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SUMMARY

The tethered-flight technique used previously for studies of

the factors requlating the flight performance of Spodoptera

exempta moths was improved and developed to increase reliability

and incorporate computerised datalogging permitting faster and
more extensive analysis.

Larvae of S. exempta show a density-dependent phase
polyphenism and the ef%ect of larval phase on adult flight was

examined. A consistently greater flight performance was observed

in female moths reared as gregaria larvae compared with those

reared as solitaria, but no significant effect was found in
males.

The distribution of flight durations was examined and found
to be log-normal. Using normalised data the heritability of
flight duration was estimated in a number of strains.
Significant heritabilities were obtained for flights beginning

before, but generally not after, midnight when radar observations
in the field have shown flights achieving substantial

displacements to occur. It is suggested that prolonged flights
in the laboratory which start before midnight and whose durations
are under genetic regulation represent migratory flights in the
field. Shorter flights, particularly those starting after
midnight, achieve local redistribution of moths, some of them
possibly representing the "pluming" behaviour observed using
radar.

Flight duration was shown to respond to selection for both
short and long flight. The Fl generations of the lines of four
strains selected for increased flight capacity revealed a bimodal
distribution of flight durations indicating two types of moth.

It is suggested that a major gene could account for this effect
and that. the longer fliers represent potential migrants while the
shorter fliers are capable only of flights achieving local
dispersal.

The effect of flight on the fecundity of females was
examined. It was found that in moths subsequently fed water
(necessary for oocyte development), a decrease in fecundity
resulted which was related to the duration of flight. 1In moths
fed sucrose fecundity was maintained at the level of unflown
moths.

These results are discussed in relation to the behaviour and

ecology of S. exempta in East Africa and the prospects for the
success of a regional approach to its control.



CHAPTER ONE

General introduction.



The African armyworm, Spodoptera exempta, 1s an
endopterygote insect of the order Lepidoptera and the family

Noctuidae. The success of this order, which contains more than
100 000 species (Richards and Davies, 1977) appears to be
associated with the evolution of higher plants, and especially
angiosperms (Common, 1970). The characteristic haustellum
(proboscis) of adults, found in no other order, allows the easy
uptake pf water and facilitates the use of the carbohydrate
contained in nectar, which many species are able to convert to
fat (Common, 1970). Larvae of the Lepidoptera are predominantly
phytophagous and species from many families are economically
important pests e.g. armyworms, bollworms and cutworms
(Noctuidae), leaf-miners (Gracillariidae), leaf-rollers
(Tortri;idae) and webworms (Pyralidae) (Common, 1970).

The Noctuidae contains more described species than any other
family of the Lepidoptera (Richards and Davies, 1977; Brotherton

et al., 1983). Members of the family are remarkably uniform in

structure and habits (Richards and Davies, 1977). The moths are

largely nocturnal and are often avid feeders at flowers, being

attracted also by "sugaring" by entomologists (Brotherton et al.,

1983). Few species are pests in Britain (Brotherton et al.,

1983) but, worldwide, members of the Noctuidae éause widespread
and economically important damage to crops and ﬁasture. for
example, larvae of the bollworms, Heliothis armigera, H.
punctigera, H. zea and H. virescens attack cotton, lucerne,
linseed, maize and tomatoes (Common, 1970). Cutworms (Agrotis

Spp. — so called because their larvae often bite through the



stems of plants at the base and so fell them (Baker, 1983)) are
well known, nocturnally active pests in Australia and North
America (Common, 1970; Richards and Davies, 1977). The U,.S.A.
also suffers damage to cereals and grasses from the true armyworm
Pseudaletia unipuncta, and Australia from the armyworms P.

convecta, Spodoptera litura and S. mauritia (Common, 1970;
Richards and Davies, 1977). |

S. exempta, the African armyworm, haslbeen recorded
throughout Africa and the Pacific as fér east as Hawaii. Haggis
(1984; see also Haggis (1986)) has comprehensively reviewed its
distribution and has compiled a worldwide distribution map
showing the occurrence of larval infestations or moths recorded
in one degree squares of latitude and longitude (c. 12 000Km®) .
The ﬁap shows the widespread distribution of the species
throughout Africa and southwestern Arabia south of the Saharan
and Arabian deserts. Records of the insect’s occurrence are not
uniforml& spread, however, with no records of the species from
Benin, Equatorial Guinea, Chad or the Central African Republic
and moths but no larvae have been identified in Togo, Ruanda and
Djibouti.

To the west of Africa, the only record is of a single moth
taken on the island of Sao Tome, west of Gabon and south of
Nigeria. Off the east coast, larval infestations have been
reported from Zanzibar and Mafia Island (close to the Tanzanian
coast) with moths but no larval infestations reported from
Madagascar. Larval infestations have been reported from

somewhere in Africa in almost every year since 1919 although

there has been a general increase in the number of reports since



1945, particularly from West Africa.
Reports from the countries abutting, and islands of the
Indian and Pacific Oceans are generally more scattered in space

and time, although again a marked increase in the reports of

infestations and moths has occurred since 1965. 1In particular,
increases and new records have been reported from Papua New
Guinea, the Philippines, the Solomon Islands, New Caledonia, the
Northern Territory Ef Australia, New Zealand, Japan and the
Cocos—-Keeling Islands in the Indian Ocean.

Although the increasing number of reborts may be due in part
to better communications and awareness of the pest, it has also
been suggested that climatic change or more extensive
deforestation and irrigation projects, with subsequently
increased areas of grassland or crops, may be producing a real
increase in the occurence of infestations (Baker, 1978; Rainey,
1981; Haggis 1986).

Females appear to exercise little choice of oviposition site
in the field and have been observed ovipositing on dry grass
stems in the presence of lush grasses, on bushes and trees in the
presence of grasses and on poles and fences. Some preference
seems to be expressed for high vegetation, irrespective of type,
perhaps to allow for greater larval diépersal (Hattingh, 1941;
Page, 1985).

A single egg bafch laid by a female S. exempta moth will
hatch within a few hours, at least in the laboratory. If
undisturbed, the larvae will remain on their egg shells which

they will begin to eat within a few minutes of hatching



(Hattingh, 1941). After about six hours they will begin to walk
away from the oviposition site iﬁ a looping gait and with no
observable gregarious behaviour, so that they disperse in all
directions (Hattingh, 1941). Whellan (1954) easily located
hatched egg masses in the field but seldomn found larvae near
them, indicating rapid dispersal of the_larvae. If, at any time
while the egg shells are being eaten or afterwards, the larvae
are disturbed by vibration of the substrate (e.g. a plant leaf)
or the wind, some will immediately fall from the substrate to
which they have usually attached themselves by fine gilken
threads (Hattingh, 1941; Whellan, 1954). By doing so they will
probably encounter lower level vegetation which is likely to be
composed predominantly of grasses and, particularly after recent
rainfall (which will be seen to be relevant later), young grasses
(Whellan, 1954; Brown, 1962). As well as resulting in a more
gentle landing (Whellan, 1954), the threads often break and act
as parachutes so that the larvae are carried by the wind and
experience far greater dispersal than they would do by walking
alone (Hattingh, 1941; Brown, 1962).

A list of food plant species may be found in Brown (1962)
with additions in Brown and Dewhurst (1975), Baker (1978) and

Yarro et al. (198l). The larvae appear to be able to feed on

almost all grasses (family Gramineae) (Brown, 1962) although they
do show some preferences, especially for the common weed "star |
grass"” Cynodon dactylon (Yérro, 1982). Yarro (1984) also states
that at 25°C and 70%R.H. larvae reared on C. dactylon, Zea mais
and Kikuyu grass (Pennisitum clandestinum) devéIOp thr9ugh five

instars while those reared on quinea grass (Panicum maximum) and



Setaria plicatilis develop more slowly and pass through six and
seven instars respectively. Cultivated Gramineae on which the

larvae have been recorded as feeding include oats (Avena

sativum), finger millet (Eleusine caracana), kaffir millet (E.

indica), barley (Hordeum vulgare), rice (Oryza sativa), sugar-

cane (Saccharum officinale), rye (Secale cereale), millet

(Sorghum spp.), wheat (Triticum vulgare), maize (Zea mays) and

various forage grasses. The most important of these in Africa
are, perhaps, maize and the forage grasses (Brown, 1962).

The only other plant family on which African armyworm larvae
appear to feed, other than very rarely, are the Cyperaceae (the
sedges). In Hawaii, where larval infestations are reported in
most years, the armyworm is so often found on Cyperus rotundus

(Nut-grass) that it is commonly called the Nut-grass armyworm

(Faure, 1943).

Other families, members of which have been rarely observed
as host plants, are the Compositae (e.g. sunflower),
Convolvulaceae (e.g. sweet potato), Iridaceae (e.g. Montbretia
spp.), Leguminosae (e.g. groundnuts), Liliaceae,TMalvaceae (e.g;
cotton), Musaceae (e.g. banana), Rubiaceae (e.g. coffee)
Solanaceae (e.g. potato, tobacco) and Palmae (e.g. Dwarf variety
of coconut). |

The larvae of S. exempta are usually only seen when they
occur in the high densities which result from the concentrated
oviposition of a large number of moths in an area. Such |
infestations, or outbreaks, are commonly composed of larvae at

2 2

densities of up to 300m™“, although up to 1000 larvae m ° have



been recorded, and may cover several thousand sz (Tucker et al.,

1982). Odiyo (1979) reported an outbreak with a mean density of

2

28 larvae m_2 which covered 65 Km™ of rangeland. He estimated

that during the week of the final instar, they consumed 50 000 Kg
dry weight of herbage per day (based on a consumption of 200mg
dry weight‘of malze per lar§a per day), a feeding rate equivalent
to 8000 cattle. It is in these high densities that the larvae
inflict significant damage to crops or grasslands, even to the
point of completely destroying their host plants in the area
(Swaine, 1963), with, frequently, the consequent starvation and
death of some or all of the larvae. 1If this occurs early in the
growing season farmers may replant their crop but with a greater
risk of failure if the rains are inadequate (Odiyo, 19?9). It is
in response to starvation that the larvae "march" across the
ground from which the common name of armyworm is derived. 1In
fact groups of larvae do appear to mové in the same direction -
march toéether - but there is no evidence of true gregarious
behaviour (Rose, 1979).

Larvae in outbreaks are typically of the gregaria form (see
Ch. 3) and have black bodies and head capsules, with off-white
longitudinal body stripes laterally and dorsally. Ventrally they
are apple-green. These colours develop fully by the fourth
-instar, young larvae being pale grey-green in appearance and
becoming darker with each moult (Rose, 1979). The larvag may
appear particularly black after moulting and pale before the next
moult due to expansion of the larval cuticle.

Larvae are also known to occur at such low densities that

they are difficult to find (Roée, 1979; Gatehouse, 1986). Faure



(1943) reported a number of fruitless searchesifor these
solitaria form larvae (see Ch. 3) in areas of young grasses,
especially Cynodon dactylon, totaling more than 260 man hours.
The only solitaria larvae he found on his numerous field trips
were one fourth and one fifth instar larva in a dense stand of C.
dactylon on the banks of a river during a search lasting 1.08 man
hours. Rose (1979) reported finding a few larvae in most years
from 1955 to 1977 after extensive searches in Rhodesia, and that
small numbers had been recorded in Kenya every yvear from 1974 to
1977. Others have been found occassionally by entomologists
throughout East Africa. 0Odiyo has also reported low numbers of
moths in national network traps over many months of the year in
areas where outbreaks have not been reported (Odiyo, unpublished

reports, cited in Rose et al., 198-).

Solitaria larvae from low density populations differ in
appearance from those found in outbreaks. They vary from green
or green and pink to brown with brown head cépsules. They also
differ in behaviour. Whereas larvae in outb;eaks are active and
feed high on their host plantjlow density larvae are sluggish and
feed low down in the sward. They also differ in a number of
physiological characteristics (see Ch. 3). Faure (1943)
described these different larval forms as "phases" by analogy
with locusts and it was he who termed the high density form the
gregaria phase and the low density the solitaria. He also
described intermediate forms between the two extremes and which

he termed the transiens phase.

Solitaria larvae may actually be found at quite high



densities during seasons of armyworm outbreaks, provided they are
in a thick mat of grasses so that they do not encounter one

another in the early instars (Rose, 1979). For example, Whellan

2

(1954) found solitaria at a density of 75 to 150m “ and Rose

(1979) at densities of 54 and 100m %

on pasture.

The egg, larval and pupal developmental periods are very
temperature dependent. Hattingh (1941) reports periods of 72h,
28-37 days and 19-21 days at 70°F (21°C) and 28-30h, 10-15 days,
and 6-8 days at 90°F (32°) for eggs, gregaria larvae and pupae
respectively. At 60°F (16°C), eggs took nine days to develop and
all of the larvae (n=760) died, the 1as£ after 27 days. At 50°F
(10°C) all the larvae (n=700) had died after only 14 days.
Figures by other authors are given by Brown (1962) and are
consistent with those of Hattingh, although the data are often
incomplete.

In outbreaks the larvae are easily overlooked during the
first twﬁ or three instars (Swaine, 1963) but, later, they become
obvious at outbreak densities and so may seem to have appeared
very suddenly. Their development is quite synchronous (Rose et
al., 198-) and leads to the great majority of the larvae
burrowing down into the soil to pupate over a few days, so that
they seem to disappear as rapidly as they appeared. For this
reason the armyworm has been given the common name of "mystery
worn" in Zimbabwe (Rose, 1979).

Adult eclosion usually occurs during the first half of the

night (Rose, et al., 198-). The imagos burrow to the surface,

climb any available vertical object on which they hang and

inflate their wings. They are capable of flight within

10



approximately two hours (Brown et al., 1969). The pre-

oviposition period has usually been found to be between two and
seven days (Whellan, 1954; Brown, 1962) although oviposition on

the night after emergence has been reported (Brown et al., 1969).

Pre-oviposition period is affected by temperature (Faure, 1943)
and Page (1985) has suggested that some of the variance shown is
genetic.

Eggs are laid in a mass, often inltwo or three iayers and
covered in black hairs from the tip of the female’s abdomen.
Females may lay one or more batches of eqggs in a night. Batches
vary in size, typically 200 to 400 eggs (Brown, 1962) on the
first and second nights of oviposition, decreasing on 1éter
nights to perhaps half a dozen (Page, 1585). Typical fecundities
of 200 have been quoted Vith a maximum of 682 eggs (Brown, 1962)
although Page (1985) cites a potential of 1000 eqgs. 1In this
laboratory a fgcundity of 1200 eggs has been recorded although it

is commonly half this number.

The spatial and temporal pattern of occurrence of outbreaks,
both within a year and from year to year, has been the subject of
intensive investigation with the dual aims of accurate

forecasting and control (e.g. Brown et al., 1969)

An excellent sequence of 12 maps, one for each calendar
month, showing the frequencies of outbreaks throughout Africa for
the years 1940 to 1942 inclusive, is provided by Haggis (1984).
Each map shows the number of times an outbreak occurréd in each
one degree square. An appendix also provides a month by ﬁonth

sequential picture of these 43 years.
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The maps show that the armyworm "season" generally begins by
December with reports of outbreaks from northern Tanzania or
southern Kenya and from Malawi and/or Zimbabwe. The outbreaks
become more frequent in these areas in January and become more
widely distributed in Tanzania and extend into the Transvaal. 1In
February the outbreaks in the north occur through much of
southern Kenya and may now include Uggnda, while in the south
their incidence is highest in the Transvaal but they may extend
throughout the Orange Free State. In March, outbreaks in the

*south have become less frequent with those that do occur widély
scattered across the Transvaal, Orange Free State, Lesotho and
extending into Cape Province. 1In the north the outbreaks appear
more concentrated along the Kenyan-Tanzanian border and in
Uganda. In later months, outbreaks in the south are infrequent
being almost unknown by May although occasionally still occurring
in Malawi. 1In April the outbreaks become spread more evenlf
across southern Kenya with some qccurring in northern Kenya and
Ethiopia. They-become more common in Ethiopia and less so in
Kenya through May, with some occurring in Somalia and, in most
vears, reach into the Yemen by June. Outbreaks in Kenya are rare
by August and declining in Ethiopia and the Yemen wheré they
peter out by October. Reported outbreaks in West Africa are
scattered and occur mainly from May to July.

The pattern of incidence of outbreaks is associated with the
movement of the Inter-tropical Convergence Zone (ITCi), the
region where the trade winds of the hemispheres meet. The ITCZ

moves poleward over land during the summer, monsoon west winds

forming between it and the equator. This zone ofjconverging‘

12



winds gives rise to seasonal rainfall. As it passes South, the
ITCZ produces the "short rains" over East Africa and as 1t passes
North, the "long rains". Thus armyworm outbreaks track the rainy
seasons and appear in regions of new growth} not only of
grasslands but also of recently planted crops.

A relationship between thé severity of the armyworm season
(indicated by the number of outbreaks) in East Africa and
delayed early season rainfall is conspicuous. Tucker (1984) has
found this relationship to be significant, with low October-to-
December rainfall preceeding severe armyworm seasons and high
October-to-December rainfall preceeding low armyworm seasons.
Hattingh (1941) suggests that this relationship is due to the
delayed rains holding up the growth of new grass, which is then
available for the young larvae when they hatch. There may also
be a destructive element in heavy rains as they knock down and

drown young instars and overcast conditions may increase the

incidence of disease (Brown and Swaine, 1965).

The occurrence of an outbreak in an area where one was not
present at a generation interval before may be attributed to one
of two causes. Firstly the build-up of numbers, generation by
generation, 1in a local low density population which, possibly
with the benefit of new grass growth following recent rainfall,
passes a threshold density of larvae to form the outbreak
population. Secondly the increase in local density may be
partially, or entirely, due to the immigration of moths from

another area.

Hattingh (1941) proposed that armyworm were present in most

13



outbreak areas the whole year round, having found small outbreaks
that had been overlooked by other observers, and that migration
of moths over significant distances before o;iposition was
improbable due to their short, two-to-three day, pre-oviposition
period. He therefore believed the former hypothesis as to the
origin of outbreaks to be more likely.

Faure (1943), on the other hand, believed that armyworm
moths did migrate, because of the sudden appearance of outbreaks,
the fact that a second outbreak rarely occurs in the same area,
and the unsuitable nature of much of the armyworms range in South
Africa during the winter. He concluded that the pre-oviposition
period under the outdoor conditions of Pretoria in January would
be 91h, calculated from the Blunk formula, rather than the'two“

days of Hattingh and would therefore not preclude migration

before oviposition.

The definition of the term migration which has been adopted
in this Ehesis is that of Kennedy (1986). His definition is that
of migration as a behavioural process, if one with ecological
consequences (Gatehouse, 1987) : — "Migratory behaviour isr
pérsistent and straightened -out movement effected by the
animal’s own locomotory exertions or by its active emba;ka£ion on
a vehicle. It depends on some temporary inhibition of station-
keebing responses, but promotes their eventual disinhibifion and
recurrence”. Thus migration is the action of an individual
whereas dispersal is the action of a group. Southwood (léél) has
contrasted the two terms by presenting migration as trave% from

one habitat to another and dispersal as an increase in the mean

distance between individuals, whether they stay in the same

14



habitat or depart from it.
Much circumstantial evidence for the migration of Spodoptera
exempta moths has now been accumulated.

Brown et al. (1969) found the longevity of moths to be up to

22 days and their pre-oviposition periods to extend up to 16 days
in the laboratory. They reported that moths could take-off at
temperatures as low as 139 and probably maintain flight at
temperatures lower than this and so could fly at most
temperatures encountered in East Africa. Although they

determined the air speed of moths in a wind tunnel to be only 10

Km h""'1

, they concluded that by travelling on the wind (which was
most frequently at 8 to 16 Km h™t over Nairobi) displacements of
more than 100 Km could result from one night’s flight, even if
the flight was randomly oriented. None of these factors
suggested that S. exempta can not undertake prolonged or
migratory flight.

These authors then investigated changes in the seasonal

distribution of S. exempta by using a system of light traps,
meteorological data and records of outbreaks. They concluded
that the changes in distribution were dominated by the wind, with
the bulk of the population occurring in areas experiencing a
rainy season, presumably due to wind convergence concentrating

the moths in these areas (see also Rose and Law, 1976; Haggis,

1979, 1984; Blair et al., 1980; Tucker et al., 1982). Behaviour
leading to the moths being carried into these rainy areas would

be adaptive due to the flush of new grasses available as food for

larvae there.
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Den Boer (1978) investigated the allele frequencies of six
alleloenzymes, which were proved to be polymorphic, from 17
samples of S. exempta. No heterogeneity was detected in the
allele frequencies suggesting gene flow caused by extensive
migration. Aidley (1974), Gatehouse and Hackett (1980), Parker
(1983) and Parker and Gatehouse (1985a and b) used tethefed-
flight techniques to determine the flight potential of unfed
moths and found individuals capable of flying throughout the
night (see Ch. 2).

Direct evidence of migration of S. exempta moths has now

been obtained from radar and mark/capture studies. Riley et al.

(1981, 1983) used radar and infra-red optical detectors at an

outbreak site to follow the flight trajectory of recently emerged
moths. The moths climbed to a height of several hundred metres

and travelled downwind undergoing rapid dispersal (a 10 : 1
difference in aerial density at 14 Km downwind). They were
picked ub and tracked by . a second radar stationed downwind of

the emergence site and so followed for a total of more than 20 Km
with no indication of descent over this distance.

Rose et al. (1985) marked approximately 166 000 moths at an

emergence site by inducing them to feed on dyed molasses. Six
moths were later captured in pheromone traps up to 147 Km

downwind of the marking site, with a mean displacement of 75 +

47(SD) Km.,

The observed dispersal of moths in these studies, with the

observation of Page et al. (1982) that moths may emerge from an

outbreak over a period of up to 12 nights, and the variation in

flight capacity shown by moths when flight-tested in the

16



laboratory (Parker, 1983; Parker and Gatehouse, 1985a and b)
suggest that dispersal of moths flying from outbreaks may be very
important. Gatehouse (198-) stresses, however, that dispersal
should not be too great or population densities will drop so low
that moths will lose contact with each other (as determined by
the range at which a male can detect a calling female).

Dispersal from an outbreak may be prevented by rainfall on the
night of moth emergence, resulting in a second outbreak in the
same place (Rose, 1975). Such outbreaks are likely to be subject
to heavy mortality due to the functional and numerical response

of predators, parasites and pathogens over the previous

generation (Gatehouse, 1986).

The conclusion of this work is that moths flying from
outbreaks generally become highly dispersed. However,
backtracking from some outbreaks to a previous outbreak using
wind direction data on the deduced night of oviposition (Rose et

al., 1985; Tucker et al., 1982; Pedgley et al., in prep.)

suggests that emerging moths from one outbreak can form a major

proportion of the individuals contributing to the formation of
another outbreak. Thus, although moths generally become
dispersed during migratory flight, some of them may encounter and

be reconcentrated by mesoscale wind systems (Blair et al., 1980).

For example, intense wind convergence associated with storm

outflows can raise aerial densities by an order of magnitude in

less than one hour (Pedgley, et al., 1982) and a lesée; degree of
concentration may occur in rotors associated with topographical

features (Pedgley, 1982; Pedgley et al., 1982). Flying moths
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have been seen to be brought to ground level by rainfall (Riley

et al., 1983; Tucker and Pedgley, 1983; Rose et al., 198-) and

these immigrants tend to stay in the area and continue

oviposition over the next week (Rose et al., 198-).

By the end of the armyworm season, the dispersal of moths
flying from outbreaks and low density populations is likely to
result in widespread low density populations over much of the

suitable habitat in East and South-eastern Africa (Rose et al.,

198-). During the off-season, decreasing habitat quality as

much of the habitat dries out will reduce total numbefsland will
produce a very patchy pattern of habitat availability with
pockets of armyworm surviving and continuing to breed in suitable
areas such as river valleys, highlands and coastal regions where
rainfall occurs sporadically during the off-season supporting
green grasses and temperatures are above the threshold for

development (Rose et al., 198-).

Raihey and Betts (1979) have sugges£ed previously tha£ the
first outbreaks of the new season, the priméry outbreaks, are
either formed by moths produced either in the north and
undertaking a very long distance migration-to the south, or moths
from "hidden" outbreaks perhaps in Central}Africa. This theory
of the continuity of the outbreak sequence does not explain the
fact that no outbreaks have been found in Central Africa during
the off-season. Also the levels of viral disease are seen to
build up during the armyworm season from very low levels in the
first, or primary,.outbreaks to high levels late in the season.
This would not be expected from a continuous cycléséf ﬁighﬂ

density outbreaks (Brown and Sﬁaine, 1965). The existence of the
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~solitaria phase is ignored as merely unfortunates which have been
left behind by the main population, rather than seen as a form
which is well adapted to existence at low density. Finally back-

tracking from several primary outbreaks in Eastern Kenya and

Tanzania has indicated that the sources of the moths initiating
them were the coastal regions of Kenya and Tanzania (Pedgley et
al., in prep.). These primary outbreaks appear critical in that
they produce large numbers of moths in the air at the same time
which may then be concentrated to form the secondary outbreaks,
in effect initiating the outbreak sequence. Control measures
concentrating on these primary outbreaks may be more practical
and effective than later control of the larger, dispersed

- population which contributes to the widespread secondary
outbreaks (Rose et al., 198-). '

The present evidence supports the conclusion that the major
populations of armyworm during the off-season are present as low
density solitaria individuals in regions where suitable habitat
persists. The most important of these off-season habitats appear
to be in the coastal regions of Tanzania and Kenya and the
primary outbreaks at the beginning of the season occur where
moths from these areas are carried inland on easterly winds and
concentrated by the first storms of the short rains.

Throughout this discussion of the life-history of the
armyworm, the role of migration can be seen to be of great

importance (Riley et al., 1983). The programme of work reported

in this thesis was, therefore, carried out to extend earlier

studies of the environmental and genetic factors requlating
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migration in the African armyworm in this laboratory (Parker,

1983; Parker and Gatehouse, 1985a and b).
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CHAPTER TWO
Tethered-flight

techniques.
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l. General considerations in tethered-flight studies.

Tethered-flight studies may be conducted to examine
physiological or behavioural aspects of insect flight. The
parameters of flight under examination will of course depend on
the aim of the study and will for a large part determine the
design of the apparatus used. Tethered-flight has been used to
examine the sources of the energy used for flight (e.g. Clements,
1955), the oxygen consumption during flight (furkiewicz, 1967),
wing-beat frequency (e.g. Williams and Chadwick, 1943; Cullis and
Hargrove, 1972), differences in f£light behaviour due to age, sex
and mated condition (e.g. Foley, 1985), the response of males to
female sex pheromones (Borden and Bennett, 1969) and as an index
of the insects’ vigour (Smith and Furniss, 1966). Many studies
have concentrated on examining the duration of tethered-flights
with migration in mind (e.g. Dingle, 1965) with some also
measuriné the speed andldistance covered by the insects on a
rotating arm (Hocking, 1953; Atkins, 1961; Cullis and Hargrove,
1972; Foley, 1985).

In many studies the insécts are deliberately disturbed to
induce and maintain flight e.g. by removal of tarsal contact,
blowing or tapping the insect if it stops flying. 1In these cases
the insects are flown to exhaustion which is rarely the cause of
the termination of flight in the field (Gatehouse and Hackett,
1980). 1In other behavioural studies care is taken to disturb the
insects as little as possible before or during flight testing to
achieve an index of flight capacity which relates to that in the

field. In such cases the tethered insects shbuld have a landing
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substrate available when not undertaking powered flight but this
should not be intrusive when the insect is in flight (Gatehouse
and Hackett, 1980; Parker and Gatehouse, 1§85a and b).

Of crucial importance as a source of disturbance is the
procedure for attachment of the insect to the flight equipmenf
(Gatehouse and Hackett, 1980) which should be as unobtrusive, and
as consistent from insect to insect, as possible. A second
potential source of disturbance is the presence of the tethered
flight equipment close to the flying insect where it might be
seen or sensed by the deflection of air currents caused by
flight. 1In particular the actively flying insect should not be
able to make tarsal contact with its tether as flight will
probably then be inhibited, aﬁd will certainly be disturbed
(Rowley et al.,1968). Also the attitude of the insect should be
that in which it would fly in the field. Tethering in an

abnormal. attitude may lead to unsuccessful attempts by the insect
to steer away from its fixed direction thereby influencing its

behaviour, wing-beat frequency, power output, flight speed and
duration so that a true index of flight potential will not be

achieved (Rowley et al., 1968). Some insects may require some

freedom of movement or direction on the tether to obviate this
constrained steering behaviour (Gatehouse and Hack;tt, 1980;
Koerwitz and Preuss, 1964) and others a constant head-on floyﬁof
air as a stimulus to maintain powered flight (Dingle, 1984). |

An insect which flies above the boundary layer - the layer
of air near to the ground in which the air speed of the insecﬁ 18

greater than the wind speed and therefore in which the insect is
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able to reach any goal under its own power (Pedgley, 1982) - 1in
the field will be subjected to different environmental conditions
and sensory inputs in flight than it was before take-off. Atkins
(1961) states that the environmental conditions required for
take-off e.g. temperature, are often greater thén those required
for the continuation of flight. 1Ideally, then, tethered-flight
studies in the laboratory should be conductedﬁunder environmental

conditions normal to the field e.g. air temperatures typical of

those at normal flight altitudes for insects flight-tested to
exhaustion, and different conditions for flying and landed
insects which are able to undertake spontaneous flights.

Individual controlled environment chambers would be necessary for
each insect in this latter case and I know of no such study,

although environmental stimuli may be very important for the
initiation, maintenance and control of power output (wﬁich may
relate to height attained) of sustained flight. The technical
and finaﬁcial problems associated with such elaborate tethered-

flight equipment have proved prohibitive in this étudy and may

continue to do so in others.

2. Tethered-flight equipment.

Flight activity in the laboratory may be indexed in non-
tethered insects by recording the activity occurring in a cage
(or actograph), for example by the vibration caused By the insect
flving inﬁo the actograph walls (Leppla, 1976), or%by the
insect’s movement causing either a disturbance in a temperature
gradient across the actograph (Macaulay, 1972a,5{ 6r a

capacitance change (Grobbglaér et al., 1967). 1In all these cases
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fhere 1s some ambiguity in that the measured activity may be due
to the insect walking, rather than flying, in the actograph. The
technique 1is also unsatisfactory in that flight quickly brings
the insect into contact with the walls of the actograph, probably
producing an escape response and certainly not permitting
sustained, directional flight.

Kennedy and Booth (1963) developed perhaps the most elegant
laboratory equipment for indexing insect flight with minimal
intrusion to the insect. They used an "air treadmill" to study
the photokinetic and phototactic responses of flying aphids. The
subject insect was enclosed in a black box with a window at the
top. When it took-off from the host leaf on which it was
introduced to the box, the light stimulated it to fly
(photokinesis) and it flew upwards towards the iight
(phototaxis). An operator in a blacked-out observation room, and
able to see through one side of the box, was then able to
maintain the position of the aphid in the centre of the bo# by
controlling the flow of air blown downwards by a fan. The
operator controlled a butterfly valve positioned across the air
flow, the degree to which the valve was opened (and hence the
wind speed and the insects rate of climb) being recorded on a
paper chart along a time scale.

The air treadmill was redesigned by Laughlin (1974) to be
suitable for insects with as fast a rate of climb as that of

honeybees and was used to record flight durations for the

Rutherglen bug, stius'vinitor, by Kehat and Wyndham (1973).

However the apparatus is unsuitable for larger insects, for the
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measurement of flights of long duration (due to the need for the
continual concentration of an operator) or for measurements of

the flights of nocturnal insects (since it records only climbing

flight towards a light). _
The only alternative for the laboratory indexing of flight
capacity developed at present is that of tethered-flight. The
simplest tethered-flight equipment is a static tether which may
be attached to the back of the insect by glue or melted wax
(Dingle, 1965). The insect is then, typically, encouraged to fly

by removing tarsal contact. Flight duration may be timed until
flight terminates, with or without further stimulation. Caldwell
(1983 - cited by Dingle (1984) as in press in Physiol. Entomol.
but not published there) has also examined the effect of juvenile

hormone (JH) on the time to take-off of Oncopeltus fasciatus bugs

which were initially suspended holding a small styrofoam ball.

JH produced a shortening of the time to take-off which Caldwell
interpreked as a lowering of flight thresholds, a vital component
in the production of any flights. *

Riley and Stinner (1985) have automated the recording of
flights produced on a static tether by using a microphone placed
behind the insect. The displacement of air by the flying insect
is detected by the microphone and may be recorded on mégnetic
tape, where it is available to be played back later, or on paper
tape on a time scale chosen for summarising, or examining in
detail, any portion of a flight.

Flight-mills are among the most common methods used in both

behavioural and physioclogical studies of insect flight e.g:

Hocking, 1953; Green, 1962; Koerwitz and Preuss, 1964;’Bofden and
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Bennett, 1969; Aidley, 1974; McKibben, 1985. They have the
advantage of providing a head-on air flow and may provide
appropriate visual stimuli of the environment moving backwards
relative to the flying insect, all powered by the insect itself,.
Any change in these stimuli would then be in direct relation to
the change in speed of flight of the insect.

Flight-mills have been used to index the flight capacity of

insects as different in size as mosquitoes (Rowley et al., 1968;

Clarke et al., 1984) and locusts (Krogh and Weis-Fogh, 1952). 1In

all cases of tethered-flight it must be borne in mind that
records of flight activity may or may not bear any relationship
to the potential flight activitf of that insect in the field
(Gatehouse and Hackett, 1980; Dingle, 1984; Gatehouse and
Woodrow, 1987). 1Indeed it should be assumed that they do not
unless evidence of some correlation with field behaviour (for
example the temporal patterning of flights - Gatehouse and
Woodrow, 1987) is available. The relationship between tethered-
and free-flight durations may be very loose unless the insect
undertaking the flight is in migratory-mode (sensu Kennedy, 1975,
1986; see also Dingle, 1984). Under such conditions the in#ect
is relatively unresponsive to vegetative stimuli (stimuli
generally associated with somatic or reproductive growth) and may
be difficult to distract from its flight. Termination of flight
is brought about in the field, and may be brougﬁt about in the
laboratory, by a resumption of such responsiveness.

The common use of fligﬁt-mills to récord tﬁe intrinsic speed

and distance covered by flights, as well as the their duration,
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deserves further comment. The speed of flight and distance
covered must be heavily dependent on the experimental apparatus
due to friction and aerodynamic drag, and also to the inertia of
the system - the rotaFing arm of a flight-mill is under-going a
continual change in direction and hence linear acceleration which
requires power. Probably for this reason, and to minimise the
constraint felt by the insect, Krogh and Weis-Fogh (1952)
recommended that the angqular velocity of a mill should be kept as
small as possible. Attempts have been made to calculate the
free-flight speed of an insect based on its tethered-flight speed
and measurements of the drag of the flight mill (Hocking, 1953;
Aidley, 1974). Such estimates must be used with caution.

As important as the influence of the tethered-flight
equipnent when comparing free- and tethered-flight is the effect
of wind in the field. Wind speed at altitude is often in
excess of that attainable by flying insects and may dominate
their direction of travel as well as their ground speed. 1It is
only more powerful insects under low wind conditions, and
particularly in the (boundary) layer of relatively still air
close to the'ground which are able to control their direction and
speed of travel. Thus an insect which uses the wind as a vehicle
will travel at a speed, and cover a distance, related more to the
wind speed than to the intrinsic fliqght speed of the insect. 1In
such insects the rate and duration of climbing flight, taking

them out of the boundary layer and into the stronger winds at

higher altitudes, may be the most important parameters of flight.
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3. Previous equipment used in this laboratory.

Insects on flight-mills are generally unable to land and
many fly to exhaustion. This may be suitable for some
physiological studies but may be a major factor reducing the
correlation between flight activity in the laboratory and the
field. Gatehouse and Hackett (1980) described a flight balance
which allowed a tethered moth of Spodoptera exempta to take-off
and land spontaneously. A wind machine was initially used to
provide a head-wind but its omission was not found to produce a
discernible difference in flight behaviour. This tethered-flight
technique had many of the virtues described above and was used in
this laboratory by Parker and Gatehouse (1985a and b).

The technique which was devised by Gatehouse and Hackett
(1980) for tethering moths to their flight equipment is-very
important since it removes the need for any anaesthesia or cold
inactivation with their possible influence on the insects’
behaviou}. This tethering (or mounting) procedure was used

unmodified throughout this study and so is described here in
detail.
Earlier than eight hours before eclosion the pupal cuticle

of a Spodoptera exempta moth turns from a medium brown to a dark

chocolate, particularly in the region of the head and thorax. At
the same time the cuticle becomes brittle and fragile and may be
easily broken with the point of a scalpel blade without damaging
the insect inside. From four hou;s before sunset/lights out of

the night of eclosion the moths may be mounted.

Under a binocular microscope, a window is cut in the pupal

cuticle over the dorsal surface of the thorax and the hairs and
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scales below removed using a small drop of impact adhesive
Evostick (Aidley, 1974) applied on the head of a pin. The
adhesive is allowed to dry for less than a minute and then peeled
away with the hairs and scales attached. A small bracket or
mount may then be attached to the thorax. The mount consists of
a 3mm length of c.0.40mm i.d. polythene catheter tubing into one

end of which has been glued an aluminium foil foot providing a

surface of c.l.Omm2

for attachment to the dorsal surface of the
thorax. A thin layer of glue is applied to the foot of the mount
and allowed to dry for approximately one minute. Meanwhile a
small drop of glue is applied to thg thorax with the pin,
equivalent to the area of the foot, and similarly allowed to dry.
The mount 1s then brought into contact with the thorax positioned
centrally and with the "toe-end" of the foot posteriorly. The
pupa may be lifted immediately using the mount. The whole
procedure takes approximately three to five minutes.

Provided that the adhesive has not been applied carelessly
and cemented the pupal cuticle to the thorax or mount, the moth
1s subsequently able to emerge and expand its wings with no
difficulty. After the wings have hardened (one or two hours .
after eclosion) the mount may be seized with forceps and the moth
moved between holding containers or attached to the balance
without, itself, being touched.

The balance described by Gatehouse and Hackett (1980) had a
flight arm which was pivoted on a suspension arm. Bﬁth arms were

made of stainless steel hypodermic tubing 0.45ﬁm 0.d. with

bearings of 0.82mm o.d. The moth was simply and éecufely
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attached to the flight arm by pushing the mount over the piece of
vertical tubing comprising the front section of the flight arnm.

The arm was very light (c. 180mg) and being quite short had a

small inertia. The thin tube presented only a small profile
close to the moth so that intrusion close to the insect was

minimised, and joints at the end of the suspension arm and on the

front section of the flight arm meant that the insect had some
freedom of movement to yaw, bank and move forwards and backwérds.
Without this freedom, the moths spent much of their flights
steering away from the enforced direction of flight and were
hence behaving abnormally. Fast movements of the flight arm were

damped by a small foil paddle on a side arm suspended in a small

plastic pot of liquid paraffin.

The flight arm was balanced across its pivot at the
suspension arm but in still air moths were unable to generate
enough lift when tethered on the arm to support their own weight.
It was therefore necessary to counterweight the arm. Parker
(1983) was able to develop a standard counterweight (used by
Parker and Gatehouse, 1985a and b) of 60% of the mothslweight
when it was attached to the balance. This counterweight was
enough to enable the flying moth to support its own weight in the
absence of a relative wind, but not so much that it became stuck
up after losing weight through the expérimental periéd.

The Gatehouse and Hackett (1980) flight balanceﬂhad a black
paper wheel presented to the moth on an arm with é axle so that
the wheel could rotate when the moth ran around it. Take-off of
the moth was spontaneous. Wheh this occurred a flag on the back

of the flight arm dropped out of an infra-red beam which
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triggered a solenoid to pull the wheel arm down moving the wheel
away from the flying moth. When the moth landed the flag on the
flight arm re-entered the infra-red beam, the detector acting as
a stop to prevent the arm continuing past the horizontal, the
solenoid was turned off and the counter-weighted wheel arm rose
over a period of five to ten seconds under the moth. The
movement of the wheel arm was damped by the aétion of a large
perspex disc rising and descending in a large pot of liquid
paraffin. The interruption of the infra-red beam by the flag on
the flight arm also caused a pen to move across a chart on a
Rustrak event recorder. Movement of the recorder chart (6in/h)
allowed a record of the take-off time and duration of flights
throughout an experiment to be made.

The advantages of this tethered-flight technique include the
unintrusive and standardised mounting procedure, the spontaneous
initiation of flight, the relative freedom of movement of the
insect in flight and the ability of the insect to land.

There were however some points of the technique which could
be improved. The damping flag on the flight arm occasionally
stuck to the side of the damping pot due to surface tension when
the fluid level was low so that the arm became stuck up. The
moth was then suspended and recorded as flying even if it
stopped. Such records could easily be discarded from analysis
since the moth was found stuck up in the morning but the loss of
moths in this way was inconvenient. Also there must have been
some chance that a moth stuck early in the night and might become

unstuck later on, leading to a falsely extended flight.
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More frequently the wheel arm became stuck, most often in
the down position so that the suspended moth, which was not
generating any thrust and 1lift, failed to receive any tarsal
contact. When this happened it was common to find that many
short flights had been recorded throughout the latter part of the
night.

When the moth was flying, the balance had a high power
consumption due to the solenoid being on to hold the wheel arm
down. Such a high power consumption might make the use of the
equipment under field conditions, using a battery power source,

impractical.

Lastly, the recording of flights on paper tape meant that
the reading of take-off times and flight durations was very time
consuming, making anything more than a simple analysis

impractical (Clarke et al., 1984). 1In addition, transferring of

data from the tapes to summary sheets by hand must allow for some
possibilﬁty of human error (Richardson and McNeil, 1987). Some
fluctuation in the speed of the Rustrak motors and so chart speed
was also noted with the result that take-off times and durations

were sometimes recorded with a small degree of inaccuracy.

4. The aims of redesigning the tethered-flight equipment.
During 1983-84 the tethered-flight equipment in this

laboratory was redesigned. The main aims of this were :
[1] to remove as much of the liquid-paraffin damping system
as possible. This would have the dual effects of
reducing the intrusion of the damping pot in the region

of the tethered insect and increase reliability by
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removing the main cause of the flight and landing-wheel

arms becoming stuck.

[2] the reduction of power consumption by the balan&es. The
initial extreme objective was to make the mechanical
action of the flight arm and the corresponding action
of the landing-wheel arm powered solely by the flight
and weight of the insect. The only power consumed
would then be the comparatively small amount required
by the electronics of the data recording equipment.

[3] computerisation of data recording. The frequent
scanning of balances by a computer with a built-in
clock would allow the accurate recording of take-off
times and fliéht durations. The recording of this data
on computer file in an appropriate form for fﬁrther
analysis would speed-up the summarising of the data and
make more complex analysis feasible.

I am very happy to acknowledge the invaluable help given to
me by Mr D. A, Davies of the School of Animal Biology, U.C.N.W.,‘
Bangor, both in the design of the flight balances and in teaching
me the techniques necessary for their construction. Mr Davies
was also responsible for designing and constructing the
datalogging interfaces and for writing the datalogging and main

data analysis programs. Additional data analysis and plotting

programs were written by myself.
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5. The moth-powered flight-balance.
An attempt was made to construct a tethered-flight balance
constructed of balsa wood which was light enough to be operated

by the power of the moth alone. However, this proved impractical.

6. The powered flight-balance.

The starting point of the design was the Gatehouse and

Hackett (1980) flight arm. The damping system of this arm
comprising a foil paddle from the flight arm reaching into a
small pot filled with liquid paraffin had the drawbacks described

above. It was thought that the movement of the flight arm in the
absence of any damping was too violent in response to a fast
movement by the moth. Other methods of damping were therefore
investigated.

Air damping using a large horizontal square of photographic
film attached to the backfof the flight arm was tried. However
because air is so much less viscous than liquid paraffin the area
of the £film needed to produce'a significant damping éffect was
much greater. 1In fact the area of film needed was so great as to
produce difficulties in designing the rest of the flight balance

around it and also to add significantly to the weight and inertia
of the flight arm.
A flight arm was designed incorporating friction damping.

Friction was easiest to impose on the suspension bearing rather

than on the vertically-moving sections of the arm. A "brake-
shoe" which squeezed the bearing with a constant pressure was

impractical, not least because of the necessity of producing a
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constant damping effect. A design which could adjust for the
effects of wear to maintain this damping would be far too
complex. A design was therefore produced which used a weight
hanging on the bearing to produce a constant friction. The
frictional surface was a hole in a small piece of fibre board to
which the weight was attached. However it was found that the
weight necessary to produce a significant damping effect was so
great as to decrease the freedom of the back-and-forth movement
of the flight arm in the horizontal plane, again significantly

constraining the movement of the moth.

The fluid damping system of Gatehouse and Hackett (1980) was

therefore retained.

The arm was however modified with regard to the
counterweighting system. Parker and Gatehouse (1985a,b) had
counterweighted using plasticine weighed out to the nearest 5mg
and attached at a marker on the appropriate position on the
flight arm. This was a very time-consuming process and was
replaced by the use of a range of ready-made brass and fuse-wire
welghts. The appropriate weight was simply chosen and hung on a
loop of piano wire built into the flight arm (Fig. 2.1). The
counter-weighting point and the moth attachment point on the
flight arm were not equidistant from the pivot with the
suspension arm., A weight had an effective counterweight of 0.92
times its real value and this should be borne in mind when real

counterweight values are referred to in this thesis.

Replacement of the solenoid as the power source for the

depression of the wheel arm, with its constant power requirement
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Fig. 2.1

Diagram of design of the suspension and flight
arms of the motor driven tethered-flight balance, after
the design of Gatehouse and Hackett (1980).

a - suspension bearing

b - moth attachment point
c - suspension bearing

d - damping arm with thick aluminium foil paddle

e - counterweight hanging from loop of plano wire

f - light foil flag
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as long as the arm remained depressed, was accomplished with a
motor which would operate, and hence draw power, only when the
wheel arm was moving. Financial considerations meant that the
motors should be cheap and, preferably, small to fit the design
of the balances. A number of surplus unused cassette

motors were obtained which fullfilled these requirements but
which ran at high speed. This necessitated a gearing system in
the balance design so that the wheel arm could rise over a period
of seven to ten seconds. This gave the moth a small period in which
to resume powered flight before receiving tarsal contact and
ensured that the wheel moved slowly so that it would not hit the
suspended moth disturbing it into take-off.

The gearing system was developed using five, belt-driven,
black nylon pulleys on two axles, each wheel consisting of two
rims of different diameters (Fig. 2.2). The rubber belts used
initially were O rings. 1In the conditions of the flight room,
these deferiorated and eventually snapped after c. eight weeks of
use. Their cost prevented them being used in this disposable
manner and it was found that rings cut on a lathe from cycle
inner tubes (13/8" diameter) of approx. l.2mm width were of the
correct elesticity, and although they deteriorated after six to
seven weeks of use, were considerably cheaper. These were used
henceforth., To prevent slippage and achieve an immediate
response of the wheel arm when the motor started, it was
necessary to replace the final rubber belt-drive with surgical
silk secured on both pulleys.

Control of the motor depended on the position of the flight

arm as sensed by the flag at the end of the arm interrupting an
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Fig. 2.2

The powered tethered-flight balance, left and
'right views.

- cassette motor

o o

- nylon pulley
- drive belts
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infra-red beam, and of the landing-wheel arm, as sensed by the

completion of a circuit between the landing-wheel arm itself and

one of two pins limiting the upper and lower extremes of its

movement (Fig. 2.2).

board mounted on the back of the balance frame.

summarised below.

Arm position
Landing-Wheel

Flight

up
up
up
down
down

down

intermediate

down

up

intermediate

down

The control was exercised by a circuit

Landing-Wheel
Arm

Movement

Its logic is

The. control circuit, motor and gearing system are secured to

an aluminium frame (Fig. 2.2).

pot are attached to a U-shaped perspex support which is then

secured to the aluminium frame by bolts supported by rubber

grommets.

gearing system so that these would not be felt by the moth.

The suspension arm and damping

The grommets damped any vibration from the motor or

Both

the frame and perspex support were painted matt-black to decrease

visibility to the attached insect at night.

Moths flying on these flight balances quickly adopted their

normal flight posture.

forwards, pro- and meso-thoracic legs were folded and meta-

In flight, their antennae were pointed

thoracic legs extended backwards along the abdomen (Koerwitz-and
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Preuss, 1964; Gatehouse and Hackett, 1980). Very littie time was
spent trying to steer-off by turning against the limits of
movement of the flight arm bearing. After landing the moths
often ran along the landing-wheel before coming to rest.
Settled-moths observed at night were usually sitting on the
landing-wheel with antennae extended, apparently alert. During
the light period, however, they were generally found to have

pulled themselves as far down the side of the wheel as the
constraint of the tether permitted. 1In all cases during the
light period, moths were found to have folded their antennae

along their backs and were relatively unresponsive to

disturbance.

7. Data-recording equipment.

The collection of data was performed by a Sinclair ZX
Spectrum 48K microcomputer with one or more microdrives for data
storage on magnetic tapes. The microcomputer was linked via the

Spectrum ZX Interface 1 to a purpose-built interface with a real-

time clock.

This equipment was housed in a room c.20m from the
controlled temperature room in which the moths were £light-
tésted. A serial line linked this purpose-built interface with a
second interface in the flight room, housing a multiplexor from
which individual lines ran to the flight balancés. Four lines
ran to each balance. These were 12v and 5v lines suppling the
motor and electronics respectively, with a ground (0v) and signal

line for datalogging. The control circuit was interrogated every

second by the computer which sensed whether or not the infra-red
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beam was interrupted, and hence whether the moth was landed of was
flying.

The equipment was powered from the mains supply in the flight
room. A 4Amp mains plug RFI filter/transient suppressor ("The
Plug") was used to reduce interference from the mains and the
supply was then stepped down to 12v via a transformer. A battery
backup (a 12v car battery) was arranged across the power supply
and had the capacity to run the apparatus for at least four
hours. The battery was permanently attachedland so replaced the
mains as the power source, with no interruption, when the latter
dropped or was cut-off for any reason. Commercial battery backup
supplies which cut-in a battery when the mains power dropped can
interrupt the power supply momentarily, corrupting the

datalogging program running on the microcomputer during a mains

failure.

8. Datalogging software.

The software running on the Sinclair ZX Spectrum was written
in Pascal using the Hisoft Pascal 4T line editor and compiler.
The compiled code runs fast enough on the ZX Spectrum to allow
the checking of 128 balances, reading of the real-time clock and
updating of the monitor screen to be performed every second.

When a flight begins the take-off time is recorded in the
temporary data store in computer memory for that balance channel
number. A count is then performed of the "off-up" time. This 1is
an adjustable period, thé value of which has been set in the

source code of the program at ten seconds for these studies. 1If
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during the off-up time the moth lands again, the count is reset
to zero and the small flight is ignored. 1In this way only
continuous flights greater than the off-up time are recorded.
This routine ensured that fewer very short f£lights, which are
presumably not related to prolonged or migratory flight capacity,
are stored in the databank and hence the size of the memory
required for storage is reduced.

Similarly, a moth which has undertaken a flight longer than
the off-up time and then lands is counted down for the off-up
time. If it takes-off again during this period then the
interruption in flight is ignored. This removes small lapses in
otherwise continuous flights which do not generally allow time
for the landing-wheel to move up and the insect to land. Again
the number of flights to be stored in the databank is reduced.
Also, considering migratory flight in the field, often at several

hundred metres altitude (Riley et al., 1983), short interruptions

in the éeneration of 1ift would not allow the moth a landing
opportunity, so that ignoring short interruptions on the balances
may be more realistic. A longer off-up time would give the moth
longer to resume flying before the flight is recorded as having
terminated. However, it is not practical since a landing
opportunity is presented to the moth within ten seconds on the
balances. A longer period before the presentation of such a
landing opportunity by different gearing of the baiances combined
with a longer off-up time was considered undesirable because of
the possibility that it would result in extension of the length
of flights by leaving moths suspended. “

When a flight longer than the off-up time has been completed

ol
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the flight duration is calculated from the previously recorded
take-off time to the beginning of the off-up time for landing.
The program algofithm is able to cope with the calculation of
flight durations when the landing time appears to be less than
the take-off time e.g. a flight from 23.55 to 00.05h.

The balance channel number, take-off time and flight
duration are then appended as a single Pascal record to an
array of records in computer memory. Up to 1000 or more such
flight records may be stored in the array. When the number of
records already stored plus the number of moths flying reaches
1000 then the records are saved to microdrive magnetic tape as a
sequential file. The action of saving the file takes less than
one minute (less than 30s with a newly formatted microdrive tape)
and during this period no checking of the flight balances is

possible. After the file has been saved checking of the flight

balances. resumes with the "state" of each balance for the
previous second being taken as the same as that of the last time
the balances were checked i.e. no change had occurred while
saving of the data was taking place.

When saved the data files on tape are assigned the names

"one", "two",..., "nine". No further space is available on one

microdrive tape but, if necessary, more files may be saved on a
second microdrive although this has never proved necessary in
this study. Should so many flights be completed during the
experiment that the available space on tape is used up, then the
program will terminate the data collection so saving all the data

up to that point. Normally the data collection is terminated at
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the end of the experiment by pressing the "T" key on the
microcomputer. In both cases the remaining flights in progress

are then included in the data set as having landed at that time,

and the final data file and a master file are saved to tape.
This master file contains details of the experiment name (a
string assigned at the beginning of the experiment), start and
end times of the experiment, the number of fligﬁts produced by
éach moth and readings relating to AtoD facilities (e.g. for
recording max. and min. temperatures during the experimental
period) not yet implemented.

The data is transferred from Spectrum microdrive tape to
5 1/4" floppy disc on a Gemini Galaxy CP/M microcomputer. The
data transfer is conducted along an RS232 serial line by a second
facility of the Spectrum data collection program and another
program on the Galaxy with handshaking control between them. The
Galaxy program uses the master file from the Spectrum to arrange
the flight records for each moth (= balance channel) together in
sequential order and each set is arranged sequentially through
the single data file which is saved to floppy disc. A master
file is also saved containing all the information from the
original experiment.

The data is saved as Pascal records on the floppy disc for
économy of space and processing time and so may not be typed to
the screen. The data may be examined by using the purpose-
written Replay program version 2.0. This program was written for
the Propascal compiler using the Wordstar wordprocessor.

On entry to the Replay program the data filename is

requested. The option is then given to examine the data on the
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default settings or to go to a menu to change the defaults. By
default the program will read the data file and list to the

screen all the flights recorded. Flights appear as :-

Moth number 5
Take-0ff time 19:55:23
Flight duration 00:35:14

A single line separates each flight made by one moth and
a double line flights made by different moths.

The parameters which may be reset from the meﬂu are the
flight duration window and the day window. The flight duration
window may be reset so that only flights above a set low duration
and below a set high duration are subsequently output to the
screen. Similarly the day window may be used to set values for
the times of day between which flights must start if they are to
be subsequently output to the screen. The program allows new
data files to be chosen and the printer to be activated to print
the flight records, but not the program menu, at the same time as
they are output to the screen.

The Replay program may therefore be used to look quickly
through the details of the flights produced on a particﬁlar
experimental run. The facilities for choosing flight duration
and day windows allow far faster analysis of the data than is
possible using Rustrak paper tape.

Replay may only be used to examine the flights produced
during one experimental period e.qg. one night. However more Ehan
one group of moths may be flight-tested during such a period,
perhaps a number of different families of moths 6r even two

different species. Also relevant is the flight-testing of one
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moth during two separate runs and the need to analyse the flights

produced together as one data set. The requirement is to be able
to select a part or whole of the data from one experimental run
and "merge" the data with that from one or more other runs. Such
a facility must involve the assignment of a unique code to each
moth so that it is known whether the moth flown on balance 5 from
one run is the same as the moth flown on balance 5 from another
run (e.g. the same moth flown on two consecutive nights) or not
(e.g. two different moths flown on the same balance on two
different nights). A program to achieve this was produced and
called Merge.

The different format of the master file produced by merge
means that the resulting data file cannot be analysed by Replay2
but ‘may be analysed by a further program called R23 (Replay
version 23.0). The entry to the program and output to the screen
is similar to Replay2 and the menu incorporates the flight

duration and day windows already described, as well as other

facilities described below,
R23 has the facility to select the moths whose flights are
to be analysed or output to the screen by their unique

"mothcode". When this facility is chosen from the menu, the
mothcodes are presented in a vertical column on the screen. The
user is then able to choose the moths to be used by typing "y" or
"n" as the cursor descends the column. More than one column 1is

presented if the first is longer than the screen,

A major facility of the R23 program is its ability to
perform more complex analysis on the data file. Instead of

outéuting all the selected (by mothcode, duration and day window)
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flights to the screen they may be subjected to four other anal-
yses. The simplest of these is the outputing of only the léngest
single flight (LSF) produced by each moth. When this option is
selected, the setting of the flight duration window is ignored.

The distribution of flights may be examined as frequency
histograms in three different ways. The first is a histogram of
the frequency of flight durations. Here the classes arranged
along the ordinate are ascending flight durations. The second is
a frequency histogram of the take-off times of flights.  Here the
classes of the ordinate are times through the experimental
period. It should be noted that the ordinate cannot exceed 24h
even 1f the experimental period does so. 1In this case the
flights taking-off during the period after 24h have elapsed will
be superimposed on those of the period before 24h. The third
histogram is.of moths actually flying during the time classes
through the night.

Thé Galaxy microcomputer does not have a graphics facility"
as standard so that the histograms mentioned above cannot be
plotted on the screen. 1Instead the data is assigned to the
relevant bars of the frequency histogram dependent on the values
of the classes chosen. The data is then output to the screen in
the form of four columns. The first is the histogram bar number,
the second the number of flights assigned to that bar, the third
the number of moths contributing to those flights and the fourth
the sum of all the durations of the flights, or parts of flights
in the case of the last histogram, within the bar. Preceeding
these columns and separated from them by a blank line are two

figures on one row of output. These are the longest single

54



flight and the sum of all the flights contained within the
histogram. To the right of the four columns is appended a fifth
containing the times of the beginnings of each histogram bar as a
reminder of the ordinate scale chosen.

In each of the three cases of the histdgrams described above
an ordinate must be chosen. The ordinate (or timebase) is
determined from the main menu of the program. The ordinate may
be of classes of equal width or of differing widths. 1In the
former case the class intervals may be‘entered by gliving the
beginning of the first class, the number of classes required and
the class width, in the latter case by giving the number of
classes and then the low and high values 0of each class interval.

In all of the cases described above the data is output to
the screen and then the user is asked whether the data should
also be output to a data file. 1If this option is requested then
the data is output to the file in typable (ASCII) form., The raw
flight data output to file in this way is written in the form of
mothcode, take-off time and flight duration arranged in three
columns. The histograms output to file have only the four
columns of processed data described, not the fifth column of
histogram bar start times.

The output of typable files then allows the use of other
programs for statistical analysis and plotting. The files may be
transferred to the U.C.N.W. VAX (VMS v4.6) Minicomputer cluster
over a serial line using the Kermit file transfer program. The
Minitab (v 5.1) statistical package on VAX has been found quite
versatile and particularly useful for regression and polynomial

regression analyses.
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1. INTRODUCTION

Uvarov (1921) proposed his theory of phases to clarify the
confusing existing classification of the genus Locusta (family
Acrididae - the short-horned grasshoppers). He examined a large
number of live specimens and found many individuals seemingly
intermediate between the then recognised species in appearance
and morphology. He also gathered information on the
distributions and variability of L. migratoria, L. migratorioides
and L. danica from many sources and reported laboratory
experiments by V. Plotnikov that indicated the forms couid
interbreed freely. Uvarov concluded that these forms did not
represent separate species, that they were not individual
aberrations or geographical races as many were found together in
the same locality, nor was their occurrence seasonally
controlled. He suggested that the forms made up a continuum, at
the extremes of which were L. migratorioides and L. danica which
he termeﬁ the gregarious (or migratorioides) and solitarious (or
danica) phases, the transition between them probably being under
the control of a combination of genetic and environmental
influences. He saw the different phases fullfilling different
roles in the maintenance and dispersal of the species;
mobilisation énd colonisation of new habitat by the more active,
swarming gregarious phase and exploitation of such habitats by
the solitarious phase.

The primary cause of gregarisation (the formation of the

gregarious habit and characters) of locusts has been shown to be

crowding of, and hence close contact between, the hoppers

(nymphs) (Nolte, 1974). The phase phenomenon has, therefore,
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commonly been termed a density-dépendent phase polyphenism.
Gregarisation may be sfrengthened over several generations,
presumably through maternal effects (Nolte, 1974) as suspected by
Uvarov (1921). Also implicated in the phase changes are

temperature, humidity, and egg-incubation temperature (Fuzeau-

Braesch, 1985).
In addition to L. migratoria a number of other economically
important migratory Acrididae have been shown to exhibit a

density-dependent phase polyphenism, specifically Schistocerca

gregaria, Nomadacris septemfasciata, Doeiostaurus maroccanus,

Locustana pardalina, Calliptamus italicus and Chortoicetes
terminifera (Nolte, 1974; Retnakaran and Percy, 1985). The

phenomenon has also been demonstrated in a number of non-
migratory Tettigonidae (bush-crickets) and some Phasmatiidae
(elongate stick-insects) (Fuzeau-Braesch, 1985) as well as in
some Lepidoptera (butterflies and moths).

Gruys (1970) has reviewed the effects of larval rearing

density in many Lepidoptera. He has concluded that where
different rearing densities result in a larval colour difference
the higher density larvae are consistently the darker form. Also
higher density larvae are usually more active and show less
cryptic behaviour. Peters and Barbosa (1977) also suggest that
larvae reared at higher density have a greater tolerance of
unpalatable foods and have faster and more synchronised larval
and pupal development rates.

No colour difference between adults reared at different

densities has been found, perhaps because of the holometabolous
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Simmonds and Blaney (1986) have recently shown that gregaria

larvae in their experiments had a higher feeding rate than

solitaria, although the gregaria actually spent as much, or less,

time feeding. The result was an overall shorter development time
for gregaria than solitaria (measured from the first instar to
eclosion).

Other physiological differences have been found between

solitaria and gregaria larvae. Lactic acid production depends on
activity and it is therefore not surprising that gregaria
contained higher lactic acid titres than solitaria. Gregaria

also contained lower concentrations of uric acid in their blood,
contained more fat as both larvae and pupae and less water as

larvae (Matthee, 1945). Electrophoretic results have also

suggested that gregaria larvae contained fewer proteins and
glycoproteins than solitaria (Khasimuddin, 1981).

Faure (1943) examined adults derived from larvae reared
as gregaria and solitaria. He found no difference in adult sizé,
shape of the wings or colouration. He also found no evidence of
physiological differences (although how éuch differences were

sought is not stated) but concluded that this did not mean that

physiological differences did not exist.
Gunn and Gatehouse (1987) have recently examined the
influence of larval phase on metabolic reserves, fecundity and

longevity of Spodoptera exempta moths. They found a far greater

(3.5 to 6.1 times) abdominal glyceride content at emergence in
the gregaria, but no differences in total protein levels of the

thorax or abdomen, nor haemolymph glyceride, carbohydraté or
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proportions of tri-, di-, and mono-glycerides. While similar
protein levels suggest that larvae of the two phases process
similar amounts of food, the lower abdominal glyceride content of
the solitaria suggests that larvae of this phase are utilising
carbohydrate in their food for lipid synthesis to a lesser extent

than the gregaria.

When female moths were fed distilled-water, solitaria had

only half the weight-related fecundity of gregaria but when fed
sucrose, their fecundity was comparable. There was no difference

between levels of metabolic reserves in the eggs themselves.
Thus the weight-related fecundity of water-fed moths reflects the
glyceride content of the larvae from which they were derived and,
with the results of the sucrose-fed moths, suggests that,
provided the moths have access to water, fecundity is limited by
the lipid stores or carbohydrate source available (Gunn énd
Gatehouse, 1987).

Glyﬁeride reserves also act as the fuel for flight (see Ch.
5). S. exempta is known to undertake prolonged, migratory
flights which although they may be wind assisted must entail a
significant drain on these energy stores. The greater energy

reserves of moths reared as gregaria larvae suggest that these

individuals may possess a greater flight capacity than those

reared as solitaria.

Gatehouse (1979) investigated the flight capacity of moths
derived from separately maintained solitaria and gregaria

cultures at the K.A.R.I. and I.C.I.P.E. laboratories in

Kenya and found a difference between the phases. Gregaria larvae

produced a higher proportion of female moths whose longest flight
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was longer than three hours (P<0.02). In males, gregaria larvae
produced a significantly higher pr0p§rtion of moths with longest
flights greater than nine hours (P=0.035; total n=76
approximately equally divided between sexes and phases).

However, Parker and Gatehouse (1985b) subsequently discovered
that flight capacity was under genetic control. Offspring tended
to resemble their parents and the proportion of long-fliers
(moths giving at least two hours of flight composed of individual
flights of at least 30 mins) could be increased or decreased in a
population in response to selection. Since the insects used by
Gatehouse (1979) came from different cultures and were probably

of different genetic backgrounds any difference in flight

capacity which had been attributed to phase could have been due
to a different genetic capacity for flight.

This investigation was planned to examine the effect of
larval phase on adult flight using a split-sib experimental

design i.e. sibling groups were divided between the treatments

for phase.
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2. MATERIALS AND METHOD

2.1 Insect material

The insects used were derived from a sample collected at
Samburu, Kenya, and brought back to Britain as pupae on 2nd June
1984. Adults from this parental sample were mated randomly as
single pairs and larvae reared gregariously to produce the F1
generation of moths used in this investigatfon:* This procedure
allowed the eggs of badly-diseased moths, which died early, to be

identified and removed from the rearing projramme since
transmission of disease from generation to generation via the

oocytes is known in S. exempta (Swaine, 1966).

2.2 Flight-testing

In all cases the flight—tesﬁing procedure was as previoﬁsly
described in chapter 2. Moths of both sexes were mounted between
1400 and 1700hrs on DO (the day before the night of emergence).
They werE_attached to the balances between 1400 and 1530hrs on D1
(the day after the night of emergence) andtflights recorded over
N1 (the first night after emergence) from 1700 to 1000hrs the
next morning. All moths were starved and unmated until flight-
testing had been compléted. Ten flight balances were available
during this experiment. Data recording was performed using the
computer data-logging system previously described in Ch. 2,

Flight-testing was performed under conditions of 30 + 4°¢
and 73 + 7% R.H., cycling diurnally. Main lighting was provided
by Thorn 75/85W Artificial Daylight fluorescent tubes. An
artificial dawn and dusk of c¢.45 mins. was prbvided by tungsten

lights controlled by a dimmer circuit resulting in a photoperiod
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of approximately 13L:11D. The heating effect of the tungsten
lighting contributed to the diurnally cycling temperature regime

and to the corresponding changes in relative humidity.

2.3 Experimental procedure

The F1 moths were flight-tested as described. Those with
the greatest flight capacity were chosen for mating. Flight
capacity is known to have a genetic basis (Parker and Gatehouse,
1985b). The intention of this selection was, therefore, to
increase the incidence of prolonged flight in the gregaria phase
as a basis on which any decrease due to rearing larvae in the
solitariahphase could be judged. Moths were mated as single pairs
in 500ml Kilnerhjars, each containing a small plastic pot with
cotton wool saturated with distilled water. A crumpled piece of
filter paper was also supplied as a convenient substrate for
oviposition, although eggs were also laid on the filter paper
lined floor and lid of the jar and, less frequently, on the glass
walls of the jar. Eggs were collected and food pots changed
daily.

The eggs laid by each female each day were divided
into two approximately equal groups. This usually involved an
egg batch laid on filter paper being divided by tearing the
filter paper and placing each half in a plastic pot. Where the
eggs to be used had been laid on the glass jar these were left in

situ until hatching. One to 20 hours after hatching the larvae

were divided into the two treatments using a fine paint brush.

Larvae of this age spin silken threads making it easy to pick
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them up using a brush without actually touching the larvae
themselves. Division of egg batches between the two treatments
- a "split-sib" experimental design - ensured that the two
samples were of comparable genetic background.

Larvae to be reared in the gregaria phase treatment were

set up initially at a density of 60 per 500ml Kilner jar until
the fourth instar and then at a density of 20 per jar until

pupation. 1In the solitaria phase treatment larvae were reared
individually in 60ml plastic pots from the first instar. From
‘the fourth instar the tight plastic lids of these pots were

replaced by ones which had small perforations for ventilation and

to reduce condensation. All larvae were reared on leaves from
four to six-week-o0old maize plants, renewed daily and provided in
excess of the quantity consumed in each 24 hour period. Larval
rearing conditions were 30 i.3°C and 66 + 6% R.H.

During the sixth instar all larvae were examined and those

with othér than obviously gregaria colouration in the gregarious
treatment and solitaria colouration in the solitarious treatment
were discarded.

- All pupae were sexed one to three days before eclosion.

Pupae from gregaria larvae were kept in groups, and those from

solitaria alone, under the larval rearing conditions until the

mounting procedure. The moths were mounted and flight-tested as

described.

An F3 generation, offspring of some F2 long-£flying parents,

-was reared and flight-tested in the same way.
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3. RESULTS

The distribution of the durations of the longest single
flights (LSFs) produced by both phases and sexes is positively
skewed (Fig. 3.1). Davis (1980) has suggested that all
distributions of insect tethered flight durations can be expected
to be positively skewed in this way and proposed a number of
reasons to explain this phenomenon. When examined the
distribution of the sum of all flights (SAF) also proved to be
skew. A logarithmic transformation was attempted. Table 3.1
shows that none of the resulting distributions are significantly
different from normal with the exception of the SAF distribution
for female gregaria (Kolmogorov-Smirnov : D=0.1741, n=63,
0.02<P<0.05). Analysis of variance (AOV) was thought to be
robust enough to cope with this extent of non-normality in a
distribution with this sample size and so was used for the
analysis of both LSF and SAF normalised data.

Two;way AOV for unbalanced data (different numbers in each
cell) of LSF (Table 3.2) indicates a significant effect of phase
(P<0.001) and a significant interaction term (P<0.02) with sex
but no significant effect of sex alone (P>0.50). The AOV for SAF
(Table 3.3) provides a similar result (phase P<0.001l; sex
P>0.50; interaction P<0.05). 1It is therefore apparent that sex
does not determine LSF or SAF but that phase does do so and that
the two sexes differ in their response to phase.

Differences due to phase within sibling groups of the same

sex may be investigated diaéramatically by adapting the technique
of via (1984). The responses to phase are shown diag}ammatically

in Fig. 3.2 (for LSF) and Fig. 3.3 (for SAF) for both sexes.
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Fig. 3.1

The distributions of the durations of the longest
single flights (LSFs) produced by moths of each sex

when reared either crowded (as greqaria) or alone (as

solitaria). Note that the groups of flight durations
on the ordinate of each frequency histogram are not of

equal size.
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Table 3.1.

Results of Kolmogorov-Smirnov tests for differences from
normality of log transformed flight duration distributions (both
longest single flight (LSF) and sum of all flights (SAF)) of

female and male adults which had been reared as gregaria or
solitaria larvae.

The mean and standard deviation of each sample are

presented, with the sample size (n), the test statistic (D1l) and

the probability (P) of being incorrect if the distribution is
said to differ from normal.

Mean SD n D1 P
l1g(LSF) .
Females
Gregaria 3.7544 0.5548 63 0.1196 >0.20
Solitaria 3.2199 0.4314 58 0.0852 »0.50
Males
Gregaria 3.5612 0.5988 34 0.0984 >0.50
Solitaria 3.5211 0.6124 22 0.1331 >0.50
1g(SAF)
Females
Gregaria 4.0807 0.4428 63 0.1741 <0.05
Solitaria 3.7141 0.3688 58 0.1070 >0.50
Males
Gregaria 3.9005 0.4460 34 0.1824 >0.10
Solitaria 3.8849 0.4533 22 0.2413 >0.10
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Table 3.2.

Two-way unbalanced analysis of variance (AOV) of flight
duration (lg(LSF)) data.

Degrees of freedom (DF), sum of squares (SS) and mean squares

(MS) are given for the analysis.

Treatments are sex and larval phase.

Also given 1s the test

statistic (F) and the significance level (P) for each ternm.

Source DF
Sex 1
Phase 1
Interaction 1
Residual 173
- Total 176

SS
0.0856
6.3839
2.2636

49,3983
58.1314

MS
0.0856

6.3839
2.2636
0.2855

73

F P
0.2998 >»0.50
22.360 <0.001
71.9285 <0.02



Table 3.3.

Two-way unbalanced analysis of variance (AOV) of flight
duration (lg(SAF)) data.

Degrees of freedom (DF), sum of squares (SS) and mean squares

(MS) are given for the analysis.

Treatments are sex and larval phase.

Also given is the test

statistic (F) and the significance level (P) for each term.

source DF
Sex 1
Phase 1
Interaction 1
Residual 173
Total 176

SS
0.0043
2.9217
1.1414

30.7848
34.8522

MS
0.0043

2.9217
1.1414

0.1779

74

0.0242
16.4233
6.4160

P

>0.50
<0.001
<0.05



Fig. 3.2

Diagrammatic comparison of the two treatment
groups of each family in the split-gib experimental
design. The treatments were rearing as crowded larvae
(gregaria) or alone (solitaria). Data are family means

of 1g(LSF). Males and females are presented

separately.
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Fig. 3.3

Diagrammatic comparison of the two treatment
groups of each family in the split-sib experimental
design. The treatments were rearing as crowded larvae
(gregaria) or alone (solitaria). Data are family means

of 1g(SAF). Males and females are presented

separately.
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For both LSF and SAF a clear trend is apparent in females

with gregaria having a greater flight capacity than solitaria.

For LSF seven families show this trend strongly, one shows
virtually no change and one the reverse change. In SAF all but
one family shows the trend, the exception showing the reverse
trend.

For males no consistent effect of phase is apparent with the
flight ﬁerformance of different families showing no change,
increasing and decreasing with the difference in phase for both
LSF and SAF.

The use of family means may remove any effect of different
numbers in each single sex sibling group. The difference between
the means of these family means for the two phases may be tested
using a one-tailed paired-sample t-test. Such tests are highly
significant for both LFY and SAF (LFY : n=9, t=3.,6316, P<0.005;
'SAF : n=9, t=3.5697, P<0.005). Similar tests for males are not
significﬁnt (LFY : n=6, t=0.4365, P>0.50; SAF : n=6, t=0.3753,
P>0.50).

Fig. 3.1 shows the flight duration frequénéies of the two
sexes and phases and illustrates the marked difference between
the phases in females and similarity between Eﬁe phases in males.
A small difference in the proportion of males giving flights
greater than 3.5h may be apparenti(B.G% of solitaria and 20.0% of
gregaria) although not significant with the numbers flight-tested
in this experiment. |

1 Other results, to be presented later in this the;isi suggest

a qualitative difference between flights"whichﬂbegin before and

after midnight. A reanalysis of the LSF data was perfo}méd in
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the light of this information, in case flights beginning during
one period were affected by phase and this effect was being
masked by flights beginning during the other period which were
not.

In examining flights beginning after midnight it was found
that some moths had produced no flights. 1In these cases a
logarithmically transformed LSF is meaningless. Omission of
these values from the analyses might lead to a bias e.g. if a
greater proportion of one phase produced no flights after
midnight than the other. Therefore an arbitrary LSF of 10s was
assigned in each case, giving a logarithmically transformed value
of one, and the analysis performed including these values.

AOV of LSF beginning before midnight (Table 3.4)
demonstraﬁes a significant effect of phase (P<0.001) and a
significant interaction term (P<0.02) with an insignificant
effect of sex (P>0.50) similar to those analyses performed at any
time of night. AOV of LSF after midnight (Table 3.5), in
contrast, demonstrates no significant effect of sex or phase nor
a significant interaction term (P>0.50, P>0.20, P>0.10
respectively). Thus there is evidence of an effect of phase on
flights beginning before midnight, and that the two sexes respond
differently to phase. There is, however, no evidence of an
effect of phase on flights beginning after midnight for either
sex. A two-tailed paired-sample t-test performed for male LSFs
beginning before midnight shows that there is no significant

difference between the means of the family means for the two

phases (n=6, t=1.5046, P>0.10). Hence there is no evidence that
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LSFs in males, before or after midnight, depend on phase
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Table 3.4.

Two-way unbalanced analysis of variance (AOV) of flight
duration (lg(LSF)) data for flights beginning before midnight
only. Treatments are sex and larval phase. Degrees of freedom
(DF), sum of squares (SS) and mean squares (MS) are given for the

analysis. Also given is the test statistic (F) and the
significance level (P) for each term.

source DF SS MS F P
Sex 1 0.2878  0.2878 0.7349  >0.50
Phase 1  5.6712  5.6712  14.4821  <0.001
Interaction 1  3.1591  3.1591 8.0672  <0.02
Residual 173 67.7394 0.3916

Total 176  76.8575
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Table 3.5,

Two-way unbalanced analysis of variance (AOV) of flight
duration (lg(LSF)) data for flights beginning after midnight
only. Treatments are sex and larval phase. Degrees of freedom

(DF), sum of squares (SS) and mean squares (MS) are given for the

analysis. Also given is the test statistic (F) and the
significance level (P) for each ternm.

sSource DF SS MS F P

Sex 1 0.3302 0.3302 0.9059 >0.50
Phase 1 0.6625 0.6625 1.8176 >0.20
Interaction 1 1.0711 1.0711 2.9426 >0.10
Residual 173 63.0551 0.3645 | '

Total 176 65.1189
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4. DISCUSSION
The results of these experiments have been analysed

previously and published (Woodrow et al., 1987). For this paper,

a non-parametric analysis was chosen due to the highly skewed

nature of the data. There was no reason to believe that the
distribution of flight durations would easily transform to normal
and the analysis software had not been developed to a stage where
transformations could easily be made. The data handling and

analysis software has since been improved so that flight data can

be transformed quickly and simply. The data in this
investigation proved to be log-normally distributed with the
exception of SAF for female gregaria which was just significantly
different from normal (0.02¢P<0.05). This difference was not

thought to be so greét as to invalidate the use of an analysis of

variance.

The distributions of LSFs show great variability under the
controlled environmental conditions of the laboratory. Such
variability could reflect a number of factors; firstly,
uncontrolled environmental factors, secondly, variance inherent
in the behavioural assay of flight capacity in the laboratory
(Gatehouse and Woodrow, 1987) and, thirdly, genetic differences
in the capacity for flight. The genetic determination of
prolonged flight has been demonstrated by Parker and Gatehouse
(1985b, see Ch. 1 : General Introduction) and dictated the design
of these experiments which is based on matched genetic samples
(full sibs) split between the two treatments for phase. Ideally
equal numbers of full sibs would have been flight-tested in each

treatment for each sex, requiring only a simple balanced two-way
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AOV. In fact, differential mortality and numbers of each sex
between treatments and logistical considerations in making

maximal use of the flight-balances meant that unequal numbers of
full sibs have been flight-tested in each treatment. An
unbalanced two-way AOV was therefore used and, in addition, a
graphical analysis adapted from that of Vvia (1984). Via's
analysis is a graphical construction of the norms of reaction
i.e. the mean phenotype of each sex of each full-sib group under
the two treatments. A sloping line connecting the two treatments
of a full-sib group indicates an environmental effect,
differences in the elevation of the lines genetic variation,
while non-parallelism indicates genotype-environment interaction.

A significant difference between the phases in the AOV could
have resulted from a phase-related difference in flight capacity,
or from the different numbers of moths in each treatment for each
single-sex sib group since more genetically long-fliers could
have been flight-tested in one treatment and more genetically
short-fliers in the other. The use of family means in the
graphical representation of norms of reaction removes this
possible source of error. The consistent slope of the lines for
females of most families may then be seen. The t-test provides
an additional quantitative indication of the difference between
the means (across treatments) of the family means (within

treatments).

In this study family means from gregaria and solitaria
treatments of each sex are plotted on the two vertical axes and

their paired nature illustrated by a joining line. The slope of

81



each line reflects the difference in flight capacity due to the
difference between the treatments, and the elevation of each line
the genetic capacity for flight of each group of full sibs of
each sex.

The difference in flight capacity of females reared as
different phases is clearly demonstrated. Females from the

gregaria treatment have a greater flight capacity in terms of LSF

and SAF than do females from the solitaria treatment. There is
some evidence from non-parallelism in the graphical analysis of
genotype-environment interaction, however, given the variability
inherent in the behavioural assay of flight-capacity and the
family sample sizes the existence and extent of the interaction
must be uncertain,

In marked contrast to the females, no difference is apparent
in flight capacity of the males from the two treatments. A
number of explanations are possible. There may be no real
differeﬂce in the flight caﬁacity of males from the two
treatments. Alternatively, tethered flight recorded on this
apparatus may not provide a reliéble index of flight in males;
perhaps the technique is too intrusive for use with this sex
which appear to be more sensitive to disturbance. Lastly, males
may differ in their phase-related flight capacity only for
flights beginning during some particular part of the night.
Other results presented in this thesis have indicated a
qualitative difference between flights beginning before and after
midnight (see Ch. 4). A re-examination of the data for males on
this basis did not reveal any difference in flight capacity

between the treatments either for flights beginning before or
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after midnight (see above). Thus, either there is no difference
in the flight capacity of males reflecting larval phase or the
tethered-flight technique does not provide a reliable index of
the capacity for prolonged (migratory) flight in males.

The flight capacity of females was also re-examined on the.
basis of flights beginning before and after midnight. This has
revealed no phase-related difference in LSF beginning after
midnight, but a very significant difference in LSF beginning
before midnight (see above). This result confirms the qualitative
difference between flights beginning before and after midnight
which has been shown elsewhere (see Ch. 4). The possible
relationship of these qualitatively different flights to the
field situation 1is discussed later in this thesis.

Only one other investigation of the effect of phase on

the flight behaviour of a noctuid moth has been published. This

study, by Hill and Hirai (1986), of Mythimna separata used larvae

reared as groups up to the second or third instar. Only then

were larvae separated into isolated (one per 113cm3

3

petri dish)
or crowded (50-200 per 3400cm

plastic box) treatments. No
indicaﬁion was given of the ancestry of the isolated or crowded
larvae and it 1s inferred that no attempt was made to match the
treatment groups genetically. Crowded and solitary larvae were
sorted according to colour categories (on a scale of one to five)
in the final instar and the former were placed in petri dishes in
groups of five. Solitary larvae were found to be mainly from

colour categories one and two, with some from category three,

whereas larvae reared in crowds fell into categories four and
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five, with some from category three.

Although not stated explicitly, it is inferred that moths
from each treatment were used, irrespective of their larval
colour, so that moths from larvae with colours from the whole
phase continuum were used. Moths from colour category three
were, therefore, present in both treatments. This contrasts with
this study of S. exempta where only larvae of clearly gregaria or
solitaria colouration were included in the experiment, all
transiens larvae being discarded before pupation.

Female moths of M. separata were flight-tested either on a
flight-balance derived from the design described by Gatehouse and
Hackett (1980) or freely suspended on a wire with activity
recorded on a smoked kymograph drum (after Hwang and How, 1966).

Flight activity on the flight-balance revealed no difference
between the phases. The criterion used was total flight activity
(Sum of All Flights (SAF) in this thesis). It should be noted
that a h}gh SAF may result not just from one or more prolonged
flights but also from many short flights. Hill and Hirai'’s study
is therefore an examination of the relationship between phase and
total activity, whereas this study stresses the relationship
between phase and prolonged flight capacity.

Hill and Hirail found a pattern of flight activity for M.

separata similar to that obtained for S. exempta in this
laboratory. A large peak of activity at dusk was followed by a

small second peak in the fifth hour of scotophase, and a broader
and higher hump of flight activity over the eighth to tenth
hours. No dawn peak of flight activity was recorded. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>