dingle (1970), who
demonstrated that the optimal time for migration was when reproductive
Potential (expected contribution of an individual to population growth).
was greatest and that this time of maximum potential was the pre-
t?Productive adult., Example of dispersal movements associated with
this stage in the life cycle may be found for many species from most
insect orders (Johnson 1969, pp 175-194). Records of predomimantly
immature females of A.gamma in late summer are given for Britain by
Fisher (1938), for Sweden by Sylven (1947), for Denmark by Larsen
(1949), for Germany by Koch (1966) and for France by Cayrol (1972).
This trend towards increasingly less well developed ovaries in A.gamma
females is also apparent in dissections of trapped (both m.v light and

Malaise trap) individuals made by myself in 1982, These dissections
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show that, whereas in early summer both mature and immature individuals
are to be found in trap samples, as the summer progresses the females
are almost all immature, although some exceptions may be found. This
infrequent occurrence of mature females amongst predominently immature
moths was also noted by Sylven (1946) for A.gamma females in Sweden
and Denmark. It is known that the ovaries of A.garma females are
immature when the adult moth emerges from the pupa. Females killed
immediately after emergence invariably have no visible ovarian
development and the abdomen contains mostly fat deposits. Females
dissected at later stages of their life may be found to have developed
their ovaries at a rate which is determined by the ambient temperatures
(see below). The degree of development may be conveniently divided

into a number of stages for classification, as outlined previously

on page 102 .

If the immature state of the ovaries of A.gamma females is to
be used as evidence of a reproductive arrest to allow time for a
migratory movement then it should be possible to demonstrate the
existence of a trigger initiating atrést, and another‘which terminates
the arrest and allows normal reproductivé activity, The most reliable
cue to use as an indicaﬁor of seésonai changes and tﬁe one found in
most highly developed migratibn aﬁd diapausebstrateéies (Barker and
Herman 1976, Herman 1981,4Danislevski 1965) is:the seasonal change in
photoperiod length experienced>at témperateklatitﬁdés. ’Alterﬁative
less reliable cues known to be used by some insects include temﬁeratute
(Denlinger 1974), foodplant quality (de Wilde and Ferket 1968,
Beck 1968) or even performéncé of the dispersal éct itself (Keqhedy
1975). The pattern of reproductive immaturity in A.gamma observed
by the above authors may not be due to any speci£ic migiatory

adaptation, however. Another explanation might be that only newly
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emerged and therefore immature females are attracted to the traps in
the autumn and that mature females are present in the population but
not caught. Alternatively, the immature state of the ovaries may

be caused by the environment rather than the environment being used
as a trigger by the insect., Even if the rate of ovary development
is just slowed then the probability of capturing matu;e females is
lowered, assuming that adult mortality risks are equal for both -
newly emerged and older females. In order to establish the exact
nature of the relationship between the autumnal conditions and
reproductive .activity in A.gamma the following series of experiments

was designed and carried out in 1980.

METHODS

Sufficient pupae for the experimental replicates were obtained
from larvae exposed to 6ne of the following photoperiods: Short
(8L: 16D), Equal (12L: 12D) and Long (16L: 8D). All stocks were
maintained in constant temperature cabinets at 20°C on Lamium album
at a density of 15 larvae per standard rearing box (from the third
instar onwards). The photoperiods were controlled by covering the
different stocks with black cloths: at the appropriate times of
day. These pupae were sexed and those within a size range of 300-
350mgs were kept separately under the same conditions as above
until adult emergence. Fully formed emergent adults were checked to
confirm their sex and then pairs of moths were established in standard
reaving boxes supplied with a 10Z sucrose solution and fresh larval
foodplant daily. Five pairs of moths were kept under each of the
following conditions:-

1. 15°C and Short, Equal and Long photoperiods, respectively.

2. 20°C and Short, Equal and Long photoperiods, respectively,

3. 25°C and Short, Equal and Long photoperiods, respectively,
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For each pair of moths the following records were kept:-

1. The longevity of the male and female in days.

2. The length of the preoviposition period (emergence until
day of first egg-laying).

3. The number of matings (the number of spermatophores in the
spermatheca).

4. The number of fertile eggs laid (the number of larvae
hatching).

A summary of these results is given in Table 29.

RESULTS: The results of these experiments demonstrate convincingly
that by far the most important factor affecting the fecundity of
A.gamma, once they are provided with adequate adult nutrition, is
the temperatpre at which the adult moths are kept. When kept at
high temperature (25.0°C), the mean number of fertile eggs laid

was less than 50% that laid by females kept at 20.0°C. Moths

kept at 15.0°C achieved almost as high a mean fecundity as those
reared at 20.0°C, but the timespan over which the eggs were produced
was considerably longer. AtVIS;OOC no female laid eggs before the
sixth day after emergénce. Moths reared at higher temperatures laid
their eggg from day:-thrée-onwards., This.effect.of temperature on
development time would be much greater in a real situation where the
larval duration would also be considerably lengthened and adult size

reduced (see earlier sections).

The significance of the results giveﬁ in Table 29 was confirmed
using a two-way analysis of variance, 'the results of which are given
in Table 30. This taBle reveals that temperature has a highly
significant effect on male and female longevity, the ;engtﬁ of the

Preoviposition period, and the number of fertile eggs laid. Photoperiod




TABLE 29: The effect of photoperiod on reproductive success of A.gamma

Temperature Photoperiod Male Female Preoviposition Number of Number of

Longevity Longevity Period Matings Eggs hatching

Short 25.8%6,.83 23,0%5,10 9.6%2,61 2,4%1.14 634.6%189.48

15.0 Equal 22,4%3,72 24,0%5,57 -10.2%2,95 2.8%1.30 590.0%279.54
Long 23.0%6.21 27.4%7,27 11,2%3,11 2.4%1,34 355.6%296.21

Short 8.8%3,49 8.8%2,59 3.6%0.89 2.2+0.84 778.8%£229.35

20,0 . Equal 7.8%2,28 9.0%2,24 4,0%0,71 2.240,45 614,2+229,52
Long 7.6%2,30 11.8%2.86 3.6%0.89 2.6%0,55 692,4%294.40

Short 3.2+0,84 4.8%1.79 2.3%0.50 1.0£0,71 249,04234,68

25.0 Equal | 4.6%1,52 b.4tl,14 2.8+0.50 1.2:0.84 263.6+166.37
Long 4,2+0,84 4,6%1,67 2.8+0,45 1.2+0.84 209.4+243.64

—
—
(Xl




TABLE 30: Analysis of Variance of the effect of temperature and

teeding on reproductive success ol A,gamma

Variable Source of F p
Variation
Temperature 105.16 <0.001
Male .
Longevity Photoperiod 0.39 0.680
Interaction 0.54 0.706
Temperature 99.45 <0.001
Female .
Longevity Photoperiod 1.65 0.208
Interaction 0.50 0.733
P Temperature 77.03 <0.001
reovi ird ‘
Pe:;§351t10n Photoperiod 0.50 0.556
Interaction 0.30 0.876
Nub Temperature 7.01 0.003
umber of .
Matings Photoperiod 0.19 0.826
Interaction 0.28 0.885
Temperature 10,12 ‘<0.001
gumber of Photoperiod 1.58 0.220
88s hatching Interaction 0.63 0,645
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and the interaction component between temperature and photoperiod
provide no additional significant variation. These results argue
strongly against the existence of a photoperiodically controlled
reproductive arrest in A.gamma at any ambient temperature. Theories
that the reproductive immaturity of A.gamma females constitutes part
of an adaptation to effect emigration from or diapause in Britain

in autumn are not supported by this lack of a direct control.
Reproductive maturity in A.gamma, like the rest of its developmental
cycle, appears to proceed as rapidly as prevailing conditions allow.
This supposition is further supported by the evidence on overwintering

ability of A.gamma in Britain reported below.

OVERWINTERING ABILITY OF A.pamma IN BRITAIN

The Silver Y moth has been recorded in Britain in every month
of the year in one or more of ité developmental stages (Cooper 1946,
Paton 1947, Huggins 1958, de’Worms 1964, Warry 1964, Hadley 1978,
Baker 1978, Rothamsted Insect Survey pers.comm,), although it is
usually only recorded in the months May through November. The yearly
m.v light trap records for A.gamma are shown in Figure 19 and show
clearly that no strong phenological pattern is apparent, If a
"typical" pattern exists then the data for 1980 represents it most
closely with an initial peak of adults in late May and early June
ang a second larger peak of adultéiemergiﬁgkin August, Seﬁtember
and October. If one samples trap data from different regions of the
country in the same year or the same region of the country in different

years it is apparent that no consistent pattern exists,

Insect species resident in particular geographical regions‘
typically possess diapause periods, the induction, duration and

termination of which are synchronous with changes in local conditions
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FIGURE 19 : Numbers of Autographa samma adults caught in Oxford,
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(Danislevski 1965, Beck 1968). The adult flight periods for closely

related resident plusiid moths (Autographa jota and A.pulchrina) demonstrate

this point, adults appearing in traps in Oxford for only a short

time period in June or July. Difference in the exact emergence dates
of the adults from year to year are related to the effect of
prevailing temperature conditions on the speed of development of post
diapause larval stages. A.gamma adults, on the other hand, may first
appear as early as May, but sometimes not until August, and have a
flight period which extends from June until late October with no
obvious generation gaps. This erratic and protracted pattern of
adult flight periods is shown by other moth species in Britain,

notably Noctua pronuba and . Phlogophora meticulosa. The former

species possesses a larval diapause stage and an adult aestivational
reproductive arrest, whilst the latter is thought not to possess a
true diapause at any stage of its development, yet certainly has

a resident population in Britain. Patterns of phenology on their
own are thus of little use in determining the resident status of any
Particular species. The pattern of appearances of A.gamma adults in
spring could be due to either of the following:

1. They are adults emerging from oVerwintered populations with
the precise time of emergence determined by the prévailing local
climatic conditions. a

2, They are newly arrived immigrants from outside the British Isles.

In an attempt to distinguish between these two possibilities

a gseries of overwintering survival trials were conducted in Oxford

during the winters of 1978-9 and 1979-80.

METHOD

Initial trials to assess the stage of the life cycle at which

survival would be most likely revealed that all stégés are capable
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of surviving at least short periods (72 hours) at zero temperatures.
Since no record of an overwintering stage for A.gamma exists in the
literature (but see Novak 1968), I decided that the most realistic
and informative experiment to run would be to allow a 'natural
population' to establish itself in cages outside and enter the winter
in whichever developmental stage it had reached by then. This
population was established from eggs laid by two females trapped in
July. The larvae were placed on large clumps of foodplant (mostly

Lamium album, but with some Urtica and Stachys) in perspex cages

(30 x 30 x 44cm) on the roof of the Biology Dept. of Oxford Polytechnic.
The floor of the cages was covered with a thin layer of soil and a
layer of dead leaves which was kept moist, but not wet, throughout
the winter. Fresh clumps of foodplant were introduced as required
but at no time were the larvae in the cages interfer ed with., When
adults were seen one side of the cage was covered with tissue paper
soaked in a 10% solution of sucrose as a substitute for nectar.

This paper was moistened or replaced when necessary. The second
part of the trial was conducted using larvae hatching from eggs

laid by the last females of 1978. These larvae were placed on the
roqf about three days after hatching on the 1st of November in
batches of twenty to each standard rearihg box. The foodplant in the
boxes was replacea whenever necessary and the number of surviving
larvae in each bo# couﬂted'atrirrégular iﬁtervais throughout the
winter. This enables a survivorship curve for the winter months to

be constructed.

RESULTS: The results from the second series of experiments are
summarized in Table 31 and shown graphically in Figure 20. The shape
of the survivorship curve obtained in Figure 20 is typical of that

found for many high fecundity lepidopteran species where mortality
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TABLE 31: Survivorship data for larvae of A.gamma maintained in
rearing boxes outside during Winter 1979-1980 -

Days Larvae Larvae % Comment
from Alive Dying Surviving
Hatching

1 400 - - 1.11,79

17 391 9 97.75

28 234 157 58.50

50 165 69 41.25

69 79 86 19.75 10,1.80

83 70 9 17.50
102 68 2 17.00
142 59 9 14,75
153 55 4 13.75 4,480
178 51 5 12,75 First larva spinning
184 37 14 9.25
191 34 3 8.50 First pupa fully formed
196 24 10 6.00
198 24 0 6.00
200 24 0 6.00 21.5.80
217 19 5 4,75 First adult emerged
227 19 0 Last surviving larva

4.75

pupates
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is highest in the early larval stages and then during the pupal stage.
The curve is a Type’3 curve (Deevey, 1947) and the mortality is
usually a reflection of the difficulty of the small larvae successfully
establishing on the foodplant followed by a concentrated burst of
‘mortality in the pupal stages caused by the emergence of parasitoids
(see Ito (1978) for reptesentative curves from other species), In

this trial (and throughout the whole study) no mortality due to
parasitoids was recorded, although NPV virus infections were relatively
common in the later larval instars, I consider the mortality in

the trials at thie time to be mostly due to the difficulties involved

in pupation at temperatures near to the developmental zero temperature,

Of the total of 24 pupae obtained 14 males and 5 females emerged
between the 4th and 14th June 1979. Two of the females were slxghtly

‘deformed and falled to mate, but the other three all mated and 1axd

fertlle eggs by mid June.

_An essentially similar pattern to the above ﬁaseobserved}in thehlvrb

'free:running',population used for the first trialt:'A second
' generatioh ofkadolte'was obtaihed“in September thchylaid eggs ’hth
towards the end of the month These eggs hatched but sxnce the exaet
k"number was not known no accurate surv1vorsh1p curve was conatructed “
for this group. The mortallty pattern appeared to be s1m11ar to the
prevxous tr1a1 w1th a total of 10 (6 male and 4 female) adults
‘J, emerglng between the 25th May and 6th June. Thus although the two
populatlons entered the wlnter w1th ‘their hatchlng dates about 30 fﬁiby°t;bvi ‘
days apart the two emerglng adult populatxons showed suff1c1ent temporal
;voverlap to allow xnterbreedlng.k Interestlngly the dates of emergencevﬂfﬂTe’\"

kof the roof tr1a1 adults also spans the dates of the first trap .
aicaptures of A.ga that yeat (captures at m,v lemp on: 24th and 27th

May, lst, 2nd,‘and 3rd June)
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It was apparent that the rate of larval growth was very slow
during December, January and February when the majority of the larvae
were in the second or third instars. Only a few larvae reached the
fourth instar before March and these larvae all died in subsequent
cold spells indicating that the smaller larvae have greater cold
resistance. During the winter it was noticed that even warm spells
lasting only one day were accompanied by increased feeding activity
and frass production. It appears that normal activity is resumed
whenever the ambient temperatures allow. This observation was
further supported by the results of a further trial which was
carried out using environmental cabinets adjusted to the mean
temperature for each month of the winter period. This trial was
Set up as an insurance against an atypical winter in 1978-9. The
larvae in this trial were maintaining a similar growth profile to
those on the roof until the weekend of the 15th January when the ;
temperature regulation of the cabinet failed and the temperature rose

to around 20°C for the duration of the weekend, with an obvious increase

in larval feeding activity. On the 23rd January these larvae were

removed to normal laboratory temperature conditions and subsequently

Produced adults on the 15th-22nd February.

It therefore seems that A.gamma is capable of surviving at least
the climatic component of the winter at British latitudes  although

the degree of success is considerably lower than that shown by

resident plusiids with well developed diapause arreefs.‘ Similar

trials to the ones reported above were completed for both D.chrysitis
and A.pulchrina whose larvae enter diapause during their third ' ;
instar and show no growth at all between the'end:of\OCtober and late

March when kept under natural conditions. The percentage survival
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in these species was 62% and 54% respectively (N = 100 and 150) compared
with 4.75% for A.gamma larvae over the same period of time. This
difference is due to the absence in A.gamma of a developmental

arrest which would hold the larvae in the size range at which they

are most resistant to the effects of both cold and freezing (Ahasina,
1969). Smaller larvae are more prone to separation from the foodplant
and lack the nutrient reserves to relocate it in addition to having

a less favourable surface area: volume ratio for resistance to
freezing. Larger larvae suffer the disadvantage of entering
temperature sensitive developmental periods whilst the ambient
temperatures are still unfavourable. A further qualifying statement
must be made here also. Trials in which larvae were released into

clumps of L.album and U.dioica in a suburban garden failed to produce

Pupae in the vicinity of the plants in the spring even though larvae
Were observed in February. It may be that the numbers of larvae
surviving the winter conditions are too low to allow a population
to persist in the face of other mortality effects, such as bird

predation or parasitism,

OVERWINTERING OF A. gamma IN EUROPE

Although A.gamma is found throughout Europe, in numbers large
enough to earn it pest status in some regions, little information on .
the biology of the species exists at a level better than anecdotal.

In France the larvae are considered to survive the winter in the south
in greater numbers than in the north (Cayrol, 1972) whilst Novak
(1968) has proposed that there are two populations of A.gamma present
in_Central Europe, one which hibernates as a third instar larva and

2 second which cannot survive the winter and must recolonise the

area each year. In Germany A.gamma is classified, along with V.atalanta
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and C.cardui, as a "Saisonwanderer". These are defined as: "Species

which leave their country of origin every year, flying to regions

where they are not native, and producing their young ones. The latter

migrate back to the supposed regions of origin" (Eitschberger and

Steiniger, 1973). This statement implies that the moth does not

survive the winter in Germany. Finally, in the southernmost regions

of the species distribution development is continuous although
probably not in any one area but as the result of local seasonal

movements to more suitable regions (Wiltshire 1946),

It therefore appears that A.gamma shows a cline of developmental

patterns, ranging from continuous development in the south with
progressively less likelihood of survival through the winter months

as latitude increases, Whether any population of the moth exists

which‘possesses a higher probability of survival in the north remains
a moot point to wh1ch I will return in the final dlscu5510n, after

conslderatxon of the third of the questions posed at the beglnnlng

of this section.
1S THERE AN EMIGRATION FROM THE COUNTRY AT THE END OF THE SU:Rkix?

It is certain that large scale seasonal shifts in the geographical
d13tr1butlon of pOpulatxons of A.g do occur, What'ié 1eSs*

certain is the exact causes of these changes. Two extreme mechanxsms

'immediately suggest themselves. The first is that seasonal changes

in the suitability of dszerent regxons causes the expans1on and

contractxon of what are’ essentxally separate populatlons. Thxs

hxstorxcal vxew of 1nsect populatlons would have the massive: sptxng A
tera, 1nc1ud1ng the Sllver Y ‘as ‘the laevltablgﬁ

'emxgratxon of LepldOP
contrxbutlng lxttle or nothxng to

"consequence of over populatxon,
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populations elsewhere. Alternatively, the changes in population

density may be caused entirely by the movement of individuals from

one region into another. Between these two extremes lies a whole

continuum of possible mechanisms consisting of different proportions
of differential population growth and movement. The paucity of

estimates of the relative contribution of each of these components

to any particular species population dynamics is the Achilles heel of
insect ecology at the present time (Taylor and Taylor 1977, 1979),

The demonstration of seasonal changes in flight‘direction and

estimation of their size and importance‘to population changes was

the main object of the research into migration initiated by C. B. Williams.
In particular, the demonstration of a return flight from habitats

which were only temporaﬁhs suitable was essential to any genetically

controlled migration, since otherwise genes for migration would be

continually lost from the original gene pool.

Return flights have now been conclusively demonstrated for the

Monarch Butterfly, Danaus plexippus and evidence of'seaSOnal migrétioﬁs

in more than one dlrectlon has been accumulated for many other

sPeC1es (Williams 1958, Baker 1978). In Brltain the evxdence is

most convincing for the Red Admiral, Vanessa atalanta, whxlst that

for other species remains equivocal. Of more 1mport than the S;mple :

existence of flights in more than one direction is a’pattern'showing,’
for Britain, a prevalence of northwatds flights in spring follovéd k
by ptedomlnon¥1y southerly flxghts in autumn._ Data demonatrat1ng

this trend have been presented for the follow1ng species' !~i£31§2£ﬂ

(Williams 1951); Colias croceus,’ hzale (W1111ams 1959) Pxerxs
(Baker 1969, 1978) in'Britain, and,'simnar

brassicae and P. ragae
evidence for Inachis io and Aglais urt1cae,
Cynthia cardu1 has been presented for European mQVements (Baker‘ _‘s

Nymphalis-ahtiépa and
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1969, Roer 1961, 1962, 1969). This seasonal reversal of flight
direction: coupled with the observations that the adults in the autumn
are all reproductively immature and that, for some species, over-
wintering ability is not apparent has led the above authors to conclude

that these species show an evolved seasonal return migration.

The first evidence for seasonal chahges in flight direction by
Silver Y moths was presented by Fisher (1938), based on records gathered
by a number of different people at different sites throughout Britain
between 1933 and 1937. Her results afe shown as vector diagrams
in Figure 2la where the length of the lines represents the proportion
of the total flights recorded for any’particular compass direction
including weighting factors. A second analysis of flight direction
records for the Silver Y was performed by Taylor et _al. (1973).

These authors were specifically concerned with the problem of flight
directions in relation to wind directions but they list the records
used in an appendix. Plotting these data, which cover the period
1933-1964, gives similar vector diagrams to those obtained by Fisher
(Figure 21b). Ve;tér diagrams of these proportions appear to be
strong evidence for a seasonal change in flight directions by Silver Y
moths, and have been accepted as such by most people. Although no
statistical tests of the significance of the difference of these
diagrams from one of equal flights in all directions have been
peerrmed it is likely that highly significant results would be
obtained. A null assﬁmption of‘equal observation of flights in all
directioné is not a correct one, howévef. The apprbpriaﬁe nuti

assumption is that any individual moth has an equal probabiliﬁy of

flying in any compass direction. Thé propdttion of flights observed
in particuiar directions at aﬁy point is then determined By the
'disgersiod of individuals around that point. This pdint is

simply i11ustfated by considering a population evenly disttibuted

within a circular area. Only an observer at the centre of the




i}

133

circle will observe an equal number of flights in each direction.

An observer standing at the north point of the circle will see no ?
southerly flights and a high proportion of northerly £lights. L
Seasonal changes in population density of A.gamma in different parts
of its distribution, whether caused by reproductive increase or

migration itself, will alter the probability of flights in particular

directions in Britain being observed. In order to illustrate this

effect more clearly I constructed a simple model of a Silver Y
Population where dispersal is achieved by diffusion from any location, :
sending propagules in all directions with equal probability and ;

incorporating seasonal changes in distribution and density of individuals.

In Spring the centre of the Silver Y's distribution lies well

to the south of Britain. This is due to two factors. Firstly the

survival probability of moths north of 48°N latitude is appreciably lower

than it is in the more southerly regions of Europe and the Mediterranean,

In addition to this there is a greater density in the south in Spring
as these moths have the opportunity to produce an additional generation

during March and April (Wiltshire 1946). The offspring of this

, , 5
generation emerge as adults at the same time as more northerly

Ooverwintering larvae complete their development. This time of late May

and early Jﬁne is the time at which Silver Y adults first appear in
appreciable numbers in Britain.

The’spring distribution of the moths is represented in the

model as a circle centred on North Africa with a radius large enough

The distribution of the moth in

to reach the north of England.

Africa is not well documented but it is unlikely that it is found

south of the Sahara so no importance is attached to the lower part of
this hypothetical distribution. The different densities in different

Parts of the circle are simply allowed for by wéighting»the lower




regions of the circle below 48°N to carry twice the value of areas
above this line. If one assumes that an equal number of moths is
produced in each area (before the weighting factor is applied) then
the number reaching any particular point from any particular direction j

is proportional to the land mass contained in the circle between the

point and the limits of the distribution.

Although moths the size of the Silver Y have been shown, by

capture-recapture methods, to cover up to 1400 km (Li et al, 1964,

quoted in Johnson 1969) it is clear that the probability of a moth

pPassing through any one point is inversely proportional to the distance
it is away from that point. For this model I made the assumption that
no moth couid reach Britain if it was more than 1350 miles away.

The proportion of moths passing through a point in central England

from each direction is now given by the relative landmass contained

in each segment of the region of overlap between the distribution

circle and the flight range circle (see 9¢p¢h3h<f\). To allow for the

decreasing probability of passage through a point with increasing

distance from it the areas contained within the inner circle (radius

800 miles) were weighted double compared with the outer regions. The
land mass contained within each sector was me;sured using akMOP scanner
and the appropriate weighting factor applied, to give the proportions :
of expected flights in each direction for moths observed in Britain

in spring (Table 32). Similar distribution maps were constructed

for the mid summer and autumn distributions of the Silver Y and the i
Predicted flight directions are given in Table 32 and as vector |
diagrams in Figuré Zia. For the midsummer distribution no weighting

factors were applied other than the flight distance one, but the

focus of the distribution was shifted northwards to mid-France reaching
Up into Scandinavia. The late summer distribution is shifted even

further north so that the diminished southern populations contribute




TABLE 32: Seasonal changes in flight direction of A.gamma. % flights

in each compass direction
as predicted from random model and observed records.

Flight ‘ -Model Predictions Data from Taylor et al Data from Fisher (1938)
Direction Spring Summer Autumm Spring Autumn Spring Summer Autumn
South 1.9 6.9 10.9 0.01 32.5 0.0 25.5  54.3
south-west | 0.7 10.8 20.2 3.7 0.8 0.0  19.4 8.6
West | 181 26,0“‘26.2 o1 16.7 1.3 28.6 8.6
North-West 34,0 24,7 22.6 16.0 14.3 0.0 14.3 5.6
North . 312 20.8 ) 9.5 - 43.2 20.6 79.2 12.2  19.1
North-East | 9.7 3.3 1.7 13.6 4.8 5.7 0.0 3.7
Bast | 2.5 2.8 2.9 | 9.9 6.3 3.8 0.0 0.0
South-East | 1.92 47 5.6 | 0.0l 4.0 0.0 0.0 0.0
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little to the immigrations whilst the highly mobile northern populations

contribute rather more.

The shifts of the focus of the population of the Silver Y
throughout the summer used in this model are based on the changing
relative success of larval development and adult reproduction in
different geographical regions at different times of the year. In
midsummer Silver Y populations in Céntral and N, Europe, whether
derived from overwintering or newly immigrating individuals, will be
at an advantage compared with those populations further South., Larval
growth is better because temperatures are nearer to 17.5°C and
foodplant quality is better due to higher rainfall, Adult survival
and fecundity is much higher in these regions due to the greater
abundance of nectar. More northerly populations, begides being less
dense (fewer colonists), have much slower rates of development than
central populations and will produce few individuals to provide south-

moving flights in Britain.

A further shift in effective population Arises in auﬁumn as the
result of g progressi?e northward movement of the major regibns 6f
nectar flow. Populations at Britiéh latitudes experiénce thekbest ’
hectar supply whilst populations further North ha§e less abundant
supplies and will therefore be moté mobile (botﬁ food searching and
true emigratory responses). Southern populationsAnow’contribute
relatively less to observed flights in Britain due to the encroachment
of Mediterranean style climate (high temperatures and reduced rainfall)
into Southern Europe. Obtaining exact records of annual changes in
the distribution of favourable regions for growﬁh and reproduction of
the Silver Y would be major research task in itself, It would involve,
at the very least, plotting changes in isotherms, precipitation rates

and documenting their effects on plant growth rates and nectar flow

across Europe throughout the year, and ideally should also consider
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Population changes of other competitor and disease organisms. However,

in the light of the laboratory trials reported earlier I feel that the
Population density changes used in this model are at least correct in
trend, and support my contention that an expectation of even distributions
of flight records is not an-appropriate null assumption when collecting

evidence for directed migratory flights.

The vector diagrams derived from the model outlined above show
cqnﬁézx&oht.wxsimilarity to those obtained from Fisher's (Figure 21a)
and Taylor's (Figure 21b) data. In particular they reflect the
Paucity of records for easterly flights at all times of the year and
the switch from predominantly northerly flights in spring to westerly
in mid summer and then more southerly in the autumn. . The major
differences between the model and the published record lies in the
greater tendency for the former to be concentrated around the cardinal
points (a bias considered to be an observational artefact by Taylor
&t al. 1973, p.752) and the overall greater proportions of westerly
flights in the model compared with the observed records. This latter i
discrepancy is the result of the large effect of the outer segments
of the sectors covering gastérn Europe. This effect would be considerably
dimini§hed (and the proportional representation Qf the other sectors
correspondingly increased) if the flight distance circles were reduced

in diameter or more weight was attached to the inner regions,

I am confident that a random model giving an almost perfect fit to
observed records could be consfructed by jiggl}ng ﬁhe parameters of
the model sufficiently; the most important point to be drawn f:om this
exercise is that the flight directions recorded for the Silvér’Y so far
do not in themselves constitute sufficient daia for the existence of }

evolved seasonal return migration by preferred orientation changes.

: i
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In summary, the conclusions that may be drawn from this and
the preceding sections with respect to the life history tactics of
A.gamma are that environmental conditions in N. Europe and Britain
pose a severe problem to continued persistence of A.gamma populations,

which lack a dispause condition to assist survival or emigration.

A.gamma appears not to be able to decide whether it is a resident
Oor a migrant. Selection for a diapause strategy which would improve over-
wintering ability does not seem to be occurring, but the evidence for a
migration response is equivocal to say the least. Our natural tendency
to look for and find precise adaptations of species to their habitats
appears to be frustrated. Perhaps if we relax our assumption that
the Silver Y moth is adapted to Britai&ian assumption that the Silver Y
moth is adapted to survive in the Palearctic region we will find more
'optimality'? In the discussion which follows I will attempt to

argue that this is the case.
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GENERAL DISCUSSION

We are now in a position to return to the questions posed
in my Introduction and attempt to interpret the life history
tactics of A.gamma in relation to its habitat, Since habitat
preference is not so much a choice as the result of natural selective
forces this question can only be resolved by investigation of the
forces acting on the different parts of the life cycle and the ways
in which this may change. The "chosen habitat" for a species is
that which gives the maximum long-term capacity for increase T,
(Laughlin, 1965), while satisfying the constraints imposed by short-
term individual selection. The results presented in this study
Provide an indication of how A.gamma responds to changing environmental
conditions similar to those it is exposed to in the field (Q3 and 4
of Introduction). 1In A.gamma, as in the majority of insects, the
adult stage, with its greater vagility, has the potential to influence
habitat choice the most and it is important to consider the habitat

of the adult moth prior to that of the larval stages.

The flow chart given in Figure 14 shows the potential sources of

energy loss and gain which affect fecundity of adult holometabolous

insects, For A.gamma the most important factors have been shown to ;
be temperature (acting both directly on adult longevity and indirectly !
through the effect of larval conditions on adult size), adult nutrition

in the form of nectar, larval foodplant quality and the amount of

énergy expended on flight activity. Selection therefore operates on

é;&éﬂﬂi to minimise the fitness variance caused by these factors. : - 5

The impoftance of ambient températufe to adult longevity and
reproductive success is apparent from the results given in Tables

‘29 and 30, Temperatures of 25°C produce a greater than 507 decrease

in both longevity and number of fertile eggs laid when compared to adults
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kept at 20°C, Similar effects of high temperatures on A.gamma adults
in Egypt are reported by Rashid et al.(1971). The exact cause of

this decline in fecundity cannot be determined from my data. Decreased
longevity may be due to greater environmental stress depleting stored
fat (virtually every moth dissected in the trials contained no

fat tissue at death) but this stress may take one, or all, of the
following forms:

It may be due to the greater metabolic cost imposed on somatic
tissues by increased temperature causing a decline in energy
available for reproduction whose activities are constrained by
circadian rhythms. It may also involve a more rapid depletion of
the fat body in order to provide metabolic water to compensate for
the increased rate of water loss at high temperatures. This is
unlikely to have been an important factor in my experiments where
adequate nectar substitutes were provided and the %RH within the
boxes was high, but may be of greater importanée in field situations.
The third possibility is that the increased metabolic stress imposed by
the high temperatures is exacerbated by an emigratory response by
the moths, Since the moths were not able to escape the conditions
within the boxes, continued efforts to escape would exact high
energy costs. The sustained flight\activicy observed by pairs of.
moths kept at temperatures of 25°C support this interpretationm, but
attempts to demonstrate this effect in the flight activity cages

wWere inconclusive,

Moths kept at 15°C show only a small decline in fecundity when

Compared with moths kept at 20°c although this difference is still

significant (Mann Whitney U test, p £0.05). A much more important

effect of the low temperatures on fitness of ;he moths at low




temperatures is caused by the increased preoviposition period (10
days at 15°C compared with 4 days at 20°C). A longer preoviposition
period will result in greater mortality of pre-reproductive adults
and also lengthens the generation time (see below)., Selection of
the correct habitat with respect to prevailing temperatures is not
only important to the immediate reproductive output of the adult

but is also critical to the success of the subsequent larval stages.
Low temperatures during the larval stages cause an increase in the
length of the growth period, the total development time, egg

hatching to adult emergence, being 66 days at 15°C compared with
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33 days at 20°C and only 23 days at 25°c. In a continuously developing

species, like A.gamma, a 10% reduction in the generation time has
the equivalent effect on capacity for increase as a doubling of the
fecundity (Cole 1954, Lewontin 1965). From this one can condlude
that A.gamma would derive considerable benefit from locating
habitats with a high temperature. Selection of habitats with high
temperatures carries with it effects other than that of reduced
developmental time. As already mentioned, adult survival and
fecundity are reduced at temperatures above ZOoc;k Simila;ly larval
survival and the size of the adults emerging both decline at
temperatures above 20°C (see Table 14). There would seem therefore
to be an intermediate temperature at which reproductive success
would be maximised. It is known that adult lepidopterans ﬁossess
thermoreceptors (Chapman 1982) and thermoregulatory responses are well

known in both butterflies and moths (May 1979). Before considering

whether selection of habitats might be based on the ambient temperature

[N

t is necessary to consider the importance of the other factors
influencing adult biology in A.gamma., If one or more of the
faCtorskis of more importance than temperature orvconflictg with the
Optimal temperature choice then accurate temperature detection may

nOt be the basis for habitat selection.
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All the trials investigating the effects of temperature on adult
biology were carried out using moths supplied with an adequate nectar
substitute. Tables 25, 26 and 28 show that in the absence of this
nectar supply fecundity is dramatically reduced. Although the
results given in Table 25 indicate that differences in egg output
may be greater than two orders of magnitude it is likely that field
differences will resemble those found in the second trials, where
fourfold increases in egg production were obtained by supplying
sucrose to the adults, Similar large increases in fecundity with
increased supply of adult nutrients have been reported for Trichoplusia

ni (Shorey 1963) and Autographa californica (Khalsa et al., 1979).

The potential effect of nectar supply seems therefore to be

greater than that of temperature, and so long as temperatures are
within certain extreme values, greater effort should be expended

on locating nectar resources rather than precise temperature
regimes. Finally consideration must also be made of the relationship
between foodplant quality and temperature. No data for the effects
of varying food quality within plant species are presented in this
study since all stocks were supplied with freshly-picked '"healthy
looking" plants. It is known that for a wide variety of herb-
feeding insects larval growth is best on plants with water contents
greater than 80% (Scriber and Slansky 1981), Mesophytic C3'plants
growing at temperatures greater than 20°C are under direct water
Stress from elevated transpiration costs and drier soils, in
addition to suffering reduced photosynthetic efficiency due to the
increased photorespiration. This would almost certainly reduce the
qQuality of the plants as a larval food supply and cause increases in
larval development time and reduced adult size similar to that found
when A.gamma is confined to foodplants of different, less suitable

8pecies, such as Rumex spp. Reduction in adult size in insects



144

may cause a reduction in fecundity due to decreased energy available
for reproductive effort. A positive correlation between adult weight
and number of eggs laid has been found in several lepidopterans
(Klomp, 1958; Baker, 1969). The results of the experiments carried
out in this study failed to reveal a significant relationship between
adult size and fecundity within the normal size range of adults.
Moths supplied with sucrose show no relationship between size and
eggs laid at all, whilst those moths supplied with only water show

a minimal effect of about one egg more laid per 20 mg increase in
body weight., I suspect that under field conditions an effect between
adult size and fecundity might be larger but doubt whether it is

ever of the same scale as the effect of nectar provision, If one
assumes that nectar provision is adéquate in all environments then

it is possible to perform some rough calculations to determine the
best trade off between increased speed of development and subsequent
survival and egg production. Of the range of possibilities covered
by my experiments the largest value of L thé capacity for increase
(Laughlin, 1965), is 2.83 when the temperature is 20°C. To achieve

a similar r, at bigher temperatures A,gamma would have to select
temperature high enough to reduce the development time to 15 QayQ.
This could be achieved at an ambient temperature of about 28°¢

S0 long as this temperature does not alter any other mortality
factor. Since temperatures this high would reduce foodplant quality,
Nectar availability and pose severe thermoregulatory and water
balance problems for the larval and adult stages, the optimal habitat
choice for A.gamma would appear to be a geographical region with

a temperature of about'20°C with abundant nectar. If adult A.gamma
moths are to locate‘theSevtégions it is necessary ﬁo consider the
ways in which such regions might be detected and used as the basis

for an emigratory response.
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Although insects are known to be able to respond to temperature
differences of as little as 1°C, the exact physiological basis for
this ability remains unclear (May 1979). In order to be able to
follow a geographical thermal gradient an insect would have to be
able to detect small mean temperature changes over long periods of
time whilst compensating for any cifcadian rhythms of temperature and
changes in its own internal temperature whilst flying, basking, etc.
Just such an ability has been proposed for Pieris rapae to explain
the autumnal change in peak flight direction in Britain (Baker 1978)
although to my knowledge no experimental data demonstrating such an

ability exist for any lepidopteran.

An alternative mechanism of habitat selection by A.gamma
might be to locate areés of high nectar availability directly.
Location of areas of high nectar flow would not only bring about
large increases in fecundity, but also guarantee that larval foodplant
of suitable quality is available. This is because plants flower
during periods of suitable growth conditions. Even a "big bang
reproducing" annual plant flowers and produces nectar to attract
pollinators sufficiently far enough from the end of its growiﬁg
season to allow time for seed and fruit formation prior to leaf

senescence.

This allows suffi;ient time for completion of the larval stages
of development of rapidly growing species éuch as A.gamma, (Only
the time to pupation is important here) A second useful correlation
with néctar flow is that regions with large amounts of nectar are
likely to have conditions of low plant water stress, a further

indication of good larval growth conditions. 1Is it possible for a
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moth (or any other insect) to evolve a nectar detection system?
There appears to be no possible mechanism by which nectar can be
detected at long range, except by use of the proximate cues provided
by flowering plants to attract pollinators. The experiments of
Schremmer (1941) show that Silver Y moths are attracted to a wide
variety of flowers and locate them‘using scent cues, although they
can also find them using vision alone. Neuro-physiological studies
show that, in addition to pheromone sensitive receptors (long

trichoid cells), adult Lepidoptera, including Trichoplusia ni, have

large numbers of broad response odour sensitive cells present in
both sexes (Chapman 1982). The checacteristic upwind movements
recorded by Larsen (1949) and others may reasomably be interpreted
as nectar-seeking flights. Indeed the frequent diurnal flights of
A.gamma, which are often viewed as a manifestation of migratory
activity, might be more correctly interpreted as a way of maximising
the range of nectar sources available and the time available to
exploit them. Diurnal flight is not seen in any other species of
migrant noctuid and does not therefore seem to be é requirement for
successful long distance movements. Is there any evidence that
reproductive activity in A.gamma is coupled to nectar feeding?

The data given in Tables 25, 26 and 28 demonstrate that'o&arian
maturation (and possibly male.fettility too) is dependent on the
availability of sucrose. When'dehied the ability to feed, adult
A.gamma fail to reproduce. This may be the result of rapid mortality
caused by excessive water loss but could be due to the abséncé of a
trigger to initiate reproductive maturation, The complete absence

of ovarian maturation on dissection of these moths is compatible
with the latter explanation. Both Qa:er'énd sucrose solutions
stimulate reproductive maturation in females. The feeding act itself

may therefore be the stimulus required for activation of the corpora
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alata and subsequent reproductive activity. Since A.gamma adults
are not normally attracted to pure water sources the water results
may be experimental artefacts, and in field situations only feeding
at nectar stimulates ovarian activity. Absence of feeding maintains
the moth in a state of reproductive arrest during which dispersal
may take place -- the oogenesis flight syndrome of Johnson (1969),
Responses of this kind have been'found for the milkweed bug,

Oncopeltus fasciatus, in the studies of Dingle and others, summarised

in Dingle (1978). It is possible to imagine the response of A.gamma
adults when faced with three different environmental situations (which
it is likely to encounter at different times of the year in different
parts of its range) in the light of this type of control to be as
follows: -

(i) In a hot, dry climate similar to Middle Eastern and Mediterranean

Iegions in early spring. Either a direct behavioural avoidance of

high temperatures or the absence of nectar for feeding leads to a
high incidence of dispersal flights. Location of cooler habitats
increases longevity by lowering thermal stress whilst location of
nectar leads to further increases in sutvival'probability and allows
reproductive maturation. Failure to iocate cooler, nectar rich
habitats results in high mortality or further movement. Behaviour

of this kind explains the massive spring exodus of A.gamma from these
regions at the end of the early flowering season (wiliiamsrl958).

(ii) In a cooling climate at the end of the summer period similar

to Britain and N.Europe in September and October, Although survival

at low temperature is quite high, development and ovary maturation
is slow. If the density of nectar sources is low this further
inhibits ovary maturation. There is therefore a considerable period

of time during which dispersal can take place prior to oviposition,
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Improved nectar supply speeds ovary maturation as does increased
temperature, whilst lower temperatures and/or low nectar supply
prolong the dispersive phase. Behaviour of this sort is compatible
with the progressive but non-synchronous disappearance of A.gamma
adults from Britain in autumn.

(iii) In a warm summer climate with adequate nectar supply.

Reproductive maturation would be relatively rapid, minimising the
time available for dispersal flights. Most flight activity is
appetitive rather than migratory (Kennedy 1961) and the moths produce

a second generation within the same geographical region.

Attempts to mimic thesé conditions using the flight recording
apparatus were made during the latter stages of this study but no
conclusive supporting evidence was obtained. The data collected
indicate that such a résponse might be found if appetitive and
dispersal flights could be distinguished from one another. The
trials conducted did reveal that the levels of flight activity shown
by A.gamma are much higher than those shown by resident plusiids
under all conditions, indicating a much ﬁigher level of movement in
this species. This would be compatible with the low recapture rates
of A.gamma obtained by Craik (1979) compared to the other spécies
in his study. These results combined with the observations -of Larsen
(1949) who not1ced that a c1tcadxan rhythm of feeding f11ghts followed
by more restless f11ghts leading to movements to higher altltudes
Suggest that a dispersal flxght 1s a part of the normal c1rcadlan
activity of the moths. Theoretlcal cons1deratxons predxct such an
obligate dlspersal resﬁonse under exthet of the followxng condxtions

(i) when the habitat suxtabxllty is unptedxctable, the length
of time that a‘patch’remains suitéﬁie is‘usually less than tﬁice
the species generation time and ﬁew habitats #re aiways afising in :

§ifferent regions (Southwood 1977),
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(ii) in a stable habitat in order to colonise new patches which

are under-exploited or vacant (Hamilton and May 1977).

A.gamma is likely to have been selected under both these
conditions. Assuming that its ancestral habitat was sub-tropical
(the plusiids are essentially a tropical group of moths), the major
climatic trends have produced an increasingly arid environment with
plant growth confined to ever decreasing periods, but the seasonal
timing of plant growth differing with altitude. In order to maintain
continuous development in these regions it would be necessary for
A.gamma to track suitable habitats up and down the mountains. This
Pattern of movement has been recorded for A.gamma and other migrant
Lepidoptera in Iran and the Syrian Desert (Wiltshire 1946). As the
ice sheets withdrew from Europe a new seasonally available set of
habitats became accessible to highly mobile insects., When suitable
habitats further afield exist and no habitat remains suitable for
more than the time required to complete a second generation, then the
Penalty for "too much" movement may be less than that incurred by
not moving. If this cost is not sufficiently large then there is
little or no selection for a facultative dispersal operated by a
Proximate trigger, since movements of all kinds are advantageous

compared to sedentary strategies.

So far we have only been concerned with habitat choice on a
Scale at which only the wingéd‘adult stageé aré capable of operating.
Once a suitable geographic#l habitat has been chosen and, in the
case of A.gamma, this appéars to be where it‘ié Qhen iés ovafieé
mature, then another>ch6ice‘as to exactly Qhete to iay eggé must be
made by the ovipositing female.  The resﬁits‘df my experiyehts
indicate that A.gammé females oviposit on a wide range of

different foodplant species but that some degree of preference is
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shown. The rank order. of preference shown by both the ovipositing
females and first instar larvae correlates most highly with the rank
order of foodplants with respect to the speed of larval development.
If the female moth can discriminate between foodplant species and
appears to show some preference towards those supporting the fastest
developmental rates, why are these species not chosen all the time?

A number of possible reasons come to mind, some more likely than
others to be applicable to A.gamma. One is that the best species

are not found throughout the entire range of the species, or that

the most suitable plant varies with geographical location. All the
Plant species used in this study are widespread throughout N. and
Central Europe and were chosen with this problem in mind, in order

to minimise local specialisation effects. "The rank order of
Preference shown in this study is similar to that obtained by Novak
(1972) in Czechoslovakia, suggesting that geographical variations

do not occur, A second possible reason might be that the egg
dispersion is a strategy to avoid local competition for resources
between larvae. Although the situation might differ in other

regions the extremely low density of4occurrenceypf not only A.gémma,
but also other larvae feeding on the same foodplanis in Britain
indicates that larvél competition ig not a majo; séle;tive factor;
Since this phenomenon of ovip&sition on sﬁb-oéﬁimai foodélant species’
is not confined to A.gamma, but is found in other Leﬁidoptera
(Wicklund ’1973; Chew 1975; Courtney 1982) a génerﬁlly'applicable
explanation of the behéviour Qoula be desirable»#nd hﬁs been developed
recently by application ofbﬁhe principles of optimal foraging theory
to oviposition behaviourk(Jaenikef1978, Courtney 1982). Jaenike |
demonstrated thaﬁ‘the optimai ovipo;ition strategy for an #dult insect

should be to oviposit on a particular foodplaﬁt if: the plant has
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a high suitability for larval development, there is a low probability
of locating an alternative of better quality, the rate of egg
maturation is high creating a backlog and the density of alternate
hosts fluctuates over time. Courtney developed this model further
with respect to oviposition behaviour of the Orange-tip butterfly,

Anthocharis cardamines L. and emphasised the influence of adult

mortality occurring before egg deposition is complete. A butterfly
utilising several hosts of varying suiFability achieves greater
reproductive success than one which spends more time locating only ¢~
the best plant species and suffers a high egg shortfall due to early
predation (or other mortality factors), It is likelykthat A.gamma
females, particularly in Middle East and Mediterranean regions, have
been selected for rapid oviposition rates since high temperature
causes a high rate of egg maturation and also greatly decreases adult
longevity. 1In order to lay their eggs sufficiently quickly to avoid
egg shortfall, females may be forced to utilise a variety of different

Species.

What both Jaenike and Courtney fail to realise, but which is of
Particular importance to this study, are the long-term ipplications
of this type of behaviour on the nutritionmal ecology of the species.
These are best illustrated by means of a simple hypothetical example.
Iéagine a typical oligophagous insect feeding on a number of species
beloﬂging to several diffefent genera, If one species has greater
Suitability for the development of this species (because of allelochemical
differences, less intefspgcific competition, better synchrony, etc.),
then there is a selective advantage to any female which preferentially

deposits eggs on this species provided there is sufficient time to



locate them. Larvae developing in the same foodplant enviroument
will be selected for increased specialisation to the one species
and may lose the ability to develop on other species so well, thus
increasing the selective pressure on the females to make the correct
choice. The result is an inevitable progression towards total
monophagy. If, however, all the usual larval foodplants of the
hypothetical ancestral oligophage are approximately the same in
terms of suitability but adult mortality is high, then there is a
selective advantage to those females which deposit eggs as quickly
as possible on any foodplant. This may include novel foodplant
species but even if it means that a whole range of usual foodplants
is experienced by the offspring of each female, the result is
selection for a generally effective detoxification system. Should
such a system evolve then the penalty of oviposition on foodplant
species of widely differing allelochemical composition will be
reduced, leading to less selectivity by the females. This will in
turn further test the generality of the detoxification system and
leads to a polyphagous feeding habit. Just such a generally acting
detoxification.system is known to occur in many different species

of polyphagous lepidopteran, including Trichoplusia ni (Krieger

et al. 1971). The technical difficulties of performing accurate
determinations of the activity of mixed function oxidases (MFO)
Precluded the possibility of testing A.gamma larvde for the presence
of this ability but the high positive correlation between the
activity levels of this system, which is present in all aerobic
organisms (Brattsen 1979), and of polyphagy shown by particular insect
species makes it likely that the polyphagous feeding habits of
A.gamma larvae are also dependent upon this system. The wide range

of foodplant species used by the adult moths is therefore a balance

152
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between the degree of suitability of a foodplant and the intensity

of adult mortality.

The existence of a tendency to utilise particular foodplant
species over others,especially by the first instar larvae, when
chemical differences are no longer so important raises the problem
of by * which criteria is sﬁitability measured by A.gamma (or, more
correctly, by the selective’pressures acting on A.gamma). As stated
above, the best correlation between choice shown for foodplants is

to the rate of development of the larvae. For example, Urtica dioica

Was consistently chosen by both the ovipositing female and first

instar larvae (rank order third in both cases) but was the second
worst plant with respect to the adult size. This plant species ranked
third for the speed of larval development though, The possibility

that larvae (or adults) might be selected to detect plants on the

basis of the growth rates iskan intetesting one in the light of the
current ideas on inséct-plaﬁt coevolution.' Ever since the paper by
Ehrlich and Raven (1965) it has been assumed that selection of foodplant
Species was based on the detection of plant chemicals, the insects
being restricted to those plants whose defences‘they had evolved a
means of detoxifying. Néurophyqiological studies have attempted to
demonstrate the ability of specific insect receptor cells to respond

to specific chemiéals, both as stimulants and deterrents. The
existence of low numbers 6f chemosenso ry cells (only about one hundred
compared with the 1500 of grasshoppers and locusts) in lepidopterous
larvae coupled with the lack of specificity of their respohse has

led neurophysiologists to increasingly favour the idea that the
diSCriminatory powérs of particular species lies, not 80 much with

Specific responses;nade by particular cells, but rather in the way sensory
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information is processed. In other words both specialist and
generalist feederswithin any major taxonomic group may sense the
world in essentially the same way but respond to it differently
(Dethier 1980). A simple model of feeding behaviour in a polyphagous
insect might be as shown in Figure 22 (modified from Bernays and
Simpson (1982)). This scheme allows not only chemosensory information
to influence feeding behaviour but also the internal physiological
state of the insect. This more sophisticated approach to feeding
responses is essential to a correct understanding of insect-plant
coevolution. The importance of changes in the internal state is
easily seen in the termination of a feeding bout. Increased input
from stretch receptors located within the insect body provide a
negative or inhibitory feedback, which overrides the chemosensory
input from the mouthparts and antennae and stops feeding. When
provided with a sub-optimal food suply, however, many insects cease
to feed long before the normal sized meal has been taken in. The
size of meal varies with the different plant species provided in

Locusta migratoria but females always consume more than males by

an amount proportional to tﬁeir greater weight‘(Betnays and Chapman
1972), indicating thatksome Qeight or size related factor is being
measured. Since it is known that smaller amounts of more concentrated
artificial diets are ingested compared with the amount normally
consumed (House 1965, Ma 1972, Slansky and Feeny 1977) insects

may be monitoring thé réte of uptake of nutriénts ditectiy.-
Evidence to show that séiders regulaie their meal size in relétion
to the concentration of certain criticél'amino-acid cbnceﬁtrations
has been presented by Greenstone (1980), whilst Bernays and Simpson
(1982) report that injections of nutrients directly iptd ghé
haem°1ymph of L;migraﬁoria ;ause a;decline in feeding activity. For

a widely polyphagous species such as A.gamma a repevtoire of ;hemo-
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sensory detectors capable of recognising a wide variety of plant
species and ranking them according to growth suitability does not
seem likely. Foodplant choice could be more efficiently achieved
by monitoring the rate of nutrient uptake from any particular food-
plant and if the rate is above a set level then feeding continues.
The few receptors available for foodplant detection may then be
used for detection of highly toxic molecules and common nutrient
molecules required for a high rate of growth. If, whilst feeding
on any particular plant, the rate of nutrient uptake is not
sufficiently high, then feeding is terminated before the normal full
meal size is reached and searching behaviour to locate a.more suitable
food supply initiated. If no suitable supply is found then feeding
begins on other sources as the increasing starvation lowers the
threshold to initiation of feeding. - An adequate rate of nutrient
uptake is important to A.gamma for the following reasons:-

(i) a slow rate of growth decreases developmental rates Qnd
increases larval mortality, and also leads to a lower r.

(ii) an adequate nutrient supply is necessary to give the

correct size increase between moult threshold’and maximuﬁ weight in

order to maximise the Moult Ratio.

The penalty for ceasing to feed before full distention of the
gut is not large if this is done prior to the attainment of the first
threshold weight. Larvae below this weight cannot mbult aﬁd if they
locate a more suitable foodplant achieve a higher ﬁoﬁlt ratio than
those larvae which remain on an inferior plant, and therefore produce

larger adults.

The feeding strategy of A.gamma is thus geared not only to
achk#ing the size necessary for pupation but is also the result of

strong selection for maximal growth rates even when faced with a



157

wide variety of different plant species. This has been achieved by
the evolution of a broad spectrum ability to handle plant allelo-
chemicals and a growth schedule which minimises the duration of non-
feeding periods during larval development, even at the expense‘of

4 greater variance on adult size. The effect of this adult size
variance has been minimised by the high rate of nectar acquisition
of the moths,vthus uncoupling adult size from reproductive output,
This flexibility over adult size has other advantages which may be
applicable to A.gamma. The ability to produce a smaller adult under
sub-optimal conditions may minimise the chances of hard selection
(sensu Wallace 1968) operating during scrémble competition for
decreasing resources and also préQents the generation time from
becoming greatly extended due to the inability to attain a high
threshold weight for pupation. A.gamma may often find itself in
situations of declining envirohmental‘quality where there is a
selective advantage for rapid pupation and production of small

adults which can emigrate to more favourable sites.

It is now possible éo see that the definitioﬁ of suitable
habitat for A.gamma requires the integratiqn of a large number of
different variables producing a continuous gradieﬁt of habitat
suitability. This gradient might be depicted d1agramat1ca11y,
as seen through the sensory apparatus of a female moth, as a patchwork
of different shades of grey, some lighter (more sultable) than
others but wiﬁh few if ény pure whiteyor pure black regions. A

female moth located on a grey patch is faced with the choice as ]

to whether to remain on the patch of grey which it presgntly occupies ;
Or to move to a lighter one. Since the #ct of mermencvcarties a | i
cost, both through 1ncreased energy consumptxon and 1ncreased rxsk
Of mortality, the dec131on as to whether to move or not should be

taken only when:=-
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h, < h,.m where h, = suitability of habitat 1

1
h2 = guitability of habitat 2
m = the cost of moving from

h1 to h2

This simple rule poses some difficult problems to an organism, however.

How is suitability of-a habitat assessed, especially the suitability

of habitats not presently within sensory range? For insects it is

fairly safe to assume that direct knowledge of h2 is not available

due to their restricted sensory range and tﬁat decisions to leave hl
must be non-calculated responses based on inﬁernal references (Baker
1978). I have already discussed the likely triggers for movement

in both adult (temperature and nectar) and larvae (toxic chemicals
or inadequate growth'rate) of A.gamma, It remains only to consider

the cost of movement to give a clear picture of the habitat choice

of the species.

With respect to the larval stages of Lepidoptera, there appears
to be no information available on the range at which larvae can

detect other foodplants (habitats). It is unlikely that an insect

larva can obtain accurate information of the surrounding plants
unless it has a particularly close relationship to a plaht group with ;
a characteristic chemical profile.. Even in these cases, like the |
Pierid butterflies and their cruciferous foodplants, it is the adult :

Stage which locates the plants and larvae appear not to be able to

detect suitable plants untfl in contact with them. One of the best

studies of segrching behaviour in lepidoptefoué larvae has:shown

that different species, even different races 6f the same species,
adopt search patterns which are suitable to the normal dispersion
Pattern of their hosts (Jones 1977). Pieris rapae adopts a

Conservative strategy suited to a clumped distribution of foodplants,
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as is usually found in wild crucifers. Plusia californica, a polyphagous

species, adopts a more radical search strategy suited to a more
homogeneous distribution of foodplants. It appears that the search
behaviour of larvae has been shaped by the expected distribution of
foodplants rather than by the sharpening of the sensory apparatus

required to allow accurate detection.

Although it is known that many adult insects are capable of
accurate long-range detection and orientation to particular chemicals,
such ag pherogones, far less is known of the range over which other
habitat criteria may be detected. At present the maximum authentic
recorded distance for orientation to naturally produced hostlplant
volatiles in the field appears to be about 15m, recorded by Hawkes

(1974) for the cabbage root fly, Delia brassicae. It is likely that

any of the movements undertaken by A.gamma are therresult of internal
thresholds for appetitive or dispersive behaviour (Kennedy 1961),
Selection operates to cause the evolution of an emigratory response
to an appropriate set of pfoximate cues based on the expectation of

10catinga more suitable habitat, Included in this calculation is

an assessment of the cost of movement. This may be partitioned
into two components; the energetic cost of the movement itself, and

the increased mortality risk of movements towards an unknown habitat,

Each species locomotory ability is the result of these two selective
forces. For example, migratory locusts charaéteriscically orient and
fly downwind, since this maximises the amount of ground covered per
“nit energy consumed, whilst at the same time bringing the insects

into a zone of wind convergence where the probability of rainfall and

fresh foodplant growth is high (Rainey, 1978). k , i
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Migratory birds, on the other hand, make long journeys which
involve considerable energy expenditure and demand a high level of
navigational ability in order to return to the same nesting sites
each year. The locomotory and energetic capabilities of birds
allow them to undertake this kind of movement. Some insects, such
~as the Monarch butterfly, undertake movements of a similar type to
that shown by birds and many butterfly species can orient their
flights in particular compass directions at different times of the
year. This capacity to orient should not be confused with the
~ability to navigate. Although vast numbers of Monarch butterflies
aggregate in the overwintering quarters in the Mexican highlands
‘little is known of how.many insects fail to reach theee sites. It
is likely‘thet a net southward movement coupled with an evoidenee
" of open water and an altitudinal limit suffices to lead ﬁany.betcet?i
fiiesfto these sitee.with.no true ne§igatiod. SimiiaeraX£me1 search
movements coupled to a few s1mp1e env1ronmental responses are thought
to operate for the majorlty of flsh mlgtatlons (Leggett 1977,,l“111ﬂ‘
‘,VBalchen 1976) From a knowledge of the dlsperslon pattern of habltats't
of the Silver Y moth 1t should be possxble to predlct the type of .
movement whxch would locate favourable habltats most eff1c1ent1y
 This would 1nc1ude consxderatzon of possxble ways 1n whlch the
. energetxc cost of flxght can be reduced A start1ng pOInt here can beff,f~‘
" the observation that all calculatxons of energy requ1red to cover .' B
‘{known mlgratory Toutes of Lepldoptera by actlve flxght are greaterlﬂ-}'"” W
‘than the energy content of the insect whlch performa these flxghtsfttA
(Beall 19&8 Koerw1tz and Pruess 1964. Macaulay 1974) | E1ther our’e :oiTtT-t

Qcalculatlons of fllght efflcxency are hopelessly unrealxstlc, the ?5”’ it

Spec1es are capable of 1ngest1ng addltlonal energy supplles (undoubtedly

jftrue for some specxes), or the effxclency of fllght is 1mproved by the

'use of favourable cllmatxc condxtxons. The energetic effxciency of
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flight in many different insects has been predicted and measured under
laboratory conditions with considerable accuracy (Nachtigall 1976,
Weis~Fogh 1976). Changes in aerodynamic efficiency by developmental
manipulation of wing-loading have been shown to be not great enough
to cause major revision of these efficiency estimates. Although
butterflies like the Monarch feed avidly at nectar sources along
their migration route it has been shown in many other insects that
migratory flights occur before feeding and indeed that feeding
depresses flight activity (Dingle 1978, Johnson 1969). Earlier
in this discussion I argued that this situation is likely to be found

n A.gamma.

It éeems‘therefore that the major energy‘saving optibn open to
A.gamma is to make use of the available climatic conditions to maximise
the distance cbvered during dispersive flights, The visual observations
of A.gamma flight activity in Dernmark by Larsen (1949) describé the
characteristic lazy flight of the moths when theyrmovedkté higher
altitudes after their earliér flights'searéhing‘fof food. She describes
them as drifting and’floatiﬁg unenergetically and ail hei bbsérvations
were of down&ind flightsj even ﬁhen the wind had sbifted thrdugh
120° ffom the previbus nighf and the win& was Bldwing £o fhe ﬁorth-
west, not a favourable direction for movements in August. Th; mbét

detalled studies of insect flxght movements made to date, those carr1ed

out on the spruce budworm moth, Chorxstoneura fumiferana (Clem),

have not found a Qingle large scale'flight which has deﬁiateé by

more than 50° from the'dbwnwind‘difectioh (Schaefér 1976;“éteenbénk
gg;éi;‘l980) _There 1is ev1dence that lnsects above the boundary
layer he1ght (Taylor, 1974) are not s1mp1y aer1a1 plankton (Hardy and
Mxlne 1938) but are sophlstlcated aerlal baloonlsts or canoe1sts‘
(Southwood 1978), adJustlng the speed and dxteetxon of movement by N

adjusting the timing and hexght of flxght actxvxty to use favourable' |
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conditions. Assuming that A.gamma only makes long distance flights
in downwind directions, how does one account for the observed patterns
of distribution and movement known to occur? If every moth flies down-
wind on every night then the overall distribution of insects would
be determined by the prevailing direction of the winds. A sfrong
seasonal bias to wind directions ‘could result.in a seasonal pattern of
insect movements., This does appear to be an important factor in
insect colonisation patterns in the S.E. United States (Muller 1979,
Walker 1980) although less suitable biases in the distribution of
weather types around Britain (Lamb 1977) make it unlikely that the
colonisation of Britain by A.gamma.eVery summer couldsbe reliant
upon prevailing winds in this way. An alternative mechanism may
be that eacﬁ moth has its own preferred édmpass direction which it
attemﬁts to méintain using celestial cues. Moths thefefore choose
an altitude at which they obtain wind assfsted flight and if noy
suitable wind is available then refrain from dispersal movements or
remain within their boundary layer where flight direction may still
be maintained against the wind. Consistent orientation in one

direction has been demonstrated in the Large Yellow Underwing,

Noctua pronuba, with:the directions chosen by'individual.mpths varying :
between SSE and W on the same night (Sottibandﬁu and Bakér'19795.
Evidence from radar studies is also coﬁpatibié/with this hypothésis.‘
On'still‘nights‘mdthsvméy be récorded:movingiin most’coﬁpass dire¢tions 
at different altitudes but, when the wind speed increases the fecordéd:
directioﬁ'are consiéteﬁtiy déwn&ind, aithough:flighté in‘6§§65iié""
.diréctions may still occur at different altitudes (Schaefer '1976'
Gfeenbank gE_ﬂl‘ 1980) A consequence of this type of d15persa1
strategy is the occurrence of flights in all directlons at all tlmes

of the year. “as found in the records of A.ga a in Brxtaln (Fxsher

1938, Taylor et al. 1973). The exzstence of fllghts in all dxrectxonsv
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at all times of the year is further supported by the detailed records
of inséct colonisation of the newly formed island of Surtsey (Lindroth
et al, 1973). Following its birth in 1963 the arrival of invertebrates
on the island, 30km south of Iceland, was documented by ecologists

who visited the island at regular intervals. The first records of
Lepidoptera are shown in Table 33. Although A.gamma has been known

to produce a second generation on occasions when it has invaded
Iceland early in the year (Wolff 1971) the records of A.gamma on
Surtsey in May and the prevailing winds during the largest immigration
in 1971 led Lindroth et al, to consider that all records are the
result of long range overseas dispersal. The incidence of only
"notorious migrants' on the islands, especially at times during which
southerly movements are more advantageous indicates that these

species are sampling new geographical regions by virtue of their

high vagility. The inevitably high mortality»fates this'strategy’
must entail can be compensated for by the high numbers of eggs

which surviving females can produce (more than 1000/9 for A.gamma |

and over 3000/9 for Agrotis ipsilon), Until Sucﬁ time as conclusive
evidénce of accurate navigational abilityland ;ea§§nal changes in :
chosen flight direction is produced, it seems thaﬁ_the'mqst -
parsimonious ekplahétion of moth dispersai-iies in‘the existencg"

of flights in every directionkét all times of the yéar with the observed
pattern of flight direction records being explained by seasonal shifts
in population denéity and habitat suitability, This intetpretatién

is not only cémpatiblé with the kﬁown’écology of A.gamma Bﬁt appeéfs

as the logical conéequence of adaptation to situations it‘is 1ike1§' 

to have encountered in its evolutionary past. - The:e is a large:
ecological difference between the life history strategy of A.gamma dnd‘-
that of a true migfanf’like the Monarch but:erfly;“In thérlatterﬁ"

the penalty for incorrect direction choice is high and selection




164

TABLE 33: Lepidoptera caught on Surtsey Island 1964-71

1964

1965

1966

1967

1968

1969

1970

1971

18th August
15th October

4th October

25th May
28th August

8th August
21st August

1st August
15th August

6th August
8th August
11th September

l4th May
16th June
21lst June

16th July
19th October
20th October
26th October

27th October
27th October

Plutella maculipennis

Agrotis.ipsilon

Autographa gamma

Autographa gamma
Plutella maculipennis

Nomophila noctuella (2)

Plutella maculipennis (2)

Agrotis ipsilon

Agrotis ipsilon
Agrotis 1ipsilon

Plutella maculipennis (2)
Autographa gamma .
Vanessa cardui (dead)

Plutella maculipennis
Agrotis ipsilon

Plutella maculipennis (2)
Nomophila noctuella

Peridroma saucia (dead)
Autographa gamma (4)
Autographa gamma (12)
Autographa gamma (dead)
Vanessa agtalanta (dead)

Autographa gamma (1 alive, 4 dead)
Phlogophora meticulosa (dead)
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refines the orientation ability to improve the success rate of long
distance movements between summer and winter habitats, Within each
habitat (and on its migrations) the Monarch is a specialist displaying
many of the atttibutes of k-selected species., The Silver Y on the other
hand has responded to selection in a different way. In the absence

of stfong selection to refine its habitat selection abilities due to
the difficulties of detecting and navigating accurately at night, it
has been forced instead to adapt to a wider range of habitats,

If the survival rate between good and bad Habitats is reduced
sufficiently, by high tolerance and fecundity, the reqﬁirément for
accurate directional ﬁovements becomes small, since there are habitats
of differing suitability in every direction. It appears that a group
of moth speéiés inéluding'A.gamma, its American plusiid counterparts,

“A.californica and Trichoplusia'ni, as well as Agrotis ipsilon, many

Spodoptefa and Heliothis spp:in'the 01d World hévé‘becobe the true

nomads of the world, exemplifying a colonistic, opportunistic life
history strategy which differs gréatly from that of true migrants,
These speéies have atfained such a higﬁ level of population movement
thaﬁ\theyvexist essentiaily as single panmictic gene pools, éhowing‘V
little genetically controlled morphological or electrophoretic
variationv(den Boer 1978) over their entire range. This unity of

‘the gene pool precludes the evolution o£'10c31 adap£ations whiéﬁ‘

might allow a more sedentary existence to evolve in particulaf‘ 

regions of their distribution. The dominant sélectivefforcatoperatingfyJ,u7

on these species is therefore truly generalist.




166

BIBLIOGRAPHY

Allan, P.B.M.  (1949) Larval Foodplants. Classey Ltd., Oxon.

Archer, T.L., G.L. Musick and F.L. Murray (1980) 1Influence of
temperature and moisture on black cutworm development and
reproduction. Can. Ent, 112: 665-673.

Asahina, E. (1969) Frost resistance in insects. Adv. Insect Physiol.
6, 1-49.

Balchen, J.G. (1976) Principles of migration of fishes. SINTEF:
The engineering Foundation at the Technical University of Norway.
Trondheim. Teknisk notat nr 81 for OUTNF/NFFR.

Baker, R.R. (1968) The evolution of . the migratory habit in
butterflies. J. Anim. Ecol. 38: 703-746.

Baker, R.R. (1978) The Evolutionary Ecology of Animal Migration,
Hodder and Stoughton, London.

Barker, J.F. & W.S. Herman (1976) Effect of photoperiod or temperature
on reproduction of the Monarch butterfly. J. Exp. Zool., 183:
l-l0. ; L ;

Beall, G. (1948) The fat content of a butterfly, Danaus plexippus Linn.,
as affected by migration. Ecology 29: 80-94.

Beck, s.D. (1968) Insect Photoperiodism. Academic Press N.Y.

Bernays, E A. & R,F. Chapman (1972) Meal size in nymphs of Locusta
migratoria. Ent. exp. Appl. 15: 399-4lo0.

Bernays, E.A. & S.J. Simpson (1982) Control of food intake, Adv. Insect
Physiol. 16: 59-118, ,

Blakley, N.R. & S.R. Goodner (1978) Size-dependent timing of
metamorphosis in milkweed bugs (Oncopeltus) and its life history
implications., Biol. Bull 155 499-510. o

Blau, P. A., P. Feeny, L.. Contardo & D.S. Robson (1978) AllylglucOSinoiate
and herbivorous caterpillars: a contrast in toxicity and tolerance,
Science 200: 1296-1298 :

den Boer M. H. (1978) Isoenzymes and migration in the African armyﬁcrm.
. Spodoptera exempta (Lepidoptera, Noctuidae). J. Zool., Lond :
I85: 539-553., . o '

Brattsen, K.B. (1979) Biochemical defense mechanisms in herbivores .
~against plant allelochemicals. In "Herbivores; their Interaction
with Secondary Plant Metabolites. Rosenthal;.G.A. & Janzen, D,H. =
Eds, Acad Press N.Y. o R -

Bretherton, R F. (1977) The status of Autographa gamma gammina ;
Staudinger (Ilep: Noctuidae). Proc. R. ent. Nat. Bist. Soc. 10; o
- 27-28, : , B




167

Brown, E.S. (1962) The African Armyworm Spodoptera exempta (Walker)
(Lep: Noctuidae): A review of the literature. Commonwealth
Institute of Entomology, London.

Cayrol, R. (1962) 1Interrelations de 1l'alimentation et des autres
facteurs du milieu sur les chenilles de Plusia gamma L.
(Lep: Noctuidae) Ann. Nutr. Aliment.16: 211-219,

Cayrol, R.A. (1972) Famille des Noctuidae. In "Entomologie Appliquee
a l'Agriculture, ed. A.S. Balachowsky 1576 pp.
Masson Paris,

Chapman, R.F. (1982) Chemoreception: the significance of receptor
numbers, Adv. Insect Physiol. 16: 247-356.

Chew, F.S. (1975) Coevolution of butterflies and their cruciferous :
foodplants: I The relative quality of available resources. g
Oecologia 20: 117-127,

Clapham, A.R., T.G. Tutin and L.F. Warburg (1962) Flora of the
' British Isles. 2nd edn. Cambridge University Press.

Cole, B.J. (1980) - Growth ratios in holometabolous and hemimetabolous
insects. Ann. Entomol. Soc. Am 73: 489-491.

Cole, L.C. (1954) The population consequences of life history
phenomena. Q. Rev, Biol. 29: 103-137.

Cooper, B.A. (1946) 0verwintering of Plusia gamma larvae in Yorkshire.
Entomologist 79: 176. : A

Courtney, S.P. (1982) Coevolution of pierid,buttérflies and their
cruciferous foodplants V: Habitat selection, commmity structure .
and speciation. - Oecologia (Berl.) 54: 101-107.

Craik, J.C.A. (1979) Mark and recapture studies of ten moth species |

Danislevskii, A.S. (1965) Photoperiodism or seasonal development of
Insects. Oliver and Boyd. . Edinburgh.

Deevey, E.S. (1947) Life tables for natural populations of animals.
Q. Rev, Biol, 22: 283-314. .

benlinger, D.L. (1974) Diapause potential in tropical flesh flies.
Nature 252: 223-224. .

Dethier, V.G. (1980) Evolution and receptor sensitivity to secondary
- plant substances with special reference to deterrents. Am. Nat,
115 45-66. , S : : i ,

Dingle, H. (1972) Migration strategies of insects, Science 175
1327-1335, - ' C SRR B P S

Dingle, H. E4. (1978) Evolution of Insect Migfation and,Diapauéo.,
Spmger—verlag N. Y..‘f ,

Dyar, H.G. (1890) The number of moultsof lepidopterous 1arvae. ~ Psyche =




168

Ehrlich, P.R. & P.H. Raven (1965) Butterflies and plants: a study
in coevolution. Evolution 18: 586-608.

Eitschberger, U. & H. Steiniger (1973) Appeal for international |
cooperation in the research of the migration of insects. ;
Atalanta 4: 134-191.

Elsey, K.D. (1980) Pickleworm: effect of temperature on development, vi
feundity and survival. Environ. Entomol. 9: 10l1-103,

Enders, F. (1976) Size, food-finding, and Dyar's constant
Envir, Entomol. 5: 1-10.

Fisher, K. (1938) Migrations of the Silver Y moth (Plusia gamma) )
in Great Britain, J. Anim. Ecol. 7: 230-247,

Fox, L.R. & P.A, Morrow (198l1) Specialization: Species property or
local phenomenon? Science 211: 887-893. o

Greenbank, D.D., G.W. Schaeter and R.C. Rainey (1980) Spruce budworm i
(Lep: Tortricidae) moth flight or dispersal: new understanding |
from canopy observations, radar and aircraft. Mem. ent. Soc. .
Can. 110: 1-49,

Greenstone, M.,H. (1979) sSpider feeding behaviour optimizes dietary
essential amino-acid composition. Nature 282: 501-3, ‘ o

Hadley, M. (1978) An early A. Gamma in Eastbourne,

o— -(1979) Evidence of a late migration of lepidoptera to g
Eastbourne. Ent., Rec, 90: 334,

‘Hamilton, W.D. & R.M. May (1977) Dispersal in stable habitats.
Nature 269: 578-581,

Hardy, A.C. & P.S. Milne (1938) Aerial drift of insects. Nature,
Lond. 141: 602. o S

4

Harrison, R.G. (1980) Dispersal polymorphisms in insects. ' Ann. Rev.
Ecol. syst. 1l1l: 95-118. :

Hawkeg, C., (1974) Dispersal of adult cabbage root fly (Erisischia |
: brassicae (Bouche) in relation to a brassica crop.
J. appl. Ecol. ll 83—93 :

Heinrich, B. (1977) why have some animals evolved to regulate a
high body temperature? " Amer. Nat. 11ll: 623-640. e

Herman, W.S, (1981) Studies on the adult reproductive diapause of the‘
Monarch butterfly. Danaus plexippus. Biol. Bull. 160:
89~ 106. : S , : , ‘ ‘

- Hodjat, S.H. (1970) Effects of crowding on colour, size and larval
activity of Spodoptera littoralis (Lepidoptera: Noctuidae) Ent.[“
exp. Appl. 13- 97 106 , B




169

Honek, A. & I. Novak  (1980) Environmental conditions at pupation
influence the pupal weight in Mamestra brassicae (Lep. Noct.)
Acta ent. bohem. 77: 138-140.

House, A.L. (1965) Effects of low levels of nutrient content of a
food or of nutrient imbalance on the feeding and the nutrition
of a phytophagous larva Celerio euphorbiae (Linneaus)
(Lepidoptera: Spheriyidae) Can. Ent. 97:; 62-68.

Huggins, H.C. (1958) An early Plusia gamma Entomologist 91: 99, 1

Hull, C.D. & N.H. Nie (1979) sSPSS: Update McGraw-Hill Book Co. N.Y.

Ichinose, T. & S. Shibuya (1959) Studies on the bionomics of the Asiatic
common looper, Plusia nigrisigria and its several allied species
(Noctuidae) II Effects of temperature on the development of
the Asiatic common locoper, Plusia nigrisigna Jap. J. appl. Ent.
Zool. 3 157-163 (Eng. Summary).

Ito, ¥, (1978) . Comparative Ecology. Cambridge University Press,
Cambridge.

Iwoe, S. (1967) some effects of grouping in Lepidopterous insects.
Coll. int. Centre Natl. Resch. Sci. 173: 185-210.

Jaenike, J. (1978) On optimal ovipositioh behaviour in phytophagous
insects, Theor. Pop. Biol. 14: 350-356, o .

Johnson, C.B. (1969) Migration and Dispersal of Insecte by Flight; k
Methuen, london, j

Jones, R.E. (1977) Search behaviour- a study of three caterpillar
species, Behaviour.GO 237-259, . ,

Khalsa, M.S., M. Kogan and W.H. Luckmann (1979) Autographa precationis :
in relation to soybean: Life history, and food intake and utilization
under controlled conditions. Environ. Entomol. 8: 117 122,

Kennedy, J.S. (1961) A turning point in the study of insect migration _ =
Nature 189: 785-791, . = , e ; ]

Kennedy,‘a S. (1975) insect Dispersal. vIn "Insects, SCience and
Society" D. Pementel Ed. pp. 103- 19 Academic Press, New York.

Klomp, H, (1958) Larval density and adult fecundity in a natural -
population of the pine looper (Bupalus piniarius L. ) Archs. neerl,
Zool. 13: 319-334, : Lo , AR T R L

Koch, M. (1966) Keimdrtisenreitung bei Lepidopteren durch Aufnahme und
durch Fiitterung von Vitamin E. Biol. Zentralblatt 3: 345-348,

" Kriegel, R.I., P.P. Feeny and C.F. Wilkinson (1971) Detexification"
.enzymes in the guts of caterpillars: an evolutionary answer to ,
plant defenses? Science 172: 579-581. : ’ RO R St

Lamb, H. H. (1977) British Isles weather types and a register of the -
dally sequence of circulation patterns 1861-1971. Geophysical
Memoirs No.116s 1-85., B R




170

Larsen, E.B. (1949) Activity and Migration of Plusia gamma. Studies
in the activity of insects III. Biol. Meddel 4 1-32,

Laughlin, R. (1965) Capacity for increase: a useful population
statistic. J. Anim. Ecol. 34: 77-91.

leggett, W.C. (1977) The ecology of fish migrations. Ann. Rev. Ecol.
Syst. 8: 285-308.

lewontin, R.C. (1965) Selection for colonizing ability. In "The
Genetics of Colonizing Species". H.G, Baker and G. Ledyard
Stebbins (Eds.) Acad. Press. N.Y., pp.77-91.

Li, Kwang-Po, Wong, Hong-Hsiang, and Woo, Wan-Sei (1964) Route of the
seasonal migration of the Oriental Armyworm Moth in the eastern
part of China as indicated by a three year result of releasing
and recapturing marked moths (In Chinese with English summary)
Acta, Phytophyl, Sin, 3, 101-110. Rev. appl. Ent. (A) 53: 391 .

Lindroth, C.H., H. Andersson, H. Bd8dvarsson and S.H. Richter (1973)
Surtsey, Iceland. The development of a New Fauna, 1963-1970
Terrestrial Invertebrates. Ent. Scand. Suppl. 5: 1-280.

Long, D.B. (1953) Effects of population density on larvae of
Lepidoptera Trans. R. ent. Soc. Lond. 104(15): 543-585,

Long, D.B. (1955) Observations on sub-social behaviour in’'two species
of lepidopterous larvae, Pieris brassicae L. and Plusia gamma L..
Trans. R, ent., Soc. lond. 106: 421-437,

Long, D.B. (1959) Cbservations on adult weight and wing area in
Plusia gamma L., and Pieris brassicae L. in relation to larval
population density. Ent. exp. Appl. 2: 241-~248.

Long, D.B. and M.A, Zaher (1958) Effect of larval population density
on the adult morphology of two species of lepidoptera, Plusia gamma L.
and Pieris brassicae L. Ent. exp. appl. l: l61- 173.‘

Ma,W.C. (1972) Dynamics of feeding responses in Pieris brassicae Linn,
as a function of chemosensory input: a behavioural, ultrastructural
and electro-physiological study Meded. Landbouwhoges Wageningen
72: 1-162, _

MacArthur, R.H, and E.O. Wilson (1967) - The Theory of Island Biogeography.
Princeton University Press, Princeton.

May, M.L. (1979) - Insect Thermoregulation.' Ann. Rev. Entomol.24:y3l3-49 e
Murdic, G; (1969) - The biological consequences of decreased siza causad

by crowding or raising temperatures in apterae of the pea aphid
.Acyrthosiphon pisum., Trans. R. ent. Soc¢. Lond, 121: 443-55,

Muller, R.A. (1979) Synoptic weather types along the Central Gulf Coast:
-Variabllity and Predictability. In "Movement of Highly Mobile - :
Insects" Rabb, R. L. and Kennedy, G.G. Eds. N. Carolina State '
University. ' '




171

Nachtigall, W. (1976) Wing movements and the generation of aerodynamic
force by some medium sized insects Symp. R. Ent. Soc. Lond. 7:
31-47.

Newman, L.W. and H.A. Leeds (1913) Textbook of British Butterflies
and Moths. Gibbs and Bamforth, St. Albans.

Nie, N.H., C.D. Hull, J.G. Jenkins, K. Steinbrenner and D.H. Ben
(1975) SPsSS: Statistical Package for the Social Science. 2nd ed.

Nijhout (1975) A threshold size for metamorphosis in the tobacco
hornworm. Manduca sexta (L) Biol. Bull.149: 214-225,

Nijhout, F.H. (1979) Sﬁretch-induced moulting in Oncopeltus fasciatus.
J. Insect Physiol., 25: 277-281,

Nijhout, F.H. and C.M, Williams (1974) Control of moulting and metamorphosis
in the tobacco hornworm Manduca sexta (L.): growth of the last-
instar larva and the decision to pupate J. Exp. Biol., 61:
493-501.

Nijhout, F.H. and D.E. Wheeler (1982) Juvenile Hormone and the
physiological basis of insect polymorphisms. Q. Rev, Biol. 57(2):
109-133.

Novak, I. (1968) The hibernation of the Silver Y Moth (Autographa gamma
L.) (Lepidoptera, Noctuidae) under the climatic conditions of
central Europe. 13th Int. Cong. Ent. Moscow (l): 533,

Novak; I. <(1972) Contribution to the food relaticnship in
Autographa gamma L. (Lep: Noctuidae) Proc. 4th Int. Cong.
Plant Protection 2: 141-147,

Novak, I. and K. Spitzer (1971) The relationship between migration
and diapause during phylogeny and ontogeny of some lepidoptera.

Odiyo, P.O. (1975) Seascnal distribution or migrations of Agrotis ipsilon
‘ (Buf) (Lep. Noct.). Tropical Pest Bulletin 4: 1-22,

Puton, C.I. (1947) Plusia gamma in December.' Entomologist 80: 113

Prebble, M.L. (1941) 'The;diapausé and related phenomenon in
Gilpinia polytoma IV. 1Influence of food and dispause on
reproductive capacity Can, J. Res. D. 19; 417-436,

Price, P.W. (1975) Insect Ecology. Wiley and Son.

Rabb, R.L. and G.G, Kennedy (Eds.) (1979) Movement of Highly Mobile
Insects: Concepts and Methodology in Research, N, Carolina State
University Press. ‘

Rainey, R.C. (1978) The evolution and ecology of flight. the
"oceanographic" approach. In "Evolution of Insect Migration and
Diapause" H, Dingle Ed. Springer Verlag N. Y.~ :




172

Rankin, M.A. (1978) Hormonal control of insect nmigratory behaviour.
In "Evolution of Insect Migration and Diapause. H. Dingle
(Ed.) Springer-Verlag N.Y.

Rashid, F.F., S.M. Hammond and S.M. Hassan (1971) The biology of
Autographa gamma L. in Alexandria region. Bull. Soc. ent.
Egypte 55: 455-459.

Richards, O.W. and N. Waloff (1954) Studies on the biology and
population dynamics of British grasshoppers. Anti locust
Bulletin 17, 182pp.

Roer, H. (1961) Ergebnisse mehrjihriger Markierungversuche zur
Erforschung der Flilgend Wandergewohnheiten europlischer
Schmetterlinge. 2Zool Anz. 167: 456-463.

Roer, H. (1962) Experimentelle Untersuchungen zum Migrationsverhalten
des Kleinen Fuch Aglias urticae L. Beitr. Ent. 12 528-554,

Roer, H. (1969) Zur Biologie des Tagpfaunauges Incchis is L.
(Lep: Nymphalidae), unter besonderer Berucksichtigung der
Wanderungen im mitteleurdischen Raum. 200l. Anz. 183: 177-194.

Schaefer, G.W.S. (1976) Radar observations of insect flight.

Schoonhoven, L.M. (1973) Plant recognition by lepidopterous larvae
Symp. Roy. EntOmol Soc. london 6: 87-99

Schoonhoven, L.M. and J. Meerman (1978) Metabolic cost of changes in
diet and neutralization of allelochemicals. Ent. exp. Appl. 24:
689-693.

Schremmel, F. (1941) Sinnesphysiologie und Blumenbesuch des Falters
von Plusia gamma. Zool. Jber., Neapel 74: 375-434.  (Quoted in
"The Pollination of Flowers" Proctor M. & Yeo, P. (1973)
Collins., London. . L ' ' ‘

Schroeder, L A. (1976) Effect of food deprivation on the efficiency of
utilization of dry matter, energy and nitrogen by larvae of the -
Cherry Scallop Moth Calocalpe undulata Ann. Ent, Soc. Amer. 69~
55-58. .

Scorer, A.G. (1913) - The Entomologists Loq—Book. fRoutledge and Son,v"
"London. : o S PR S

Scriber, J.M. and F. Slansky, Jr. (1981) The nutritional ecology of
immature insects, Ann. Rev, Entomol. 26: 183-211.

Shorey, H.H, (1963) “The biology of Trichoplusia ni (Lep: Noctuidaa).
II Factors affecting adult fecundity and longevity.- Ann,
Entomol, Soc. Amer. 56: 476-480. Lo

Singer, M.C. (1982) Quantification of host preference by manipulatlon ;
of oviposition behaviour in the butterfly __thdras editha. ‘
Oecologia 52: 224-229 : :




173

Slansky, F. and P. Feeny (1977) sStabilization of the rate of nitrogen
accumulation by larvae of the cabbage butterfly on wild and
cultivated food plants., Ecol. Monagr. 47: 209-228.

Smiley, J.T. (1978) Plant chemistry and the evolution of host
specificity: New evidence from Heliconius, and Passiflora.
Science 201: 745-747,

Snodgrass, R.E. (1954) 1Insect metamorphosis. Smithson.misc. Coll ns,
122 (9), 124pp.

Sokoloff, A. (1974) The Biology of Tribolium Vol.2 Oxford University
Press, London.

Sotthibandhu, S. and R.R. ﬁaker (1979) Celestial orientation by the
Large Yellow Underwing moth, Noctua pronuba L. Anim. Behav.
27: 786-800.

South, R. (1962) The Moths of the British Isles. 4th Edn., revised
and edited by Edelston H.M. and Fletcher, D,S. Warne and Co.,
London.

Southwood, T.R.E. (1962) Migration of terrestrial arthropods in
relation to habitat. Biol. Rev., 37: 171-214,

Southwood, T.R.E. (1977) Habitat, the templet for ecological strategies?
J, Anim. Ecol. 46: 337~365,

Southwood, T,R.E. (1978) Escape in Space and Time - concluding
- remarks., In "Evolution of Insect Migration and Diapause"
H. Dingle Ed. Springer-Verlag N.Y.

Sylven, E. (1947) ndersakningar 8ver gammafleyt, Phytometra gamma L.
Statens Vaxtskyddsanstolt Meddelande N.Y. 48; 1-42, (English
summary) « ‘

Taylor, L.R. (1974) 1Insect Migration, f£light periodicity and the
boundary layer. J. Anim. Ecol. 43: 225-238.

Taylor, L.R. (1975) Longevity fecundity and size: control of reproductive
potential in a polymorphic migrant Aphis fabae J. Anim. Ecol. 44:
135-63,

Taylor,VL.R., R.A; French and E.D.M. Macaulay (1973) Low-altitude.‘
migration and diurnal flight periodicity; the importance of
Plusia gamma L. (Lep: Plusidae). J. Anim. Ecol. 42- 751-760.

'i‘aylor, L.R. and R.A.J. Taylor (1977) Aggregat.ion, migration and
.population mechanics. Nature 265: 415-421,

Taylor, R.A.J. and L.R. Taylor (1979) A behavioural model for the‘k
evolution of spatial dynamics. In "Population Dynamics" :
R.M. Anderson and B.D, Turner (eds,) Symp. Brit. Ecol. Soc. 20:
1-27. : ST

Teissier, G. (1936) La loi de Dyar et la croissance des Arthropods.:
Livre jubil. Bouriver, Paris, 335—342 : .




174

Truman, J.W. (1972) Physiology of Insect Rhythms: I Circadian
organization of the endocrine events underlying the moulting
cycle of larval tobacco hormworms. J. Exp. Biol. 57: 805-820.

Tuskes, P.M. and L.P, Brower (1978) Overwintering ecology of the
monarch butterfly, Danaus plexippus L., in California.
Ecol. Entomol. 3: 141-153,

Urquhart, F.A. (1960) The Monarch Butterfly. Univ. Toronto Press.

Uvarov, B.P. (1931) 1Insects and Climate.' Trans. ent, Soc. lLond. 79:
1-247,

van Volen, L. (1973) A new evolutionary law., Ecol. Theory l: 1-30.

Walker, T.J. (1980) Migrating Lepidoptera: are butterflies better
than moths? Fla. Ent. 63(1): 79-98.

wallace (1968) Topics in Population Genetics. W.W. Norton & Inc. N.Y, |
Warry, H.E. (1964) silver Y at crocus in Dorset. ;

Weis-Fogh, T. (1976) Energetics and aeiodynamics of flapping flight:
a synthesis,.Symp. R. Ent. Soc. Lond. 7: 48-74.

Wicklund, C. (1973) Hostplant suitability and the mechanism of host
selection in larvae of Papilio machaon L. Ent, exp. appl. 16:
232-242,

Wigglesworth, V.B. (1934) The physiology of ecdysis in Rhodnius
prolixus (Hemiptera) II Factors controlling moulting and
'metamorphosis' Q.J. Microsc. Sci., 77: 191-222,

Wigglesworth, V P, (1972) The Principles of Insect Physiology
Methuen & Co., Ltd., London.

Wilde, J. de and P. Forket (1967) The host plant as a source of seasonal
finfo:mation. Meded. Rijksfac. Landbwet. Gont 32: 387-392,
Wiltshire, E.P. (1946) Studies in the geography of Lepidoptera 11 -
Some Middle East migrants, their phenology and ecalogy, Trans.;[‘
R. ent. Soc. Lond. 96 (10): 163-182. : -

williams, C.B. (1930) The Migration of Butterflies. Oliver and Boyd, ,‘
Edinburgh. ; , v v ‘

williams, C.B. (1951) Seasonal changes in the flight direction of AR
migrant butterflies in the British Isles. J, Anim. Ecol. 20: , W
180-190. ' R

williams, C.B. (1958) 1Insect Migration.i Collins. london.




175

williams, C.B., G.F. Cockbill, M.A. Gibbs and J.A. Downes (1942)
Studies in the migration of lepidoptera. Trans. R. ent. Soc,
Lond. 92: 101-284,

Wolff, N.L. (1971) Lepidoptera - Zool. of Icel. III 45 Copenhagen
1-193.

de Worms (1964) Ent. Rec. 75: 148.
Zaher, M.A. and D.B. Long (1959) Some effects of larval population density

on the biology of Pieris brassicae and Plusia gamma Proc. R. ent.
Soc. Lond. A 34: 97-109.




-

APPENDIX A: Map used for the flight direction model of A.gamma adults.

[t i el

)_vmn‘ oF  OUERMITSTERINNY
< GurwwAL of @, apmmo. WF

~ N katrrppes .

Gosmea LT oF  § g
\ orafdsE Iy ~ ok .

¥V X1dtaddy



