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ABSTRACT

Despite it’s status as a pest of cotton (Gossypium hirsutum L.) in Central Queensland, the
biology and ecology of the pink-spotted bollworm, Pectinophora scutigera (Holdaway), is
poorly understood. This study was undertaken to gain a better understanding of the biology
and ecology of P. scurigera in order to suggest ways of improving current control strategies.
The approach I adopted was that advocated by Clark et al. (1967), whereby the life system of
a pest is studied in an attempt to recognize key factors which control its abundance.

The effect of temperature on P. scutigera development and reproduction was investigated
at four constant (18, 21, 25 and 30° C) and one fluctuating (25/15° C) temperature regimes. A
novel technique for rearing larvae on artificial diet is described. The relationship between
temperature and development was linear for eggs, first and second instar larvae and pupae but
curvilinear for third and fourth instar larvae. Although overall larval and moth development
was curvelinear, it was adequately described by a simple linear regression model. The fourth
larval instar was v\}gy variable in duration and constituted over 50% of the larval stage.
Development of all life stages was accelerated, bwggiﬁcantly, at the fluctuating
temperature regime when compared to the constant temperature equivalent. Realized
fecundity and capacity for increase was highest at 259 C and lowest at 18° C.

Larval diet significantly affected the rate of development and reproduction. The effect of
diet on larval development was much more pronounced than on pupal development. Larvae
reared on excised flowers of Hibiscus tiliaceus L. and H, rosa-sinensis L. developed
fastest, while those reared on excised cotton squares developed slowest. Larvae reared on
excised cotton bolls had intermediate developmental rates which were very similar to larvae
reared on artificial diet. Larval development on excised flowers of Brachychiton australis
(Schott et Endl) was slower than all other diets except cotton squares. Pupal development was

significantly slower when larvae were reared on cotton squares, but was identical for all other

diets. Realized fecundity (not measured for P. scutigera reared on cotton squares) was highest
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when reared on artificial diet, closely followed by cotton bolls, and lowest on B. ausiralis
flowers. Excluding artificial diet, capacity for increase was highest on H. rosa-sinensis
flowers and lowest on B. australis flowers.

The seasonal incidence of P. scutigera infesting unsprayed and sprayed cotton fields over
three consecutive seasons (1984-1987) is described. In confirmation with previous reports, P.
scutigera is a late season pest, causing economic damage to cotton bolls. Although larvae
. o o wekie Bevqe shudy e
infest squares in the field, levels of 1nfestat1onAaa:e-never high enough t¢"warrant control with
insecticides. Low infestation of squares was attributed to the ineffective carry-over of P.
scutigera populations from one cotton season to the next, and the unsuitability of squares as a
larval food source. In glasshouse experiments, neonate larvae avoided infesting squares when
released onto cotton plants bearing bolls.

The behaviour of larvae infesting bolls is described. The first three larval instars are spent
fécding within the tissue of the boll wall. On rnoulting to the fouﬁh instar, 1ai‘vée attack the
developing lint and seed. At this stage most economic damage to the boll occurs. The
relationship between boll age and larval infestation was unclear. First instar larvae were found
infesting bolls of all ages, although there was evidence that survival of young larvae was
lower in bolls less than m.o?. weeks and more than 7 weeks old due to unfavourable moisture
content. Accurate detection of larvae in bolls was very difficult and time consuming. During
the first year of investigation, significantly more larvae were found in bolls incubated in
plastic boxes for 10-14 days than when inspected for larvae immediately after collection. This
discrepancy was attributed to inexperience in locating neonate larvae. The optimum number
of samples required to determine larval infestation at the 10% level of precision was
unacceptably high. The use of a lower level of precision (20%) reduced the number of
samples needed to more acceptable levels, but only when larval populations were at or above
5 larvae/100 bolls. Consequently, a sequential sampling plan for larvae is proposed.

The site of oviposition of P. scutigera varied according to the age and physiological
conditdon of the cotton plant. Contrary to previous reports, eggs are very rarely laid on
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squares or bolls, but mainly on leaves or leaf buds. Bolls became attractive oviposition sites
only when fully open at the end of the cotton season. Wherever laid, the eggs were always
well concealed and difficult to locate with the naked eye. Most eggs laid on leaves were
deposited inside the abandoned larval mines of Bucculatrix gossypii Tumer. Such;z—ancealed
location, together with their small size and variability in location on the plant, made it
impractical to develop an egg sampling plan for estimating P. scutigera populations.

Trichogrammatoidea bactrae Nagaraja was recorded parasitizing P. scutigera eggs for the
first time but due to problems in sampling P. scutigera eggs, the importance of this parasitoid
in regulating moth populations could not be assessed. An unidentified species of Apanteles
parasitized P. scutigera larvae. Levels of parasitism were very low in all three cotton seasons,
even in the unsprayed field. Similarly, levels of prepupal/pupal parasitism by a Brachymeria
sp. and Lissopimpla excelsa (Costa) were very low at the end of the cotton season despite
very high P. scutigera populations in unsprayed cotton.

Contrary to previous reports, the main site of pupation in cotton was not inside bolls but at
the base of plants at the leaf litter/soil interface. Pupation inside cotton bolls only occurred at
the end of the season in dry, partially opened bolls that had been previously damaged by P.
scutigera larvae.

During summer, the nocturnal activity of adult moths could be divided into two distinct
phases; a dispersal and oviposition phase between dusk and midnight, and a sexual phase
between midnight and dawn. Temperature affected the duration of each phase; on cool nights
the sexual phase was advanced while on warm nighis it was delayed. Males only responded to
traps baited with synthetic pheromone during the sexual phase of activity.

It is recommended that synthetic pheromone baits for monitoring male P. scutigera
should contain a 9:1 ratio of Z,Z and Z,E isomers of 7, 11-hexadecadienyl acetate and not the
Z.Z isomer alone. However, pheromone traps should not be used for timing insecticide sprays
against P, scutigera due to the inconsistent relationship between trap catch and larval

infestation. Factors responsible for this poor correlation are discussed. Of four pheromone
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trap designs compared, the Delta trap was the most suitable for monitoring male P. scutigera.
Traps placed immediately outside the cotton crop caught significantly fewer males than those
placed within the crop. Synthetic pheromone baits remained suitable for monitoring males for
at least eight weeks.

Four new alternative host plants of P. scutigera were discovered; Brachychiton australis,
B. populneus (Scott et Endl), Gossypium sturtianum J. H. Willis, and Prunus persicae 1.

Also| Hyrosa-sinensis and H. cannabinus L. were confirmed as alternative hosts of P.
scutigera in Central Queensland. Only one host plant, B. australis, is considered to be
important in assisting P. scutigera populations to carry-over from one cotton season (o the
next. Mass flowering of ornamental B. australis trees coincided with peak emergence of
moths from cotton crop residues in September and October, thus providing P. scutigera an
important larval resource at a time when cotton is unavailable. The significance of B. australis
in the population dynamics of P. scutigera in inland Central Queensland is discussed.

The major factor controlling the development of overwintering P. scutigera larvae was the
moisture content of dry, open cotton bolls. Larvae were unable to develop in bolls containing
<38% moisture. In response to low moisture, third and fourth larvae entered a period of
quiescence in which they could survive for long periods (>63 days). Quiescence was
terminated immediately on absorption of adequate moisture by the boll through rainfall or
irrigation. This adaptation could be related to the life history of P. scutigera on native host
plants whereby larvae infest reproductive forms which undergo similar changes in moisture
content when detached from the plant.

Burial of infested bolls was a beneficial cultural control practice as the overlying layer of
soil increased boll moisture. This advanced the development of larvae thus reducing the
number of moths emerging during the following cotton season. More importantly, burial
severely reduced the overall number of moths emerging due to the formation of a crust
impenetrable to pupating larvae. In dry soil, mature larvae tunnelled out of buried bolls and

burrowed to the soil surface to pupate. Movement of larvae to the surface was restricted when
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a soil crust formed after rain or irrigation. Unless cracks in the soil were located, larvae were
forced to pupate underneath the crust thus trapping the emerging moths.

The survival and rate of emergence of P. scutigera from buried bolls was significantly
affected by soil type; moth survival was lowest and development slowest in bolls buried
underneath sandy soil compared to clay and alluvial soils. Both factors were related to
differences in the water retention properties of each soil type, and the degree of soil crusting.

The carry-over of P. scutigera populations from one cotton season to the next may be
aided by the long-lived adult stage. Larval diet significantly affected the longevity of P,
scutigera; moths reared on H. rosa-sinensis had significantly shorter life-spans than those
reared on dry cotton bolls or B. australis flowers. Longevity of P. scutigera reared on B.
australis flowers at 259 ranged up to 126 days in males and 68 days in females. Oviposition of
moths emerging from B. australis flowers and cotton crop residues during September and
October, extended until late December when moths were placed in an insectary under ambient
temperature conditions.

Delaying mating for 10, 20 and 30 days reduced the number of eggs laid by 39, 55 and
65%, Tespectively, when compared to moths paired immediately after eclosion. Delayed
mating had no significant affect on the preoviposition period, egg fertility and ‘effective
longevity’ of females (number days from eclosion to the last fertile egg laid). The duration of
oviposition declined linearly with increasing delay in mating.

In the general discussion the results from previous chapters are collated to give an
overview of the life system of P. scurigera in cotton crops. The major factor thought to
influence the abundance of P. scutigera is a relative shortage of larval resources. This
shortage is brought about by the scarcity of alternative host plants in the inland areas of
Central Queensland, and by the unsuitability of pre-squaring and squaring cotton crops for
development, survival and reproduction. It is proposed that high quantities of the terpenoid
aldehyde, gossypol, may be responsible for the unsuitability of cotton squares for larval

infestation.
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The shortage of larval resources is offset by two important factors that favour population
increase: the ability of larvae to utilize dry cotton bolls as a larval resource, and the
comparatively long life-span of adult moths. Both of these characteristics of P. scutigera can
be related to the adaptations this species has evolved for living on the reproductive forms of
native host plants.

Ways of improving current control strategies are suggested. It is recommended that the
cotton season is shortened to prevent the build-up of P. scutigera populations at the end of the
season. This population build-up ensures the carrying-over of moth populations into the next
cotton season through the slow development of larvae infesting dry, open cotton bolls.

The limited pest status of P. scutigera in Australia is discussed and compared with the
closely related species, Pectinophora gossypiella (Saunders). Suggestions for further research

are also made.
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CHAPTER 1

General Introduction

The pink-spotted bollworm, Pectinophora scutigera (Holdaway), is a serious pest of cotton
in Central Queensland. Larvae cause severe damage to cotton bollé, usually late in the season
(Page 1981, Passlow 1964, Sloan 1946). It is a notoriously difficult pest to control as moths
are inconspicuous, eggs are too small to detect readily, and the neonate larvae bore directly
into cotton bolls leaving little external evidence of their presence (Passlow and Sabine 1963,
Page er al. 1984a). Farmers are frequently unaware of an infestation until populations are well
established, at which time control with insecticides is difficult due to the protected location of
larvae deep inside the cotton boll (Sabine 1969a).

Despite its pest status and potential ability to spread to other cotton growing districts
(Rothschild 1983), the biology and ecology of P. scutigera is poorly understood. Current
knowledge is largely based on casual observations that have not been verified empirically.
Excluding notes that have appeared in agricultural journals, which make statements about the
pests biology but give no experimental data, there are only 12 publications which deal with
aspects of P. scutigera biology. Six of these papers concern trapping with artificial sex
pheromones and give little biological or ecological information about the species.

The following literature review is a comprehensive summary of all publications on P.

scutigera, and emphasizes the need for further studies to improve current pest control.

1.1. Literature review'

1.1.1. Discovery and nomenclature

When larvae of P. scutigera were first discovered infesting cotton in Central Queensland
they were misidentified as those of the pink bollworm, Pectinophora gossypiella Saunders

(Holdaway 1926). After the discovery of P. gossypiella in Western Australia and the Northern
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Territory it was feared that this notorious pest of cotton may invade the newly established
Queenslaﬁd cotton industry. Crops were constantly monitored for its possible presence and in
1923, knowing that P. gossypiella infested native Malvaceae in other parts of the world, an
inspection of wild Hibiscus species growing around the Brisbane arca was conducted (Tryon
1926). Larvae very similar in appearance to P. gossypiella were commonly found infesting
seed capsules of Hibiscus heterophyllus Vent., H. diversifolius Iacq. and H. tiliaceus L.
although none were found infesting near-by cotton crops (Anon. 1923, Tryon 1926). Adult
specimens were sent to J. A. Turner, an amateur specialist on Australian microlepidoptera, for
identification while preserved larvae were examined by a Queensland government
entomologist, F. G. Holdaway (Tryon 1926). Turner was unable to verify that specimens were
P. gossypiella but suggested, on the basis of hosi plaﬁt recbrd§ and lack of infestation of near-
by cotton, that it may be a distinct species. Holdaway reached a similar conclusion as larvae
differed from those of P. gossypielia described by Busck (1917) (Tryon 1926).

In 1924 a number of cotton crops growing in coastal Central Queensland became heavily
infested with P. gossypiella-like larvae (Holdaway 1926, Tryon 1926, Wells 1925). Adult
specimens were sent to Turner for identification who was again unable to distinguish them
from P. gossypiella (Holdaway 1926). Fearing the pest would spread to other cotton growing
districts, government entomologists released an announcement to the press proclaiming the
discovery of P. gossypiella in Queensland cotton. This announcement received considerable
media attention and was published in the leading state newspaper, the Brisbane Courier, on
April 14, 1924,

Holdaway, who was assigned to conduct a study of the so-célled Queensland pink
bollworm’ (Anon. 1924), disagreed with the identification of specimens as P. gossypiella. He
found that larvae infesting cotton in Central Queensland were similar to ones previously
collected from Hibiscus spp. in the Brisbane area but distinct from P. gossypiella larvae from
Western Australia, the Northern Territory and Egypt. On the basis of detailed comparisons of
larval and pupal characters, and host plant records, Holdaway (1926) put forward the

hypothesis that the Queensland pink bollworm was a distinct species, indigenous to Australia,
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and proposed the name Platyedra scutigera. Later, Holdaway (1929a) followed the opinion
that Busck’s genus of Pectinophora should be used rather than Meyrick’s Plaryedra.

Holdaway’s hypothesis was rejected by Ballard (1925), who considered the Queensland
pink bollworm to be a geographic race of P. gossypiella and not a distinct species.
Furthermore, adult moths collected from Central Queensland cotton were also sent to 2 world
authorities on microlepidoptera; E. Meyrick of the Imperial Bureau of Entomology in
England, and A. Busck of the U.S. National Museum in Washington, who both agreed with
the identification of specimens as P. gossypiella (Holdaway 1926, Zimmerman 1978). Ballard
(1925) confidently wrote in the Journal of Economic Entomology:

* all doubts as to whether or not we were dealing with Plaryedra gossypiella
Saunders, or an allied species, have been removed, Mr E. Meyrick whose
opinion was taken, having given it as his considered judgment that the
Queensland species is gossypiella and no other.”

In this paper Ballard also referred to 2 races of gossypiella in Queensland -a "cotton” race
and a "Hibiscus" race whose larvae were bright red in colouration and was never found in
cotton. The cotton race was in fact P. scurigera while it seems most likely that the Hibiscus
race was Pectinophora endema Common.

Ballard (1927a) further criticized Holdaway for having described the species using only
larval and pupal characters and considered evidence that the Queensland pink bollworm was a
distinct species to be "powerful but not conclusive”. Ballard continued to use the name
gossypiella in subsequent publications (Ballard 1927b, 1927¢). In response Holdaway (1925b)
presented a paper at the 1928 International Congress of Entomology in an attempt to clarify
the matter and to justify the use of larval and pupal characters for describing species. In this
paper Holdaway also included a disclaimer to point out that while in a joint publication
(Ballard and Holdaway 1926) reference was made to P. gossypiella in Queensland, he denied
ever having subscribed to the opinion that this species occurred in the state. According to
Holdaway (1929b) the incorrect statement appeared due to: "my departure from Queensland

necessitated the final form of the paper being left to the co-author”.
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The controversy was finally settled when Holdaway (1929a) confirmed the species status
of P. scurigera on the basis of detailed studies of the genitalia. These findings were later
confirmed by Common (1958) in a revision of the genus Pectinophora in Australia, and by
Zimmerman (1978) who compiled a detailed comparison of all life stages of P. scurigera and
P. gossypiella.

To avoid further confusion with P. gossypiella, Passlow and Sabine (1963) proposed
changing the common name of P. scutigera from Queensland pink bollworm to pink-spotted
bollworm. This new name was derived from the pattern of pink colouration in P. scutigera
larvae which is the major character that readily distinguishes it from P. gossypielia. Common
(1958) and Zimmerman (1978) presented comprehensive keys for distinguishing P. scurigera
from P. gossypiella and P. endema.

1.1.2. Distribution and alternative host plants

P. scutigera occurs in coastal and sub-coastal Australia, Papua New Guinea, Micronesia
and Hawaii (Common 1958, Zimmerman 1978) and may be widely distributed throughout the
western Pacific (Rothschild 1975). All known host plants of P. scutigera belong to the family
Malvaceae and are listed in Table 1.1.

Zimmerman (1978) considered P. scutigera to be an introduced species in Hawaii where it
infested cotton, H. tiliaceus and Thespesia populnea (L.) Soland. ex Corr. on the island of
Ozhu. As in Australia, P. scutigera was initially confused with P. gossypiella, which also
occurs in Hawaii, until publication of Holdaways’ work (Zimmerman 1978). Details on the
distribution and host plants of P. scurigera in Micronesia were not given by Common (1958).

In Australia, Holdaway (1926) considered P. scuzigera to be a coastal species with its
distribution closely associated with the two primary native hosts, H. filiaceus and 7.
populnea. The former is restricted to the coast and estuaries of rivers along the entire coast of
Queensland, northern New South Wales and the Northern T erritory (Holdaway 1926, Sabine
1969b, Sands and Hill 1982). T. popuinea is distributed along the coast of northern Western
Australia, the Northern Territory and Queensland (Fryxell 1965). The most southerly record
of P. scutigera in Australia is from H. tiliaceus growing on the Clarence River in New South

Wales (Wilson 1972) while the most northerly record comes from Hicks’ Island, off Cape
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Table 1.1. Host plants of Pectinophora scutigera.

Host Plant

Gossypium hirsutum
(Cotton)

Gossypium sp.

Hibiscus tiliaceus
(Cottonwood tree)

Hibiscus divaricatus

Hibiscus diversifolius

Hibiscus h.eteropkyl:.’us2

Hibiscus rosa-sinensis
(Omamental Hibiscus)

Hibiscus cannibinus

(Kenaf)

Thespesia populnea
ilo)

Queensland
Papua New Guinea
Hawaii

Queensland

Queensland & N.S.W.

Northern Territory

Hawaii
Papua New Guinea

Queensland
Queensland

Queensland
Queensland
Queensland

Queensland
Hawaii

Holdaway (1926)
Ballard (1927a)
Zimmerman (1978)

Holdaway (1926)

Holdawziy (1926)
Q.DPIL

Tryon (1926)
Common (1957)
Sands & Hill (1982)
Zimmerman (1978)
Ballard (19272)

Holdaway (1926)
Tryon (1926)

Holdaway (1926)
Tryon (1926)

QDPL

QD.P.L

Holdaway (1926)
Zimmerman (1978)

1. Q.D.P.I. = Queensland Department of Primary Industry records (kindly provided by Mr B.
Sabine). See Appendix A for detailed listing of Q.D.P.1 distribution records for P. scutigera
infesting cotton and alternative host plants.

2. Sabine (1969b) was unable to confirm H. heterophyllus as an alternative host plant of P.

scutigera in Central Queensland.
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York Peninsula, Queensland, where it heavily infested cotton during the 1920’s (Holdaway
1926). A single female was collected from H. tiliaceus at Darwin during the 1920’s (Common
1958) and its presence in the Northern Territory was confirmed by Sands and Hill (1982).

Sabine (1969b) searched for alternative host plants of P. scutigera in Central Queensland
during the 1960’s but found no species, other than H. riliaceus, supporting larvae. Larvae
could be reared on the fruit of Abutilon asciatum G. Don. in the laboratory but P. scutigera
was never found infesting plants in the field (Sabine 1969b). Although Holdaway (1926) and
Tyron (1926) reported P. scutigera attacking seed capsules of H. heterophyllus, Sabine
(1969b) could only find larvae of the closely related P. endema infesting this plant. Fig.

1.1 shows the known distribution of P, scu /z;fgera in Queensland, as recorded by the
Queensland Department of Primary Industries (B. Sabine pers. comm.). Appendix A lists the
localities and grid reference for each record.

Recent pheromone trap surveys by Murray and Page (1982) and Page er al. (1982, 1984a)
revealed that P. scutigera is not restricted to coastal or sub-coastal areas but is widely
distributed throughout Central and S.E. Queensland (Fig. 1.1). Males were caught in traps as
far inland as Emerald and up to 15 km away from the nearest commercial cotton (Murray and
Page 1982, Page er al. 1982). P. scutigera was also recorded for the first time between
Taroom and Wandoan, and near Macalister on the Darling Downs (Page e al. 1984a).

This widespread distribution either indicates that moths have the ability to disperse over
long distances, or that it is established con alternative host plants throughout the region. In
1985 P. scutigera larvae were found infesting the flowers of H. rosa-sinensis in S.E.
Queensland (B. Sabine pers. comm., Appendix A). Both H. rosa-sinensis and H. tiliaceus are
popular ornamental plants and today they can be found in parks and gardens throughout
Queensland. Therefore, both of these host plants may have helped P. scutigera to extend its
range into inland areas of Queensland. Ornamental H. tiliaceus trees planted in Emerald and
Biloela are known to support P. scutigera larvae (D. Murray unpublished D.P.I. report, E.D.
Page pers. comm.).

1.1.3. History of pest status

Fig. 1.2. shows the disrmdubion gt oot 1n pustradan up to 1925, as given by
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Fig. 1.1. Known distribution of P. scutigera in Queensland as recorded by the Queensland

Department of Primary Industries. (see Appendix A for localities and grid references).

Legend:

&)

Pheromone trap catch

Cotton
Hibiscus tiliaceus

Hibiscus rosa-sinensis
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Holdaway (1926). At this time cotton was mainly grown in coastal areas, less than 180 km
inland. P. scurigera commonly infested cotton growing between Bundaberg and Marlborough
but the heaviest infestations occurred in coastal areas of Central Queensland around Sand
Hills, Yeppoon, The Caves and Mount Larcom (Holdaway 1926, Wells 1926). P. scutigera
was noticeably absent from cotton grown in inland areas. Holdaway (1926) explained its
absence in these areas due to cotton being grown too far away from native hosts such as 4.
tiliaceus.

Cotton was first grown in the Callide Valley, around Biloela, in 1923 and by the end of
1924-25 cotton season P. scurigera was noticed infesting bolls (Holdaway 1926). Ballard
(1927a) waced this infestation to a large field of standover cotton that was planted during the
cotton growing boom and later abandoned. Levels of boll infestation were much lower at 1%,
compared to over 70% in annual cotton at Gladstone and 90% in standover cotton at Sand
Hills. Infestations in the Callide Valley remained low throughout the 1920°s while cotton
grown in coastal areas continued to suffer heavy damage, pé.rticulaﬂy between 1926-29
(Wells 1923, 1926, 1927, 1928, 1929, 1930).

However, in the 1932-33 cotton season very high infestations of P. scutigera were
reported in sections of the Callide Valley (Wells 1934). Wells (1934) attributed this sudden
increase in P. scutigera numbers to the presence of large areas of standover cotton. During
this time the early settlers of the Callide Valley grew cotton as a pioneer crop in areas of
newly burned scrub. Before harvesting, Rhodes grass (Chloris gayana Kunth) was sown
amongst the cotton plants to establish improved pastures for dairy cattle. Under favourable
climatic conditions, establishment of grass was good and when burnt off in the following
spring, to stimulate fresh growth, all old cotton plants were meticulously destroyed.
Unfortunately, in dry winters establishment of grass was poor and burning was not sufficient
to destroy old cotton plants. This led to large areas of stand-over cotton in which considerable
numbers of P. scutigera bred when new shoots were produced. Moths then spread from this
standover cotton into adjacent fields of annual cotton.

P. scutigera infestations were again high in the Callide Valley during the 1933-34 season

when it was recorded for the first time infesting cotton at Gayndah (Wells 1935). In the 1941-
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Fig. 1.2. Major cotton growing areas in Australia: (A) Distribution during the 1920°s (after
Holdaway (1926)). (B) Present distribution (after Lawrence ez al. (1984) and Page er al.
(1984)). C = Callide Valley, D = Dawson Valley, E = Emerald Irrigation Area, DD = Darling

Downs, L = Lockyer Valley, N = Namoi/Gwydir/Macintyre/Macquarie, St G = St. George.
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42 season P. scutigera was also recorded for the first time infesting cultivated cotton in south-
east Queensland district of Lowood in the Lockyer Valley (Wells 1943).

During the 1940’s the Australian cotton industry underwent a serious decline after official
encouragement to grow cotton was discontinued (Lloyd 1582). No further reports on the pest
status of P. scutigera appeared until the late 1950’s, when the cotton industry recovered. This
recovery saw great changes in the areas of cotton production (Fig. 1.2). Areas of production
moved inland and cotton was no longer grown in coastal areas of Central Queensland where
P. scutigera infestations were most severe. Large areas of cotton were planted on the Darling
Downs, Lockyer Valley and St. George districts of south-east Queensland and in northern
New South Wales. During the 1970’s large-scale cotton production began in the Central
Highlands after completion of the Emerald Irrigation Scheme (Lloyd 1982). In the early
1980’s, there was a further increase in the cultivation of dryland or raingrown cotton in all
areas, particularly around Emerald, the Darling Downs, and areas west of the Callide Valley
around Bauhinia.

With the rapid expansion of the cotton industry it was feared that P. scutigera would
become a pest in other areas (Page er al. 1982, Rothschild 1983). Despite the widespread
distribution of the moth throughout Queensland, as indicated by pheromone trap surveys
(Murray and Page 1982, Page er al. 1982, 1984a), this has not occurred. Intensive searches for
P. scutigera during the 1960’s failed to find any larvae infesting cotton on the Darling
Downs, Lockyer Valley and St. George areas of southern Queensland (Sabine 1969a). Wright
and Nikitin (1964) did not menton P. scutigera in their extensive survey of cotton insects
occurring in New South Wales.

P. scutigera was rarely mentioned in reports on cotton pests published during the 1950’s
and 1960’s. Changes in agronomic practices, such as the introduction of broad spectrum
insecticides and improved cultural control, may have helped to reduce the impact of this pest
(Sabine 1969a) (see section 1.1.8). Passlow (1958), in a review on the control of cotton
insects, considered populations of P. scurigera to be rarely sufficiently large to cause concern.
However, in the 1959-60 cotton season severe infestations of P. scutigera were reported in

some areas of Callide and Dawson Valleys.
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Today P. scutigera remains a pest of cotton only in the Callide and Dawson Valleys of
Central Queensland and around Bauhinia, ca 146 km west of Biloela (Fig. 3 I. ). Mysteriously,
it has failed to become established as a pest of cotton in the Emerald district, situated ca 300
km west of Biloela, where it is known to infest H. tiliaceus and is regularly caught in
pheromone traps throughout the year (Page et al. 1982, D. Murray unpublished report). Only
on one occasion has P. scutigera been reported infesting cotton in Emerald; in February 1982
larvae were found infesting a crop that was grown adjacent to a field of unploughed cotton
(Murray and Page 1982, D. Murray pers. comm.). The infestation was successfully controlled
by a single application of a pyrethroid insecticide and no further problems were encountered.

Very recently, P. scutigera was recorded infesting cotton in the Lockyer Valley, south-east
Queensland, for the first time since 1942. In 1986 larvae were found infesting a small plot of
unsprayed cotton at the Q.D.P.I. research station near Gatton and infestations persisted in the
following 2 cotton seasons (B. Sabine pers. comm., Appendix A). Whether this marks the
establishment of P. scurigera in south-east Queensland cotton remains to be seen.

1.1.4. Biology

Vickers (1982a, 1982b) records are the only detailed studies on P. scurigera biology.
Nearly all of his experiments were laboratory based, rearing larvae on artificial diet under
constant temperatures and controlled photoperiods. Total development was curvilinear
between 17-31° C but linear between 17-25° C. Development from egg hatch to moth
emergence at 25° C took an average of 39.5 days. Day-degree calculations, using an
estimated lower developmental threshold of 13.5C C for the combined stages, suggested that
P. scutigera could complete four generations in one cotton season under Central Queensland
temperatures. On the basis of head capsule width Vickers (1982a), in agreement with
Holdaway (1926), estimated that there were four larval instars.

At 259 C (14:10 light/dark photoperiod) females laid on average 326 eggs after a
preoviposition period of 4.1 days (Vickers 1982b). Under the same conditions, mean
longevity of males was 56 days (ranging up to 113 days) and females 42 days (ranging up to

65 days). Adult moths were entirely nocturnal with activity beginning immediately after the
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start of the scotophase. Ninety-seven per cent of eggs were laid within the first 4 hours of
darkness. Mating started eight hours after the onset of the scotophase and lasted around 54
minutes. Both sexes were capable of multiple mating and size of the first spermataphore in
males increased linearly with age (Vickers 1982b).

Adult ferales produce a sex pheromone which is highly attractive to males. Rothschild
(1975) was able to attract male P. scutigera with the major components of the synthetic
pheromone used to monitor P. gossypiella; Z,Z and Z,E isomers of -7,11-hexadecadienyl
acetates. In P. gossypiella a 1:1 ratio of the 2 isomers is most attractive but Z,Z alone was
highly attractive to male P. scurigera (Rothschild 1975). Catches of males increased, though
not significantly, when small quantities of the Z,E isomer were added to Z,Z but were reduced
when the level of Z.E exceeded 50%. Rothschild (1975) concluded that the Z,Z isomer alone
was adequate for monitoring purposes and this was used in his subsequent studies (Rothschild
1983) and those by Page et al. (1982, 1984a, 1984b). Monitoring studies conducted by Flint
and Stoné (1985) found that a 9:1 ratio of Z,Z and Z,E was Signiﬁcantly more attractive to
male moths than Z,Z alone. They stated that further monitoring tests were required before a
standard pheromone bait for P. scutigera could be recommended.

Vicker s (1982b) only field study involved determining the time of capture of males in
pheromone traps placed in a cotton field over one night during March. Ninety-nine percent of
males were caught between 7.5 and 9.5 hours after darkness.

LaChance and Ruud (1979) conducted interspecific crosses between P. scutigera and P.
gossypiella to examine the feasibility of using hybrid sterility and cytoplasmic incompatibility
for the control of the latter species in the U.S.A. Under laboratory conditions P. scutigera was
able to mate with P. gossypiella originating from the U.S.A. and Australia, but crosses were
characterized by reduced mating, eupyrene sperm transfer, low fecundity and very low egg
hatch. Both male and female F1 progeny, obtained by crossing P. scutigera females with P.
gossypiella males, were sterile when backcrossed to P. gossypiella but fully fertile when
backcrossed to P. scutigera.

No intensive field studies on P. scutigera attacking cotton have been published. The

following description is mainly based on short reports in which no experimental data were
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presented to support the statements made. Some statements, especially those made by Ballard
(1925), must be considered with caution as they may be based on the biology of P.
gossypiella rather than P. scutigera.

According to Passlow and Sabine (1963) eggs are laid on young leaves, stems, and on the
bases of the squares and bolls. Veitch (1938) claimed that bolls are the favoured site for egg-
laying. Eggs laid on bolls were usually found in the crack along which mature bolls split or at
the base of bracts (Ballard 1925).

All parts of the cotton plant are liable to attack; squares, flowers, bolls in all stages,
terminal shoots, boll pedicels, and even fairly wooden stems (Holdaway 1926). However,
larvae have a distinct preference for bolls (Veitch 1938) and only very rarely infest squares or
any other plant part (Passlow and Sabine 1963, Sabine 1969a). Bolls of all ages may be
infested but usually not until they are at least half-grown (Veitch 1938). Young bolls are
generally shed when attacked while older bolls remain on the plant (Veitch 1938). Mature
holls are preferred to younger ones and severe infestations usually commence only when large
firm bolls with well developed lint and seed are present (F. D. Page unpublished report). This
agrees with observations that P. scutigera is usually a pest only towards the end of the crop’s
growing period during March and April (Passlow 1958, 1961, Sabine 1569b).

Immediately after egg hatch, neonate larvae search for a boll to infest, although some may
feed on green tissue before entering a boll (Holdaway 1926). Bolls are infested from any
point; under or near the edge of the calyx, on the exposed boll wall or through the apex
(Holdaway 1926), but most appear to enter through the base (Page er al. 1984b). On entry
larvae quickly bore into the carpel wall and tunnel though the tissue just below the outer
surface. Damage is only visible on the inner surface of the carpel wall (Passlow 1964). Larvae
eventually move from the carpel wall to feed on developing lint and seed. Feeding causes lint
staining and damage to seeds which interferes with lint production (Passlow and Sabine
1963). Larval damage may be restricted to only one or two locules but fungal rots often enter
feeding areas and completely destroy the boll (Passlow and Sabine 1963).

Larval development is usually completed inside a single fruit and pupae are found within
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the boll (F. D. Page unpublished report, Passlow 1964, Passlow and Sabine 1963, Veitch
1938). Holdaway (1926) commonly found pupae within ripening bolls or on the outside
between the involucre and boll wall but suspected that some larvae pupated elsewhere, away
from the site of infestation, due to the presence of large holes in boll walls presumably made
by mature P. scutigera larvac. When pupation takes place within the boll it can occur at the
base of a locule, in the cracks between drying carpels, in damaged seed or in the lint
(Holdaway 1926).
1.1.5. Parasitoids

Holdaway (1926) bred an unidentified species of microbracon parasitoid from P.
scutigera larvae infesting cotton. Sabine (1969a) reported a species of Apanteles emerging
from cotton bolls highly infested with overwintering P. scutigera larvae. During surveys for
parasitoids of P. gossypiella in the Northern Territory, Sands and Hill (1982) found three
species of Braconidae parasitizing P. scutigera larvae infesting H. tiliaceus. These were:
Apanteles oenone Nixon, Chelonus sp. and Phanerotoma sp.

1.1.6. Carry-over of populations from one cotton season to the next

Alternative host plants are thought to play a minor role in the carry-over P, scutigera
populations from one cotton season to the next (Sabine 1969a). However, during the 1920’s
when cotton was grown in coastal areas of Central Queensland, H. filiaceus was considered
an important source of P. scutigera (Holdaway 1926, Sloan 1946, Veitch 1938). H. riliaceus
was very common in coastal and sub-coastal vegetation and when trees grew directly adjacent
to cotton crops their destruction was recommended (Anon 1924b, Sloan 1946). Since cotton
production in Central Queensland moved away from coastal areas, into the Callide and
Dawson Valleys, the importance of H. tiliaceus as a source of P. scutigera infestation in
cotton is considered to have diminished. H. ziliaceus does not occur naturally in these valleys,
although a small number of trees have been planted as omamentals in some parks and gardens
(Page et al. 1984b, F. D. Page pers. comm.).

Sabine (1969a) considered the carry-over of P. scutigera from one cotton season to the
next, was through the survival of overwintering larvae in crop residues remaining at the end

of the season, Overwintering larvae do not appear to enter diapause, unlike P. gossypiella, but
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remain in a slow feeding stage (Holdaway 1926). Sloan (1942) was unable to find double
cotton seeds which are characteristic of diapausing P. gossypiella larvae. The uninterrupted
emergence of moths from residual cotton bolls throughout winter and spring months further
suggested to Sabine (1969a) that P. scutigera does not enter a true diapause or any other form
of quiescence.

Neither Sloan (1942) or Sabine (1969a) were able to explain why or how, in the absence of
a diapause or quiescent stage, larval development was so prolonged. Sloan (1942) observed
that larvae collected in late autumn and early winter, held with dry linted seed and cotton
trash, did not pupate for periods of up to 16 weeks. Ballard (1927b) claimed to have received
live *pink bollworm larvae’ (presumably P. scutigera) from a sample of cotton stored in an
office for nearly two years. Also, Sabine (1969a) found that moths continued to emerge from
infested dry cotton bolls left on the soil surface for a period of approximately nine months.
Moth emergence appeared to be stimulated by rainfall (above 12.5 mm) or irrigation, with
peaks of efnérgence occurring three to four weeks later. Burial of infested boll material
hastened moth emergence, significantly reducing the period of emergence and numbers of
moths emerging (Sabine 196%a).

1.1.7. Cultural control

The recommended control procedures for P. scutigera largely relies on prevention rather
than treatment due to problems in detecting larval infestations (Passlow 1964). Before the
widespread availability of insecticides to treat pests, control relied solely on cultural methods,
including: 1) destruction of all cotton plants by the end of July, or early August at the latest, to
ensure a close season of cotton until the planting of annual crops in November; 2) cultivation
of cleared areas to help destroy pupae in soil and crop residues; 3) destruction of all ratoon
and standover cotton; 4) heat treatment of all cotton seed to be used for planting (Anon.
19244, Ballard 1927a, Currie 1928, Sloan 1946, Veiich 1938).

Holdaway (1926) believed that the main method of dispersal in P. scutigera was through
the distribution of cotton seed infested with larvae, as in the case of P. gossypiella (Sloan

1946). To prevent the spread of larvae into other cotton growing areas it was decided to heat
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treat, at 140C C, all cotton seed used for sowing in a specially built Simon’s Heater (Veitch
1938, Sloan 1946). Ballard (1927b) claimed that heat treatment of seeds was effective as no
new areas of cotton had been infested by P. scutigera since this control measure was adopted.
However, Sloan (1946) found levels of infestation of cotton seed by P. scutigera to be so
negligible that heat treatment was not warranted. Of 98,413 seeds examined only two dead P.
scutigera larvae were found. Sloan (1946) considered the absence of larvae in seeds was
largely due to the selection of only high grade cottons which are unlikely to contain many
infested seeds.

The most important and effective control measure, the strict eradication of all ratoon and
standover cotton, was poorly supported by farmers during the 1920’s (Anon. 1924b, Ballard
1927b). Special anti-ratoon legislation was introduced by the state government in 1924 to
ensure the immediate destruction of such cotton (Anon. 1924¢). Unfortunately, the law was
difficult to enforce (Ballard 1927a, Holdaway 1926) and many farmers continued to grow
fafoon and standover cotton, Suffcring heavy infestations of P Scutigera as a consequence
(Ballard 19270). Since the decline of the cotton industry in the 1940’s, the practice of
growing ratoon or standover cotton has largely disappeared.

Sabine (1969a) clearly demonstrated the importance of disposing of cotton crop residues
(’cotton trash’) by burial. Burial significantly reduced the number of adult moths emerging
from cotton trash and also hastened moth emergence. Timing of burial was critical; early
burial, no later than the end of August, caused moths to emerge before squaring of new cotton
crops (usually mid-November). Such emergence, in the absence of alternative host plants, was
considered ’ineffective’ by Sabine (1969a) as no new generation of moths could be
established. If cotton trash was left unburied on the soil surface or buried after August, moth
emergence extended well into spring and summer months, when new cotton crops were
susceptible to larval infestation.

1.1.8. Chemical control

Successful chemical control of P. scutigera relies on monitoring crops frequently to detect
the presence of neonate larvae. The standard method of monitoring is to check 50-100 large

green bolls sampled at random per 20 ha of cotton; insecticides are usually applied when 3-
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59, of bolls are infested (F. D. Page unpublished report). This method of scouting is slow and
tedious as each individual boll must be split open to check for larval infestaton (Page et al.
1984a). Newly emerged larvae are very difficult to detect due to their small size and hidden
location within the boll tissue (Passlow 1964). The distribution of P. scutigera in the field is
often patchy and many larvae may be missed (Page et al. 1984b). Crop losses due to larval
feeding can often exceed 20%, and when infestations become established before control is
attempted, losses of 40% may occur (F. D. Page unpublished report).

The widespread use of DDT to control other cotton pests (mainly Heliothis = Helicoverpa
spp.) and the early disposal of cotton trash was thought to be responsible for the excellent
control of P. scutigera during the late 1950’s and 60’s (Page 1981, Page et al. 1984, Sabine
19692). When DDT was phased out in Australia, P. scuzigera caused considerable losses in
many crops in Central Queensland as Endosulfan, which largely replaced DDT, failed to give
satisfactory control (Page 1981). The introduction of synthetic pyrethroids in the early 1980’s
gave viable alternatives, with fenvalerate and permethrin being more effective than DDT
(Page 1981). The use of synthetic pyrethroids in cotton is presently restricted by an
insecticide management strategy to combat pyrethroid resistance in Helicoverpa armigera
(Hiibner) (Page et al. 1984a) (see section 1.1.10).

1.1.9. Monitoring pooulations with synthetic pheromones

Because of the problems in accurately detecting P. scutigera larval infestations there was
considerable interest in using synthetic pheromone baited traps to monitor male moths (Page
et al. 1984a, 1984b). Rothschild (1983) conducted trials to determine whether pheromone trap
capture could be used to predict crop damage and time insecticide sprays. While males were
captured throughout the cropping period, Rothschild (1983) found no consistent relationship
between pheromone trap catch and level of boll damage in the crop. Flint and Stone (1985)
reached a similar conclusion stating that much more work was needed to determine if
pheromone traps can be used to time insecticide sprays. In contrast, Page et al. (19844,
1984b) in their monitoring trials found that pheromone traps were a useful indicator of the

likely occurrence of larval infestations, and hence the need to apply insecticide treatments.
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They claimed that when a mean catch of 15 or more moths/night was recorded on 3
consecutive nights, economically damaging larval infestations invariably developed.

Today, despite conflicting evidence in the literature, pheromone traps are used by some
commercial cotton scouts to monitor P. scutigera populations and time insecticide
applications. Sprays are usually applied within 24 hours of a peak in moth activity (Page et al.
1584a).

Murray and Page (1982) used pheromone traps to indicate the seasonal activity of P.
scurigera in three cotton growing areas, Biloela, Theodore and Emerald, on a monthly basis
between July 1981 and June 1982. Two distinct periods of activity were evident in all three
areas; the first occurred between August and November and the second between March and
June. Very few moths were caught in December, January and February. The trap catch in
Biloela was greater in the first peak than in the second, whereas in Theodore the opposite was
true. Surprisingly, in Emerald, where P. scutigera is not a pest of cotton, trap catch followed a
very similar pattern although far fewer moths were trapped than in the other two sites.

Flint and Stone (1985) also demonstrated the potential of synthetic pheromones to control
P. scutigera populations by mating disruption. When a 9:1 ratio of Z,Z and Z.E isomers or
7,7 isomer alone was released at a rate of 7.2 g a.i./ha, pheromone trap catch was disrupted
by 95-100%. Due to the small size of experimental plots (0.1 ha) boll infestation and the
immigration of mated females into the area was not monitored.

1.1.10. Current pest management practices in Australian cotton

Cotton pest management in Australia is presently in a transitional phase due to the
unexpected and rapid development of resistance to synthetic pyrethroids in a key pest,
H. armigera (Sawicki and Denholm 1987).

In the early 1970’s, when H. armigera developed significant resistance to organochlorine
and some organophosphate insecticides in New South Wales (Goodyer et al. 1975), it was
recognized that the Australian cotton industry needed to reduce its dependence on
insecticides (Room 1979). Integrated pest management (IPM) programmes were initiated with
the development of an "on-line’ pest management system aimed at minimizing further

selection for insecticide resistance and exploiting natural mortality factors (Hearn and Room
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1979). These programmes were successful in reducing chemical insecticide usage to 50% of
that used commercially while maintaining commercial yields (Room 1979).

Unfortunately, IPM was unsuccessful in forestalling the development of resistance to
synthetic pyrethroids (SPs) which had, when first introduced in the 1970’s, restored total
control over H. armigera. Facing the possible loss of SPs to control key pests a relatively
new pest control concept, Insecticide Resistance Management (IRM), was adopted. IRM
differs from IPM in that the basic premise is that insecticides are too valuable to be wasted
through resistance, so the emphasis is on the rational use of insecticides and on the restriction
of treatments to prevent selection for resistance, thus prolonging the viability of these
products (Sawicki and Denholm 1987).

An IRM approach was adopted with the dramatic failure of SPs to control H. armigera on
cotton and other summer crops at Emerald in January 1983 (Forrester and Twine 1988). The
Australian Field Crops Insecticide Strategy, was developed to prevent further selection for
resistance to SPs over other areas of Eastern Australia. The cotton season was divided into 3
stages: Stage 1 (from September to January 10) corresponded to the early growth of cotton,
Stage 2 (January 10 to February 20) to peak squaring, and Stage 3 covered the remainder of
the season. The application of SPs was restricted to Stage 2 only, a 42 day period that
corresponded to one complete life-cycle of H. armigera. Thus selection by SPs was believed
to be restricted to only one of 4-5 generations of this bollworm produced annually (Forrester
1989). After Stage 2, any SP resistant survivors should be controlled by alternative
insecticides. This program, although voluntary, was widely supported by farmers and has
been partially successful in containing pyrethroid resistance in H. armigera (Forrester 1989).

1.1.11. Implications of the IRM strategy in the control of P. scutigera

The implications of the IRM strategy in the control of P. scutigera in Central Queensland
are two fold. Firstly, the strategy has limited the use of SPs to control P. scutigera to a
specified *window’. Pyrethroids (maximum of three sprays) cannot be used after February 20,

when P. scutigera damage is usually most severe (Passlow 1958). Outside this period farmers
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are forced to rely on the only other insecticides presently registered for control of P.
scutigera, the organophosphate Chlorpyrifos, and the highly toxic insecticides such as Methyl
Parathion. Other insecticides registered for use in cotton, e.g. Endosulfan, Methomyl and
Monocrotophos, are generally ineffective at controlling P. scutigera (Page 1981).

Secondly, the IRM strategy has developed an impetus to minimize the number of SPs
sprayed on cotton to as few as possible. Additional sprays of SPs to control other cotton pests,
such as P. scutigera, must be minimized as much as possible in order to prevent further

selection for resistance in H. armigera.

1.2. Approach of the thesis
As can be seen from the above literature review our understanding of P. scutigera is very
incomplete. My aims in this thesis are to improve our knowledge of the biology and ecology
of P. scutigera. Without such knowledge an effective pest management programme cannot be
designed or implemented.

1.2.1. An ecological approach to pest management

It is my contention, developed in this thesis, that a more ecological approach to pest
management in Australian cotton must be adopted in order to improve current control
strategies.

Approaching a pest situation ecologically has proven useful in discovering or improving
control tactics (Rabb ez al. 1984). For those pests which have no or little susceptibility to
natural control, detailed ecological research makes possible greatly improved timing, and
more effective and minimal use of chemical control agents (Croft ez al. 1984).

Clarks (1970) life systems approach to pest situations forms a basis to this thesis. By
understanding the life system of P. scutigera in cotton a more efficacious control programme
can be designed.

Clark et al. (1967) defined the life system as that part of an ecosystem which determines
the abundance and evolution of a particular species population. To understand and solve pest
problems Clark (1970) recommended that three closely-linked phases of investigation should

be made:
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Phase I - deals with causation of injury and identification and description of the major
biological and physical influences involved.

Phase II - investigation of economics of injury and functioning of the relevant life systems.

Phase III - modification of life systems to achieve satisfactory management.

The first phase is an intensive and systematic study of life histories, the object of which is
to identify and describe relevant elements of the pest situation. The second phase is concerned
with the actual operation of injurious interactions and the ecological processes entailed. The
third phase completes the analysis of the pest situation by combining the findings of phase{l
and 1. Decisions are then made as to how the functioning of life systems could be usefully
modified or circumvented and courses of action or strategies are adopted (Clark 1970).

1.2.2. Outline of the thesis

In Chapter 2 the effect of temperature and larval diet on P. scutigera development and
reproduction is investigated, to extend the work of Vickers (1982a, 1982b). This information
is used in subsequent chapters to interpret the population performance of P. scutigera in the
field.

Chapter 3 investigates the biology of P. scutigera attacking cotton to verify sites of
oviposition, behaviour of larvae, age of bolls attacked, the behaviour of adult moths and
species of parasitoids attacking all life stages. The seasonal incidence of larval infestations in
sprayed and unsprayed cotton fields in the Callide Valley is determined over three
consecutive seasons.

In Chapter 4 the potential of synthetic pheromones for monitoring P. scutigera populations
and timing insecticide sprays is further evaluated. The best bait formulation to use for
monitoring is investigated to settle conflicting data from previous publications, as well as the
best trap type and trap location. The correlation between pheromone trap catch, light trap
catch and larval infestations is compared to assess the reliability of trap catch in indicating the
need to spray.

Chapter 5 readdresses the possible role of alternative host plants in the carry-over of P.

scutigera populations from one cotton season to the next. Intensive searches for host plants
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are conducted, recording their numbers and location . in the Callide and Dawson
Valleys, rate of infestation and relative importance in supporting moth populations.

Chapter 6 assesses the role of cotton crop residues in the carry-over of moth populations
from ome cotton season to the next. Factors controlling the development of larvae in dry
cotton bolls are determined. The effect of soil type on larval survival and adult moth
emergence is investigated. Methods of burying cotton crop residues are compared to
determine which method maximizes moth mortality and minimizes the chance of moths
emerging during the next cotton season.

Chapter 7 investigates the possible role of adult longevity in the carry-over of populations
from one cotton season to the next. The longevity, fecundity and oviposition rates of P.
scutigera emerging from cotton rash and a major alternative host during spring months is
followed in an insectary.

The General Discussion, Chapter 8, consolidates the findings of all chapters to give an
overview of the life strategy of P. scutigera in cotton. Hypotheses are generated to explain the
major factors limiting the abundance of P. scutigera in Central Queensland. The pest status
of P. scutigera is discussed in relation to its adaptations to native host plants. Ways of
reducing the impact of P. scutigera on cotton and improving methods of control are given.
The limited pest status of P. scutigera in Australia is also discussed and suggestions for

further research are given.
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CHAPTER 2

Effects of temperature and larval diet

on development and reproduction in P. scutigera

2.1, Introduction

Population performance of insects, expressed as reproductive potential or effort, is
complicated by the temperature-mediated ‘time-scale’ experienced by insects as heterotherms
(Kitching 1977). Ambient temperatures dictate the appearance and dynamics of insect
populations (Ratte 1985). Consequently, a knowledge of the relationship between temperature
and rate of insect development is essential for ecological studies and basic to the formulation
of pest management strategies (Lysyk and Nealis 1988, Taylor 1981, Uvarov 1931, Wagner ez
al. 1984b).

An extensive literature exists on the effects of temperature on insect growth and
development. Growth is defined as a change in size of an individual (or any part of it) while
development is a change in form; both are complex, variable, interrelated and hard to quantify
(Gordan 1984). The temperature range in which insects can survive is much wider than the
range for normal activity and non-arrested development (Ratte 1985). When developmental
time of an insect is measured over a wide range of temperatures, the resulting plot typically
gives a backward "J" shaped curve. If these times are converted to developmental rates
(1/time) the curve becomes a shallow sigmoid or "S" shape (Wagner et al. 1984b). Atthe
lower thermal limit of the insect, the developmental curve slowly approaches the point of zero
development. As temperatures increase the rate of development becomes proportional to
temperature giving a linear response in the mid-region of the curve. Development slows as the
optimum temperature is reached and thereafter falls sharply.

Many empirical and biophysical models have been devised to describe the relationship

between developmental rate and temperature to enable predictions of insect development in
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the field. Historically, the most widely known and used approach is the degree-day or thermal
summation model (Curry et al. 1978a, Ratte 1985, Taylor 1981, Wagner et al. 1984b). This
model only uses the linear portion of the rate versus temperature curve, fitting simple linear
regression to the observed values. The regression line is extrapolated to the temperature axis
to give a theoretical developmental threshold (DT) or zero (DZ), below which no
development is assumed to occur. The duration of development can then be predicted by
temperature surnming: adding up the number of thermal units {e.g. degree-days) accumulated
over time until development is completed.

Thermal summing has received much criticism as it is only valid for temperatures within
the favourable range for development i.e. where development increases linearly with
increasing temperature (Ratte 1985). Extrapolation of the regression line to the temperature
axis to determine the developmental zero is often inaccurate due to the sigmoid shape of the
entire developmental curve (Wagner ef al. 1984b). Despite its limitations, thermal summing
has been widely used because it requires minimal data for formulation, is easy to calculate
and often yields approximately correct values. Simple linear regression has provided a good
fit to development data over a wide range of temperatures for a number of insects (Allsopp et
al. 1983, Bari and Lange 1980, Campbell et al. 1974, David et al. 1989, Gangavalli and
Aliniazee 1985, Hanula er al. 1987, Hutchison er al. 1986, Lysyk and Nealis 1988, Zalucki
1982) and degree-day calculations have been used to predict insect outbreaks (e.g. Ackers and
Nielsen 1984, Burden and Hart 1989, Butts and McEwen 1981, Eckenrode and Chapman
1972, Ives 1973, Knutson et al. 1989, Levine 1989, Neal er af. 1987, Sanderson et al. 1989,
Sevacherian er al. 1977a).

When rates of insect development are not strictly linear functions of temperature, more
complex non-linear models are required for accurate prediction (Stinner et al. 1974). A large
number of empirical non-linear models have been developed. The most widely used are those
of Pradhan (1946) and Stinner er al. (1974). Pradhan (1946) used an exponential equation
similar to the normal distribution while Stinner er al. (1974) used a modified sigmoid

equation. Both models have been criticized as they incorrectly assume that developmental
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rates on either side of the optimum temperature are symmetric (Wagner et al. 1984a). Even
50, they have often provided more accurate predictions of insect development at constant and
fluctuating temperatures than thermal summation (e.g. Allsopp 1981, Butler 1976, Butler and
Hamilton 1976, Hawthorne er al. 1988, Smith 1984, Siddique ez al. 1973).

An alternative non-linear method, polynomial regression, has rarely been used but was
found to give excellent empirical descriptions of developmental rates in mites and insects by
Tanigoshi ez al. (1975, 1980) and Tingle and Copland (1988). The latter authors also
successfully used polynomial regression, for the first time, to predict insect developmental
periods under fluctuating temperatures. These predictions were more accurate than those
given by the thermal summation method.

The above developmental models are concerned with predicting mean emergence times of
an insect population or cohort. However, insect development is a stochastic process with
cohort stadium transitions occurring over extended time periods (Curry et al. 1978a).
Knowledge of the variability in development provides valuable information on the day of
first, peak and last emergence of an insect population which can then be utilized to improve
sampling programmes or the timing of insecticide treatments (Sharpe et al. 1981). Models
incorporating stochastic aspects of insect development have been developed by Curry ez al.
(1978b), Reinchenbach and Stairs (1984), Sharpe et al. (1981), Stinner er al. (1975) and
Wagner et al. (1984a). These stochastic models have been successfully integrated into studies
on insect development by Allsopp (1981), Casagrande er al. (1987), Hagstrum and Millikin
(1988) and Narajo and Sawyer (1987).

The resemblance of developmental rate curves to those of chemical reaction rates has led
to suggestions that development may be determined by one "master reaction” or one rate-
determining enzymatic process (Sharpe et al. 1977). Such ideas have been extended, giving
rise to complex models of insect development that are based on biophysical laws. Sharpe and
DeMichele (1977) consolidated earlier work to formulate a 6 parameter biophysical model
that described the entire response curve of insect development over a full range of
temperatures. Their model was subsequently modified by Schoolfield et al. (1981). Wagner ez

al. (1984b) were aware of no other poikilotherm developmental rate model with greater
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flexibility, goodness-of-fit capability, or stronger theoretical foundation. Unfortunately, the
model is complex and requires the user to have experience in non-linear parameter
estimation.

Non-linear models are undoubtedly more accurate in describing the entire developmental
rate versus temperature curve than simple linear models (Kitching 1977). However, the
amount of discrepancy between developmental rates in the field with those predicted by linear
(i.e. thermal summation) and non-linear models will depend on how often the insect
experiences temperatures outside the linear portion of the developmental rate-temperature
curve. Gilbert et al. (1976) and Kitching (1977) argue that most insects will rarely experience
field temperatures that are outside the linear range of development to warrant the use of more
complex models. Both authors compared the thermal summing approach with other more
complex non-linear models and showed that they gave no appreciable improvement in their
predictive value.

Temperature can also profoundly affect insect size and weight, activity, longevity,
fecundity and fertility (Engelmann 1984, Gordan 1984, Kitching 1977, Ratte 1985). The
effects of temperature on reproduction can be indirect, through a change in insect size or
weight, or direct through reduced oviposition rates and egg fertility (Andrewartha and Birch
1954, Danthanarayana 1975, Graham er al. 1967, Mack and Backman 1984, Nadgauda and
Pitre 1983, Smith 1986).

Other factors, besides temperature, must be considered when attempting to predict insect
development in the field and explain population performance. Larval diet can significantly
affect the developmental rate of many insects, according to the host plant species utilized
(Allsopp et al. 1983, Baker and Miller 1974, Cave and Gutierrez 1983, Nadgauda and Pitre
1983, Solomon 1988) or nutritional quality of the diet (House 1966, Lukefahr and Griffin
1962, Taylor 1984). Similarly, larval diet quality and quantity can also influence reproduction
by significantly affecting levels of fecundity (Adkisson 1961a, Beckwith 1970, Cave and
Gutierrez 1983, Page 1983, Smith 1986, Solomon 1988, Taylor and Sands 1986). In some

insects, e.g. H. armigera, the length of the photoperiod also affects larval developmental rates
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and fecundity (Dimetry et al. 1987).

The only empirical studies on developmental rates and aspects of reproduction in P.
scutigera are those of Vickers (1982a, 1982b). Results from these studies were summarized in
Chapter 1 and they will be discussed in more detail in section 4 of this chapter. Vickers did
not investigate the effects of larval diet on development and fecundity; in his studies all larvae
were reared on artificial diet, and aspects of reproduction were investigated at only one
constant temperature (259 C). Also, the number of larval instars in P. scutigera has only been
determined indirectly by measuring head capsule widths (Holdaway 1926, Vickers 1982a).
While both authors estimated that there were four larval instars, this method has been shown
to be unreliable, especially when the number of larval instars is variable (Kishi 1971, Schimdt
et al. 1977).

The aim of this chapter is to report in more detail the effects of temperature and larval diet
on the development and reproduction of P. scutigera. This information will be used in
subsequent chapters to interpret the population performance of P. scutigera in the field. The
fit of three developmental rate models; thermal summation, Pradhan (1946) and polynomial
regression, will be compared to determine which model is best for predicting development of

P.scutigera.

2.2. Materials and methods

2.2.1. General rearing methods

A novel rearing method was used to culture P. scuzigera in the laboratory on artificial diet.
The diet of Shorey and Hale (1965) was used throughout this study. Vickers (1982a) added
ground cotton seed meal to the diet when rearing P. scurigera but preliminary experiments
showed that this was unnecessary as the development and reproduction of moths was not
affected by its omission. Larvae were reared in sections of plastic drinking straws
(Woolworths brand, 207 mm long, 5 mm diameter), filled with diet and sealed at both ends by
a cotton wool plug. Straws were cut into three equal lengths and repeatedly pressed into a
block of diet, ca 55 mm deep, until about three-quarters full. Any diet or moisture on the

outside of the straw was removed by wiping with tissue-paper. A tight cotton wool plug was
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inserted into the end of the straw filled with diet. This first plug was used to push the diet until
it was located centrally within the straw. Once the diet was in the correct position, the plug
was immediately pulled away to leave a 5 mm gap, to prevent absorption of moisture from the
diet. A second cotton wool plug was then inserted into the other end of the straw, again
leaving a 5 mm gap between the cotton wool and the diet.

The arnoantifiiet contained in a single straw was adequate for the development of two
larvae, placed in either end of the straw. It was necessary to store straws in sealed plastic
containers as all larvae, when ready to pupate, chewed through the plastic straws or cotton
wool plugs. One litre plastic food containers (Decor R), with a ventlation hole made in the lid
and covered by wire insect mesh, were used to store straws (up to 100 straws per container).
The containers were lined with tissue paper to absorb excess moisture.

For mass rearing purposes two neonate larvae were placed into each straw (one larva at
either cnd).. Usually cannibalism or larval intéraction was not a problem with a mean survival
rate to pupation of 93.3% (N = 186 straws) for 2 larvae/straw compared 10 92.7% (N = 126
straws) for 1 larva/straw. Cannibalism or larval injury was higher if the diet used to fill the
straws was of poor quality and shrank away from the sides allowing free interaction between
the larvae. For temperature development studies, only one larva was placed into each straw to
eliminate possible larval interaction and injury from affecting development or survival rates.

Larvae pupated in the tissue paper lining or on the outside of the cotton wool plugs.
Prepupae or pupae were carefully removed with the aid of forceps and placed into plastic petri
dishes. Pupae were sexed according to the position of the genital pore on the final abdominal
segments.

Pupae or newly emerged adults were placed in either 400 ml glass beakers or 100 x 65 mm
clear plastic containers and provided with 5% sugar solution for food. The top of each
container was covered with a piece of nylon insect screen plus a layer of two-ply facial tissue
paper as an oviposition substrate, securing each layer with separate rubber bands. Moths
readily laid their eggs through the insect screen and onto the tissue paper. This system

allowed tissue papers (=egg sheets) to be changed while keeping the insect screen in place,
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thus preventing moth escape and eliminating the need to immobilize moths (e.g. with carbon
dioxide;) which may affect their longevity and/or fecundity.

It was found that females only readily laid eggs when provided with two-ply facial tissue
paper. Eggs were either laid on the inner, exposed surface of the tissue paper or more
commonly in between the two layers of paper. Single-ply paper towelling was not a suitable
substrate for oviposition.

Egg sheets were placed in 15 cm diam petri dishes sealed with Parafilm® to prevent larval
escape. Neonate larvae were transferred onto diet using a fine paint brush moistened with
distilled water.

2.2.2. Effects of temperature on development and reproduction

The rate of egg, larval and pupal development was determined at four constant
temperatures, 18,21, 25 and 300 C, and one fluctuating temperature 25/15° C (mean=20.8°
C) (all cabinets + 1° C, 14:10 light/dark photoperiod). The time of egg hatch was also
determined at all these temperature regimes, except 189 C. The fluctuating temperature
cabinet was set so that the warm period coincided with the photophase and the cool period
with the scotophase.

Eggs laid on tissue paper over a single night were obtained from females (ten or more)
held in oviposition cages at each respective temperature regime except in the case of the
fluctuating temperature where eggs less than four hours old were obtained from moths held at
210 C. As most eggs are laid within the first four hours of the scotophase (Vickers 1982a), a
mean oviposition time of two hours after the start of the scotophase was used as a starting
point to calculate the number of days to 50% egg hatch. All moths used in these experiments
originated from cotton collected  larvae at different times of the year and reared on artificial
diet in the laboratory for at least one generation.

To determine the time of egg hatch, sections of egg sheets, containing less than 80 eggs,
were placed in 6 cm or 15 cm diam petri dishes for observation. Eggs were observed at hourly
intervals at the start of the photoperiod, counting the number of unhatched eggs remaining.
The day of egg hatch could be predicted as it was observed to occur on the day following the

blackhead stage (i.e. when the head capsule of the developing larva darkens) at all
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temperature regimes. Egg hatch at 18° C was checked four times daily, atca 2, 4, 6 and 10
hours after the start of the photoperiod.

Egg development was recorded for three separate egg batches at each temperature regime.
The number of eggs observed varied according to their availability (see Table 2.3).

The duration of each larval instar was determined by checking larvae daily (usually during
the eighth hour of the photoperiod) for ecdysis, based on the shedding of the head capsule.

Pupae were sexed and held separately in 15 cm diam petri dishes or 2 x 6 cm glass vials
and checked daily as above until all moths emerged. Samples of pupae resulting from larvae
reared at 18, 21 and 25° C were weighed soon after hardening of the cuticle.

Realized fecundity of females (defined as the total number of eggs laid during the lifespan
of a female) was compared at 18, 21, 25 and 30° C, using moths reared on artificial diet at the
same temperature. Females, held singly, were paired on the day of emergence with two males
(1-2 days old) and provided with 5% sugar solution. Two-ply tissue paper was provided as an
oviposition substrate and changed every 1-3 days until all females died. The preoviposition
period and duration of oviposition was also recorded at each temperature regime.

2.2.3. Effects of larval diet on development and reproduction

The effect of larval diet on development was determined at various constant temperatures
and compared with larvae reared on artificial diet. The larval diets used were:

1) Cotton squares

ii) Green cotton bolls

1ii) Hibiscus rosa-sinensis flowers

iv) Hibiscus tiliaceus flowers

v) Brachychiton australis flowers

Squares (SQ) and green bolls (GC) were collected from unsprayed cotton at the D.P.I.
Research Station, Biloela. All squares and bolls were carefully checked for P. scutigera
infestation and only those with no visible evidence of larval damage were used. Squares were
infested with a single neonate larva (less than 12 hours old) while bolls were infested with

(\.1_0:"._;}{,.
two or four Alarvac. Squares were placed in glass jars (3.5 cm diam, 6 cm ht) lined with tissue
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paper. Fresh squares were provided as necessary. Bolls were stored in 15 cm diam. plastic
cups (Lily Plastics Pty. Ltd., P125-77) lined with tissue paper. Ventilation was provided by
inserting pieces of cotton wool through two small holes in the lid. Excess condensation was
removed and tissue paper linings were replaced every 2-3 days. Bolls were not replaced
throughout the development period of larvae. Development on squares was determined at
constant temperatures of 21, 25 and 300 C, and on bolls at 23, 23, 28 and 30° C.

Flowers of H. rosa-sinensis (OH), Hibiscus tiliaceus (HT) and B. australis (BT) were
collected in Biloela (see Chapter 5 for details on each host species) and carefully checked for
larval infestations. Flowers were placed in tissue lined plastic cups as above orin2 x 8 cm
glass vials, plugged with cotton wool, and infested with either 2 (OH and HT) or 4 (BT)
neonate larvae, less than 12 hours old. Fresh flowers were added when necessary (usually
every 3-4 days). Development rates were determined at constant temperatures of 25, 28 and
309 C and also at 21° C for OH flowers only.

All host plant material was checked daily for pupae, usually during the eighth hour of the
photoperiod. Pupae were removed, sexed and held in petri dishes at each temperature until
adult emergence. Samples of pupae from larvae reared at 25° C on all host plants (except SQ
and BT) were weighed and compared with those reared on artificial diet.

Aspects of reproduction of moths reared on the above larval diets, except SQ, were
measured at 259 C (+ 1° C, 14:10 L:D photoperiod) and compared with moths reared on
artificial diet (AD). Also included in these comparisons were moths resulting from
overwintering larvae feeding in dry cotton bolls (DC), collected from an unsprayed cotton
field at the D.P.L research station, Biloela (see Chapter 6 for further details). Single females
were paired with two males on the day of emergence. The preoviposition period, number of
eggs laid per female and duration of oviposition was recorded. The number of females used
depended on the availability of moths (see Table?-:i Most of the moths used in the fecundity
experiments were derived from the above larval development studies conducted at 25°C,
while others were obtained from infested host plant material, incubated in ventilated plastic

boxes at the same temperature.
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2.2.4.Data analysis

Three models were used to describe the relationship between temperature and rate of
development:

i) simple linear regression Y = A + BX

i) Pradhans’ (1946) model: Y = A exp [B(C - X) ]

iii) polynomial regression Y =Bo + BT + 132T2 etc.
where Y = developmental rate (1/days), X = temperature, A, B, Cand T are empirical
constants.

Predicted values of developmental rates were converted back into developmental times
(days) and compared with the observed results.

The threshold temperature for development (DZ) for eggs, each larval instar, pupae, and
total development was estimated by extrapolating the linear regression line to the X-axis. The
predicted number of degree-days (DD) required to complete development at each stage was
calculated as the reciprocal of the slopé of the linear regression line (B). Standard errors for
DZ and DD were calculated using the methods of Campbell et al. (1574).

The observed number of degree-days to complete development at each temperature was
calculated by the formula:

DD =P (T-DZ)
where P is the developmental period (days) and T is the temperature at which the moths were
reared (° C).

Capacity for increase (rc) was calculated using the equation of Laughlin (1965):

rc=(lnRo) /Tc
where Ro is the net reproductive capacity: Ro = Ix.mx, Ix is the proportion of moths surviving
to adult emergence multiplied by the proportion of mated females laying fertile eggs, and mx
is the number of female eggs laid per female (50% of total fecundity, assuming a 1:1 sex
ratio). Tc is the mean generation time i.e. the time from oviposition of a female egg to the day
she lays 50% of her egg compliment.

Students t-test and one-way analysis of variance (Proc TTEST and Proc GLM, SAS
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Institute 1985) were used to test for significant differences in development periods, pupal
weights, preoviposition periods and fecundity for each temperature regime or larval diet.
Means were separated, if the F ratio was significant, using the GT2 test for unequal
comparisons. Data were ransformed where necessary to meet the assumptons of these
parametric tests but only untransformed data is presented in the tables and figures. If data
could not be adequately transformed, the non-parametric Kruskal-Wallis test and Wilcoxon’s

2-sample test were used (Proc NPARIWAY, SAS Institute 1585).

2.3 Results

2.3.1. Temperature and egg development

The rate of egg development increased linearly with increasing temperature and was
adequately described by the simple linear regression model (r2=0.9998, p<0.0001) (Table 2.1,
Fig. 2.1). Predicted values for egg development, calculated from the regression equation, were
similar to observed values except at 189 C where development was underestimated by 1.4
days (Table 2.1). The developmental zero was estimated as 12.5° C (+ 0.9 S.E.) by
extrapolation of the regression line to the X-axis. The predicted number of degree-days (DD)
required to reach 50% egg hatch was estimated from the regression line as 74.3 DD (+ 6.4
S.E.). The observed number of DD required to reach 50% egg hatch ranged from a mean of
0.0 DD at 18° C to 70.0 DD at 25° C. Egg survival was over 90% at all temperature regimes
(Table 2.1).

The timing of egg hatch was gated to the start of the photoperiod on the day after the black
head capsule was visible (Fig. 2.2). Egg hatch followed a sigmoid pattern at all temperature
regimes. At 210 C the first eggs emerged 3-4 hours after the start of the photophase on
the tenth day after oviposition (=203-204 developmental hours). Most eggs hatched between
the hours 204-211 and at lights off on day 10 a mean of 80.5% eggs had hatched. The
remaining eggs hatched at much slower rates; observations were not resumed until 2 hours
after the start of the photophase on day 11 when 6.5% of the eggs still remained unhatched,

suggesting that very slow rates of emergence occurred over the scotophase. All remaining
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Table 2.1. Mean number of days and degree-days (+ S.D.) P. scurigera required to reach 50%
egg hatch at three constant and one fluctuating temperature regimes. Three replicate egg

batches were observed at each temperature regime. R = residuals (observed - predicted

values),

------------- No. of days to -S-E)% hatch E)-I;-s-e;r:fe“c“iz _

Temp. No. % egg S oo number of

(©C) eggs  survival Observed  Predicted! R degree-days

18 391 92.9 14.8 13.4 1.4 80.0
(0.06) 0.8)

21 901 954 8.7 8.7 0 73.8
(0.03) 0.2)

25 613 98.7 5.6 59  -03 70.0
(0.03) 0.7)

30 492 933 4.4 4.2 0.2 76.4
(0.01) (0.1)

25/15 338 93.7 8.5 89 -04 71.2
(0.04) (0.7)

1. Calculated from the simple linear regression equation of developmental rates against
temperature (see Appendix B for parameters).

2. Calculated using a developmental zero of 12.5° C.
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Fig. 2.1. Developmental periods (days) and rates (1/days) for P. scutigera eggs incubated at
four constant temperatures. Linear regression fitted to rates data (see Appendix B for
regression parameters). Triangle symbol represents period of development under the

fluctuating temperature of 25/15° C.
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eggs hatched within 8 hours of the start of the photophase on day 11 (231 developmental
hours).

The rate and pattern of egg hatch at 25° C was very similar to 21° C, although there was
greater variation between replicates (Fig 2.2). Egg hatch began 3-4 hours after the start of the
photophase on the sixth day after oviposition (developmental hour 130-131). There was a
steep rise in rates of egg hatch between 131-139 hours, but levelled-off with emergence
extending into day 7. At lights off on day 6 a mean of 19.3% eggs had not hatched, only a
further 10.3% emerged during the scotophase (a rate of 1.3% eggs per hour), the remaining
eggs hatching within 3 hours after the start of the photophase on day 7.

At 30° C egg hatch started immediately at the onset of the photophase on the fifth day
after oviposition (developmental hour 103) and proceeded at a very fast rate so that within 2
hours a mean of 71.8% of eggs had hatched (Fig. 2.2). Egg hatch continued at a very fast rate
until developmental hour 107 when the rate levelled off with a mean of 96.3% of eggs
hatched. All remaining eggs hatched by developmental hour 114, 11 hours after the start of
the photophase on day 5.

Egg hatch under the fluctuating temperature of 25/15° C was much more synchronized
than at constant temperatures of 21 and 25° C, being similar to egg hatch at 30° C (Fig. 2.2).
Egg hatch began immediately at the onset of the photophase on day 7 (developmental hour
202) and increased sharply with a mean of 41.6% of all eggs emerging by developmental
hour 204. In 2 of the replicate experiments all eggs hatched by day 7, by hour 211 or 212, but
in the third replicate 1.3% (N=3) of the eggs remained unhatched at lights off. These eggs had
hatched by development hour 227 on the eight day after oviposition.

2.3.2. Temperature and larval development

The mean duration of each larval instar at 4 constant and 1 fluctuating (25/15, mean=20.8°
C) temperatures is shown in Table 2.2. All larvae passed through 4 instars at all temperature
regimes. The fourth instar was considerably longer than the first 3 instars, taking 52-62% of
the total developmental time (Table 2.3). The first 3 instars were of similar duration although
the second instar was consistently shorter at all temperatures.

At all temperature regimes the frequency distribution of moulting in the first 3 instars was
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unimodal, occurring over a relatively short period of time (Fig. 2.3). In contrast, the length of
the fourth instar was much more variable and not unimodal, particularly at lower
temperatures. Female larvae developed slightly faster than males at all temperatures, except
the fluctuating temperature regime, but the difference was only significant at 25° C (p<0.05).

Developmental rates increased linearly with increasing temperature (Fig. 2.4 and 2.5).
Simple linear regression (see Appendix B for regression parameters) gave a good fit to the
data for the first, second and fourth larval instars (p<0.01, p<0.01 and p<0.05, respectively)
but not for the third instar (p>0.05) due to the effects of the extreme temperatures, 18 and 30°
C, on development. For this instar Pradhan’s (1946) equation and second order polynomial
regression gave better predictions of larval development than the linear method, particularly
at 18 and 30° C (Table 2.3 and Appendix C). All methods overestimated the number of days
to complete development under the fluctuating temperature of 25/ 15° C.

Linear regression of total larval development against temperature was significant when
both sexes were considered together (r2'=0.954, p<0.05) or when males (r“= 0.953, p<0.05)
and females (r2x0.955 , p<0.05) were considered separately (Table 2.4 and Appendix B).

The developmental threshold (DZ) for each larval instar varied from 4.1° C in third instar
larvae to 14.1° C in first instar larvae (Table 2.5). However, the DZ estimate for third instar
larvae must be considered unreliable because of the highly non-linear relationship between
developmental rate and temperature. The overall DZ for all larval instars was estimated to be
11.1° C or 11.0 and 11.1 when male and female larvae were considered separately.

The observed number of DD required to complete each larval instar at each temperature
regime was calculated using the above DZ’s (Table 2.5). The first larval instar took between
403 t0 46.2 DD, depending on the temperature regime, with a predicted estimate of 42.3 DD.
The second larval instar was of similar duration requiring between 37.6 and 43.5 DD
(predicted estimate = 40.7 DD). The number of DD required for the third larval instar was
much higher and more variable between temperatures, ranging from 72.7 DD to 107.0
(predicted estimate = 87.3 DD). Similarly, the fourth larval instar was very variable between
temperatures ranging from 154.8 DD at 25/15° C to 261.8 DD at 18° C, with a predicted
estimate of 205.3 DD.
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The number of degree days DD required for total larval development ranged from 313.0 at
210 C to 404.38 at 180 C, while the value predicted from the regression equation was 362.3
DD (Table 2.10). Female larvae consistently required fewer DD to complete development
than male larvae, although the difference was only significant at 259 C (p<0.05). Values
predicted from the regression equations indicated that females required 357.1 DD, compared
to 367.5 DD for males, to complete larval development.

2 3.3. Temperature and pupal development

The relationship between pupal developmental rates and temperature was highly linear
(r2=0.9998, p<0.001) (Fig. 2.8, Table 2.6), therefore it was unnecessary to apply non-linear
models. Female pupae developed faster than male pupae at all temperature regimes, with
emergence starting 1 day earlier. However, development was only significantly different at 18
and 219 C (p<0.01 and p<0.0001, respectively). There was no difference in pupal
development at the fluctuating termperature of 25/15° C and the constant temperature
equivalent of 21° C. Extrfipolétioh of the regression lines indicated a DZ of 11.6° C for male
pupae, 12.3° C for female pupae, or 11.99 C when data for the sexes was combined.

Emergence of female pupae occurred over a four day period at all temperatures except
210 C when females emerged within three days. The period of male emergence was more
variable taking 7, 5, 3 and 4 days at 18, 21,25 and 30° C, respectively. Unlike total larval
development, the frequency distribution of pupal development was unimodal at all
temperature regimes (Fig. 2.7).

Table 2.10 gives the estimated number of DD required to complete pupal development.
While developmental periods (days) between the sexes differed significantly only at 25 and
300 C, when the number of DD required to complete the pupal stage was considered, there
was a highly significant difference between the sexes at all temperature regimes. This was
because two different developmental thresholds were used to calculate the number of DD
required. Predicted values for completion of the pupal stage, obtained from the regression
equations, were 162.3 and 139.9 DD, for male and female pupae, respectively (Table 2.10).

The effect of temperature on pupal weight was only measured at 18, 21 and 25° C (Table

2.7). Both male and female pupal weight increased with decreasing temperature. Pupae
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resulting from larvae reared at 18 and 21° C were significantly heavier than those reared at
250 C (GT?2 test, p=0.05). Female pupae were always significantly heavier than males.

2.3.4. Temperature and total development

Total developmental periods, from egg hatch to moth emergence, for each temperature
regime are given in Table 2.8. Variability in the length of the fourth larval instar caused moth
emergence to be spread out over a number of days, particularly at lower temperatures,
although some of the variability was dampened out by synchronized pupal development (Fig.
2.8). Females developed faster than males at all constant temperatures but the difference was
only significant at 25° C (p<0.01). At the fluctuating temperature treatment development of
the sexes was very similar. The combined development times at 25° C, from egg hatch to
moth emergence was 35.2 days. Development at the fluctuating temperature of 25/15 was
slightly (but not significantly) faster than at the constant temperature equivalent of 21°9C
(48.6 days and 49.5 days, respectively, p<0.05).

All models adequately predicted total development, although polynomial regression was
more accurate due to the effects of the extreme temperatures, 18 and 30° C on development
(Table 2.9). All models over-estimated total development time at the fluctuating temperature
by 5-10%.

The DZ for larvae to adult development was estimated as 11.3° C with both sexes having
an identical DZ of 11.4° C when analysed separately (Table 2.10). The number of DD
required for total development ranged from 480.3 at 21° C 10 584.1 at 18° C, while 461.6 DD
were required at the fluctuating temperature of 25/15° C (Table 2.10). The predicted value
from the regression line was 511.7 DD. Males required significantly more DD for
development at 25 (p<0.01) and 30° C (p<0.05) but not at 18, 21 or 25/15° C (p>0.03).
Predicted values for each sex were 523.7 and 499.1 DD for males and females, respectively.

Combining this data with egg development data gives an overall developmental period,
from oviposition to moth emergence, of 91.7, 58.4, 40.8, 32.7 and 57.1 days at 18, 21, 25, 30
and 25/15 © C, respectively. Simple linear regression of this data estimated the overall DZ at

11.5° C (+ 1.3 S.E.), and predicted that 583.8 DD (+ 64.0 S.E.) would be required to
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Table 2.2. Comparison of observed and predicted (linear and Pradhan (1946) equations)
developmental periods for each P. scutigera larval instar at four constant and one fluctuating

temperature regimes. N = number of larvae observed. R = residuals (observed-predicted

development periods).
Developmental period (days)

Instar/ Predicted
temp. 0 eeme oo eamammm e e
©C) N Observed Linear R Pradhan R Polynomial R
11

18 64 105 11.0 05 -1 - - .
21 49 6.7 62 0.5 - - - -
25 79 3.7 39 -02 - - - -
30 65 2.7 2.7 0.0 - - - -
25/15 65 6.8 6.4 04 - - - -
12

18 61 6.8 64 04 - - - -
21 49 4.0 44 04 - - - -
25 79 3.2 3.0 0.2 - - - -
30 65 2.2 2.2 0.0 - - - -
25/15 65 3.6 44 12 - . - -
L3

3 61 77 62 15 68 09 (11 06
21 49 4.3 5.1 -0.8 46 -0.6 %1.7 0.4
25 70 4.0 4. -0.1 3.8 0.2 N 0.3
30 65 3.5 33 02 G -0l (5;? -0.1
25/15 64 53 5.2 0.1 5.0 0.3 4. 0.5
14

18 61 374 29.1 8.3 334 4.0 0.9
21 49 18.2 205 23 19.8 -1.6 -0.5
25 63 13.3 147 -14 12.9 0.4 13.1 0.2
30 58 11.5 10.8 0.7 116 -0.1 0.0
25/15 63 15.8 209 5.1 20.4 -4.6 9.3 -3.5

1. Pradhans’ equation and polynomial regression not calculated due to the highly linear
relationship between temperature and development in first and second instar larvae (see text
for further details).
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Table 2.3. The percentage of P. scutigera larval development spent in each instar at each

temperature regime.

) 1T T -
0 L1 L2 L3 L4
BT es 109 123 599
21 20.2 12.0 13.0 54.8
25 15.3 13.2 16.5 55.0
30 13.6 111 17.6 57.8
25/15 21.6 114 16.8 50.2
Mean 174 18 153 560

“Table 2.4. Duration of the entire larval stage of P. scutigera, reared on artificial diet at four
constant and one fluctuating temperature regimes, for each sex separately and combined. N =

number of individuals observed.

Temp.  =--------msmmweessssssssssssmosooooossssscnssossoooooes

Q) Combined N Males N  Females N t-test)

18 6.4 46 636 21 613 25  0.860
8.7) 3.8) (8.6)

31 332 35 331 15 333 20 0087
(3.3) (3.4) (33)

25 242 58 248 25 238 33 2231
(1.6) (1.8) (1.3)

30 200 29 202 15 198 14 0713
(1.3) (1.2) (1.4)

25/15 315 47 313 28 318 19 0.540
2.0) (1.9) (2.0)

1. T-test comparisons between sexes, * denotes a significant difference in developmental
periods at p<0.05.
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Fig. 2.5. Developmental periods (days + S.D.) and rates (1/days) for P. scutigera larvae (L1-
L4) when reared on artificial diet at four constant temperature regimes. Lines and symbols as

in Fig. 2.4.

45



Development and reproduction

Table 2.5, Estimated and predicted number of degree days required for P. scutigera to

complete each larval instar at each temperature regime. DZ = developmental zero (£ S.E.).

Instar DZ 18 21 25 30 25115
L1 141 410 459 404 435 455
0.7
L2 116 435 376 429 405 33.1
(1.1

L3 41 1070 727 836 906 885

(6.9)

L4 119 261.8 1820 186.0 2185 154.8

(2.8)

(+ S.E.)

1. Predicted values obtained from linear regression equations.

Table 2.6. Duration of the pupal period of P. scutigera, reared on artificial diet at four

constant and one fluctuating temperature regimes, for each sex separately and combined. N

= number of individuals observed.

Mean developmental time in days (+ S.D.)

4,604 %**

1.763

1.891

Temp.  -o-m-mmm s o s o e
(°C) Combined N Males N  Females
8 246 43 254 18 240 25  3337%
(1.5) (1.5) (1.1)
21 16.8 25 176 11 16.1
(1.2) (1.2) ©.7)
25 11.7 54 11.8 23 11.5
(1.0) 0.7 (0.9)
30 8.4 25 89 13 7.8
(1.0) 0.8) (0.9)
25/15 17.1 44 17.2 26 16.9
(1.6) (1.8) (1.2)

1. T-test comparisons between sexes, * and *** denotes a significant difference in
developmental periods at p<0.05 and p<0.0001, respectively.
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Table 2.7. Weight of P. scutigera pupae when reared at three constant temperature regimes on

artificial diet. N = number of pupae weighed.

Weight (mg + S.D )L

Temperature = ==s==-==n=m-r------- ---
©C) Males N Females N t-test?
13 24972 10 315.3a 6 5.8k

(21.1) (24.8)
21 230.6a 10 305.9a 10 8. 14%#*

(21.9) (18.4) ///
25 189.0b @_5? 3.78%%

(17.1) 1.0

1. Means within columns followed by the same letter are not significantly different (GT2 test,
p=0.03). ANOVA F (MALES, log ) transformed) =25.78, df=2/27, p<0.0001
F (FEMALES, Iog]*g‘ transformed) =30. 21 df=2/23, p<0.0001
2. T-test comparisons between sexes, ** and *** denotes a swmﬁcant difference in pupal
weight at p<0.001 and p<0.0001, respectively.

Table 2.8. Total developmental periods (egg hatch to moth emergence) of P.scurigera,
reared on artificial diet at four constant and one fluctuating temperature regimes, for both

sexes separately and combined. N = number of individuals observed.

18 872 43 897 18 85.4 25  1.543
©.1) (9.1) (8.8)

21 495 25 505 11 48.8 14  1.096
(4.0) (3.8) @.1)

25 352 54 366 23 352 31 3.238%+
(1.8) (1.5) (1.2)

30 283 25 290 13 27.6 12 1.480
(1.8) (1.5) (1.8)

25/15 486 44 485 26 487 18 0.364
2.4) (2.6) (2.1)

1. T-test comparisons between sexes, ** denotes a significant difference in developmental
periods at p<0.01.
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Fig. 2.8. Developmental periods (days + S.D.) and rates (1/days) for P. scutigera total
development (from egg hatch to moth emergence) when reared on artificial diet at four

constant temperature regimes. Lines and symbols as in Fig. 2.4.
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Table 2.9. Observed and predicted P. scutigera larval, pupal and total (egg hatch to moth
emergence) developmental periods at four constant and one fluctuating temperature regimes.

R = residuals (observed-predicted development periods).

Developmental period (days)

Stage/ Predicted

temp.  =eeeeememmemmeeeeeseeooeeee e
O Observed Linear R Pradhan R  Polynomial R
Larvae (L1-1.4)

18 62.4 52.1 10.3 57.3 5.1 61.2 1.2
21 33.2 36.5 -3.3 35.6 -2.4 34.1 0.3
25 24.2 260 -1.8 236 0.6 23.9 0.3
30 20.0 19.1 0.9 200 0.0 20.1 -0.1
25/15 31.5 372 57 366 -5l 354 -3.9
Pupae

18 24.6 249 03 -l - - -
21 16.8 16.7 0.1 - - - -
25 11.7 11.6 0.1 - - - -
30 8.4 8.4 0.0 - - - -
25/15 17.1 17.1 0.0 - - - -
Total

18 87.2 76.3 10.9 82.3 4.9 86.2 1.0
21 49.5 52.6 -3.1 52.1 2.6 50.1 -0.6
25 35.2 37.3 -2.1 34.6 0.6 35.0 0.2
30 28.3 27.3 1.0 28.4 0.1 28.4 -0.1
25/15 48.6 538 -52 535 -49 514 -2.8

1. Pradhans’ equation and polynomial regression were not calculated for pupae because of the
linear relationship between development and temperature.
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Table 2.10. Observed and predicted number of degree-days (DD) required for both sexes
combined (M+F), males (M) and females (F) to complete larval, pupal and total (egg hatch to
moth emergence) development at four constant and one fluctuating temperature regimes. DZ

= developmental zero (DZ).

Observed DD (+ S.D.)/temperature regime (° C)

Dz - ——— Predcted DD
Stage (+S.E.) 18 21 25 30 25/15 (+S.E.)
Larvae '
M+F 11.1 430.2 3287 336.7 378.8 305.8 362.1
(2.1) (60.0) (32.6) (22.4) (23.3) (19.3) (56.6)
M 11.0 445.0 331.3 347.0 382.9 305.4 367.6
2.0) (61.7) (33.6) (25.3) (23.1) (15.9) (58.0)
F 11.1 4231 329.2 330.9 373.1 307.7 3575
2.1) (59.6) (33.0) (1§.5) (25.5) (20.2) (54.7)
b
Pupae
M+F 11.9 150.1 152.9 152.6 151.3 151.9 1529
(0.2) (8.8) (10.8) (8.5) (18.0) (14.0) (1.4)
M 11.6 162.5 165.8 158.5 162.8 156.7 162.3
_ 0.4) 9.6) (11.3) (8.7 (147D (15.9) (5.4)
F i2.3 137.0 140.4 146.2 138.6 144.0 140.0
0.5) 6.5 (5.8) (7.9) (16.5) (10.3) (6.5)
ek L3 Hekag ek o
Total
M+F 11.3 584.1 480.3 4914  529.6 461.6 511.7
(1.5) (60.8) (38.6) (21.3) (33.1) 22.7) (59.2)
M 11.4 5022 4844 497.9 5394 456.3 523.8
(1.5) (60.1) (36.8) (204) (284 (24.4) (57.8)
F 114 5634  468.3 479.8 513.0 457.8 499.1

(1.3) (58.0) (39.2) (ii.?) (32.1) (20.7) (49.4)

1. Predicted values obtained from linear regression equations.

2. %, *% and *** indicates a significant difference in the number of DD required for
development between the sexes at p<0.05, <0.01 and <0.001, respectively (Student’s t test,
values not shown).
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Table 2.11. Survival of P. scutigera, from egg hatch to moth emergence, on artificial diet at
four constant and one fluctuating temperature regimes. Number (N) and percentage (%)

survival to the next developmental stage is shown.

Larval Pupal
Initial survival survival Percent
Temp. number of = —-mememmeses e total
(©C) larvae N % N % survival
18 64 46 71.9 43 93.5 67.2
21 49 35 71.4 25 71.4 51.0
25 79 58 73.4 54 93.1 68.4
30 65 29 44.6 25 86.2 38.5
25/15 65 47 72.3 44 93.6 67.7
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complete development (see Appendix B for regression parameters).

2.3.5. Temperature and survival rates

Larval survival ranged between 71.4 to 73.4% at all temperature regimes except 30° C
where only 44.6% of larvae survived to pupation (Table 2.11). Mos: larval mortality occurred
in the fourth instar during pupation (see Appendix E for a more detailed life table). Pupal
survival was above 90% at 18, 25 and 25/15° C but was only 71.4 and 86.2% at 21 and 30°
C, respectively. Overall survival rates, from egg hatch to moth emergence, were highest at
25° C (68.4% survival) and lowest at 30° C (38.5% survival).

2.3.6. Temperature and reproduction

Temperature significantly affected the preoviposition period (p<0.01) but there was
considerable variation within temperatures, particularly at 21° C where it ranged from 4 to 38
days with a mean of 10.9 (Table 2.12). The preoviposition period was shortest and least
variable at 25° C with a mean of 4.7 days, ranging from 2-8 days. Pairwise comparisons of
means, using Wilcoxon’s 2-sample test, revealed that the preoviposition period at 18 and 21
was significantly longer than at 25 and 30° C,

The percentage of females laying fertile eggs was highest at 25° C (100%) and lowest at
18° C (47%) while at 21 and 30° C all but 1 female failed to lay any eggs (93 and 92% of
females paired, respectively).

Significantly fewer eggs were laid at 189 C than at all other temperatures (p<0.001, Table
2.12). Levels of fecundity varied greatly within each temperature regime but was highest at
259 C with a mean of 494.7 eggs per female. The highest number of eggs laid by an
individual female was 678 at 30° C.

Temperature also significantly affected the mean duration of oviposition (p<0.001) being
longest at 21° C (50.9 days) and shortest at 30° C (24.8 days). At 18 and 259 C the duration
was similar (39.3 and 45.7 days, respectively). Oviposition lasted significantly fewer days at
30° C than at 21 or 25° C (Table 2.12, GT? test, p=0.05). At 25 and 21° C 50% of the
females were still laying eggs 55 and 63 days after eclosion, respectively (Fig. 2.10).

The rate of oviposition was very low at 18 and 21° C with no marked peak in the number

of eggs laid, while at 25 and 30° C most eggs were laid within the first 2 weeks after eclosion
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Table 2.12. Effect of temperature on aspects of P. scutigera reproduction. Consecutive rows
within each aspect of reproduction represent the mean, followed by the standard deviation of

the mean in brackets, and the observed range of values.

18 21 25 30

No. of females 15 15 10 12
paired
% of females 46.7 933 100 917
laying eggs
Preoviposition 9.9a 10.9a 4.7b 6.6b
period 4.1 (9.2) (1.7 (6.5)
(days) 6-14 4-38 2-8 2-23
No. of eggs 99.0a 395.5b 494.7b 372.9b
ffemale (145.6) (192.0) (95.0) (202.4)

30-406 85-642 352-644 28-678
Duration of 39.3ab 50.9a 45.7a 24.8b
oviposition (24.1) (12.2) (13.6) (9.0)
(days) 3-67 31-68 21-60 8-39
Time to 50% 16.6ab 26.1b 14.7¢ 14.5¢
oviposition (8.9) 8.7) (3.1) (8.6)
(days) 7-32 16-50 10-19 7-36

1. Means within rows followed by the same letter are not significantly different (Wilcoxons
two-sample rank test or GT2 test, p<0.05).

Kruskall-Wallis test; Preoviposition period Chisq=12.333, df=3, p<0.01
Fecundity Chisq=23.124, df=3, p<0.0001

ANOVA: Duration (logg transformed data) F=7.09, df=3/39, p<0.001
50% eggs (log1q transformed data) F=6.76, df=3/39, p<0.001
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Fig. 2.9. Proportion of P. scutigera females laying eggs over time when reared on artificial

diet at four constant temperature regimes.
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Table 2.13. Correlation between preoviposition period (PRE), realized fecundity (FEC) and

duration of oviposidon (DUR) for female P. scutigera reared at four constant temperature

regimes.
Correlation coefficient (r)
Temp. - --- -
Q0 PRE v. FEC PRE v. DUR FEC v. DUR
18 0.219 0.217 0.898#x1
21 0.152 0.075 0.174
30 0.134 0.021 0.601%*

1. ** indicates a significant correlation at p<0.01

Table 2.14. Capacity for increase for P. scutigera reared on artificial diet at four constant

temperature regimes.

Temp. Net reproductive Cohort generation Capacity for
(°C) capacity (Ro) time (To) increase (rc)
T T %9 0038

21 95.8 68.9 0.0662

25 166.7 45.3 0.1129

30 67.1 39.1 0.1076
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constant temperature regimes from the day of moth eclosion. (B) Ditto plotted as probits

against time and linear regression fitted to the lines.
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(Fig. 2.11). The number of days to reach 50% of eggs laid was significantly longer at 219 C
(26.1 days) than at 25 and 30° C (14.7 and 14.5 days) but not 189 C (19.6 days) (Table 2.12,
GT2 test, p=0.05).

The preoviposition period was not correlated with either realized fecundity or the duration
of oviposition at all temperature regimes (Table 2.13). However, there was a significant
correlation (p<0.01) between realized fecundity and the duration of oviposition at the 2
temperature extremes, 18 and 30° C, but not at 21 or 25° C.

Cumulative percentage oviposition curves for each temperature were plotted as probits
against time and linear relationships were fitted (Fig. 2.12). From the slope of the fitted
regression lines (b) the rate of egg-laying in relation to temperature was compared using t-
tests (Steel and Torrie 1960). Rate of oviposition at 30° C was significantly faster than at 18
or 219 C (p<0.05) but not 25° C (p>0.05).

The capacity for increase (rc) was highest at 25° C and lowest at 189 C (Table 2.14). The
cohort generation time (To) decreased with increasing temperature, as would I:\Je expected.
The net reproductive capacity (Ro) was lowest at 18° C, due to the low proportion of moths
laying fertile eggs, peaked at 25° C, and decreased sharply at 300 C mainly due to poor
survival rates at this temperature. This resulted in the capacity for increase at 259 C being 3.2,
1.7 and 1.1 times higher than at 18, 21 and 30° C, respectively.

2.3.7. Diet and larval development

Larval development on SQ was significantly slower than on all other diets, taking a mean
of 57.1 days compared to 24.0 days for larvae reared on GC at 259 C (Table 2.15).
Development was fastest on OH and HT (17.6 and 17.1 days at 259 C, respectively), but of
intermediate duration on BT (21.5 days at 25° C). Development on GC was very similar to
that on AD (compare Table 2.4 with Table 2.15). Survival rates on BT were very low; at 25°
C only 5 of the initial 30 larvae infested onto flowers survived (16.7%), On other diets
survival rates at 25° C ranged from 37.5% (GC) to 65.0% (OH).

At 250 C larvae reared on SQ did not start pupating until day 52 compared to day 13 for
OH and HT and day 19 for GC. All larvae reared on SQ reached pupation on day 62 while
those reared on OH, HT and GC had completed the larval stage by day 22, 21 and 31,
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respectively.

Differences in developmental rates between the sexes were not significant when reared on
SQ, HT and BT but male larvae reared on OH, at 28 and 30° C, developed significantly
faster than female larvae (p<0.05). GC female larvae developed ;igniﬁcantly faster than male
larvae at 259 C (p<0.05) but not at any other temperature regime (Table 2.15).

The number of DD required to complete larval development at 25° C on each diet was
calculated using a common DZ of 11.1° C derived from artificial diet data (Table 2.10).
Significantly more DD were required to complete larval development on SQ than any other
diet; at 25° C larvae required a mean of 793.5 DD when reared on SQ compared to 334.6
when reared on GC. Significantly fewer DD were required to complete larvae development
when reared on OH and HT than when reared on AD, GC, SQ or BT (GT2 test, logy
transformed data, p=0.05, Table 2.19).

2.3.8. Larval diet and pupal development

Pupal development was much less affected by larval diet than larval development. While
P. scutigera reared on SQ had significantly longer pupal periods than all other diets (GT?2 test,
p=0.05, Table 2.16) the difference in development was much smaller than that for larvae.
There was no significant difference in pupal development between any other diet. At 25° C,
SQ pupae took a mean of 13 days to develop, compared to 11.4, 11.0, 10.9 and 5.8 for GC,
OH, HT and BT pupae, respectively. There was no significant difference in pupal periods
between the sexes for any diet or temperature regime (t-test, p=0.05, Table 2.16).

The number of degree days required to complete pupal development at 25° C was
calculated for each diet using a common DZ of 11.9° C derived from artificial diet data
(Table 2.10). The mean number of DD required for pupal development ranged from 128.4 DD
for BT pupae up to 170.3 DD for SQ pupae (Table 2.19). SQ pupae required significanty
more DD to complete development than all other diets (GT2 test, log ) transformed data,
p=0.03). BT pupae required significantly fewer DD for development than all diets except OH
pupae.

Male and female GC pupae were significantly heavier than AD, SQ, OH or HT pupae
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~

Table 2.15. Effect of larval diet on P. scutigera larval development at various constant
temperature regimes, for each sex separately and combined. Larval diets were: green cotton
bolls (GC), cotton squares (SQ), Hibiscus rosa-sinensis flowers (OH), Hibiscus tiliaceus

flowers (HT), and Brachychiton australis flowers (BT). N = number of individuals observed.

GC23 28.0 23 28.8 16 26.1 7 1.88
(3.3) (3.3) Q2.7
25 24.0 15  25.6 9 21.7 6 2.59%
(3.4) (3.4) (1.5)
28 20.9 17 211 11 20.5 6 0.52
(2.2) (1.9) 2.9)
30 19.3 17 203 7 18.6 10 078
(4.3) (3.6) (4.8)
SQ21 62.3 20 63.0 11 61.4 9 0.61
(5.7) (6.4) (5.0)
25 57.1 12 557 3 57.6 9 0.56
(3.7 (3.5) (3.2)
30 48.0 18 47.8 12 48.9 6 0.46
OH21 25.1 14 256 5 24.8 17 0.66
(2.2) 2.5) 2.1)
25 17.6 22 18.0 8 17.3 14 071
2.2) (1.9) 2.4)
28 15.4 19 14.1 10 16.8 9 2.72%
2.5) (1.0) (3.0)
30 15.0 22 14.0 11 16.0 11 2.60%
(1.7) (1.8) 2.0)
HT 25 17.1 17 17.7 9 16.4 8 1.09
(2.6) (2.4) (2.9)
28 15.1 15 14.1 8 16.3 7 1.94
(2.4) (2.0) 2.3)
30 13.1 21 12.8 13 13.5 8 1.09
(1.5) (1.5) (1.5)
BT 25 21.6 5 22.0 2 21.3 3 0.28
(0.6) (0.0) (0.6)
28 20.0 11 203 4 19.9 7 0.31
(2.3) 2.1) (2.5)
30 18.2 5 18.0 2 18.3 3 0.28
(LD (1.4 (1.1)

1. T-test comparisons between sexes, * indicates a significant difference in larval
developmental times at p<0.05.
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Table 2.16. Effect of larval diet on P. scutigera pupal development at various constant

temperature regimes, for each sex separately and combined. Larval diet abbreviations as in

Table 2.15.
Diet/ Mean number of days (+ S.D.)
OIMIP. oo oo e e e e
(© C) Combined N Males N Females N ttest!
GC23 13.7 23 13.6 16 139 7 0.66
(0.8) 0.7) 0.9
25 11.4 15 111 9 11.8 6 1.11
(1.2) (1.3) (1.2)
28 10.8 17 10.7 11 10.8 6 0.03
(1.8) (1.9) {(1.7)
30 7.4 17 8.1 7 6.9 10 1.68
(1.2) (1.9) (1.2)
SQ21 16.8 20 17.2 11 16.3 g 1.19
(1.5) (1.2) (1.9)
25 13.0 12 13.7 3 12.8 9 1.71
(L.1) (0.6) (1.2)
30 7.3 18 7.3 12 7.3 6 -
{0.9) (1.1) 0.5
OHZ1 18.0 14 18.6 5 17.7 9 1.99
0.7 0.6) (0.5
25 11.0 22 11.6 8 10.6 14 1.92
(1.2) (1.3} (0.9)
28 8.1 19 82 10 9 1.31
(0.5) (0.6} 0.3)
30 22 7.1 il 11 0.32
(1.3) (1.0) (1.5)
HT 25 109 17 10.8 9 11.1 8 1.10
(0.7 0.7) (0.6)
28 9.3 15 9.6 8 9.0 7 1.56
(0.8) (2.3) 0.5)
30 8.4 21 8.1 13 8.0 8 2.04
(0.8) (2.3) 0.5)
BT 25 98 5 10.0 2 9.7 3 1.26
(0.5) 0.0) 0.6)
28 10.1 11 10.7 4 7 0.82
(1.2) (1.5) (1.1)
30 7.6 5 8.0 2 7.3 3 0.50
(1.3) (1.4) (L.5)

1. T-test comparisons between the sexes, * indicates a significant difference in pupal
developmental times at p<0.05.
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Table 2.17. Effect of larval diet on P. scutigera pupal weight when reared at 25° C,

Abbreviations as in Table 2.15. Data for artificial diet (AD) is also included for comparison.

Larval ----- e e -~

diet Males N Range Females N Range t-test?

GC 220.9a 20 135-264 305.5a 20 261-344 8213k
(3L.5) (23.3)

SQ 175.7bc 3 137-210 229.6b 8 178-315  1.861
(36.7) (46.5)

OH 173.4b 22 131-230 228.1b 30 121-296  6.035%**
(23.2) (37.5)

HT 143.0c 39 86-202 162.8¢c 45 99-250  2.695*
(25.7) (35.7)

AD 185.4b 29 141-235 264.9b 43 138-331  B.754%*x

1. Means within columns followed by the same letter are not significantly different (GT2 test,
p=0.05).

ANOVAF (MALES, logy ) transformation) =27.98, df=4/108, p<0.0001

ANOVA F (FEMALES, log; g transformation) =57.03, df=4/141, p<0.0001

2. T-test comparisons between sexes, * and *** indicates a significant difference in pupal
weights at p<0.05 and p<0.001, respectively.
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Table 2.18, Effect of larval diet on P. scutigera total development (egg hatch to moth

emergence) at various constant temperature regimes. Larval diet abbreviations as in Table

2.15.
Diet/ Mean number of days (+ S.D.)
temp. - R
©C)  Combined N  Males N  Femaless N  test!
GC23 43.7 23 42.4 16 40.0 7 1.59
(3.5) (3.6) (2.7)
25 354 15 36.7 G 33.5 6 3.21%*
(2.4) (2.3) (0.8)
28 317 17 31.8 11 31.3 6 0.26
(3.7 (3.5) (4.3)
30 26.7 17 28.4 7 25.5 10 1.25
(4.8) (5.4) (4.3)
SQ21 79.5 20 80.2 11 78.6 9 0.62
(5.9) (6.5) (3.3)
25 70.1 12 69.3 3 70.4 9 0.36
(3.6) (4.9) (3.4)
30 553 18 55.1 12 55.7 6 0.31
(3.0 (2.3) (4.4)
OH21 43.1 14 442 5 42.4 9 1.50
(2.2) (2.3) (2.0)
25 28.6 22 29.6 8 28.0 14 1.41
(2.4) (2.3) (2.3)
28 244 19 23.3 10 25.7 9 1.80
(2.3) 0.8) (2.8)
30 222 22 21.1 11 23.3 11 1.96%*
(2.2) (1.6) 2.2)
HT?25 28.0 17 28.4 9 27.5 3 0.68
(2.8) (2.2) (3.4)
28 24.5 15 23.8 8 25.3 7 1.27
(1.2) (1.2) (1.2)
30 21.5 21 21.5 13 25.5 3 0.07
(1.2) (1.2) (1.2)
BT 25 314 5 317 2 31.0 3 0.87
(L.1) 0.6) (1.0)
28 30.0 11 30.3 4 29.9 7 0.43
(1.6) (1.5) (1.7
30 244 5 24.0 2 24.7 3 0.24
2.7 (2.8) (3.2)

1. T-test comparisons between sexes, * and ** indicates at significant difference in total
development at p<0.05 and p<0.01, respectively.
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Table 2.19. Estimated number of degree days P. scutigera required to complete larval, pupal
and total (egg hatch to moth emergence) development at 259 C on six larval diets. Larval diet

abbreviations as in Table 2.15. Data for artificial diet (AD) is also included for comparison.

Mean number of degree-days (+ S.D.)L

Larval =  =-eseeeecmmomeae o
diet Larvae Pupae Total

GC  3346a(d86) 14932 (163)  4850a (33.1)
SQ 793.5b (51.8) 170.3b (14.8) 961.3b (49.8)
OH  243.9¢ (30.8) 144.1ac (16.2) 381.7¢ (30.0)
HT  237.1c (36.6) 143.3a (8.6) 383.6¢c (38.1)
BT 300.2a (7.6) 128.4c (5.9) 430.2d (12.3)
AD  336.7a(22.4) 152.6a (8.5) 491.4a (21.3)

1. Means within columns followed by the same letter are not significantly different, GT2 test,
p<0.05.

ANOVAF: (LARVAE, log transformation) =246.17, df=5/112, p<0.0001

(PUPAE, log;y ransformation) =8.42, df=5/99, p<0.0001
(TOTAL, log transformation) =403.78, df=5/134, p<0.0001
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Fig. 2.12. Cumulative developmental rates of P. scutigera reared on four larval diets at 25° C,
expressed in days and degree-days (above 11.3° C). Larval diets were green cotton bolls
(GC), cotton squares (SQ), H. rosa-sinensis flowers (OH) and H. tliaceus flowers (HT). Data

for artificial diet (AD) is also included for comparison.
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(GT2 test, p=0.05, Table 2.17). HT pupae were significantly lighter than pupae from all diets
except for male SQ pupae. Within diets, female pupae were always heavier than male pupae
with the exception of SQ pupae where the number weighed was very low (3 male and 8
female pupae). The difference between the sexes was greater in GC and AD pupae than in
OH, HT or SQ pupae.

2.3.8. Larval diet and total development

The effects of larval diet on larval development strongly influenced total development
(Fig.lf}. At 25° C P. scutigera reared on SQ took a mean of 70.1 days to reach the adult
stage, c‘:ompared to 35.4, 35.2, 27.8, 28.0 and 31.4 days for GC, AD, OH, HT and BT diets,
respectively (Table 2.18).

Developmental rates were similar in both sexes, except females reared on GC developed
significantly faster than males at 259 C (p<0.01), and at 30° C OH reared moths males
developed significantly faster than females (p<0.05).

The number of DD required to complete total development at 259 C on each diet
(calculated using a common DZ of 11.39 C, derived from artificial diet data) ranged {rom
381.7 DD for OH to 961.3 DD for SQ (Table 2.19). When the number of DD required for
total development on each diet was compared, including moths reared on artificial diet (AD),
the only comparisons that were not significantly different were between AD and GC, and OH
and HT (GT2 test, logy( transformed data, p<0.03).

2.3.10. Larval diet and reproduction

The preoviposition period was significantly affected by larval diet (p<0.05) but varied
greatly, being shortest for moths reared on GC at 4.9 days (range 1-11 days) and longest and
most variable when reared on DC at 12.9 days (range 5-28 days), followed by those reared on
BT at 12.9 days (range 3-27 days). Moths reared on OH and HT had similar preoviposition
periods of 7.1 and 8.4 days, respectively. Pairwise comparison of means (Wilcoxon’s 2-
sample test) revealed a significant difference in the preoviposition period between moths
reared on: GC and BT, GC and DC, AD and DC (Table 2.20, Appendix F).

Realized fecundity was also significantly affected by larval diet (p<0.001) but again varied

greatly within diet groups (Table 2.20, Fig.2 ). Highest levels of fecundity were achieved
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Table 2.20. Effect of larval diet on aspects of P. scutigera reproduction at 25° C. Larval diet
abbreviations as in Table 2.15, including moths reared on dry cotton bolls (DC) and artificial
diet {AD) for comparison. Consecutive rows within each aspect of reproduction represent the

mean, followed by standard deviations of the mean in brackets and the range of values

observed.
Larval diet

GC OH  HT BT DC  AD
i\}g.-:fcmales 20 30 20 15 8 10 o
paired
% females 85.0 83.3 70.0 60.0 77.8 100
laying eggs
Preoviposition ~ 4.9a 7.1ab  8.4b 1096  129b  4.7al
period (2.8) (3.8) (4.6) (8.0) (11.5) (1.7)
(days) 1-11 3-16 3-22 3-27 5-28 2-8
Number of 373.4ab 238.6bc 208.9¢ 143.7¢ 163.7c  494.7a
eggs/female (266.8) (194.7y (194.7) (161.0) (165.2) (95.0)

26-720  13-683  27-820  27-455 6-474 352-644
Duration of 44 9a 17.8b 20.4b 34.0a 21.0b 45.7a
oviposition " (15.8) 9.9) (7.3) (15.9) (14.0) (13.6)
(days) 5-63 2-33 1-27 3-51 3-31 21-60
Time to 50% 13.0a 12.6a 15.1a 23.0a 20.3a 14.7a
oviposition (6.2) (5.6) (6.1) (14.1) (10.9) 3.1
(days) 3-28 5-23 7-26 4-48 10-42 10-19

1. Means within rows followed by the same letter are not significantly different (Wilcoxons’
two-sample test, (p<0.05, see Appendix F for pairwise comparisons).

Kruskall-Wallis test:
Preoviposition period Chisq=15.39, df=4, p<0.01
Fecundity Chisq=19.041, df=4, p<0.001
Duration Chisq=35.0, df=4, p<0.001
50% oviposition Chisq=7.43, df=4, p>0.03
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Fig. 2.13. Effect of six larval diets on realized fecundity of P. scutigera (top graph) and the
relationship between log mean preoviposition period and log mean realized fecundity of
P. scutigera reared on each larval diets (bottom graph). Linear regression equation: log(y) =

2.864 - 0.829 log(x) (r2 = 0.956).
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Table 2.21. Correlation between preoviposition period (PRE), realized fecundity (FEC), pupal
weight (PUPW) and duration of oviposition (DUR) for female P. scutigera reared on five

larval diets at 25° C. Larval diet abbreviations as in Table 2.20.

LArval mmemem e e e o o
diet PREv.FEC PREv.DUR FECv.DUR PUPW v.FEC
GC 00004 0268 0.610%kx1 0011
OH 0.044 0.002 0,407+ 0.493

HT 0.004 0.038 0.694%x 0.025

BT 0.046 0.239 0.259 2

DC 0.042 0.012 0.516 -

1. #*% indicates a significant correlation at p<0.001
2. Pupal weight not determined for BT and DC reared moths.

Table 2.22. Capacity for increase of P, scutigera reared on four larval diets at 259 C. Larval

diet abbreviations as in Table 2.20,

Host Net reproductive Cohort generation Capacity for
plant capacity (Ro) time (Tc) increase (rc)
Gc  se1 548 00746
OH 64.4 47.6 0.0875

HT 272 49.5 0.0667

BT 27.2 60.7 0.0412

71



Development and reproduction

by moths reared on GC at a mean of 493.3 eggs per egg laying female which was very similar
to that of moths reared on AD (494.7 eggs per female). However, 3 moths (15%}) failed to lay
any eggs giving an overall fecundity rate of 373.4 eggs per female.

Moths reared on all other diets laid significantly fewer eggs than GC or AD moths
(Wilcoxon’s rank test, p=0.05, see Appendix F). The number of eggs (per egg laying female)
was similar for OH and BT moths at 286.2 and 298.4, respectively, while BT and DC moths
laid 239.6 and 210.4 eggs, respectively. Only 60% of BT moths laid fertile eggs compared to
83, 70 and 78% for OH, HT and DC moths. The highest number of eggs laid by a single
fernale was 820 for a moth reared on HT.

The mean duration of oviposition was significantly affected by larval diet (p<0.0001) but
the mean number of days to 50% egg lay was not (p>0.05). The majority of eggs were laid
within the first 2 weeks after eclosion regardless of larval diet. Most moths took 12-15 days to
lay 50% of their egg complement, except those reared on BT and DC which took a mean of
23 and 20.3 days, respectively (Table 2.20). The duration of oviposition ranged from 1 (HT)
to 63 (GC) days being more prolonged in moths reared on AD, GC and to a lesser extent BT
than those reared on OH, HT or DC (Table 2.20, see Appendix F for pairwise comparison of
means by Wilcoxon's 2-sample test).

There was no significant correlation between the preoviposition period and realized
fecundity or the duration of oviposition for any diet (p>0.05, Table 2.21). However, there was
a strong correlation (p<0.001) between realized fecundity and the duration of oviposition
when moths were reared on GC, OH and HT but not when reared on BT or DC. Pupal weight
was not correlated with realized fecundity for moths were reared on GC, OH or HT (p>0.05,
Table 2.21). Capacity for increase was highest for OH moths (0.0875), closely followed by
GC moths (0.0746), and was lowest for HT (0.0667) and BT moths (0.0412) (Table 2.22).
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2.4 Discussion

Synchronization of egg hatch in P. scutigera to the early part of the photoperiod may be an
adaptation to favour the survival of neonate larvae. P. scutigera eggs are rarely laid on the site
of larval infestation (Chapters 3 and 5), therefore, newly emerged larvae must actively search
over the plant to locate feeding sites. Local weather conditions would strongly favour egg
hatch to occur in the early morning when it is cooler. Mid-day temperatures in Central
Queensland can exceed 350 C during summer and most heavy rain storms occur late in the
afternoon or at night (Chapter 3). Chapman et al. (1983) observed a similar pattern of egg in
Chilo partellus Swinhoe and suggested that levels of parasitism and predation may also be
lower in the early morning.

The mechanism controlling egg hatch in P. scurigera cannot be deduced from the
experiments conducted in this study. In the closely related P. gossypiella egg hatch is
controlled by a circadian rhythm which can be initiated by a single light or temperature pulse,
but only if these signals are administered after the midpoint in embryogenesis (Minis and
Pittendrigh 1968, Pittendrigh and Minis 1964). In C. partellus egg hatch cannot be entrained
by a circadian rhythm but is controlled by the “lights-on" stimzlus when the eggs have reached
the blackheading stage (Chapman et al. 1983).

Hatching was more synchronized when P. scurigera eggs were incubated under the
fluctuating temperature of 25/15° C than at constant temperatures of 21 and 250 C. Itis
possible that the combination of a temperature and a light pulse may help to synchronize egg
hatch in P. scurigera more effectively than a light pulse alone.

Developmental rates of insects are often accelerated under fluctuating temperatures when
compared to rates at the constant temperature equivalents (Ratte 1985). The possible reasons
for this will be discussed later.

Variation in egg hatch times between replicates was highest at 259 C. This was the only
temperature regime where egg batches for each replicate experiment were obtained from

different cultures of P. scutigera. These cultures had been reared under laboratory conditions
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for an unknown but probably unequal number of generations. Changes in the behaviour of
laboratory reared insects have been documented in many species, including P. scusigera.
Vickers (1982a) observed that females from an eleventh generation culture mated more times
than fernales from the first generation in culture.

P. scutigera invariably underwent four larval instars at all temperature regimes thus
confirming previous estimates of the number of larval instars based on head capsule widths by
Holdaway (1926) and Vickers (1982b). Many Lepidopterous larvae undergo a variable
number of larval instars, and this has been related to larval nutrition or temperature (Beck
1949, Smith 1984, Taylor 1984, Uvarov 1931). The number of instars in P. scutigera was
only determined for larvae fed on artificial diet. Those reared on less suitable diets, such as
cotton squares where development was greatly prolonged, may have a different number of
instars.

The first larval instar was of slightly longer duration than the second instar at all
temperature regimes. This may suggest that there is an initial period in which no growth takes
place (Richards 1949). The fourth larval instar was longest, representing 50-60% of the total
larval stage, and was extremely variable in duration, particularly at 18° C. The possible
adaptive significance of a variable fourth larval instar is discussed in Chapter 8.

The thermal summation model gave adequate predictions of developmental rates (except
for third instar larvae), but due to the effects of the extreme temperatures (18° and 30° C) the
non-linear model of Pradhan (1946) and, more particularly, polynomial regression gave a
better fit to the data (Table 2.2 and 2.9). The thermal summation model is more useful as it is
readily applied and allows the calculation of degree-days (DD) for predicting development
under fluctuating temperatures experienced in the field (Kitching 1977).

The use of linear models for predicting insect development may be justified if the insect
experiences temperatures within the linear range of the developmental rate-temperature curve.
Mean temperatures in the Biloela district during the hottest and coolest months generally fall
within this range (Chapter 3). Daily maximum temperatures may exceed 35° C during
summer months but only for a few hours. Constant exposure to such extreme temperatures

would undoubtedly be detrimental to P. scurigera development and survival. However, it is
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unlikely that short exposures would have any adverse effects. Casagrande er al. (1987) found
that short exposures of Lymantria dispar (L.) larvae to supraoptimal temperatures did not
slow developmental rates as indicated by constant temperature studies.

The DZ for all growth stages (except third instar larvae) ranged from 11.0 to 14.1 oC.
Differences in the DZ within insect life stages have been observed by numerous authors (e.g.
Bari and Lange 1980, David ez al. 1989, Hutchison et al. 1986, Rodriguez ez al. 1989).
Johnson and Smith (1980) suggested the possible existence of different rate-limiting enzymes
for each life-stage rather than a single control enzyme for total development as proposed by
Sharpe and DeMichele (1977). The DZ for third instar larvae was very low at 4,.1° C. While
this value must be rejected, due to the very high standard error (6.9), it is evident from the
shape of the developmental rate-temperature curve (Fig. 2.4) that the true DZ value for third
instar larvae would be much lower than that for all other life stages.

The decision to include data for development at 30° C in the linear regression calculations
is debatable. Inclusion of 30° C data gave a DZ estimate for larval and total development
approximately 20 jower than when the data was excluded (Table 2.24). This influenced the
estimate of the number of DD required to complete larval and total development by 81.2 or
94.1 DD, respectively. Vickers (1982b) excluded data for P. scurigera development at 319C
because of the departure from linearity. Hence, his DZ estimates are approximately 2-39C
lower than those obtained in this study. In past literature the decision to include extreme
temperature regimes appears to have been made somewhat arbitrarily according to the extent
developmental rates were retarded. For example, Lysyk and Nealis (1988) omitted values
from the regression analysis if there was a “strong’ temperature effect on development.
Usually, the inclusion of extreme temperature regimes is warranted if they only have a
marginal effect on developmental rates, as seen in this study for P. scutigera development at
30° C.

In order to evaluate which DZ estimates are the most suitable for predicting P. scurigera
development it would be necessary to follow development in the field. However, as a rough

guide for predicting developmental rates, a difference of 29 C in the DZ estimate may not be
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Table 2.23. Comparison of the developmental zero (DZ) and the estimated number of
degree-days (DD) required for P. scutigera development when data from this study and

Vickers (1982b) is used alone or combined together, including or excluding values for 30+°

C.
""""""""""""""""""""" Thissmdy ~ Vickerssmdy  Bothswdies
Stage of 0 eemememmemmmmmmemesmme emeeeeeeecrneos oo
development DD/DZ Inc30+ Exc30+ Inc30+ Exc30+ Inc30+ Exc30+
Egg o i)-Z" 12.5-““ 13.7““““?3:.-8 “““14.1 h 13.3 —-“14.0 -
DD 74.3 63.0 61.2 57.3 66.8 59.8
Larva DZ 111 13.2 11.3 13.0 11.2 13.1
DD 362.1 2809 3390 2857  360.2 283.3
Pupa DZ 11.9 11.7 13.2 14.0 12.7 13.2

DD 1529 1558 1333 1166 1409 1308
Larva-adult ~ DZ 11.3 130 120 133 117 13.2
DD 5117 4176 4893 4026 4982 4084
Egg-adult DZ 11.5 131 123 135 116 132
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all that critical.

Criticism can be directed at the small number of temperature regimes used in this study to
calculate the DZ values by regression analysis. If, however, these results are combined with
those of Vickers (1982b), so that three extra temperature regimes (17, 20 and 319C) and an
extra data set for 25° C are included in the regression analysis, the outcome of the estimates
are very similar (Table 2.23, Fig. 2.14). When all temperature regimes are used in the analysis
(i.e. including 30 and 319 C) the DZ for larvae and total development are 11.2 and 11.70C,
respectively, compared to 11.1 and 11.3° C when data from this study alone is used. The
overall DZ estimate for pupae is higher at 12.7° C when both data sets are combined,
compared to 11.9° C when data from this study only is used. This higher value is more
similar to that estimated for females separately (12.4¢ C) and was mainly due to the influence
of Vickers value for pupal development at 25° C on the slope of the regression line (Fig.
2.14). Ttis possible that the sex ratio of Vickers moths at 259 C may have been heavily
biassed towards females giving a faster developmental rate than expected under a 1:1 sex
ratio.

The rate of development at the lower temperature of a fluctuating temperature regime can
be estimated if the rate is known at the higher temperature (Fielding and Ruesink 1988).
Hence, by subtracting the observed rate of development at 25 O C from the fluctuating
temperature of 25/15° C, development of P. scurigera at 159 C can estimated as 16.3, 104.2,
37.0 and 128.2 days for egg, larval, pupal and total development, respectively. All of these
values fall close to the extrapolated regression line when developmental rates are plotted
against temperature (Fig. 2.14).

Developmental rates under the fluctuating temperature of 25/15 O were slightly, but not
significantly, faster than that at the constant temperature equivalent of 21° C. Such an
acceleration of developmental rates under fluctuating temperature regimes has been observed
in many other insects (e.g. Fielding and Ruesink 1988, Welbers 1975, Zalucki 1982). Fielding
and Ruesink (1988) hypothesized that if insect development is controlled by rate-determining
enzymatic processes, as proposed by Sharpe and de Michele (1977), then an apparent

acceleration in developmental rates may occur under fluctuating temperatures if there is a
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time lag between the switch from one-rate controlling enzyme to another. This hypothesis
presumes that the rate-controlling enzymes are part of the same metabolic pathway. Ratte
(1985) gave an alternative explanation based on his concept of a dual temperature action on
insect development and reproduction. This concept is based on evidence from the past
literature and purports to show that temperature does not affect the growth process alone, but
also the control of metamorphosis and reproduction. The effects are mediated by the neuro-
endocrine system and are recognized by the temperature-dependant sizes of adults and eggs.
Ratte (1985) proposed that the acceleration or retardation of developmental rates shown by
some insects under different temperature regimes is achieved not by temperature
compensation of the growth rate, but by modification of the critical size. This implies that
developmental rate is not a true rate in a chemical sense as it is in the case of growth rate.
Developmental rate and growth rate will only be closely related if environmental factors, such
as thermoperiods, do not considerably affect adult size. However, if a thermoperiod leads to
considerably smaller or larger adults than arise under a constant temperature, then
developmental rates will not be the same. Ratte (1985) was unable to test his hypothesis
because previous studies on insect development rarely measured the size of individuals. The
weight of P. scutigera pupae significantly changed with temperature (Table 2.7). Pupae

resulting from larvae reared at 18 and 21° C were significantly heavier than those reared at

250 C. If Ratte’s (1985) theory is correct, it may not be possible to predict accurately PN Q{/{
scutigera development under variable temperature regimes by the thermal summation /Lt Py V\Wi’:j
technique. MLT;E) G

The frequency distribution of developmental times of first, second and third instar larvae Fon ‘Z/(S
and pupae was unimodal at all constant temperature regimes (Fig. 2.3). In contrast, the gg ;4; A

-

distribution of developmental times of fourth instar larvae appeared to be trimodal at 18° C, » A OQ»«(”‘
bimodal at 21 and 30° C, and unimodal only at 25° C. There was also bimodality in the f« ﬁggﬁ pt
developmental times of fourth instar larvae under the fluctuating temperature regime. This

may simply be an artifact of sample size or indicate the presence of several thermal biotypes

(Reichenbach and Stairs 1984). The very variable fourth larval instar influenced the
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distribution of developmental times at moth emergence. Some of this variation was dampened
out by the pupal stage which had very uniform distributions of developmental times over all
constant temperatures (Fig. 2.6). There was evidence of bimodality, however, in pupal
developmental times under the fluctuating temperature regime.

Stochastic models of insect development assume that the frequency distribution of
emergence times is uniform at each temperature regime, i.e. the same-shape property (Wagner
et al. 1984a). However, when the frequency distributions for total development of P.
scutigera were normalized to a mean of 1 and compared using the Kolmogorov-Smirnov test
(Sokal and Rohlf 1981), moths reared at 18° C had significantly different frequency curves
from those reared at all other temperature regimes (Fig. 2.15). Wagner et al. (1984a) listed
several reasons why distributions of normalized developmental time may not have identical
shapes at all temperature regimes. One source of error, involves the sample interval at which
insects are observed. If the time interval between observations are too long, then the shape of
the frequency distribution will be affected adversely. This is more likely to be a problem at
high temperature regimes, where the duration of development is very short, rather than at low
temperature regimes. Different sample sizes can also affect the shape of measured
distributions. Sample size is difficult to control because of differential mortality of insects
between temperature regimes. Another problem, related to sample size, involves the selective
mortality of insects held at the extreme temperature regimes. This selection reduces the
variability in distributions by eliminating individuals that would complete development in
longer times. Such mortality may be responsible for the very truncated shape of the frequency
distribution of total developmental times for P. scutigera at 30° C (Fig. 2.3).

Changes in food quality and quantity or changes in rearing conditions between replicates
may also affect the frequency distribution of developmental times (Wagner er al. 1984a).
While rearing conditions were kept constant in this study, changes in food quality may have
occurred at the two extreme temperature regimes. The artificial diet used to rear larvae was
not replenished throughout the developmental period. Because of the very prolonged larval
period at 18C C and high temperatures at 30° C, some changes in the quality of the diet, such

as loss of moisture, may have occurred and induced variability in developmental times.
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Larval diet had a very pronounced effect on P. scutigera development (Tables 2.15-18).
Larvae reared on OH and HT developed approximately 1.4 times faster than those reared on
GC or AD. Larvae reared on BT had intermediate developmental rates although survival rates
on this diet were very poor. The most dramatic effect on development was when larvae were
reared on SQ. At 259 C, SQ larvae took 2.4 times longer to develop than those fed on AD or
GC and 3.2 or 3.3 times longer than OH or HT fed larvae, respectively. Pupal development
was much less affected; SQ pupae only took 1.1-1.2 times longer to develop than other diets.
Hence, total development was prolonged by a factor of 2.0 (AD and GC) or 2.5 (OH and HT)
times.

It is now recognized that food intake, utilization and allocation are active, dynamic
processes which can be altered by an insect in an adaptive manner (Slansky and Wheeler
1989). Insects are known to increase the rate of food consumption in response to diets
containing low levels of nutrients, allowing some species to maintain growth rates at or near
levels occurring on a more nutritious diet (Karowe and Martin 1989, Slanksy and Wheeler
1589). In other cases, growth rates may decline but the decrease may be lessened compared
with what would have occurred had the insect not increased it’s food consumption. The rate
of food consumption was not measured in this study but it is possible that differences in
developmental rates between diets may have partly resulted from differences in the nutritional
value of the diet. Nitrogen is one the key elements controlling the growth and development of
insects. White (1978, 1984) maintains that the single most important factor limiting the
abundance of insects, if not most animals, is the shortage of nitrogenous food for the very
young. This hypothesis has been supported to some extent by studies on the quantity and
accessibility of nitrogen in host plants of insects. For example, Taylor (1984) found that the
development and fecundity of Samea multiplicalis (Guenée) was dependent on early larval
intake of nitrogen. Larvae developed more rapidly when their food plant, Salvinia molesta,
was richer in nitrogen. Development on plants containing low nitrogen was slower and larvae
underwent a supernumery moult. In this case total nitrogen content alone was sufficient to
explain the observed effect on development, suggesting that compounds which reduce the

availability of nitrogen in the food were not important. However, secondary plant compounds
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such as tannins (Feeny 1970) or low water content of the diet (Hough and Pimental 1978,
Martin and Van’t Hof 1988, Scriber 1977) may indirectly affect development of the insect by
reducing the utilization or assimilation of nitrogen.

The effects of diet on the growth and development of insects may be further complicated
by temperature and the balance of nutrients. House (1966) fed larvae of the fly
Pseudosarcophaga affinis Auct. on four dietary levels of glucose in all combinations with
three levels of thiamine at three constant temperatures. Relatively high levels of glucose in the
diet had a less deleterious effect on larval development at low temperatures than at high.
House (1966) found that this effect of temperature was dependent on the balance of nutrients
in the diet. Temperature increments increased the rate of growth and development of larvae
on diets containing a more optimum balance of nutrients but decreased rates on suboptimally
balanced diets. Thus the metabolism of insect larvae already strained by a suboptimally
balanced diet may be further impaired by another stress, temperature. The increase in
developmental times of P. scutigera larvae reared on SQ at 25 and 30° C was almost
identical. Larvae took 2.4-2.5 times longer to develop on SQ than on AD or GC when reared
at either 25 or 30° C. Similarly, SQ larvae took 3.2 and 3.3 times longer to develop than OH
or HT fed larvae at 25° C compared to 3.2 and 3.7 times longer on the same diets,
respectively, at 30° C. This may suggest that the effects of SQ on P. scutigera larval
development is not through an imbalance on nutrients but due to other factors.

A variety of plant allelochemicals reduce the growth of insects (Bowers and Puttick 1989).
Cotton plants contain a number of allelochemicals that are known to have adverse effects on
the development of Lepidopterous pests, such as condensed tannins (Zummo et al. 1984) and
terpenoid aldehydes e.g. gossypol (Shaver and Lukefahr 1969). The effects of secondary plant
compounds on insect growth may vary according to the quality of the protein content of the
diet. In Spodoptera exigua (Hiibner) protein quality significantly altered the toxicity of a
soybean protein inhibitor to the larvae; i.e. the more nutritious the protein, the less toxic the
inhibitor (Broadway and Duffey 1988). The possible influence of tannins and terpenoid

aldehydes on the population performance of P. scurigera on cotton will be discussed in
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Chapter 8.

Gordon (1984) warns that studies on the adequacy of food sources for growth of insects
can be misleading if their duration is restricted to a few instars or to a single generation. He
cited the case of a polyphagous species (Hyphatina cunea Drury) which could not be
maintained for several generations on many host plants that allowed good growth and
reproduction of a single generation. Furthermore, care must also be taken in the interpretation
of results when using laboratory strains of insects. Bowers and Puttick (1989) found that
larvae of a laboratory strain of L. dispar more readily accepted diets containing increasing
concentrations of a feeding deterrent, irridoid glycosides, than did wild strains. This resulted
in the laboratory strain achieving significantly higher rates of growth.

The timing of metamorphosis in insects appears to be dependent on attainment of a critical
size (Ratte 1985). This is supported by the fact that P. scurigera larvae reared on SQ
underwent very prolonged developmental periods yet attained pupal weights that were equal
to those reared on OH and AD (Table 2.17). Faster development rates on OH and HT may
have been at the expense of a reduction in pupal weight compared to moths reared on GC.
Size and/or weight has often been considered as a measure of potential fecundity, hence a
reduction in pupal weight implies a reduction in fecundity (Gilbert 1984). Leather (1988)
argues that this relationship may only hold true in insects where no ovulation occurs after the
adult moult. If ovulation does occur after adult moult, as for most Lepidoptera, then size
and/or weight will only give a measure of initial rates of reproduction. This appears to be true
for P. scutigera as Vickers (1982a) found a highly significant relationship between female
pupal weight and the number of large oocytes at emergence but not between pupal weight and
realized fecundity. Similarly, in this study there was no relationship between pupal weight
and realized fecundity for moths reared on OH, HT and GC. However, when mean pupal
weights for each diet group were plotted against mean realized fecundity, the relationship was
significant; i.e. the mean pupal weight of a sample of P. scurigera reared on the same host
plant may give a rough measure of potential fecundity. The fecundity of P. scurigera reared
on SQ was not measured, but as mean pupal weights were very similar to OH moths the

number of eggs laid may also be similar.

84



Development and reproduction

Reproduction in P. scutigera was significantly affected by temperature. Very few eggs
were laid at 189 C and only 46.7% of the females paired laid fertile eggs (Table 2.12).
Although there was no significant difference in the mean number of eggs laid at 21, 25 and
30° C egg numbers were highest at 25 C. Such effects of temperature on fecundity have
been observed in many other insect species (see section 2.1. for citations).

In this study, mean realized fecundity of moths reared on artificial diet at 25° C was 494.7
eggs/female which is much higher than that reported by Vickers (1982a) at 326 eggs/female.

e
The reason for this is unknown, but may have been partly due to fact that Vickers reared his

A
moths at 279 C, rather than 25° C.
The preoviposition period may represent a period of ovarian maturation that is needed
before a female starts to oviposit. Like all other developmenta prgcesses, this preoviposition

L
period is affected by temperature (Norris 1967). Vickers (1984a

7

measured the mean number )

of large oocytes at emergence in P. scutigera and found that it was less (253) than the mean

&

number of eggs (326) laid by females. In this study temperature significantly affected the /

5:

G

length of the preoviposition period, being longer at 18 and 21° C than at 25 or 30° C. /

However, egg-laying females were not given access to host plants, therefore, the observed

e

preoviposition period may be unrepresentative of what actually happens in the field. In CJW /
Panolis flammea (Denis and Schiffermiiller) the preoviposition period changes according to-_/
the provenance of the Pinus contorta presented to egg-laying moths (Leather ez al. 1985).
Alternatively, the preoviposition period may represent a dispersal phase in the biology of
P. scutigera. Females may not oviposit and/or mate until they have flown a predetermined
distance, Vickers (1982a),0bs€ﬁféa“tﬁab ile some females mated one day after emergence,
the majority mated o the fourth or ﬁfth day.
Within larval dlets or e perature regunes there was no correlation between the length of
the preoviposition period and realized fecundity. However, when the group means of each
larval diet were considered, there was a significant negative correlation between the
preoviposition period and fecundity i.e. larval diets that were poorer for reproduction resulted

in a longer mean preoviposition period (Fig. 2.13). The reason for this is difficult to answer
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without knowing what the preoviposition period actually represents. If it represents a period
of ovarian maturation, the onset of oviposition or mating may depend on the attainment of a
critical number of mature cocytes in the ovaries. Inadequate larval diets may give rise to
females with smaller or less developed ovaries, hence lengthening the time taken to reach this
critical state of maturation.

The duration of oviposition can be considered as a measure of ’effective’ longevity of
females moths i.e. the time over which offspring are produced. The longevity of females after
all their eggs have been laid is irrelevant to studies on population performance unless they
continue to attract males and hence affect reproduction of virgin females by reducing or
delaying mating. The effects on reproduction of delaying mating in P. scutigera O;‘mé'onsidcred
in Chapter 7. However, it was observed that most females died within 1-2 days after
oviposition had ceased. At 30° C the duration of oviposition was approximately half of that at
21 and 25° C. Similar effects of temperature on the reproduction of other insects have been
published. In P. gossypiella high temperatures (32° C or higher) have a detrimental effect on
reproduction by reducing moth longevity, mating frequency and the success of sperm transfer
to the spermatophore of the female. Low termperatures may have a more profound effect on
reproduction in insects which undergo postmetabolous gonadal development. In such insects
the favourable range of temperatures for reproduction is often much narrower than that for
development (Ratte 1985).

Larval diet significantly affected the fecundity of P. scutigera, with moths reared on AD
and GC laying the most number of eggs (Table 2.21). Similar effects of larval diet on insect
fecundity have been observed in many other species e.g. Epiphyas postvittana (Walker)
(Danthanarayana 1975), H. virescens (Nagauda and Pitre 1983), P. gossypiella (Adkisson
1961). The effects of adult diet on longevity and fecundity was not investigated. In most
Lepidoptera the availability of carbohydrate (e.g. sugar or honey solution) significantly
increases longevity and fecundity (Leather 1934).

If the capacity for increase, 1c, is a measure of suitability of the environment, then
maximum rc will reveal conditions most appropriate for population increase (Allsopp 1981).

For P. scutigera reared on artificial diet, the most optimal temperature for population increase
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was 25° C. The most suitable larval diet (excluding artificial diet) for population increase was
OH, due to the short cohort generation time on this diet, closely followed by GC which had
the highest net reproductive capacity (Ro) for any diet. Moths reared on BT had the lowest rc
because of the relatively long cohort generation time and very low reproductive capacity.
Unfortunately, it was not possible to calculate the capacity for increase of P, scutigera reared
on SQ or DC, but values would probably be very low due to the adverse effects of these diets
on development and reproduction, respectively.

It is fortuitous that development and reproduction on artificial diet was very similar to that
on green cotton bolls. This means that laboratory studies, rearing larvae on artificial diet, may
be used to predict the development and population performance of P. scutigera attacking

cotton bolls.
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CHAPTER 3

Biology of P. scutigera infesting cotton

3.1. Introduction

The biology of P. scutigera infesting cotton is poorly documented. If effective pest
management programs for the control of P. scutigera are to be designed then more detailed
information is needed.

In this Chapter aspects of the biology of P. scutigera in unsprayed and sprayed
(commercial) cotton fields T‘reported over three consecutive cotton seasons, identifying sites
of oviposition and pupation, the rate and incidence of larval infestations, egg, larval and pupal
parasitoids, and the nocturnal activity of adult moths. The spatial distribution of larvae in
unsprayed cotton is described and optimal sample sizes required for detecting larval
infestations at fixed levels of precision are given. A sequential sampling plan is proposed for

detecting larval infestations in bolls.

3.2. Materials and methods

3.2.1. Weather data and degree-day calculations

Local weather records, for the period July 1984 to May 1987, were obtained from the
D.P.I. Research Station, Biloela. Daily maximum and minimum screen temperatures, the
number of days when the terrestrial minimum was below -0.9° C (frost), and daily rainfall
figures were extracted from the records. Average monthly rainfall figures for each year of
observation were compared with a 62 year mean (1924-1985) compiled by the D.P.I.
Research Station, Biloela (J. Page unpublished data).

A BASIC computer program (DEGDAY) devised by Higley er al. (1986) was used to
calculate degree-day development of cotton under field temperatures, choosing the sine wave
method of calculation. Degree-day requirements for cotton as given by Hearn (1989) were

used to approximate the date of seedling emergence, first square, first flower and first open
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boll.

3.2.2. Oviposition sites

Oviposition sites of P. scurigera were determined by confining moths onto pot-grown
plants and by sampling cotton plants from an unsprayed field when P. scurigera populations
were high.

Cotton seedlings (variety DPL61) were planted in 26 cm diameter plastic pots containing
alluvial soil on 25 October, 1984. The plants were placed in an unheated shadehouse at the
D.P.I Research Station, Biloela, and were regularly watered and fed with a nutrient solution.
When plants started flowering, cardboard tags bearing the date were tied onto open yellow
flowers each day so that the age of all bolls was known.

Plants were used when 57 and 80 days old, selecting five plants of equal height, growth
form and fruit production. The 57 day old plants had on average 8.8 squares and 9.2 bolls per
plant. The bolls ranged from one to 18 days old. In the 80 day old plants growth had
prematurely terminated due to water stress. No squares were present on plants but there was
an average of 9.6 bolls per plant, ranging from 10 to 39 days old.

Each plant was covered by a cylindrical cage (60 cm diam., 120 cm ht) constructed from
steel wire and nylon insect screen. The cage was large enough to allow the free movement of
moths around and above the plant. Cages were suspended from the frame of the shadehouse
with string so that the base was flush with the concrete floor. The cage base was sealed to the
floor with masking tape to prevent escape of moths. Access to the cotton plants was possible
through a zip fastener in the side of each cage. Five pairs of laboratory reared P. scutigera (ex
artificial diet), that were allowed to mate for three days prior to release, were introduced into
each cage for a period of five nights. After the fifth night plants were removed from the cages
and all parts were immediately searched for P. scutigera eggs under a binocular microscope.
Leaf size was arbitrarily classified as small (<5 cm wide), medium (5-10 cm wide) or large

(>10 cm wide).
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A further experiment was conducted on cotton plants (variety DPL90) grown in the
grounds of the D.P.I. Research Station, Biloela, on 28 October, 1986. Growth of these plants
had terminated prematurely due to water stress and heavy insect damage. An average of 6
squares, 6.7 green bolls and 4.2 open bolls were present on plants. Three cylindrical cages
were placed over groups of three plants one week before moths were released into the cages.
On 31 March, 1987, when plants were 93 days old, five pairs of P. scuzigera (as above) were
introduced into each cage for a period of five nights. After the fifth night all plant parts were
searched immediately for P. scutigera eggs under a binocular microscope.

The site of oviposition on field collected cotton plants was determined on four occasions
during 1985 and 1986. Three large branches, bearing an average of 2.4 squares and 3.5 bolls
per branch, were sampled on 24 April, 1985 (181 days after planting). Further samples of
plants were collected after defoliation and picking of the cotton to determine whether old
plants remained attractive to ovipositing females. Six plants were collected on 28 May 1985
(215 days after planting) when plants had begun to produce fresh leaves, squares and flowers
alongside old damaged, dry bolls left on the plants after picking. An average of 5.5 squares
and 1.7 damaged open bolls were present on the sampled plants. Three entire plants, bearing
an average of 5 squares, 0.3 green bolls and 6 damaged open bolls, were collected on 6 June
1985 (224 days after planting). Three frost damaged plants were collected on 3 July 1985
when plants bore on average of 5 frost damaged green bolls and 6.5 open damaged bolls. In
the following cotton season, three entire plants were collected on 12 April, 1986, 167 days
after planting. These plants had on average, 12.7 squares and 3.7 green bolls.

All plants sampled were carefully pulled out of the ground so that the eatire stem,
including that just below the soil surface, could be searched for eggs. Soil surrounding the
base of plants was not searched for eggs.

3.2.3. Egg parasitoids

All P. scutigera eggs found on cotton plants sampled in section 3.2.2. were incubated in
the laboratory to determine levels of parasitism. The presence of egg parasitoids in cotton was
also determined by exposing P, scutigera eggs obtained from laboratory colonies in the field

for three days. Tissue papers bearing 1-3 day old eggs (see Chapter 2 for details) were cut into
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ca 3 x 5 cm sections. Eggs were placed in the field by pinning the piece of tissue paper onto
the underside of cotton leaves situated at the top of the plant. After three days exposure in the
field the eggs were retrieved and incubated at 25° C until the emergence of a larva or
parasitoid. The number of eggs exposed varied according to their availability (Table 3.14).
Eggs were exposed in unsprayed cotton on four occasions, between April 1985 and February
1987, and in commercial cotton (Site 1) on 26 April, 1985.

3.2.4. Larval infestation of cotton

The incidence and rate of P, scutigera larval infestations in cotton was closely monitored
in one unsprayed field (D.P.I. Research Station, Biloela) and two or three commercial fields
for three consecutive seasons between 1984-1987. All fields were located near Biloela in the
Callide Valley, although commercial fields in the Dawson Valley and around Bauhinia Downs
were occasionally inspected for larval infestations. Fig. 3.1 shows the area of study and
approximate locations of each sampling site.

Larval infestation was monitored by taking random samples of 70 - 200 squares or bolls
(2-4 weeks old) from each field at approximately weekly intervals. Squares were usually
sampled only at the beginning of the season until enough bolls (over 2 weeks old) were
present on the plants. Boll age was estimated using the technique of Van Steenwyck er al.
(1976). Descriptions of each field and sampling methods are given in the Results section of
this Chapter. Records of insecticides sprays applied in each field were obtained from farmers
when available. Sticky traps baited with synthetic sex pheromone were placed in all fields to
simultaneously monitor male moth activity alongside larval infestation (see Chapter 4).

In the 1984/85 and 1986/87 cotton seasons the number of P. scutigera found in bolls that
were dissected immediately on collection was compared with the number of larvae found in
bolls incubated at 25° C for 10-14 days, according to the method of Fye (1976). Bolls were
incubated in plastic boxes (Lily Plastics Pty Ltd, product T-1000), 18 x 12 x 6.5 cm, lined
with tissue paper to absorb condensation. A large hole (12 x 6 cm), covered with nylon insect
screen, was cut into the lid of each box to provide ventilation.

In the 1984/35 season, the 2.7 ha unsprayed cotton field was divided into 12 areas of equal
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size. Twenty bolls were randomly sampled from each area (i.e. 240 bolls) at ca weekly
intervals between 3 February and 11 April, 1985, Half of the bolls sampled from each area
were inspected immediately for P. scutigera infestation, while the other half were incubated
at 259 C in ventilated plastic boxes for 10-14 days.

In the 1985/86 season, all collections of squares and bolls made from unsprayed and
commercial fields were incubated in ventilated plastic boxes before searching for larvae. In
other seasons, bolls collected from commercial fields were inspected for P. scutigera
infestation immediately after collection. The growth stage of all larvae found was estimated
by comparing the size of their head capsules with those of known instars obtained from
laboratory cultures (see Chapter 2).

The behaviour of larvae infesting squares and bolls was recorded while conductng field
experiments, observing the point of larval entry, areas of feeding and damage caused. The sex
ratio of P. scutigera pupae, resulting from larvae infesting bolls collected from unsprayed
cotton, was determined during the 1985/86 season. Chi-square tests were performed for each
sampling date to test whether the sex ratio departed from an expected ratio of 1 male to 1
female.

The rate and incidence of larval parasitism for each field was recorded when bolls were
incubated. Parasitoids were identified by taxonomists at the Queensland Department of
Primary Industries (Q.D.P.1.), Brisbane, and representative specimens have been lodged at the
University of Queensland insect collection, Brisbane.

3.2.5. Spatial distribution of larvae in unsprayed cotton, optimal sample sizes, and 2

sequential sampling plan

The spatial distribution of P. scutigera larvae in unsprayed cotton was determined using
data from incubated bolls sampled during the 1984/85 season. Means and variances, based on
12 sampling units {(comprising of 10 bolls/unit) for each of the ten sampling occasions, were
calculated to test if the distribution of larvae conformed to the Poisson (random) distribution.
Dispersion indices were calculated using Morisita’s index (Morisita 1964), Iwao’s patchiness
regression (Iwao 1968) and Taylor’s power law (Taylor 1961).

If a population follows the Poisson distribution, the mean density (X) will equal the
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variance (52), so that the departure of s2/% from unity will be a measure of the departure from
the Poisson distribution (Southwood 1978). This was tested by calculating the index of
dispersion (Ip):
Ipy = s%(N - 1)/%
where N is the number of units comprising a sample. The significance of I}y was tested as a
Chi-square with N - 1 degrees of freedom. If the Chi-square value falls between the Chi-
square table values at the 0.975 and 0.025 probability levels (P>0.05), agreement with a
Poisson distribution is accepted. Values for Chi-square less than the 0.975 probability level
suggest a regular pattern, whereas Chi-square values greater than the 0.025 probability level
suggest a clumped or aggregated pattern (Southwood 1978).
Morisita’s index is given by the formula:
Io=N Zx?% - Zx/(Zx)? - Ix
where N is the total number of samples and Zx is the sum of the number of individuals found
in all samples. This index has the advantage of being relatively independent of the type of
distribution, the number of samples and the size of the mean (Southwood 1978). When the
distribution is Poisson (random) the index will give a value of unity, when the distribution is
aggregated the index will be greater than one, and when the distribution is regular less than
one.
The significance of the departure from a random distribution shown by Morisita’s index
may be tested by comparing F, calculated:
Fy=1c6(Zx-1) +N-Zx/N - 1
with the value of F (variance ratio) in tables, the appropriate values being that for F where N
= N - 1 and N, = infinity (Southwood 1978).
Iwao’s patchiness regression utilizes Lloyd’s (1967) mean crowding index (o) by
regressing f on the mean (xx
&ma+ﬁx
where o and P are regression constants. The intercept (o) of the regression line, the index of

basic contagion, is O for distributions where a single animal is the basic unit, but positive

94



Biology in cotton

where populations exist as groups of individuals (Iwao 1968). The slope of the regression line
(@) is the density-contagiousness coefficient and describes how individuals distribute
themselves in the habitat. When individuals are arranged in uniform, random or aggregated
patterns then B is less than 1, equal to 1 or greater than 1, respectively. Lloyd’s (1967) mean
crowding index (ﬁl) was calculated as:

m =% + [(s2/%) - 1]
where X is the density of a species.

Taylor’s power law relates sample variance to mean density through:

Ins? = Ina + blnk
where a, the exponential of the intercept, is a sampling factor, and the slope b is an index of
aggregation, which is constant for a species and/or stage. A value of b<1 implies a uniform
distribution, b=1 a random distribution, and b>1 an aggregated distribution (Southwood
1978).

The description of the distribution of P. scutigera larvae infesting bolls given by Iwao’s
regression method and Taylor's power law was used to determine the optimum sample size
required for estimating mean larval density (Smith and McDonald 1989). Karandinos (1576)
defined the optimum sample size (n) as:

n = s2/(C2.x?)
where C is a measure of precision expressed as a proportion of the mean (X). s2 was
substituted with s2 = e+ Dx+(B- 1)x2, derived from Iwao’s regression method to give:
n = (ot + 1)/% + (B - DI/C2
and in Taylor’s power law to give:
n = ax(0-2)c2

Precision levels of 10 and 20% (i.e. C equal to 0.10 and 0.20, respectively) were used in
both formulae. For estimates of cost in man hours, the optimum number of samples were
multiplied by the time taken to pick and process one sample unit of ten bolls, adding on to this
estimate the time taken to walk between samples.

A sequential sampling plan was formulated using Iwao’s (1975) method which allows

classification of populations relative to a critical density, such as the economic threshold. The
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upper and lower limits of the plan were calculated from:

qp =hmg +t J n(arnOb)
where ¢, is the upper or lower lirnit of the confidence interval for the cumulative number of
larvae collected; n = the number of samples required; m, = the critical density (economic
threshold); a and b are coefficients from Taylor’s power law. A nominal critical density of
five P. scutigera larvae/100 bolls (0.5 larvae/sample unit) was used, based on the upper
economic threshold currently recommended for making spray decisions (Q.D.P.1. unpublished
Teport).

3.2.6. Relationship of cotton boll age to larval infestation

The relationship of cotton boll age to larval infestation was determined in unsprayed cotton
at the D.P.I, Research Station, Biloela, during the 1984/85 and 1986/87 seasons. In 1983,
aluminum plant tags, bearing the date, were attached to 100-200 open flowers every 3-4 days
from 6 January until 18 March. The resulting bolls from all age categories were collected on
28 February (N=241 bolls) and 19 March (N=73 bolls). All boll samples were incubated in
ventilated plastic boxes at 259 C for 11 and 18 days, respectively, before determining total 2.
scutigera infestation. In 1987, plant tags were attached to 200 open flowers every 3-4 days
from 13 January to 7 March. Bolls of all age categories were collected on 6 March (N=201)
and 9 March (N=306). Bolls were searched immediately for P, scutigera larvae, rather than
incubated in ventilated boxes, so that the relationship of boll age to larval attack could be
determined for each larval instar. The length and width of all unopened bolls was recorded in
both cotton seasons. Data from the two boll collections in each cotton season were combined
for analysis.

3.2.7. Recovery of larvae artificially infested onto cotton squares and bolls

Neonate larvae were placed onto squares and bolls of potted cotton plants grown in a
shadehouse at the D.P.I. Research Station,' Biloela. Cotton plants (variety DPL61) as
described in section 3.2.2. were used for infestation. During peak squaring (57 days after
planting) 51 squares on a total of eight plants were infested with four neonate larvae (less than

six hours old). Squares were collected nine days later and searched for larvae. Fifty bolls on a
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total of five plants were infested with four neonate larvae when the plants were 112 days old.
The bolls, ranging from 21 to 50 days old, were collected seven days after infestation and
searched immediately for larvae.

3.2.8. Dispersal and survival of larvae emerging from eggs placed on cotton plants

The dispersal and survival of neonate larvae after emerging from eggs was investigated in
a shadehouse using potted cotton plants, planted in March 1987. Twenty eggs, obtained from
laboratory cultures and laid on tissue paper, were attached to the underside of large leaves at
the base of eight cotton plants (variety DP90), 87 days old. Three and five plants were
searched for larvae 24 and 48 hours after egg hatch, respectively, noting the number and
position of larvae found.

3.2.9. Sites of pupation and pupal parasitism

The site of pupation of P. scutigera in unsprayed cotton was determined when larval
populations in bolls was high. All entire plants sampled to determine sites of oviposition (see
section 3.2.2.) were also searched for any P. scutigera prepupae or pupae.

Further entire cotton plants were searched for P. scutigera prepupae and pupae on 3 April,

1985. Plants were selected by randomly throwing a 0.5 m2

quadrat in three locations. The
quadrats covered a total of ten cotton plants which were inspected in situ for prepupae and
pupae. All leaf litter (a mixture of shed leaves, flowers, squares and bolls) and the top 10cm
of soil situated underneath each quadrat was transferred to the laboratory and carefully
searched for prepupae and pupae by hand.

The presence of prepupae or pupae inside green bolls, collected while monitoring larval
infestations in unsprayed and commercial cotton (section 3.2.4.), was noted. Also, the
presence of pupae in open damaged cotton bolls, collected for experiments described in
Chapter 6, was recorded.

The number of P. scutigera prepupae and pupae in the ’leaf litter’ situated at the base of
cotton plants was determined in unsprayed cotton on 12 and 20 June, 1986. Approximately
1000 decaying fallen forms (shed cotton flowers, squares and bolls) that comprised the leaf

litter were sampled. All P. scutigera larvae, prepupae and pupae found were incubated in the

laboratory at 25° C to determine levels of parasitism. Parasitoids were identified by Q.D.P.IL
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taxonomists, and representative specimens have been lodged at the University of Queensland
insect collection, Brisbane.

3.2.10. Nocturnal activity of adult moths

The nocturnal activity of P. scutigera was monitored in unsprayed cotton at the D.P.1.
Research Station, Biloela, from dusk to 5 am (Australian Eastern Standard Time) for a total of
12 nights between 14-18th March 1987, 4-6th April 1985, 24-26th June 1987 and 24-26th
November 1985.

The number of males caught in pheromone traps was recorded hourly throughout each
night of observation, using the Delta trap design (see Chapter 4). In April, 1985, traps
contained 1 mg baits of (Z,Z)-7, 11-hexadecadienyl acetate but during all other observations
traps contained 1 mg baits of a 9:1 ratio of (Z,Z) and (Z,E) -7, 11-hexadecadienyl acetate (see
Chapter 4 for further details). Traps were placed at plant canopy height, and within the crop at
2 m from the edge. The number of traps observed each night varied from one in April 1985,
to two in March 1987 and November 1985, and three in June 1987.

The onset of nocturnal activity of laboratory reared moths, held in oviposition chambers
(see Chapter 2) placed in the cotton field, was recorded each night. The number of moths per
container varied according to availability. Moths were held in an outdoor insectary, under
ambient temperature and photoperiod conditions, for at least one night prior to moving into
the cotton field and provided with 5% sugar solution for food. Activity was recorded in detail
on 7 April 1985, observing the time of feeding, walking, flying and mating. In March 1987
the time of oviposition was recorded by changing egg sheets at hourly intervals starting from
18.00 h.

Moths were observed with the aid of a battery powered headlamp covered by a red Kodak
filter. Air temperature was recorded throughout the night and weather conditions noted. Wind
speed was recorded hourly using an anemometer.

In March 1987 the number of P. scutigera caught in an ultraviolet light trap was recorded
hourly over the three night period. The light trap was situated 2 m from the edge of the cotton

field and approximately 200 m from the pheromone traps. A block of plaster of paris soaked
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with Dichlorvos insecticide was placed inside the collection bucket to kill trapped insects. The
trap was switched on before dusk and emptied every hour from 19.00 h. The catch was sorted

the next day, recording the number of male and female P. scutigera caught.

3.3. Resulis
3.3.1. Weather data

Daily maximum and minimum screen temperatures fluctuated between 40.6° C and -2.7°
C during the period of study (Fig. 3.2). Weather data is summarized in Table 3.1, giving
monthly averages for each year of observation. The hottest months were December, January
and February with mean monthly maximum temperatures of 33-35° C and minimum
temperatures of 19-20° C. The coolest months were June, July and August with mean monthly
maximum temperatures of 21-24° C and minimum temperatures of 6-10° C. Frosts (defined as
days when the terrestrial minimum was less than -0.9° C) were most frequent during July and
August but also occurred in June, September and October (Table 3.1).

Rainfall is extremely variable in the Callide and Dawson Valleys. Most rain results from
localized storm activity which usually falls in the late afternoon during hot weather.
Occasicnally, very heavy periods of rain may occur through the random influence of cyclones
from coastal areas. Based on mean rainfall over a 62 year period (1924-1985); December,
January and February are the wettest months (Table 3.1). During the period of study, October
and December received over 100 mm of rain in all three years but rainfall in January and
February was extremely variable. The driest months are usually August and September
although in 1984 68 mm of rain was recorded in September. Unusually heavy rain was also
experienced in June 1985, totajliing 142 mm. All of this rain fell over a two day period (3r4 and
4th June) giving the highest recorded rainfall for a single day of 101 mm (Fig. 3.2).

3.3.2. Qviposition sites on cotton

Moths confined onto 57, 80 and 3 day old plants laid a mean of 59.8, 33.0 and 48.3 eggs
per plant, respectively (Table 3.2). The distribution of eggs on 57 and 80 day old plants was

similar with the majority being laid on leaves (55.5 and 44.2%, respectively) or leaf buds (40.2
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Fig. 3.2. Temperature and rainfall data recorded at the D.P.I. Research Station, Biloela,
weather station between July 1984 and May 1987; (A) daily maximum and minimum screen

temperatures, (B) daily rainfall.
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Table 3.1. Summary of weather data recorded at the D.P.I. Research Station, Biloela, weather

station between July 1984 and May 1987.

Month
Year J A S O N D - J F -“1-\«‘1 A M J -
Mean maximum temperature (° C)
1984-85 22 24 25 27 30 34 34 33 31 28 26 21
1985-86 22 24 27 31 34 34 33 33 32 31 26 22
1986-87 23 23 27 28 29 33 35 33 32 20 26 -
Mean minimum temperature (° C)
1984-85 10 6 9 13 16 20 19 20 20 14 12 6
1985-86 6 7 10 14 18 20 20 20 17 16 12 7
1986-87 8 7 9 16 16 19 20 19 18 17 12 -
Number of days when terrestrial minimum <-0.9° C (frost)
1984-85 9 6 3 2.0 0 0 0 0 0 0 1
1985-86 7 3 4 §] 0 G 0 0 0 0 0 t]
1986-87 5 16 0 1 0 0 0 0 0 0 0 -
Rajnfall (mm)
1984-85 96 8 68 104 91 106 50 142 36 49 14 128
1685-86 34 20 23 110 23 146 65 66 1 12 123 21
1986-87 19 59 39 127 74 101 119 52 85 16 37 -
62 year mean

1924-85 32 21 24 54 80 99 107 112 65 41 40 38
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and 54.0%, respectively).

Eggs were laid on all leaf sizes, both on the topside and underside (Table 3.2), and were
always well concealed between or against main veins at the top of the petiole. Most eggs laid
on leaf buds were located within axillary buds situated in the angle between the main-stem leaf
and the stem (57.0 and 27.5%), or in buds growing on main branches or sub-branches (42.1 and
70.3%). Very few eggs (0.8 and 2.2%) were laid in terminal buds at the top of the main-stem.
The proximity of bolls did not appear to influence which buds were chosen as an oviposition
site. Eggs laid in leaf buds were again well concealed either within the unfolding leaves or on
the underside of the strap-shaped leaf of the axillary bud.

Squares and green bolls were not attractive sites for oviposition (Table 3.2). In the 57 day
old plants 0.7% (N=2) and 2.7% (N=8) of the eggs found were laid on squares and bolls,
respectively. In the 80 day old plants only a single egg (0.6% of all eggs laid) was laid on a
boll. Eggs laid on bolls were usually located on the outside of a bract rather than on the calyx.
No eggs were found on flowers that were fully g)pen during the period of exposure to
ovipositing moths.

The distribution of eggs on 93 day old plants was markedly different from that on 57 and
80 day old plants. While a large percentage (37.3%) were found on leaves, the majority of eggs
(60.1%) were laid in open bolls (Table 3.2). Two eggs were laid on the dry carpel wall of an
open boll but the remainder (86 eggs) were laid within the cotton lint. Up to 22 eggs were
found in the lint of a single open boll. No eggs were laid on or near green bolls but one egg was
laid on a square. Only 1.4% of all eggs found were laid in leaf buds. Very few buds were
present on plants because of their siressed condition.

A significant change also occurred in the site of oviposition on leaves of 93 day old plants.
Leaves of these plants were heavily damaged by the cotton leaf perforator, Bucculatrix gossypii
Turner. Larvae of this moth initially mine between the upper and lower epidermis of leaves but
in later instars they feed externally making characteristic leaf perforations (Room 1979a).
Seventy-two percent of P. scutigera eggs laid on leaves were located inside abandoned B.
gossypii leaf mines. Other eggs were found within perforations made by later instars of B.

gossypii larvae, and against or within empty B. gossypii larval cocoons, usually located on the
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Table 3.2. Distribution of P. scutigera eggs on cotton plants 57, 80 and 93 days old when
moths were confined onto plants for five days. Figures represent the total number of eggs
found on five replicate plants for each age category.

No. (%) of eggs laid/plant part

Plant age (days)
Site of e
oviposition 54 80 93
-S-mall leaves (<5 cm wide)
Topside 28 (9.4) 13 (7.9) 1 (0.7)
Underside 28 (9.4) 8 (4.8) 4 (2.8)
Perforator mines 0 0 10 (6.9)
Medium leaves (5-10 cmy)
Topside 27 (9.0) 15 8.1 2 (1.4
Underside 30 (10.0) 28 (17.0) 2 (1.4
Perforator mines 0 0 16 (11.0)
Large leaves (>10 cm)
Topside 7 (2.3) 1 (0.6) 0
Underside 40 (13.4) . 6 (3.6) 5 (3.4)
Perforator mines 0 0 13 (9.0)
Leaf petiole 6 2.0) 2 (1.2) 1 ©.7
Leaves total 166 (55.5) 73 (44.4) 54 (37.2)
Leaf bud - stem 69 (23.1) 25 (15.2) 2 (1.4)
" "-branches 51(17.1) 64 (38.8) 0

Terminal bud 1 (0.3) 2 (1.2) 0
Leaf buds total 121 (40.5) 91 (55.2) 2 (1.9
Open flower 0 - 0
Square (>0.5 cm) 0 - 0

" bract 1 (0.3) - 0

" stalk 1 (0.3) - 1 0.7)
Square total 2 0.7 0 1 (0.7
Green boll calyx 2 (0.7 0 0

! " bract 4 (1.3) 1 0.6) 0

" " stalk 2 (0.7 0 0
Green boll total 8 2.7 1 (0.6) 0
Open boll - - 88 (60.7)
Stem or branch 2 (0.7 0 0
Mean no. eggs/plant 59.8 33.0 48.3

* - indicates not present on plants.
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top-side of leaves.

Table 3.3 summarizes the distribution of eggs found on field collected plants. A mean of
6.0 eggs were found on three large branches collected in April, 1985. The distribution of eggs
wasg similar to that on artificially infested cotton plants 57 and 80 days old. Most eggs were
either laid on leaves (44.4%) or in leaf buds (38.9%) with very few iaid on fruiting forms. One
egg was found on the peduncle of a green boll, but none was . laid directly on squares or bolls.
Eggs were laid on the upper or lower side of leaves, usually between veins. Little leaf
perforator damage was present on these plants and no eggs were found in the old larval mines.

A mean of 54.3 eggs were found on three entire plants sampled in April 1986, with 97.5%
laid on leaves. The remainder were found in leaf buds with no eggs on any fruiting structures
despite the presence of 12.7 squares and 3.7 bolls per plant. Leaves on these plants were
heavily damaged by the cotton leaf perforator and 79.8% of all eggs found were laid in old
larval mines of B. gossypii. No open bolls were present on the plants.

Plants that had been defoliated and picked were still attractive to ovipositing females. A
mean of 23.3, 36.3 and 11.0 eggs per plant were found in May, June and July, 1985,
respectively. The distribution of eggs was markedly different from that on younger plants.
Fewer leaves and leaf buds were available as sites for oviposition. Only between 3.0-10.1%
eggs were found on leaves. Plants sampled in May had 23.6% eggs laid in leaf buds, whereas in
June and July only 4.6 and 6.1% of the eggs were laid in leaf buds. The majority of eggs were
laid in areas of branches and stems that had been damaged by the cotton picking machines.
These damaged areas allowed moths to lay eggs underneath loose bark or within the exposed
fibrous, woody tissue. For the three sampling dates, 57.9, 56.0 and 72.7% of the eggs were laid
in damaged branches or stems. Another 5.7, 29.4 and 6.1% of the eggs laid on plants in May,
June and July, respectively, were found in the lint of open bolls. No eggs were found on any
fresh squares or green bolls.

The frequency distribution of egg clumping was similar for both artificially infested and
field collected plants (Fig. 3.3). Most eggs laid on leaves or within leaf buds were laid singly
or in pairs. Eggs laid within larval mines of B. gossypii, open cotton bolls, or in damaged stems

were often clumped together in groups of up to 19 eggs.
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Table 3.3. Distribution of P. scutigera eggs on field collected cotton plants. Figures represent
the total number of eggs found on three to six entire plants sampled from unsprayed cotton,

except on 24/4/85 when three large branches were sampled.

No. (%) of eggs/plant pat
Date plants collected

Site of e e
oviposition 12/4/86 24/4/85 28/5/85 6/6/85 8/7/85
Small leaves: (<5 cm wide) -
Topside 2(1.2) 1(5.6) 0 0 0
Underside 0 0 0 0 0
Perforator mine 0 0 5(3.6) 6 (5.5) 0
Medium leaves: (5-10 ¢cm)
Topside 4(22.2) 5(3.6) 1{0.9) 0
Underside 1(0.6) 3(16.7) 1(0.7) 0 0
Perforator mine 30 (18.4) 0 0 4 (3.7 0
Large leaves (>10 cm)
Topside 15(9.2) 0 1 (0.7 0 0
Underside 11(6.7) 0 1(0.7) 0 0
Perforator mine 100 (61.3) O 0 0 0
Leaf petiole 0 0 0 0 0
Leaves total 159 (97.5) 8 (44.4) 13 (9.3) 11(10.1) 1(3.0)
Leaf bud - stem 1 (0.6) 0 13 (9.3) 0 -~ 2(6.1)

" " - branches 3 (L.8) 7 (38.9) 20 (14.3) 5(4.6) 0
Terminal bud 0 0 0 0 0
Leaf buds total 4 (2.5) 7 (38.9) 33 (23.6) 5 (4.6) 2 (6.1)
Open flower 0 0 0 0 0
Square (>0.5 cm) 0 0 0 0 0

" bract 0 0 0 0 0
" statk 0 0 0 0 0

Square total 0 0 0 - 0 0
Green boll calyx 0 0 0 0 0

" " bract 0 0 0 0 0

" " stalk 0 1(5.6) 0 0 0
Green boll total 0 1(5.6) 0 0 0
Open boll ¥ - 8(5.7) 32 (29.4) 2(6.1)
Stem or branch 0 2(1LD 5(3.6) 0 4 (12.1)
Damaged stem - - 81 (57.9) 61 (56.0) 24 (72.7)
Mean no. eggs/plant 54.3 6.0 23.3 36.6 11.0

* - indicates not present on plants
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3.3.3. Larval infestation of unsprayed cotton

A 2.7 ha field of irrigated cotton was grown at the D.P.1. Research Station, Biloela, under
conventional agronomic practices. The field was located at the same site over the three cotton
seasons and did not receive any insecticide sprays during the period of sampling.

In the 1984/85 season, cotton (variety DPL61) was planted on 25 October. Random
samples of 100 squares were taken between 13 December and 13 January and searched
immediately after collection but no P. scutigera larvae were detected. Initially, bolls were
sampled in the same way, starting on 21 January. In this first sample three larvae were found
and on 27 January one larva was found in another random sample of 100 bolls (Fig. 3.4).

From 3 February the field was divided into 12 areas of equal size and the number of larvae
found in incubated and non-incubated bolls was compared. Significantly more larvae were
found consistently in incubated than non-incubated bolls (Table 3.4). On 3 February, no larvae
were detected in the boll\s searched immediately after collection, but in the sample of bolls
incubated for 10 days 7.5 larvae/100 bolls were found (Table 3.4). The number of larvae found
inincubated bolls was 21.7 larvae/100 bolls by the end of February and 53.3 larvae/100 bolls
by 11 April, compared to only 1.7 and 44.2 larvae/100 bolls in non-incubated bolls.

In the 1985/86 season, cotton (variety DPL90) was planted on 31 October. All samples of
squares and bolls were made by randomly selecting 100 forms and incubating in ventilated
plastic boxes before searching for larvae. One larva was detected in the first sample of 100
squares taken on 27 December. Infestation increased to 2 larvae/100 squares on 2 January, but
thereafter no larvae were found in samples of squares until 23 February when 3 larvae/100
squares were detected (Fig. 3.5). In contrast boll infestation was very high; 12 larvae/100 bolls
were found in the first sample taken on 18 January and by 23 February boll infestation had
reached 62.5 larvae/100 bolls (Fig. 3.5).

Between 9 February and 17 March boll infestation along two crop edges was compared
with infestation at 100 m away from both crop edges. The level of boll infestation was not
significantly different at any sample site (t-test, p>0.05), therefore the data was pooled and
random sampling of bolls was resumed on 25 March. Boll infestation was very high,

particularly towards the end of the growing season, reaching 221 larvae/100 bolls on 25 March
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Table 3.3. Rate of larval infestation of unsprayed cotton during the 1984/85 season:
comparison of the number of P. scutigera found in cotton bolls searched immediately (non-
incubated) or 10-14 days after collection (incubated). Means of 120 bolls (12 samples of 10

bolls) for each sampling date.

Date

bolls e e mmmom

sampled Not incubated Incubated t-test}
3/2 0 7.5 (1.48) -

11/2 0.8 (0.29) 10.8 (1.51) 2.261%
20/2 6.7 (0.65) 16.7 (0.78) 4.3]1%%*
27/2 1.7 (0.39) 233 (1.56) 4.677%%*
6/3 8.0 (0.83) 46.7 (2.67) 4.740%+*
14/3 10.0 (1.13) 51.7 (2.41) 5.432%%*
20/3 23.3-(1.50) 450 (2.75) 2.399%
27/3 17.5 (1.36) 75.8 (2.94) 6.245%**
3/4 29.2 (1.73) 86.7 (3.60) 4.986%**
11/4 442 (2.15) 1292 (2.87) 8.200%**

1. * and *** indicates significant difference between means at p<0.05 and p<0.001,
respectively, df=11,11.
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Fig. 3.4. Seasonal incidence of P. scutigera in unsprayed cotton during the 1984/85 season;
(A) Pheromone trap catch expressed as logyq (x + 1) number of males/trap/night, (B) Larval
infestation expressed as logyq (x + 1) number of larvae/100 forms, for squares (open squares)
and bolls (open circles). Crop phenology is shown in the box above (A), indicating the
approximate date of seedling emergence, first square, first flower and first open boll. Arrow

marked D indicates the date of crop defoliation.
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Fig. 3.5. Seasonal incidence of P. scurigera in unsprayed cotton during the 1985/86 season:
(A) Pheromone trap catch expressed as logig (x+1) number of males/trap/night, (B) Larval
infestation expressed as logg (x + 1) number of larvae/ 100 forms, for squares (open squares),
fallen forms (open circles) and bolls (closed circles). Crop phenology is shown in the box
above (A), indicating the approximate date of seedling emergence, first square, first flower

and first open boll. Arrow marked D indicates the date of crop defoliation.
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(Fig. 3.5). Bolls produced after defoliation and picking of cotton were also heavily infested
reaching 280 larvae/100 bolls on 28 May.

Freshly fallen forms (newly shed squares and bolls) were first sampled on 18 January and
were highly infested with P. scutigera larvae. Infestation increased from 8 larvae/100 forms on
18 January to 197 larvae/100 forms on 3 April (Fig. 3.5).

In the 1986/87 season, cotton was planted on 1 November. One half of the field was
planted with cotton variety DPL90 while the other half was planted with a mixture of varieties
as part of a Helicoverpa spp. host plant resistance trial. Random samples of 100-200 squares
and bolls were taken from DPLS0 cotton only. Half of each sample was searched immediately
for larvae while the other half was incubated in plastic boxes for 10-14 days. No larvae were
found in any samples of squares taken in January (Fig. 3.6). When boll sampling was initiated
on 21 January, 1arv§l infestation was high at 12 larvae/100 bolls (Fig. 3.6). As in the 1984/83
season, more larvae were consistently found in incubated bolls than in non-incubated bolls.
However, the difference was much smaller and only significant in bolls sampled on 11 March
(t-test: t=3.642, df=3,3, p<0.05) due to greater experience in detecting first instar larvae (Table
3.5).

Table 3.6 shows the number and percentage of each larval instar found in non-incubated
bolls. In the first boll sample on 21 January only fourth instar larvae were found (N=2) while
on 1 February only first (N=5) and second (N=2) instar larvae were present. In all subsequent
boll samples first instar larvae were constantly present and numbers increased sharply from a
mean of 9.5/100 bolls on 2 March to 31.3/100 bolls on 11 March (constituting 58.4% of all
larvae found). The number of first instars remained high in the following 2 weeks at 44.5 and
38.0/100 bolls. Other instars tended to increase in numbers through the season as expected with
the progression of larval development between sampling dates (see Chapter 4).

3.3.4. Larval infestation of commercial cotton

The commercial cotton fields sampled in all three seasons were located in the Callide
valley, approximately 10 km north of Biloela. All fields were irrigated, except where indicated,

and ranged between 10 and 50 ha in size.
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Table 3.5. Rate of larval infestation in unsprayed cotton during the 1986/87 season:
comparison of the number of larvae found in bolls searched immediately (non-incubated) or

10-14 days after collection (incubated).

Date No. of Mean no. of larvae/100 bolls (+ S.D.)
bolls [310) L

sampled sampled Non-incubated Incubated t-testl
2171 100 20 .0 12.0 (12.7) 1.555
1/2 100 7.0 (1.7) 18.0 (16.8) 1.299
7/2 100 9.0 (0.5) 16.0 (8.6) 1.028
1472 100 22.0 (6.9 26.0 (17.4) 0.426
2772 200 32.0 (10.1) 34.5 (11.8) 1.034
2/3 200 31.0 (1L.1) 34.0 (12.2) 1.162
11/3 400 53.7 (17.3) 78.0 (18.2) 3.642%
20/3 200 128.5 (4.1) 121.0 (16.7) 0.872

1. * indicates a significant difference between means at p<0.05, df=3,3.

Table 3.6. Number and percentage of each P. scutigera larval instar infesting unsprayed

cotton during the 1986/87 season. All samples of bolls were searched for larvae immediately

after collection.

Date No. of No./percentage of each larval instar
bolls bolls --- e o o o e o o e
sampled sampled I II I v
21/1 100 0/0 0/0 0/0 2.0/100
172 100 5.0/714 2.0/28.6 0/0 0/0
7/2 100 3.0/33.3 4.0/44.4 2.0/22.2 0/0
1472 100 6.0/27.3 8.0/36.4 5.0/22.7 3.0/13.6
23/2 200 9.5/29.7 10.5/31.1 7.0/21.9 5.5/17.2
2/3 200 9.5/28.8 8.5/25.8 6.5/22.7 6.5/22.7
11/3 400 31.3/58.4 13.0/24.3 7.5/14.0 1.8/3.4

20/3 200 44.5/34.6 38.5/30.0 32.0/24.9 13.5/10.5
27/3 200 38.0/26.4 40.0/27.8 38.0/26.4 28.0/194

113



Biology in cotton

1984/85 season:

i) Site 1 (A. Shepherdson’s property) was planted on 13 and 14 November (varieties Sicot
I and DPL61) and received a total of 10 insecticide sprays, mainly early in the season to
control Helicoverpa spp. and sap-sucking bugs. Random samples of 100 squares were taken
from throughout the field, starting on 25 January, but no P. scutigera were found. Bolls were
sampled in the same way from 26 February when one larva was detected. Infestation increased
to 3 larvae/100 bolls on 14 March but declined to 2 larvae/100 bolls on 21 March (Fig. 3.7)
with the application of Profenofos on 15 March.

During the course of boll sampling, it was noticed that larval infestation was substantially
higher along one crop edge. This crop edge bordered a creek lined with tall trees. It was
suspected that the trees impeded the flight of aerial sprayers, causing, along with an adverse
wind directiofn, poor spray coverage of cotton growing near the creek. Subsequently, samples of
100 bolls were taken along this crop edge and also at 50 and 100 m parallel to this edge. On 28
March P. scutigera infestation at the crop edge was 14 larvae/100 bolls compared to 4
larvae/100 bolls at 50 and 100 m away from the crop edge (Fig. 3.7). Infestation of bolls along
the crop edge increased to 34 larvae/100 bolls on 4 April, despite the application of Methyl
Parathion plus Methomyl on 3 April. Infestation at 50 and 100 m from the crop edge remained
comparatively low at 4 and 2 larvae/100 bolls, respectively. Infestation at the crop edge fell to
22 larvae/100 bolls on 11 April but increased to 8§ larvae/100 bolls at both 50 and 100 m away
from the edge. A final application of Methyl Parathion was made on 15 April in an attempt to
contain P. scutigera infestation.

it) Site 2 (B. Breeze’s property) was planted on 10 October with variety DPL61. This field
was sprayed much less than the other two commercial fields monitored, with only four
applications made for the control of Helicoverpa spp. and sap-sucking bugs. Fruiting of cotton
plants was severely delayed due to extensive hail damage on 1 January. No P. scurigera larvae
were found in random samples of 100 squares collected between 21 December (before hail
damage) and 11 January. When the first boll samples were taken on 22 January, infestation was
comparatively high at 6.7 larvae/100 bolls but no larvae were found in bolls sampled on 4

February. On 26 February boll infestation increased to 9 larvae/100 bolls but decreased again to
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1 larvae/100 bolls on 6 March. Thereafter, boll infestation increased steadily from 4 to 8
larvae/100 bolls between 14 March and 11 April (Fig. 3.8). The last insecticide application was
made on 22 February but the crop was not defoliated until 15 April.

iii) Site 3 (I. Wilkies’ property) was planted on 15 October (varieties DPL61 and DPLS55)
and sprayed 12 times with insecticides, mainly to control Helicoverpa spp. and sap-sucking
bugs. No P. scutigera larvae were found in random samples of 100 squares collected between
21 December and 4 January. Random samples of 100 bolls were first taken on 11 January but
no P. scutigera larvae were detected until 26 February (Fig. 3.9). Two insecticide sprays
(Fenvalerate and Chlordimeform) were applied directly for the control of P. scutigera on 26
January and 12 February. These insecticides were applied as part of a D.P.L insecticide trial to
compare their effectiveness in preventng P. scutigera larval infestations from developing.
They were applied on the basis of large increases in pheromone trap catches of P. scurigera
males (see Chapter 4), rather than on the presence of larvae infesting bolls. No further
insecticide sprays were applied after 12 February. On 26 February, boll infestation increased to
3 P. scutigera larvae/100 bolls but decreased to 1 larva/100 bolls on 6 March (Fig. 3.9).

The crop was defoliated on 4 and 12 March but due to incomplete crop defoliation plants
continued to produce fresh flowers and bolls. Defoliation was particularly poor along one crop
edge which bordered power lines. Random samples of bolls along this edge revealed an
infestation of 9 larvae/100 bolls on 14 March. Harvesting of the cotton commenced on 18
March but due to wet weather slashing of plants and burial of crop residues was not completed
until late May. As a result plants produced many more fresh squares, flowers and bolls. The
number of P. scutigera larvae in bolls increased from 53 larvae/100 bolls on 11 April to 170
larvae/100 bolls on 19 May, shortly after which the crop was destroyed.

1985/86 season:

Throughout the 1985/86 season, in all three commercial cotton fields sampled, infestation
of squares and bolls (N = 100) along a crop edge was compared with the mid-crop region (100
+ m from the crop edge).

i) Site 1 (A. Shepherdson) was planted on 28 November (variety DPL90) and was heavily

115



Biology in cotfon

sprayed, receiving ten insecticide applications mainly against Helicoverpa spp. (Fig. 3.10). On
16 January, when squares were first sampled, 3.3 larvae/100 squares were found at the crop
edge, but no larvae were present in squares sampled from mid-crop. No larvae were found in
subsequent samples of squares made on 24 and 29 January. Infestation of bolls was
comparatively low in February but rose very sharply in bolls sampled from the crop edge
during March despite the application of insecticides (Fig. 3.10). Boll infestation along the crop
edge increased from 1.4 to 14.3 larvae/100 bolls on 28 February and 7 March, respectively. On
the same sampling dates infestation at mid-crop was 0 and 1.4 larvae/100 bolls. Infestation at
the crop edge stayed at 17.1 larvae/100 bolls during the next 3 sampling periods compared to
2.9 larvae/100 bolls at mid-crop. The last insecticide spray was applied on 28 March but the
crop was not defoliated until 28 April and 6 May. Boll infestation continued to remain high
along the crop edge while staying comparatively low at mid-crop. On 8 and 17 April infestation
of bolls at the crop edge was 21.4 and 14.3 larvae/100 bolls compared to 2.9 and 4.3 larvae/100
bolls at mid-crop. Bolls were also sampled from the crop edge on 29 April and 18 May when
there were 69 and 121 larvae/100 bolls, respectively.

ii) Site 2 (B. Breeze) was planted on 26 October (variety DPL90). The number of
insecticide sprays applied to this crop was not recorded but was very few (3-4 sprays),
particularly during boll formation. Infestation of squares was very low and larvae were only
found in samples taken on 3 and 24 January at 1.4 larvae/100 squares (Fig. 3.11B). Boll
infestation was severe; while more larvae were usually found infesting bolls at the crop edge
than those at mid-crop, the difference was much less than in the other two commercial crops
monitored (Fig. 3.11B). Larvae were found in the first samples of bolls taken on 14 January at
2.9 and 1.4 larvae/100 bolls at the crop edge and mid-crop, respectively. Infestation increased
to very high levels and by 16 March there were 90 and 77.1 larvae/100 bolls at the crop edge
and mid-crop, respectively.

iii} Site 3 (I. Wilkie) was planted on 29 October (variety DPL90) and received ten
insecticide sprays, mainly for the control of Helicoverpa spp. Squares were first sampled on 27
December when 0.3 larvae/100 squares were detected in the mid-crop sample. Further samples

of squares on 3 and 8 January did not contain any P. scurigera larvae.
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Fig. 3.7. Seasonal incidence of P. scutigera in commercial cotton at Site 1 during the 1984/85

season; (A) Pheromone trap catch expressed as 10g10 (x + 1) number of males/trap/night, (B)

Larval infestation expressed as log g (x + 1) number of larvae/100 forms, for squares (open

squares) and bolls sampled at the crop edge (open diamonds), 50 m from the edge (closed

circles) or 100 m from the edge (open circles). Crop phenology is shown in the box above

(A), indicating the approximate date of seedling emergence, first square, first flower and first

open boll. Arrows represent applications of insecticide sprays except for the arrow marked D

which indicates the date of crop defoliation.
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Fig. 3.8. Seasonal incidence of P. scutigera in commercial cotton at Site 2 during the 1984/85

season; (A) Pheromone trap catch expressed as logyq (x + 1) number of males/trap/night, (B)

Larval infestation expressed as logyg (x + 1) number of larvae/100 forms, for squares (open

squares) and bolls (open circles). Crop phenology is shown in the box above (A), indicating

the approximate date of seedling emergence, first square, first flower and first open boll.

Arrows represent applications of insecticide sprays.
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Fig. 3.9. Seasonal incidence of P. scufigera in commercial cotton at Site 3 during the 1984/85
season; (A) Pheromone trap catch expressed as logq (X + 1) number of males/trap/night, (B)
Larval infestation expressed as logqq (X + 1) number of larvae/ 100 forms, for squares {open
squares) and bolls (open circles). Crop phenology is shown in the box above (A), indicating
the approximate date of seedling emergence, first square, first flower and first open boll.
Artows represent applications of insecticide sprays except for the arrows marked D which

indicate the date of crop defoliation.
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Fig. 3.10. Seasonal incidence of P. scurigera in commercial cotton at Site 1 during the

1985/86 season; (A) Pheromone trap catch expressed as log g (x + 1) number of

males/trap/night, (B) Larval infestation expressed as log g (x + 1) number of larvae/100

forms, for squares sampled at the crop edge (open squares) or 100 m from the crop edge

(closed squares), and bolls sampled at the crop edge (open circles) or 100 m from the crop

edge (closed circles). Crop phenology is shown in the box above (A), indicating the

approximate date of seedling emergence, first square, first flower and first open boll. Arrows

represent applications of insecticide sprays except for the arrow marked D which indicates the

date of crop defoliation.
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Fig. 3.11. Seasonal incidence of P. scufigera in commercial cotton at Site 2 and 3 during the

1985/86 season; (A and C) Pheromone tfap catch expressed as logy (x + 1) number of

males/trap/night, (B and D) Larval infestation expressed as logyg (x + 1) number of

larvae/100 forms, for squares sampled at the crop edge (open squares) or at 100 m from the

crop edge (closed squares), and bolls sampled at the crop edge (open circles) or 100 m from

the crop edge (closed circles). Crop phenology is shown in the box above (A and C),

indicating the approximate date of first flower and first open boll. Arrows represent

applications of insecticide sprays except for the arrow marked D which indicates the date of

crop defoliation.
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Fig. 3.12. Seasonal incidence of P. scutigera in commercial cotton at Site 1 during the
1986/87 season; (A) Pheromone trap catch expressed as logg (x + 1) number of
males/trap/night, (B) Larval infestation expressed as logyq (x + 1) number of larvae/100
forms, for squares (open squares) and bolls sampled at the crop edge (open circles) or 100 m
from the crop edge (closed circles). Crop phenology is shown in the box above (A), indicating
the approximate date of first square, first flower and first open boll. Arrows represent
applications of insecticide sprays except for the arrow marked D which indicates the date of

crop defoliation.
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Bolls were first sampled on 17 January when 1.4 larvae/100 bolls were detected in the
mid-crop sample only. No larvae were found in any samples of bolls collected in the following
two weeks. Larvae were first detected in the crop edge on 13 February at 7.1 larvae/100 bolls,
compared to 1.4 larvae/100 bolls in the mid-crop sample (Fig. 3.11D). The last insecticide
application was made on 15 February and while infestation at the crop edge decreased on the
following two sampling dates, it remained higher than at mid-crop. Large increases in boll
infestation occurred on 7 and 13 March with 12.9 and 32.9 larvae/100 bolls at the crop edge
and 4.3 and 15.7 larvae/100 bolls at mid-crop, respectively. The crop was defoliated on 27
March and 5 April, more than one month after the last insecticide application.

1986/87 season:

i. Site 1 (A. Shepherdson) was planted on 29 October (variety DPL90) and received 12
insecticide sprays, mainly early in the season to control Helicoverpa spp. (Fig. 3.12). Four
sprays were applied for the control of P. scutigera but levels of boll infestation remained high,
compared to the two previous seasons, particularly at the crop edge. Table 3.7 compares the
number of each larval instar found in bolls sampled from the crop edge and mid-crop.

On 14 January a random sample of bolls made at the crop edge revealed a mean of 10
larvae/100 bolls; 80% of larvae were first instars while 1 second and 1 fourth instar were also
found. Only 1 first instar larva was found in a sample of 100 squares on the same date. On 23
January boll infestation at the crop edge was similar at 11 larvae/100 bolls but fewer (18.2%)
first instar larvae were found. In comparison, infestation of mid-crop bolls was 4 larvae/100
bolls and no first or second instar larvae were found. Infestation of squares remained at 1 first
instar larva/100 squares and no further samples were taken.

Infestation at the crop edge remained at 11 larvae/100 bolls on 30 January. No first instar
larvae were detected in this sample. Infestation decreased to two larvae/100 bolls in mid-crop
bolls after the aerial application of Endosulfan plus Methyl parathion on 27 January.

Deltamethrin was applied on 6 February when infestation at the crop edge was 8
larvae/100 bolls (3 first instar larvae found). Despite spraying, infestation at the crop edge
increased further to 40 larvae/100 bolls on 12 February. This was mainly due to a large influx

of first instar larvae, which constituted 50% of all larvae found. Such an increase in the

123



Biology in cotton

Table 3.7. Comparison of the number of P. scutigera larvae infesting bolls sampled from a
crop edge (E) and 100 + m away from the crop edge (M) at Site 1 during the 1986/87 cotton
season. N = total number of bolls sampled.

No. larvae/instar/100 bolls
Date Boll - - - ---

sampled N  sample I o I v Total t-test !

14/1 100 E 80 10 0 10 100 S

23/1 100 E 0.5 2.0 4.5 4.0 11.0 2.05
100 M 0 0 2.0 2.0 4.0

30/1 100 E 0 3.0 7.0 1.0 11.0 2.27
100 M 1.0 1.0 0 0 2.0

6/2 100 E 3.0 1.0 0 4.0 8.0 3.00%

100 M 0 0 2.0 0 2.0

12/2 100 E 20.0 9.0 5.0 6.0 40.0 5.08%*
100 M 2.0 0 1.0 0 3.0

2172 2000 E 160 185 200 5.0 59.5 5.21%*
200 M 1.0 1.5 2.5 1.0 6.0

25-26/2 300 E 93 203 163 100 55.9 6.8 7%
300 M 2.0 1.0 3.7 0.7 7.4

4-5/3 300 E 2.3 9.0 237 147 49.7 6.2k
300 M 1.0 2.3 3.3 0.3 7.0

1. *, **% and *** indicate a significant difference at p = 0.05, 0.01 and 0.001, respectively,
between infestation in edge and mid-crop bolls (d.f. = 6, except for last 2 sampling dates
when d.f. = 22)
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Table 3.8. Infestation of cotton bolls by P. scutigera larvae at Site 2 during 1987. Number and

percentage of each larval instar/100 bolls randomly sampled from the crop.

No. larvae/instar Percentage of
Date No. /100 bolls larvae/instar
bolls bolls  ---rem-mm- e e Rt -
sampled  sampled I I a1 IV Total 1 I I v
5/1 100 0 0 20 20 4.0 0 0 500 500
20/1 200 35 20 1.5 05 7.5 467 267 200 13.3
3/2 200 0.5 0 1.0 0 1.5 333 0 0 66.7
10/2 200 05 05 0.5 0 1.5 333 333 333 0
13/2 100 0 2.0 20 30 7.0 0 28.6 28.6 429
0 0.5 1.0 0 1.5 0 333 667 0

2172 200
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numbers of first instars did not occur in bolls sampled from mid-crop. Infestation of mid-crop
bolls remained static at 2 larvae/100 bolls on 6 February and only two first instars were found
on 12 February when boll infestation was 3 larvae/100 bolls (Table 3.7).

In the next three boll samples larval infestation rates at the crop edge remained at very high
levels of 59.5, 55.9 and 50.7 larvae/100 bolls compared to 6, 7.4 and 7/100 bolls at mid-crop on
21 and 25 February and 4 March, respectively. Numbers of first instar larvae at the crop edge
remained high but decreased from 16/100 bolls on 21 February (26.9% of all larvae found) to
2.3/100 bolls on 4 March (4.5%), while numbers of other larval instars changed as would be
expected with the progression in larval development over time. The numbers of first _instar
larvae in mid-crop bolls remained low at 1 or 2/100 bolls.

A late application of Methyl Parathion was made on 11 March in an attempt to contain P.
scutigera populations, and the field was defoliated on 18 and 28 March.

ii) Site 2 (T. Jenson) was a field of dryland cotton (variety DPL90) planted in skip-rows in
late October. The number of insecticide sprays applied was not recorded but was few due to
relatively low insect pressure. The number of P. scutigera larvae/100 bolls was 5 on 5 January,
and increased to 7.5 on 20 January. Infestation decreased to 1.5 larvae/100 bolls on 3 February
after an application of Lambda-cyhalothrin on 1 February (Table 3.8). Infestation remained at
1.5 larvae/100 bolls on 10 February, increased to 7 larvae/100 bolls on 13 February, but
decreased again to 1.5 larvae/100 bolls on the final date of sampling on 21 February.

3.3.5. Spatial distribution of larvae in unsprayed cotton

Except on the first two sampling occasions, the variance-mean relationship (Iy) was not
significantly greater than one (Chi-square test, d.f. = 11, p<0.05), suggesting agreement with a
Poisson (random) distribution (Table 3.9). Larvae sampled on 3 and 11 February had a Iy that
was significantly greater than one (p<0.05), implying an aggregated pattern of distribution.
Larvae sampled on 20 February had an Ipy of 0.36 which gave a calculated Chi-square outside
the 0.05 probability limits, implying a regular pattern of distribution.

Calculation of Morisita’s index of aggregation gave a similar result; larvae sampled on the
first two occasions had a value significantly greater than 1 (ANOVA, d.f. = 11 and infinity,

p<0.01 and 0.05), implying an aggregated distribution, while in the remainder of the samples

126



Biology in cotton

the index was not significantly greater than one (p>0.05), suggesting a random pattern of
distribution.

Iwao’s regression of mean crowding index (*m) on the mean (x) gave the following
equation:

Y =0.82 + 0.916*X (% = 0.967)
which was a better description of the data than Taylor’s power law of log variance (S 2) on log
mean (X):
Y =0.20 + 0.793*X (12 = 0.637)

As the slope (b) is close to 1 in Iwao’s equation, a random pattern of distribution is
suggested. The smaller value of b in Taylor’s power law suggests a more regular than random
pattern of distribution.

3.3.6. Optimum sample sizes and sequential sampling

It was estimated that it would take an experienced operator about eight minutes to pick and
process one sample unit of ten bolls. This estimate includes one minute to pick the bolls, six
minutes to thoroughly check bolls for larval infestation (see Discussion of this Chapter), and an
additional minute to walk to the next sampling point.

The optimum number of samples required to detect a larval infestation and costs involved
were much lower under Taylor’s power law than Iwao’s regression method (Table 3.10). If
larval infestation is at 5 larvae/100 bolls, the optimum sample size required at a 10% level of
precision, would be 46 samples of 10 bolls under Taylor’s power law or 356 samples under
Tawo’s regression method (Table 3.10). The costs involved in obtaining such a large number of
samples would be unacceptable at 6 or 47 man hours, respectively. If a 20% level of precision
was used the optimum sample size for Taylor's power law was reduced to 11 (cost = 1.5 man
hours) but remained high for Iwao’s regression method at 89 (cost = 12 man hours).

Fig. 3.13 gives a sequential sampling for P. scungem mfestmg bolls, based on an

F.D. Poge un Fu}si
economic threshold OEU/ 100 bolls Use of this samphn plan is discussed in section 3.4

of this Chapter. ‘{)/\/4 R

127




Biology in cofton

Table 3.9. Indices of dispersion for P. scutigera larvae infesting unsprayed cotton during the
1984/85 season. Means and variances based on a sample unit of 10 bolls collected from 12

sites on each sampling occasion.

Date bolls Dispersion index!
sampled Sample Sample o
(day/month) mean variance D Morisita
3/2 0.75 2.19 2.92% 3.67%*
11/2 1.08 2.28 2.11% 2.00*
20/2 1.67 0.61 0.36 0.63
2712 2.33 2.43 1.04 0.86
6/3 4.67 7.13 1.53 1.11
14/3 5.17 5.81 1.12 1.02
20/3 4.50 7.56 1.68 1.14
27/3 7.58 8.64 1.14 1.02
3/4 8.67 13.00 1.50 1.05
11/4 12.92 8.24 0.64 0.97

1. For ID * indicates value significantly greater than 1 at p<0.05 (Chi-square test, df =11),
while for the Morisita index * and ** indicates value significantly greater than 1 at p<0.05
and p<0.01, respectively (ANOVA, df = 11, «e).

1557
Table 3.10. Optimum sample sizes and costs (in 1p€n hours) for different population densities

of P. scutigera larvae infesting bolls, at 10% and 20% levels of precision, given by Taylor’s

power law and Iwao’s regression method (see text for equations). One sample unit = 10 bolls.

Optimum sample size

Mean density Taylor’s power law Iwao’s regression method
of larvae/ - --- - ---

sample unit 10% (cost) 20% (cost) 10% (cost) 20% (cost)
0.1 322 (43) g0 (11) 1812 (242) 453 (60)

0.3 85 (11) 21 (3) 598 (80) 150 (20)

0.5 46 (6) 11 (1.5 356 (47) 89 (12)

1.0 20 (3) 5 (0.7 174 (23) 43 (16)

5.0 3 (0.4) 1 (0.1) 28 &) 7 (D
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14 CONTROL REQUIRED

CONTINUE

SAMPLING

CUMULATIVE NO. LARVAE/ S.U.
o

NG CONTROL REQUIRED
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0 4 8 12 16 20 24 28

CUMULATIVE NO. OF SAMPLES

Fig. 3.13. Sequential sampling decision plan for P. scutigera larvae infesting bolls with a

confidence probability level of 90%. Sample unit (S.U.) = 10 bolls.
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3.3.7. Description of larval infestation of squares and bolls

Because of the low rate of infestation, few observations on the behaviour of larvae
attacking squares were made. When neonate larvae were placed onto squares in glasshouse
experiments, minor larval damage was often observed but no P. scutigera larva could be found.
In the squares which were Successfully infested, larvae entered the flower bud through any
point; through the base, sides or apex of the corolla. Large larvae (third and fourth instars)
caused extensive damage to the ovary and other reproductive parts, resulting in the square
being shed from the plant. One fourth instar was observed to web squares onto the plant which
prevented them from falling to the ground.

Larvae also entered bolls from any point; through the boll base (underneath the inner
bracts), or through the boll wall (calyx). Entrance through the boll wall was usually in a
protected area; either underneath the large outer bracts (boll sides) or at the very apex of the
boll underneath the old flower. In bolls collected from unsprayed cotton during the 1986/87
season (N=800 bolls), 66% of larvae entered bolls through the base, while 25% entered through
the sides and 8% entered through the apex (Table 3.11A). In sprayed cotion (Site 1) during the
1986/87 season, the point of boll entry differed (Table 3.11B). Of 137 larvae found in bolls
sampled from the crop edge (N=300), 47% entered through the sides of bolls, 28% through the
base and 25% through the apex. Only 20 larvae were found in 300 bolls sampled from mid-
crop; 55% entered through the boll base, 6% through the apex and 39% through the boll sides
(Table 3.11B).

Larval behaviour on infesting a boll varied according to the age of boll at infestation. The
following desecription is applicable for bolls aged approximately 1 to 6 weeks. Some larvae
made several holes before entering the boll, but often only a single entrance hole was visible.
Newly made entrance holes were extremely difficult to detect. Entrance holes becarne more
visible as the larvae fed, with the accumulation of frass and/or discolouration of the
surrounding tissue.

Larval development was completed within the same boll, even when bolls were removed
from the plant. Larvae were sometimes observed on the outside of bolls, in protected locations,

and the presence of head capsules suggested that this was the site of ecdysis. Generally, the
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Table 3.11. Point of P. scutigera larval entry in bolls collected from (A) unsprayed cotton on
three occasions during March, 1987, and (B) sprayed cotton (Site 1) on 4 and 5 April, 1987.
In sprayed cotton, bolls were collected from the crop edge or 200 m away from the crop edge

{(mid-crop bolls).

(A) Unsprayed cotton
Point of larval entry
Date No. bolls Total no. (no. / % of larvae)
sampled sampled larvae Apex Side Base
11 March 400 212 22 34 156
10.4 16.0 73.6
20 March 200 256 13 73 170
57 28.5 66.4
27 March 200 277 27 83 167
9.7 30.0 60.3
Total 800 745 62 150 493
8.3 25.5 66.2
(8.D.) (2.9) (7.7) 6.7)
(B) Sprayed cotton
Position No. of Total Point of larval entry
of bolls bolls no. of (no. / % of larvae)
sampled sampled larvae Apex Side Base
Crop edge 300 137 34 66 37

24.8 47.2 27.9
(1.2) (3.8) (3.5)

Mid-crop 300 20 2 10 8
5.6 55.6 38.9
(9.6} (17.3) (12.7)
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entire larval stage was spent feeding internally within the boll. When the point of entry was
through the base or sides, the larva initially tunneled and fed within tissues of the boll wall, just
below the surface. When larvae entered through the apex, initial damage was confined to the
very top of the wall or down the central axis. Larvae remained feeding within the boll wall
during the first three instars. These larvae often penetrated through the inner wall allowing the
entry of boll rots (Rhizopus spp.) into the developing lint and seed. On moulting to the fourth
instar, the larvae attacked the lint and seeds of the boll. At this stage most economic damage
was done. On completion of feeding, the fourth instar larva cut out of the boll leaving a large
characteristic hole.

Bolls previously damaged by P. scutigera larvae were often reinfested, particularly at the
end of the cotton season. When this occurred, all larval instars could be found within the
damaged areas of lint and seed.

3.3.8. Relationship of cotton boll age to larval attack

In the 1984/85 cotton season a total of 566 tagged bolls were examined and 128 larvae
found (0.23 larvae/boll) (see Appendix G for the size and number of bolls collected in each age
category). Larvae were found in bolls of all ages: from one day old up to 63 days old when
bolls were mature and fully open (Fig. 3.14A). No larvae were found in bolls 55, 61, 67 and 71
days old. Levels of infestation varied greatly with no discernible pattern in relation to boll age.
The highest number of larvae were found in bolls between 21 and 53 days old, with numbers
peaking in bolls 47 days old at a mean of 0.84 larvae/boll (Fig. 3.14A, Appendix G).

In the 1986/87 cotton season 501 tagged bolls were examined and 136 larvae found (0.27
larvae/boll) (Appendix H). A relationship between boll age and peak larval infestation was
evident only when each larval instar was considered separately (Fig. 3.14B-F). While all larval
instars were found in a wide range of boll ages, generally the age of boll in which peak
infestation occurred increased with increasing larval instar. First instar larvae were found in
bolls of all ages, from two to 46 days old, numbers were highest in bolls five and 18 days old
(0.33 and 0.11 larvae/boll, respectively) and few were found in bolls older than 31 days old.

Second instar larvae infested bolls of all ages, from two to 46 days old, except those 18-27

days old. Most were found infesting 30 and 37 day old bolls at levels of 0.14 and 0.12
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Fig. 3.14. Relationship between cotton boil age and P. scutigera larval infestation for; (A) all
larval instars during the 1984/85 cotton season, (B) all larval instars during the 1986/87 cotton
season, (C) - (F) for each larval instar separately during the 1986/87 cotton season. Arrow in

graphs (A) and (B) indicate the age at which bolls split open.
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larvae/boll, respectively.

Third instar larvae were absent in bolls less than ten days old and, as for second instars, no
larvae were found in 18-27 day old bolls. Infestation by third instars was highest in bolls 34-46
days old, peaking in 44 day old bolls at (.18 larvae/boll,

Very few fourth instar larvae were found in bolls younger than 25 days old with most
being found in bolls between 37-49 days old at (.29 larvae/boll.

As in the 1984/85 season, when total larval numbers were considered there was no
discernible pattern of infestation in relation to boll age (Fig. 3.14). Total infestation was highest
in bolls 36-46 days old and in bolls five and 15 days old due to the presence of more first instar
larvae. Infestation peaked in bolls 37 days old at 0.53 larvae/boll rather than in bolls 47 days
old as observed in the 1984/83 cotton season.

Yield loss was not measured but when a single P. scurigera larva infested bolls less than
six weeks old, total loss of yield invariably resulted. Very young bolls (less than one week old)
were shed from the plant when damaged. Older bolls damaged by larvae remained on plants
and continued to develop. While larval damaged was usually confined to a single locule, total
yield loss often resulted due to poor lint development in the remaining locules. Also, damaged
bolls only partially opened and could not be effectively harvested by mechanical cotton pickers.
Tf the bolls were infested when the lint and seed was almost mature (i.e. when over six weeks
old), little economic damage resulted. Usually, only the very basal seeds of these bolls were
damaged by larvae.

3.3.9. Recovery of larvae artificially infested onto cotton squares and bolls

Recovery of neonate larvae placed on bolls was much higher than when larvae were placed
on squares (Table 3.12). Of 204 larvae placed on 51 squares, 15 were recovered nine days after
infestation, a mean recovery of 6.8% (+4.7 S.D., range = 0-12.5%). Of 200 larvae placed on 50
bolls, 48 were recovered seven days after infestation, a mean recovery of 23.2% (+ 4.5 S.D,,
range = 19.4-28.9%).

3.1.10. Dispersal and survival of larvae emerging from eggs

Of the 200 eggs placed on eight cotton plants, 141 larvae emerged (70.5% egg hatch). A

total of 56 larvae were recovered from all eight plants, 24 and 48 hours after eggs hatched.
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Percent recovery ranged from 31.3 to 57.9%, giving a mean rate of recovery of 40.0% (+ 9.0
S.D.) per plant. In plants sampled 24 hours after egg hatch, 21 out of 35 (60%) larvae recovered
were found in bolls, 13 larvae were in small leaf buds (37.1%) and one larva was found in an
old dry flower attached to a boll. No larvae were found in squares or on leaves. In plants
sampled 48 hours after egg hatch, 17 out of the 21 (81%) larvae found were located in bolls,
three larvae were found in old dry flowers attached to bolls (14.3%), one larva was located in a
large square (4.8%), and no larvae were found in leaf buds or any other plant part (Table 3.13).

3.3.11. Site of pupaton

Prepupae and pupae were found in high numbers at the base of cotton plants in the
decaying leaf litter, close to or on the soil surface. In a sample of 1000 fallen forms, collected
from unsprayed cotton on 12 June 1986, 479 larvae and 176 pupae (26.9%) were found (the
number of prepupae was not recorded). In a further sample of 1000 fallen forms, collected on
20 June 1986, 354 larvae, 68 prepupae and 230 pupae (35.3%) were found. Prepupae and pupae
were also found in samples of leaf litter and soil collected from the base of cotton plants on 3
April, 1986. Two prepupae (one in the leaf litter and one on the soil surface) and seven pupae
(three in leaf litter and four on or near the soil surface) were found. All prepupae and pupae
were located inside a loose cocoon made of leaf litter and/or soil particles.

No prepupae or pupae were ever encountered inside the 4200 and 5400 green bolls that
were inspected immediately after collection during the 1984/84 and 1986/87 cotton seasons,
respectively. This was despite the presence of 3566 and 1705 P. scutigera larvae inside these
bolls. Similarly, no prepupae or pupae were encountered on any part of cotton plants (N = 15
plants) sampled to determine oviposition sites (see section 3.2.2.).

Low numbers of pupae were found inside dry, open cotton bolls, previously damaged by
P. scutigera larvae, at the end of the cotton season. In 300 dry bolls collected on 29 May, 1986,
a total of 268 larvae and 20 pupae (7.5%) were found. In another 300 dry bolls, sampled on 25
June, 1987, 243 larvae and three pupae (1.2%) were found. The number of larvae in the
prepupal stage was not recorded but was observed to be very low. Of those pupae found in

open bolls most were located inside damaged locules while a few pupae were found on the
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Table 3.12. Recovery of neonate P. scutigera larvae placed on squares or bolls of cotton
plants grown in pots in a shadehouse. Four newly emerged larvae were infested onto each

square or boll and inspected nine and seven days later, respectively.

No. of squares/ No. of No. of %
bolls infested larvae larvae larvae
Plant per plant introduced recovered recovered
Squares
1 8 32 4 12.5
2 4 16 1 6.3
3 6 24 3 12.5
4 7 28 1 3.6
5 5 20 1 5.0
6 9 36 4 11.1
7 7 28 1 3.6
8 5 20 0 0
Total 51 204 15 -
Mean 6.4 25.5 1.9 6.8
(8.D.) .7n (6.7) (1.6) (4.7}
Bolls
1 9 36 7 19.4
2 12 48 13 27.1
3 13 52 15 28.9
4 5 20 4 20.0
5 11 44 9 20.5
Total 50 200 48 -
Mean 10.0 40.0 9.6 23.2
(8.D.) (3.2) (12.6) (4.4) 4.5)
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Table 3.13. Recovery of neonate P. scutigera larvae on glasshouse cotion plants artificially
infested with 20 eggs. Eggs, laid on tissue paper, were pinned onto the

underside of large leaves at the base of each plant.

Location of larvae
No.eggs  No. larvae G 1arvae  -----emmemmemmoemsssmsmsmcmmeemoessmsens
Plant! emerged  recovered recovered Squares Flowers Bolls Buds
1 16 5 31.3 0 0 2 3
2 19 11 57.9 0 1 3 7
3 12 6 50.0 0 0 6 0
4 19 7 36.8 0 0 4 3
5 16 6 375 0 0 6 0
6 20 7 35.0 1 2 4 0
7 20 7 35.0 0 0 7 0
g 19 7 36.8 0 1 6 0
Total 141 56 - 1 4 38 13
Mean 17.6 7.0 40.0 0.1 0.5 4.8 1.6
(8.D.) (2.8) (1.8) (0.9) (0.4) 0.8) (1.8) (2.6)

1. Plants 1-5 were searched for larvae 24 hours after egg hatch.
Plants 6-8 were searched for larvae 48 hours after egg hatch.
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outside of bolls between the dry carpel wall and bract.

3.3.12. Egg parasitism

Placement of P. scutigera eggs in unsprayed cotton on 15 April, 1985, led to the discovery
of an egg parasitoid, later identified by Dr H. Nagaraja (Agricultural Consultancy Services Inc.,
Davao del Sur, Philippines) as Trichogrammatoidea bactrae Nagaraja. Of the original 1639
eggs exposed in the field for three days, 113 or 7.0% were parasitized by T. bactrae, although
many of the eggs disappeared presumably through predation and/or dislodgement by wind or
rain. Percentage recovery of eggs exposed in unsprayed cotton for three days on 8 January and
14.February, 1987, was recorded. Only 24.0 and 58.3% of the original number of eggs exposed
were recovered, respectively. Of those eggs recovered, 0 and 27.4% were parasitized by 7.
bactrae (Table 3.14A).

Many of the eggs placed in a commercial cotton field during 1985 (Site 1, A.
Shepherdson’s property) at the end of the season also disappeared after three days exposure.
The percentage of eggs recovered decreased from 66.7% at the crop edge to 30.5% at 50 m
away from the crop edge, and 13.3% at 100 m from the crop edge (Table 3.14B). Levels of
parasitism of the eggs remaining was higher at the crop edge than within the crop; 83.4% at the
crop edge, 14.8% at 50 m and 6.4% at 100 m from the crop edge. Expressed as the percentage
parasitism of the original number of eggs exposed, this gives 35.3, 6.6 and 4.8% parasitism at
the crop edge, 50 m and 100 m from the crop edge, respectively.

Levels of parasitism of eggs collected during studies on oviposition sites in unsprayed
cotton ranged from 6.1% in regrowth cotton during June 1986, to 50.0% during April 1983.
Parasitized eggs were also found in commercial cotton fields at the end of the growing season.
At Site 3 (I. Wilkie’s property) 25.0 and 43.8% of eggs collected from entire cotton plants on
30 April and 19 May, 1985, respectively, were parasitized. In another cotton field near Biloela
(T. Jensen’s property) the level of egg parasitism was 21.4% on 10 April 1986.

A laboratory colony of T. bactrae was readily established on P. scutigera eggs.
Development of T. bactrae, from parasitism of eggs to adult emergence, took 12.0 days at 259
C. Most parasitized eggs (45.8% of 384 eggs examined) contained a single female 7. bactrae,

although up to five parasitoids could develop in a single egg. Multiple parasitized eggs

138



Biology in cotton

Table 3.14. Parasitism of P. scurigera eggs by Trichogrammatoidea bactrae when exposed in

cotton fields for three days: (A) unsprayed cotton; and (B) commercial cotton (Site 1). Eggs

exposed in the commercial cotton field were placed in three locations on

26 April, 1985.

Percent

nf eggs
ziposed
parasitized

Percent

of eggs
exposed
parasitized

(A) Unsprayed cotton

Percent
Date Number Number Percent of eggs
€ggs of eggs of eggs of eggs recovered
exposed exposed parasitized recovered parasitized
15/4/85 1639 113 NR1 -

8/1/87 649 0 24.0 0

21/1/87 1236 38 NR -
14/2/87 357 57 583 274
1. NR = not recorded
(B) Commercial cotton:

Percent
Position Number Number Percent of eggs
of eggs of eggs of eggs of eggs recovered
in crop exposed parasitized recovered parasitized
Crop 490 218 66.7 83.4
edge
50 m from 379 25 30.5 14.8
crop edge
100 m from 454 12 13.3 6.4
Eotic B L
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Table 3.15. Parasitism of P. scutigera larvae by Apanteles sp. in unsprayed cotton over three
consecutive seasons. All larvae were collected from bolls. BI = number of P. scutigera

larvae/100 bolls, %P = percentage of larvae parasitized by Apanteles sp.

Cotton season

1984/85 1985/86 1986/87

Date BI %P Date BI %P Date BI %P
21/1 3 0 18/1 12 0 21/1 12 0
2711 3 0 25/1 2 0 172 18 0

32 7 0 2/2 7 0 712 16 0
1172 11 0 9/2 30 0 14/2 26 0
2002 17 0 16/2 50 0 2372 34 0
2772 23 0 23/2 62 1.6 2/3 34 0

6/3 47 0 8/3 111 1.8 12/3 78 3.2
14/3 352 0 10/3 176 2.6 20/3 121 3.3
20/3 45 0 17/3 170 1.2
27/3 76 8.2 25/3 221 2.7

3/4 87 12.7 3/4 150 6.0
11/4 129 6.9 9/4 180 8.0
17/4 90 11.1 21/4 231 19.5

3/5 125 6.4 6/5 178 8.5
28/5 136 16.2 16/5 257 13.2

6/6 172 18.6 28/5 280 16.1
12/6 187 17.6
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contained all possible combinations of males and females or one sex only. In the absence of
males, female T. bactrae readily parasitised P. scutigera eggs and produced all male progeny.
Longevity of T. bactrae varied according to sex and the number of individuals emerging
from the host egg. Females that emerged singly from parasitized eggs were the longest lived; at
250 Clongevity was 3.1 days (+ 1.3 S.D., range = 0.9 - 5.9 days) when provided with a 5%
sugar solution for food. Under the same conditions, mean longevity of females emerging from
multiple parasitized eggs was 1.99 days (+ 1.04 S.D.), while males emerging from multiple and
single parasitized eggs lived for 1.03 (+ 0.55 S.D.) and 1.28 (+ 0.85 S.D.) days, respectively.
Females (N = 10), emerging from eggs containing one parasitoid, parasitized a mean of 30.8
eggs during their lifetime at 25° C, when confined to 15 cm diam. petri dishes containing 60 P.
scutigera eggs. Seventy-one percent of those eggs were laid on the first day of emergence.

3.3.13. Larval parasitism

Parasitized P. scutigera larvae were first detected in collections of bolls from unsprayed
cotton at the D.P.I. Research Station, Biloela, in late March 1985. Specimens of adult
parasitoids were identified as Apanteles sp. (Braconidae) by Dr L. Galloway, Entomology
Branch, Q.D.P.1, Brisbane. Levels of parasitism were low despite very high P. scutigera
populations (Table 3.15). On 27 March, 1985, 8.2% of P. scutigera larvae were parasitized
when there were 76 larvae/100 bolls. Parasitism increased to 12.8% in the following week but
decreased to 6.9% on 11 April. On 28 May parasitism levels increased t0 16.2% but remained
at a similar level during the following two weeks despite an increase in P. scutigera infestation
from 136 to 187 larvae/100 bolls.

Similarly, in the 1985/86 season larval parasitism was very low in unsprayed cotton
despite very high P. scutigera populations (Table 3.15). Apanteles sp. were first detected on 23
February when there were 62.5 P. scutigera larvae/100 bolls, of which 1.6% were parasitized.
Levels of parasitism increased slowly while P. scutigera numbers increased rapidly. At the end
of May when boll infestation was 280 larvae/100 bolls only 16.1% of larvae were parasitized.

In the 1986/87 cotton season parasitized larvae were not detected in unsprayed cotton until

12 March at a level of 3.2% when P. scurigera boll infestation had reached 78 larvae/100 bolls.
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Although boll infestation increased to 121 larvae/100 bolls on 20 March, parasitism remained
at a similar level of 3.3% (Table 3.15).

Parasitized larvae were rarely found in commercial cotton fields. In the 1984/85 cotton
season parasitized larvae were only detected at the very end of the season when P. scutigera
populations increased in bolls produced after defoliation of the crop. At Site 1, on 29 April
12.2% of larvae were parasitized when boll infestation reached 134 P. scutigera larvae/100
bolls. Parasitism remained at this level on 12 and 19 May despite increases in boll infestation to
160 and 170 larvae/100 bolls, respectively. At Sites 2 and 3 parasitoids were only detected in
bolls sampled on 7 May at 10.3 and 23.5% level of parasitism when larval populations had
increased to 145 and 51 larvae/100 bolls, respectively.

Although boll infestation was very high at Site 1 in 1986, particularly along one crop edge,
parasitoids were only detected in bolls at the very end of the season on 17 April and 18 May
(10.0 and 2.5% parasitism, respectively). In April, 1986, parasitized larvae were also found in
other corﬁmercial cotton crops near Biloela and Theodore where substantial increases in P.
scutigera had occurred in fresh regrowth after crop defoliation. Levels of parasitism ranged
from 6.3 to 10.7% in fields where boll infestation ranged from 97.5 to 206 P. scutigera
larvae/100 bolls.

Apanteles sp. only parasitized first and second instar P. scuzigera larvae when confined to
petri dishes containing each larval instar. A single parasitoid larva emerged from a third or
fourth instar larva. Before emergence of the parasitoid larva, the host larva underwent
behaviour normally associated with ecdysis or pupation. Parasitized larva exited from the
cotton boll and usually built a loose silk cocoon. Soon after completion of the cocoon the
parasitoid larva emerged from the host.

On emergence from the host larva, the Apanteles sp. larva usually fed on any remaining '
internal fluids before constructing a cocoon. Some parasitoid larvae did not feed at all and the
degree of feeding also varied; some only partially removed the internal fluids of the host larva
while others removed all fluids including cuticular pigments, causing the parasitoid larva to
change in colour from creamy-white to pink. The parasitoid larva constructed a white silk

cocoon, ca 4 x 1.75 mm, in which pupation occurred. The remains of a parasitized larva (head
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capsule and cuticle) remained attached to the outside of the cocoon. These cocoons were often
observed on the outside of the cotton boll in which the P. scutigera larva infested, towards the
end of the season.

Development of Apanteles sp., from parasisism of a host larva to formation of a pupal
cocoon, took approximately ten days at 25° C, while emergence of the adult occurred on day
13 or 14 after parasitism.

Two species of hyperparasite were found attacking Apanteles sp. in unsprayed and
commercial cotton: larvae were parasitized by a species of Perilampus (possibly P.
queenslandensis Girault, Dr I. Galloway pers. comm.) while cocoons were multiple parasitized
by an unidentified species of micro-Hymenoptera. The degree of hyperparasitism was not
assessed but appeared to be very low.

3.3.14. Prepupal and pupal parasitism

Prepupal and pupal parasitism was very low; no parasites emerged from the pupae
resulting from 374 fourth instar larvae recovered from fallen forms sampled on the 12 June
1986. From 176 pupae found at the time of sampling, five parasitoids emerged
(2.8% parasitism). Two of the parasitoids were identified by Q.D.P.I. taxonomists as
Lissopimpla excelsa (Costa) (Ichneumonidae) and the remainder were an unidentified species
of Brachymeria (Chalcididae).

None of the fourth instar larvae (N = 280) or prepupae (N = 68) found in fallen forms
sampled on 20 June 1986, were parasitized. However, four parasitoids emerged from 230 pupae
found in the same sample (1.7% parasitism). Three of the parasitoids were identified as L.
excelsa and one as Brachymeria sp.

3.3.15. Sex ratio

The sex ratio of 2351 pupae, resulting from larvae infesting green bolls between 23

February and 20 June, 1986, did not significantly depart from an expected 1:1 ratio of males to

fernales (Chi-square test, P = 0.05, Table 3.16).
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Table 3.16. Sex ratio of P. scutigera pupae reared from larvae infesting bolls in unsprayed

cotton during the 1985/86 season.

Number of pupae Sex
Date bolls  ==-r-memmmmmmmmemes ratio
collected Male Female M:F) Chi-square
23/2 22 19 1.2:1 0.11 Ns!
3/3 68 64 1.1:1 0.06 NS
10/3 87 97 0.9:1 0.27 NS
17/3 71 68 1.0:1 2.16 NS
25/3 168 132 1.3:1 2.16 NS
3/4 122 108 i.1:1 0.43 NS
9/4 154 121 1.3:1 1.98 NS
21/4 115 109 1.1:1 0.08 NS
6/5 38 43 0.9:1 0.15 NS
16/5 48 33 1.5:1 1.39 NS
28/5 16 23 0.7:1 0.63 NS
8/6 93 87 1.1:1 0.10NS
12/6 109 126 0.9:1 0.61 NS
20/6 104 106 1.0:1 0.01 NS
Total 1215 1136 1.1:1 1.32 NS
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3.3.16. Nocturnal activity of adult moths

Figs 3.15-17 show the time of capture of P. scutigera males in pheromone baited traps.
Local air temperatures are also shown but data on wind speed has been omitted as no detectable
wind was present during periods of pheromone trap capture on all nights of observation.

In November, March and April the time of sunset was similar at ca. 18.5 8, 18.55 and 18.52
h, respectively, while in June sunset occurred at 17.37 h. On all nights of observation moths
become active at or soon after twilight before total darkness. On the night of April 7, 1985,
when moth behaviour was closely observed, activity began at twilight (18.17 h) and steadily
increased over the next few minutes. Feeding was first observed at 18.28 h and all moths seen
were active by 18.32 h. Females started laying eggs at 18.32 h but oviposition was sporadic
with frequent bouts of feeding and resting taking place. Moths remained very active until
around 21.30 h when there was a noticeable decrease in the number of moths walking or flying.
By 22.57 h all activity had ceased and did not resume until 00.45 h when three females were
observed calling. Calling females were recognized by their characteristic stance with wings
held over the body and the pheromone gland extruded. Males immediately responded by
walking and wing fanning towards the calling female with their anal claspers extended.
Activity was much lower and more sporadic than during the earlier part of the night probably
due to much cooler temperatures. Mating pairs were observed at 00.45, 00.55, 01.00, 01.10,
01.19 and 01.30 h. At 02.25 h all walking and flying ceased but five pairs remained mating. By
04.30 h no pairs remained mating and no further activity was observed.

A total of 97, 306 and 318 males were caught in pheromone traps over the three nights of
observations made in April 1985, November 1985 and March 1987, respectively. In June 1987
males were only caught on the first night of observations (N=53) as temperatures were to0 low
for activity on the two other nights.

On all occasions, except June 1987, the majority of males were caught between midnight
and 04.00 h but one male was caught between 22.00-23.00 h on the first night of observations
in March 1987. The hour in which the majority of moths were caught appeared to be associated
with local air temperature. On the coolest nights of observation between November and March,

most males were caught between 02.00-03.00 h whereas on warmer nights most males were
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Fig. 3.15. Hour of capture of male P. scurigera in pheromone traps placed in unsprayed cotton

for three nights during March 1987, Air temperatures recorded throughout each night are
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caught between 03.00-04.00 h.

The effect of temperature on pheromone trap catch was clearly evident in June 1987. On
the first night (24/6) pheromone traps were checked at twilight (17. 15 h) when the air
temperature was 219 C. Traps were not checked again until 18.45 h when the temperature had
dropped sharply to 11.1° C. Unexpectedly, by this time the three pheromone traps had caught a
total of 53 males (mean=17.7/trap). No further moths were caught during that night as
temperatures remained very low. On the two following nights in June no males were caught in
the pheromone traps as temperatures were even cooler at around 16.7° C at 17.30 h, dropping
to 11.1° C by 18.30 h.

A total of 333, 690 and 676 eggs were laid on the three nights of observation in March,
1987, respectively. Temperature appeared to influence the period of egg lay and the time of
peak oviposition (Fig. 3.18). On the warmest night (night 2) oviposition extended from the first
hour of darkness until 02.00 h. There was no distinct peak in oviposition but most eggs (over
80%) were laid between 07.00-09.00 h. On the coolest night (night 1) oviposition started in the
first hour of darkness but only extended up until midnight, with very few eggs (0.3%) laid
between 11.00-12.00 h. There was a distinct peak in oviposition between 08.00-09.00 h when
over 50% of the eggs were laid. On the third night temperatures were slightly warmer than
night 1 and oviposition occurred over a similar period of time but more eggs were laid between
11.00-12.00 h (3.1%). Peak oviposition occurred one hour earlier than on night 1 at between
07.00-08.00 h. While less than half the number of eggs were laid on the coolest night than on
the two warmer nights, it is difficult to ascertain temperature as the cause of this as the
reproductive status of the females may have changed (see Chapter 2).

Generally, the hour of capture of P. scutigera in a light trap over three nights in March,
1987, reflected the pattern of activity observed during oviposition and pheromone trap capture
(Fig. 3.19). On night 1, male and female capture was bimodal occurring between 19.00-21.00 h
and 01.00-03.00 h in the males and between 19.00-22.00 h and 01.00-02.00 h in the females.
The former peak coincided with the period of feeding, oviposition and perhaps dispersal while

the latter peak coincided with the period of reproductive activity and male capture in
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Fig. 3.18. Hour of oviposition of P. scutigera confined to oviposition chambers and placed in
unsprayed cotton for three nights during March 1987. Air temperatures recorded throughout

each night are shown in the top graph.
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pheromone traps. On the second night, males were caught continuously from the first hour of
darkness until 02.00 h while females were first captured at 19.00 h and continued to be caught
up to 04.00 h except for a break in capture between 02.00-03.00 h. Most males and females
were caught during the time of peak oviposition while a smaller number were caught during
the estimated period of calling and mating. On the third night few males were caught before
midnight with the majority being trapped between 01.00-03.00 h, coinciding with the time of
peak pheromone trap capture. Females were caught continuously from 19.00-02.00 h with
peak capture coinciding with the time of peak oviposition of caged moths. More females than
males were caught in the light trap at a ratio of 1 female to 0.6, 0.8 and 0.7 males for the three

nights of trapping.

3.4. Discussion

The seasonal incidence of P. scutigera infesting cotton observed in this study confirms
previous reports that this species is largely a late season pest and of economic importance
only when bolls are present on plants (Passlow 1961, Page et al. 1984b, Sabine 1969b). Rates
of larval infestation of squares was always very low, even in unsprayed cotton, and never
warranted control with insecticides.

The low rate of infestation of squares early in the cotton season may be related to the
ineffective carry-over of moth populations from one cotton season to the next. This aspect of
P. scutigera biology is discussed in Chapters 6 and 8. However, infestation of squares
remained low throughout the cotton season even when boll infestation increased to very high
Jevels, as seen in unsprayed cotton during the 1985/86 season. This suggests that squares are
either unattractive to larvae and/or that survival is poor.

The unattractiveness of squares was evident in the glasshouse experiment where the
distribution of larvae, hatching from eggs placed onto cotton plants, was determined.
Only one larva hatching from these eggs was found inside a square when plants were
searched 24 and 48 hours after egg hatch, compared to 42 larvae found in bolls or dry flowers

attached to bolls (Table 3.13). In Chapter 2 it was shown that although larvae confined onto
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squares successfully developed to the adult stage, development took twice as long as larvae
reared on bolls. Such slow development suggests an allelochemical effect and is further
discussed in Chapter 8.

The incidence of P. scutigera larvae infesting bolls was similar in both unsprayed and
sprayed cotton. Infestations were generally low until the end of January or early February,
after which populations increased sharply. No discrete generations of P. scurigera larvae
could be identified in any field or season. First instar larvae were present in bells sampled
throughout the 1987 season, in both unsprayed and sprayed cotton.

The relationship of boll age and suscepibility to larval attack was unclear. In both years of
observation, bolls aged between 30 to 48 days old contained the highest number of larvae.
This result may merely be an accumulative effect whereby older bolls have greater chance of
becoming infested with a larva as time progresses. Only when each larval instar is considered
separately can inferences about susceptibility to larval attack be made. First instars were
found in bolls of all ages, except those over 46 days old. Bolls older than 46 days are probably
unattractive because of their low moisture content. At this age the lint and seed is mature and
the boll begins to split open. Very little moisture is present in the carpel walls where initial
infestation by a P. scutigera larva takes place. The absence of second and third instar larvae in
bolls between 16 and 29 days old may be a consequence of poor survival rates through
antibiosis or allelochemical effects (see Chapter 8). Although first instar larvae were found in
these bolls, mortality may not occur until the larva starts to feed and tunnel within the boll
wall.

Few fourth instar larvae were found in bolls less than 15 days. This was expected as P.
scutigera larvae tend to feed within the same boll until completion of development.
Development to the fourth larval instar takes 10.9 and 15.0 days at 25 and 21° C constant,
respectively (Chapter 2). Mean monthly temperatures during February and March range
between 20-26.59 C (Table 3.1), therefore, for bolls to contain a fourth instar larva they
would have to be older than ca 10 to 15 days.

Larvae entered bolls through any point in the calyx, as observed by Holdaway (1926).

Infestation of bolls through the apex may have been associated with the retention of flower
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corollas. Farrer and Bradley (1985) found that retention of flower corollas by developing
cotton bolls increased the likelihood of infestation by Heliothis zea (Boddie) larvae. In
unsprayed cotton the major point of entry was through the boll base whereas in sprayed cotton
it was the boll sides (Table 3.14). This difference may have reflected greater levels of
predation in unsprayed cotton. Larvae entering through the boll base were probably better
protected from predators than those entering through more exposed regions of the boll sides.
In varieties of cotton other than DPL9O, the site of boll entry may differ, especially those with
frego bracts such as the Siokra variety.

The within-field distribution of P. scutigera larvae infesting bolls in unsprayed cotton was
initially aggregated but became random when populations reached more than 16.7 larvae/100
bolls. On the final sampling occasion (11 April, 1985) populations approached a regular
distribution when the number of larvae was extremely high at 129.2 larvae/100 bolls.
Apparent or real changes in the distribution of insects with increasing density have often been
observed. More commonly, the insect changes from a random distribution when at low
population density to an aggregated distribution at higher population densities, although many
forest insects and periodic cicadas show a tendency to become more randomly distributed at
higher densities (Southwood 1978).

Random patterns in a population of organisms imply environmental homogeneity and/or
nonselective behavioural patterns (Ludwig and Reynolds 1988). Clumping suggests that
individuals are aggregated in more favourable parts of the habitat. While a monoculture of
cotton may appear homogeneous, the fruiting pattern of individual plants can vary greatly
according to a number of agronomic factors and previous insect damage. Early in the season,
boll production may be uneven across the field causing an aggregated distribution of P.
scutigera larvae through selective oviposition by females and/or increased survival of larvae
in areas with a higher number of bolls per plant. As the season progresses and the plants
approach the peak fruiting stage, the density and distribution of infestable bolls per plant will
become more homogeneous resulting in a random distribution of P. scutigera larvae.

However, many other factors (abiotic and biotic) may influence the pattern of distribution of
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an organism.

The pattern of distribution of P. scurigera larvae in sprayed cotton fields may also differ
according to the efficiency of insecticide penetration and coverage. Poor spray coverage was
thought to be responsible for the observed "edge effect’ at Site 1 (A. Shepherdson’s property)
over three consecutive cotton seasons. At this site cotton was repeatedly grown adjacent to a
creek bordered by tall trees which impeded the flight of crop sprayers. Spray coverage along
the crop edge was further affected by an adverse wind direction.

An ’edge effect’ has been frequently described in studies of butterfly oviposition, where
individual host plants at the edge of a clump receive more eggs than plants in the centre.
Courtney and Courtney (1982), studying Anthocharis cardamines (L.), suggested that the
effect was due to two or more aspects of searching behaviour of ovipositing females. Females
tended to fly towards the nearest host plant on a flight path and lay an egg before dispersing.
Also, females appear to be more responsive to host plants after flying long distances, resulting
in plants at the edge of clumps receiving more attention.

Such behavioural patterns may also occur in female P. scutigera when searching for a host
plant to infest. However, the persistence of larval infestations in bolls along the crop edge at
Site 1, despite the application of insecticides, suggests that poor spray coverage was at least
part::responsibie. Furthermore, an "edge effect’ was not apparent in unsprayed cotton during
the 1985/86 cotton season. Poor spray coverage became obvious when crops were chemically
defoliated at the end of the season. Areas inaccessible to aerial sprayers remained green in
contrast with the rest of the defoliated field. This problem is further discussed in Chapter 8.

The detection of first instar larvae in bolls is a difficult and time consuming task. In the
1984/85 season, significantly more P. scutigera larvae were found in bolls incubated for 10-
14 days than in bolls inspected immediately after collection. Undoubtedly, this discrepancy
arose through poor detection of first instar larvae. Incubation of bolls for 10-14 days allowed
small larvae to develop into third or fourth instars which were easy to detect. In the 1986/87
season the discrepancy in larval counts between incubated and non-incubated bolls was not as
apparent due to greater experience in locating first instar larvae. Based on this experience, the

following method for detecting larvae in bolls is recommended:
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(1) Pick bolls off plants complete with the boll stalk.

(2) Fold back the bracts and inspect both the boll calyx and the inside surface of each bract
for larvae.

(3) Pull away the boll stalk so that the inner bract becomes detached to expose the base of
the boll. Inspect the inner bracts as well as the boll base for larvae. As first instar larvae found
in this location are often difficult to see unless they move, it is recommended that the inner
bracts and boll base are carefully observed for a 3-5 seconds before proceeding to the next
step.

(4) Split open the boll by inserting a knife into a suture, twisting the knife blade side-ways.
The knife should be inserted about mid-way between the boll base and apex to prevent
damage to any larvae infesting the apex.

(5) After splitting, pull the boll open and inspect the apex and central axis for larvae.
Again, first instar larvae are difficult to see unless they move, therefore, observe the apex and
central axis for 3-5 seconds before proceeding to the next step.

(6) Split apart all locules by inserting the knife between each suture. Pull away the lint to
expose the inner wall of each locule section.

(7) Inspect the inner walls for larval mines; if a mine is suspected peel away the covering
skin to expose the damaged area and verify the presence of a larva. This is necessary as
previous insecticide sprays, predation, natural antibiosis or other mortality factors may have
killed the larva. Also, damage caused by sap-sucking bugs can often be mistaken for P.
scutigera larval damage.

Once experience was gained, it took approximately six minutes to inspect a sample of ten
bolls in this way.

The optimal sample size needed to estimate the density of larvae within a 10% level of
precision was unacceptably high (Table 3.10). The use of a lower level of precision (20%)
gave more acceptable sample sizes but only when larval populations were more than or equal
to 5 larvae/100 bolls. Consequently, a sequential sampling plan would be more useful and is

given in Fig. 3.13. Under this plan, the grower or pest adviser would repeatedly inspect
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samples of ten bolls, collected from different points in the field, until the cumulative number
of P. scutigera larvae exceeds the upper limit (initiate control procedures) or is less than the
lower limit (no control required). Sampling should continue if the cumulative number of
larvae remains between the upper and lower lirnits but stop when a *maximum’ number of
samples have been taken. This maximum number can be set according to the constraints of
sampling costs (Smith and McDonald 1989) but it is recommended that at least ten samples of

[ R

ten bolls /\ taken to achieve acceptable levels of precision.

Such a sampling plan needs to be tested in commercial cotton fields but it could be easily
incorporated into existing plans devised for other cotton insects e.g. that given by the
SIRATAC computer programme (Hearn er al. 1981). Bolls could be collected during normal
SIRATAC insect sampling procedures, moving the recommended distance of five paces (ca 5
m) along the row and seven rows across between each sampling point.

The SIRATAC plan recommends leaving a buffer zone of 50 m around the edge of the
cotton field (except when sampling for aphids). Such a buffer zone cannot be recommended
for P. scutigera, especially if poor aerial spray coverage along crop edges is suspected.
Separate sampling plans for field edges may be required from the main body of the field.

The very low infestation of squares by P. scutigera larvae makes it unnecessary to sample
cotton crops for this pest until bolls are present on plants. Initiation of boll sampling for P.
scutigera larvae may be decided by using pheromone traps to monitor male activity (see
Chapter 4) or by using SIRATAC’s recommendation for roughbollworm (Earias huegeli
Rogenhofer) as a guideline. The SIRATAC plan recommends initiating sampling bolls for E.
huegeli when more than 5 bolls/m over two weeks old are present on plants. The SIRATAC
plan also recommends terminating sampling bolls for E. huegeli when there are less than 5
bolls/m less than two weeks old, and again this may be a useful guide for sampling P.
scurigera. Sampling should be conducted twice weekly or every three days to ensure P.
scutigera infestations are detected while larvae are in the first or second instar.

The presence of high numbers of P. scutigera larvae in freshly fallen forms can be
explained by the behaviour of larvae to remain in squares, flowers and bolls when shed by the

cotton plant. Once shed, larvae continue to feed on the fallen form and complete development
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on the ground. This behaviour was also seen when larvae infested the flowers of alternative
host plants (Chapter 5). The presence of a large larval population in fallen forms is
significant. These larvae would be largely unaffected by any insecticide applications, due to
protection by the plant canopy. Also, development of larvae to the adult moth would be
extremely variable according to the moisture content of the fallen form (see Chapters 5, 6 and
8 for further discussion). Consequently, moth emergence would be spread over & long period
resulting in a constant source of moths infesting the cotton crop.

The small size of P. scutigera eggs (0.56 x 0.32 mm), together with their concealed
placement and variability in location on the cotton plant, makes it impractical to develop an
egg sampling plan for monitoring moth populations. Hutchison er al. (1986, 1988) were able
to devise an egg sampling plan for P. gossypiella, which has similar sized eggs, as a
consistent proportion were laid on bolls where they were readily visible to the naked eye.

In contradiction with previous reports on oviposition sites of P. scutigera (Ballard 1927b,
Passlow 1964, Passlow and Sabine 1963), eggs are very rarely laid on squares or green bolls,
but mainly on leaves and leaf buds. The proportion of eggs laid on leaves and leaf buds
changed according to the physiological condition of the plant. At the end of the cotton season,
open boils became attractive sites for oviposition.

The concealed placement of eggs suggests that ovipositing females actively search over
cotton plants for sites that afford some protection to the developing embryo. Inducement to
lay an egg may occur only if tactile receptors on the female ovipositor are sufficiently
stimulated. The absence of eggs on squares and bolls may be simply due to the lack of
adequately protected surfaces. While the concealed position of eggs may afford some
protection from predators, parasitoids and adverse weather conditions, the resulting neonate
larva must be very vulnerable to these mortality factors. As few eggs are laid on or close to
the site of larval infestation, the newly hatched larvae need to activgf;erarch over the cotton
plant to locate a suitable feeding site.

The influence of T. bactrae on the population dynamics of P. scutigera infesting cotton

could not be assessed due to the difficulties in sampling moth eggs. Rates of larval parasitism
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were very low in all cotton fields sampled. Apanteles sp. was not detected in unsprayed and
sprayed cotton until the very end of the season when P. scutigera larval populations were
very high. Sands and Hill (1982) identified Apanteles oenone Nixon parasitizing P. scutigera
infesting H. tiliaceus in the Darwin region. Whether A. oenone was the species of Apanteles
found parasitizing P. scutigera in this study is unknown.

The absence of Apanteles sp. early in the cotton season may be partly due to the inability
of this species to effectimfrom one season to the next when host larvae are rare
or absent (Chapter 7). However, the slow increase in Apanteles sp. populations during the
remainder of the season may indicate that P. scurigera is not a suitable host species. Similarly,
very low levels of prepupal/pupal parasitism in unsprayed cotton at the end of the season may
be due to the unsuitability of P. scutigera as a host to L. excelsa and Brachymeria sp. There
are many factors which affect the suitability of a host for parasitization, such as size,
nutritional quality, host defenses and kairomones (Vinson 1976, Vinson and Iwantoch 1980).
Parasitism of P. scutigera by these species may only occur in the absence of normal hosts.
Both L. excelsa and the genus Brachymeria are known to parasitize Helicoverpa spp. in
cotton. The former was recorded in Queensland and New South Wales crops, while the latter
was recorded from the Ord River irrigation area (Bishop and Blood 1977, Evenson and
Basinski 1973, Room 1979, Wright and Nitikin 1964, Zalucki et al. 1986).

Contrary to previous reports (Passlow 1964, Passlow and Sabine 1963), the site of
pupation in P. scutigera during the growing season is not inside bolls but at the base of cotton
plants at the leaf lister and soil surface interface. No prepupa¢ or pupae were found on any
part of the cotton plant until the very end of the season when some pupae were found in dry,
partially opened bolls damaged by P. scutigera larvae.

Observations on the nocturnal activity of P.scutigera reported in this study closely agree
with those made by Vickers (1982a). Two distinct phases in the activity of moths can be
recognized; a dispersal and oviposition phase, and a sexual phase. The dispersal and
oviposition phase is marked by a high level of moth activity and feeding. It starts at dusk and
usually ends around midnight. The sexual phase is marked by lower moth activity and usually

occurs between midnight and dawn. Males respond to pheromone traps during this phase,
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coinciding with the period of calling in females. Differences in the level of activity of moths
during each phase may be partly related to temperature, butd;probably also behavioural.
Females were stationary during calling, while only those males responding to calling females
were active.

The onset and termination of each phase was affected by temperature. On cool nights the
period of sexual activity was advanced while on warm nights it was delayed. On very cool
nights, such as that observed in June, there may only be a sexual phase. Similar effects of
temperature on the nocturnal activity of moths have been observed in many other species €.g.
P. gossypiella (Lingren et al. 1989) and various Arctiid species (Webber and Conner 1986).

Threshold temperatures for P. scutigera oviposition and male capture in pheromone traps
can be approximated from the data. As no eggs were laid after midnight on the two coolest
nights of observation, a threshold temperature for oviposition can be estimated to lie between
17 and 19° C (Fig. 3.18). Based on the time of termination of pheromone trap capture on the
coolest nights of observation, the threshold temperature for male flight activity can be
estimated to Lie around 15 or 16° C (Figs. 3.15-17).

Interestingly, the nocturnal activity of P. scutigera is very similar to that of P. gossypiella,
with peak pheromone trap capture, oviposition, calling and feeding occurring at
approximately the same time of night (cf. Leppa 1972, Lingren et al. 1989, Lukefahr and
Griffen 1957, Van Steenwyk er al. 1978).
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CHAPTER 4

Monitoring P. scutigera populations with synthetic sex attractants

4.1. Introduction

Traps baited with synthetic sex attractants (herein called pheromone traps) are probably
the most specific, economical and convenient biological monitoring tool available today.
They are ideally suited for monitoring pests where an accurate assessment of the timing of
emergence and/or size of the adult population is needed (Riedl er al. 1976). Insecticides or
other control methods can then be coordinated more precisely with the life cycle of the insect
to achieve control.

The basic premise for monitoring insect populations with pheromone traps is simple but
problems are often encountered in the development of accurate and predictive sampling
methods (Birch and Haynes 1982). Interpretation of trap caich is complicated by the effects of
local environmental variables (such as temperature, wind speed and direction, moonlight and
cloud cover) on the number of insects caught over a single night (Dent and Pawar 1988). One
of the least understood variables that may affect pheromone trap catch is the degree of
competition imposed by the presence of virgin females (Croft er al. 1986).

It is often assumed that pheromone trap catch is well correlated with adult emergence or
other phenological events ¢.g. oviposition, egg hatch, damage (Wall 1989). Such a
relationship has been verified in relatively few studies (e.g. Allen et al. 1986, Carroll and
Rummel 1985, Johnson 1983, Ramos et al. 1989). Often, when investigated, the correlation
between pheromone trap catch and various phenological events has been found to be poor
(Batiste et al. 1973, Legg and Chiang 1984, Oloumi-Sadeghi et al. 1975, Shepherd et al.
1983, Trimble 1986). In some insects, such as Cydia pomonella (L.) and Ostrinia nubilalis
(Hubner), pheromone traps are only useful for monitoring the first flight or generation but not

the second (Ried! et al. 1976, Roelof et al. 1970).
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Similarly, for P. gossypiella in cotton, pheromone traps are useful for timing the first
insecticide spray but thereafter trap catch is poorly related to larval infestation (Henneberry
and Beasley 1985, Henneberry and Clayton 1982).

The impetus to develop a synthetic pheromone trapping system to monitor 2. scutigera
arose from the difficulties in detecting larval populations in the field (Chapters 1 and 3).
Despite contradictory results on their reliability for monitoring P. scurigera populations (cf.
Flint and Stone 1985, Page er al. 1984a, Rothschild 1983), pheromone traps are presently
used by some pest advisors for timing insecticide sprays in Central Queensland (M. Stone
pers. comm. ).

In this Chapter, experiments are presented to resolve questions on the usefulness of
pheromone traps for monitoring populations of P. scutigera. As outlined in Chapter 1,
Rothschild (1975) reported that pheromone traps baited with the Z,Z- isomer of 7, 11-
hexadecadienyl acetate were adequate for monitoring P. scutigera. He found that the addition
of small quantities of the Z,E- isomer to Z,Z- baits increased trap catch but not significantly.
However, Flint and Stone (1983) caught significantly more P. scutigera in traps baited with a
9:1 ratio of Z,Z- to Z,E- isomers than in traps containing the Z,Z- isomer alone. Baits were
obtained from both authors and tested in the field simultaneously to determine which was
most suitable for monitoring P. scurigera. The effects of pheromone trap design, trap
placement and bait age on the number of males caught is also reported. The correlation
between pheromone trap catch, light trap catch and subsequent larval infestation in cotton is

determined, using data given in Chapter 3.

4.2. Materials and methods

4.2.1. Comparison of baits

The number of males caught in pheromone traps baited with the Z,Z- isomer only and a
9:1 ratio of Z,Z- to Z,E- isomers of 7, 11-hcxadecadicny1 acetate was compared using baits
obtained fromDr G. H. L. Rothschild, C.S.I1.R.O., Canberra, A.C.T., Australia, and Dr H. M.

Flint, U.S.D.A., Phoenix, Arizona, U.S.A. Baits from each source are abbreviated to:
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RZZ - Rothschild’s Z,Z- isomer only

RO:1- " 9:1 ratio of Z,Z~ to Z,E- isomers

FZZ - FHint’'s Z,Z-isomer only

Fo:1- " 9:1 ratio of Z,Z- to Z,E- isomers.

Attractants obtained from Dr Flint originated from Farchan Chemical Co., Willoughby,
Ohio, U.S.A. The Z,Z- isomer was declared to be 98.8% pure with 1.2% Z,E- contaminant.
The Z E- isomer was 96.9% pure, with 2.2% Z,Z- and 0.9% unknown contaminant.

The Z,Z- isomer obtained from Dr Rothschild originated from Chemical Samples Division,
Albany International, U.S.A., and was declared to be 95% pure with 5% unknown
contaminant. The Z E- isomer originated from Bayer AG, LeverKiisen, West Germany, and
was stated to be 96% pure with 4% unknown contaminant.

F9:1 and FZZ baits consisted of 1-F red rubber sleeve stoppers (The West Company,
Phoenixville, Pennsylvania, U.S.A.), impregnated with 1 mg active ingredient of attractant
diluted in methylene chloride. The desired ratios of each isomer were prepared as described
by Flint and Stone (1985). Initially, the R9:1 and RZZ baits consisted of 1.5 cm lengths of red
rubber tubing (internal diam. 5 mm), impregnated with 1 mg active ingredient of attractant
diluted in toluene. However, for the 1986 and 1987 trials Dr Rothschild’s baits were
standardized with Dr Flint’s by using the same solvent and dispensers.

Trials were conducted in experimental (D.P.J. Research Station, Biloela) and commercial
cotton fields over three consecutive cotton seasons {1984-87). Details of trials conducted in
each field site over the three cotton seasons are listed in Table 4.1. In the 1984/85 season, the
commercial cotton fields used were the same as those where larval infestation was monitored
throughout the season, as described in Chapter 3. Only three of the four synthetic pheromone
baits were tested in these trials (F9:1, FZZ and RZZ) due to the unavailability of R9:1 baits.
On the D.P.I. Research Station during the 1984/85 season, field 1 (V2) was not sprayed with
insecticide during the period of observation and was described in Chapter 3. Fields 2 (M1)
and 3 (K1) were part of a cotton variety trial consisting of a large number of varieties with

DPL61 planted around the borders. Control traps, i.e. traps containing no synthetic baits, were
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also included in these trials. In field K1, one entire row of traps was placed on a fence 2 m
from the crop border while the other two rows were placed within the crop. In the 1985/86
season, the number of males caught in traps arranged in three 3 x 4 grids or four single
isolated lines was compared (Table 4.1). Trials were conducted in the same commercial
cotton fields (Sites 1-3) plus an additional site (Site 4, L. Shepherdson’s property), located 8
km NE of Biloela, where a single isolated line of traps was placed.' In the 1986/87 season,
commercial cotton Site 1 was the same site as in previous seasons, but Site 2 was a large field
of dryland cotton (T. Jensen’s property) as described in Chapter 3. The distance between rows
of traps and traps within rows was maximised according to the size of each field and are given
in Table 4.1.

In all trials the Delta trap design was used (see section 4.2.2.). Each row of traps contained
one representative of each treatment being compared. The initial order of reatments within a
row was assigned randomly, using random number tables. On counting the number of moths
caught, each bait type was rotated to the next position within the row to overcome any
positional bias in trap capture. Traps were suspended from metal posts and maintained at
plant canopy height as recommended by Rothschild (1983). On checking traps, moths were
counted and removed, replacing the trap when necessary. Fresh baits were used in all trials
except in the 1986/87 season when baits that had been exposed in the field for 14 days during
the 1985/86 trials were re-used. Used baits were wrapped in aluminum foil, and stored in a
freezer until required in the 1986/87 season.

Two-way ANOVA was applied to compare the number of males caught by each bait type
and trap row. Trap data collated from the three commercial cotton fields in the 1984/85
season were combined, as were data for single lines of traps in the 1985/86 season. In the
1984/85 scason trap catch over the first 20 trapping days (1-20 February) was selected for
analysis. In the 1986/87 season trap catch between 13 January and 16 March was used, while
in the 1985/86 season all trapping data (9-22 March) was used for analysis. This was done to
reduce the amount of time analysing trap data. In both seasons the dates selected for analysis

were representative of the number of moths caught over the entire trapping season.
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Table 4.1. Details of trials conducted over three cotton seasons to compare the trapping
efficiency of four synthetic pheromone baits (F9:1, FZZ,R9:1 and RZZ). The size of each
field, dates over which trap catch was monitored, trap arrangement (number of rows X
treatments) and the distance between traps is listed for (A) D.P.I. Research Station fields and

(B) commercial cotton fields.

A) D.P.I. Research Station, Biloela.

Distance
Field Trap between traps (m)
size  Dates traps  arrangement -—e- -
Season/field (ha) monitored (rows x trt)  Rows Within rows
1984/85@ M1 4.3 1/2-2/3 4x 5 grid 50 80
Kl 56 " 3x 5 grid 80 50
v2 27 ! 3x5grd 70 50
1985/86 K1 5.6  9-22/3 1x4line 50

v2 o 27 16/3-1/4 3x 4 grid 70 50
1986/87 V2 2.7 13/1-31/3 2x4grid 80 50

@ 1984/85 trials included control traps containing no synthetic bait.

B) Commercial cotton

Pistance
Field Trap between traps (m)
size Dates raps  aITangement  -------wes--remesoossees
Season/field (ha) monitored (rows x trtf)  Rows Within rows
1984/85# 1 30 1/2-2/3 1x3line - 100
2 25 ! 2x 3 grid 200 100
3 25 ! 2x 3 grid 200 100
1985/86 1 30 9-22/3 2x4 grid 700 50
~ 2 25 ! 3x 4 grid 80 50
3 10 ! 3x4gnd 80 100
4 70 " 1x4line - 100

1986/37 1 30 13/1-8/3 4 x4 grid 100 100
2 100 14/1-2172 3 x4 grid 100 100

#In the 1984/85 trials only F9:1, FZZ and RZZ baits were compared due t0 the
unavailability of R9:1 baits.
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4.2.2, Comparison of pheromone trap design

Four pheromone trap designs were compared to determine the most efficient and
convenient design to use for monitoring male P. scutigera:

a) Delta trap (Fig. 4.1.A) - a prism-shaped trap measuring 18 cm long, 10 cm wide at the
base, and 12 cm high when assembled. Traps were obtained from commercial suppliers
(Sandia Die and Cartridge, Albuquerque, New Mexico, U.S.A.) and consisted of waxed
cardboard, red on the outside with a white internal sticky surface. Originally designed by the
U.S.D.A. for monitoring gypsy moths (Foster et al. 1977), Delta traps are the most widely
used trap design for monitoring P. gossypiella in the U.S.A. (Flint and Merkle 1983). They
are also currently used in Australia by some pest advisors to monitor P. scurigera.

b) Pherocon 1C trap (Fig. 4.1.B) - manufactured by Zoecon Corporation (Palo Alto,
California, U.S.A.) for monitoring Tortricid moths. Traps consisted of an upper and lower
section (26 x 22 cm), made of white waxed cardboard, held together by a wire frame (9 cm
high when assembled). The removable lower section was coated with a sticky paste.

¢) Cup trap (Fig. 4.1.C) - an open ended cup-shaped trap used by Page ez al. (1984a,
1984b) for monitoring P. scutigera. A similar trap design was used by Rothschild (1983) in
some of his P. scutigera monitoring studies. Traps were constructed from white plastic cups
(Hygienic Lily 30SP), 11 cm long, 12.6 (top) and 9.3 (bottom) cm diam., with the base
removed and coated with Tanglefoot R

d) Funnel live trap (Fig. 4.1.D) - designed by Lingren ez al. (1980) for rapping male P.
gossypiella without the use of a sticky surface. The funnel live trap (FL.T) was constructed
from a large yellow plastic funnel (21 cm top diam., 24 cm long, 1.5 cm diam. spout) with a
clear plastic vial (5 x 10 cm) attached to the bottom spout. A roof made of white waxed
cardboard was glued onto the top of the funnel. Four equidistant entrance holes (5 cm diam.)
were drilled into the side of the funnel at 2 cm from the top rim.

All traps were baited with RZZ baits, pinned onto the top inside surface. Traps were
suspended from metal posts, using wire, at plant canopy height. The trial was conducted in
field V2 on the D.P.I. Research Station, Biloela, over a 12 night period between 5-16 April

1985. Three rows of traps, 80 m apart, were arranged in a randomized block design so that
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Fig. 4.1. Four pheromone trap designs compared for monitoring male P. scutigera: A) Delta

trap, B) Pherocon trap, C) Cup trap, D) Funnel live trap.
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each row contained one of each trap design. Traps within rows were spaced 50 m apart. Trap
catch was checked daily, rotating each trap design to the next position within the row to
overcome any positional bias in moth capture. The mean number of males caught/night in the
four trap designs was compared using a one-way ANOVA,

The capture efficiency of each trap design was determined by observing the number of
males caught over a 10 minute period during peak pheromone response (Chapter 3). Males
approaching within 1 m of the rap were counted at the start of the 10 minute period and
compared with the actual number caught at the end of the period. This was done on two
consecutive nights for Pherocon, cup and FLT traps and on three consecutive nights for Delta
traps. Observations were made using a 6 V battery operated head-lamp covered by red Kodak
filter.

4.2.3. Effect of bait age on trap catch

F9:1 baits were aged inside Delta traps suspended from a metal fence on the grounds of the
D.P.I. Research Station, Biloela, for 2, 4, 6 and 8 weeks, beginning in February 1986. When
all baits had reached the required age they were placed in fresh Delta raps and transported to
the field for testing. Three replicates of each bait age were compared with unexposed baits (0
weeks), arranging traps in three randomized rows; one row was placed at Site 1, while two
rows (spaced 100m apart) were placed in field V2 at the D.P.I. Research Statioq. Traps were
spaced 50-80 m apart within rows and the number of moths caught was recorded over five
consecutive nights between 12-16 April 1986. Traps were rotated each day to overcome any
positional bias in moth capture. Data from all three rows of traps were combined for analysis,
to give the mean number of males caught/trap/night for each bait age. A one-way ANOVA
was applied to test for significant differences in attractancy of the aged baits.

4.2.4 Effect of trap position

While conducting comparisons of attractants at Site 2 during the 1984/85 season, the effect
of trap placement on moth catch was also investigated. One row of traps (baited as described
in section 4.2.1.) was placed 2 m away from the crop edge and another row was placed in the

centre of the cotton field. Total trap catch in each row was compared for 16 days. On day 17,
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traps placed 2 m away from the crop edge were moved into the first row of cotton and further
comparisons in trap catch were made with traps left in the centre of the field over another 18
days.

The effect of row position on trap catch in all other cotton fields was also determined (see
section 4.2.1.). Data from Site 1 during the 1986/87 season was further analyzed to determine
whether traps situated along the crop edge caught significantly more moths than traps placed
at increasing distances away from this edge. As reported in Chapter 3, larval infestation of
bolls in this field was consistently higher along the crop edge than in the mid-crop region. The
total number of moths caught in four traps, positioned in four parallel rows at 1, 100, 200 and
300 m from the crop edge, was compared over six trapping periods. Trapping periods were
based on one full rotation of taps, so that each type of pheromone bait (F9:1, FZZ, R9:1 and
RZZ) was present once in each row position. This period varied according to the frequency
traps were checked. The dates of each period were: 1) 13-17 January, 2) 18-26 January, 3) 27
January-8 February, 4) 9-13 February, 5) 14-21 February, and 6) 22 February-5 March. For
statistical comparison, using a two-way ANOVA, trap catch in each period was expressed as
the mean number of moths caught/trap/night.

4.2.5. Seasonal incidence of male P. scutigera

The seasonal incidence of male P. scutigera, caught in F9:1 baited pheromone traps was
monitored in all cotton fields described in Chapter 3. The trapping period varied in each site
and season (see Chapter 3 and Figs. 3.4-3.12), but was usually initiated in the spring and
terminated on defoliation or harvesting of the cotton crop. Single traps (Delta design) were
placed on metal posts in each field and maintained at crop height. When traps were placed in
the field before the emergence of cotton seedlings, trap height was standardized to ca 1.5 m
above the ground. Trap catch was monitored every 1-5 days, replacing traps when necessary.
Baits were replaced at approximately monthly intervals or until trials to compare different
baits were conducted (see section 4.2.1.).

The time interval between major peaks in pheromone trap catch, at least 20 days apart, was
measured in day-degrees (DD) above 11.5° C and compared with the expected generation

time of 1031 DD and 555 DD for P. scutigera reared on squares and bolls, respectively
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(Chapter 2). Degree-day accumulations were based on weather data presented in Chapter 3.
The DEGDAY program of Higley er al. (1983) was used, choosing the sine-wave method for
calculating degree-days.

4.2.6. Correlation between pheromone and light trap catch

During the 1986/87 cotton season a battery-powered ultraviolet light trap was operated
alongside pheromone traps placed in unsprayed cotton at the D.P.I. Research Station. The
light trap was situated on the edge of the cotton field, ca 200 m away from the pheromone
traps. A block of plaster of paris soaked with Dichlorvos insecticide was placed inside the
collection bucket to kill trapped insects. The light trap was operated between dusk and dawn
for 29 nights between 17 January and 31 March, 1987. All P. scutigera caught in the light
trap were removed and sexed. Light trap catch was correlated with the number of males
caught in pheromone traps baited with F9:1, FZZ, R9:1 and RZZ baits, during the same night.

4.2.7. Correlation between pheromone trap catch and larval infestation of cotton

The number of male P. scutigera caught in pheromone traps, placed in cotton fields where
larval infestation was simultaneously monitored, was correlated with the number of larvae
detected in cotton squares and bolls. Details of larval sampling procedures were given in
Chapter 3.

Two methods of correlating trap catch with boll infestation were attempted. In Method 1,
simple correlations between accumulative trap catch and larval infestations were calculated
for each field and cotton season. Pheromone trap data from F9:1 baited traps was used
throughout, except for unsprayed cotton during the 1984/85 season when R9:1 trap caich data
was used. This was necessary due to the abnormally low number of moths caught by F9:1
baited traps in this field (see section 4.3.1.).

The cumulative number of males caught in traps for -3, -5, -7, -9 and -11 days before
bolls were sampled, was correlated with the number of first, first and second or all larval
instars found in bolls during the 1984/85 and 1986/7 cotton seasons. In the 1985/86 season,
because cotton bolls were incubated in ventilated plastic boxes before searching for larvae

(Chapter 3), the number of young larvae (second and third instar larvae) found in the
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incubated bolls was used to calculate correlations with trap catch and larval infestation.

| The second method (Method 2) of correlating trap catch with larval infestation took into
account a delay from the time moths were detected in traps to the time when egg laying and
egg hatch occurs. In Chapter 2 it was estimated that 74.3 degree-days (DD) were required for
P. scurigera eggs to complete development with an average preoviposition period of 42.3 DD.
‘The number of males caught in fraps over -1, -3, -5 and -7 days was calculated at either 74.3
DD (egg hatch alone) or 116.6 DD (preoviposition period plus egg hatch) before the date of
boll sampling. Calculations were made using data from F9:1 baited traps during the 1986/87
season only.

4.2.8. Statistical analysis

All data was transformed to logy (adding 1 to overcome problems with zero catches)
before statistical analysis to normalize the means. Only untransformed data is presented in the
tables and figures unless stated. Whenever ANOVA was applied to trap data, the 5% L.S.D.
test was used to separate means if the F value was significant.

Pearsons product mean correlation (Ryan et al. 1985) was applied to determine the
correlation between pheromone and light trap catch, and between pheromone trap carch and
larval infestation. The significance of the correlation coefficient (r) was determined by

comparing with critical values of r, as tabulated by Sokal and Rohlfs (1973).

4.3. Results

4.3.1. Comparison of baits

The results of all trials are summarized in Tables 4.2-4.5, giving the mean number of males
caught for each bait type and trap row.

1985/85 commercial cotton trials - 2,828 males were caught in all traps over the 38 day

test period (Fig 4.2). Comparison of the first 20 days of trapping with a two-way ANOVA,
revealed that significantly more males were caught at Site 3 than at Site 1 and 2 (p<0.01)
(Table 4.2). F9:1 baited traps caught significantly more males than both FZZ and RZZ baited
traps, while RZZ baited traps caught significantly more males than FZZ baited traps (p<0.03)

{Table 4.2). The overall percentage trap catch was 66.7, 7.2 and 26.2% for F9:1, FZZ and
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RZ7Z baited traps, respectively (Table 4.5).
1984/85 D.P.1. mials - 3,304 males were caught in all three D.P.L fields over the 29 day

trapping period. The results contrast markedly from the above commercial field trials. Traps
baited with F9:1 caught very few males and trap catch was not significantly different from
FZZ baited traps (p>0.05) (Table 4.2). R9:1 and RZZ baited traps caught similar numbers of
males (p>0.03), but significantly more than either F9:1 or FZZ baited traps (p<0.03). Fig. 4.3
shows the number of males caught in field V2 which is representative of trap catch in fields
M1 and K1. Mean percent trap catch over all three fields was 10.7, 9.0, 36.2 and 44.2% for
F9:1, FZZ, RS:1 and RZZ baited traps, respectively (Table 4.5).

1985/86 trials - 37,718 males were caught over all fields over the 14 day trapping periods.
Single lines of traps placed in field K1 and Site 4 caught significantly more males than the
two lines placed at Site 1 (p<0.05) (Table 4.3). F9:1 baited traps caught significantly more
males than all other bait types (p<0.05) at all sites except Site 2 where there was no
significant difference between F9:1 and R9:1 baited traps (Table 4.3). Although R9:1 baited
traps caught more moths than RZZ baited traps at most sites, the difference was never
significant (p>0.05). Both of these baits caught significantly more moths than FZZ baited
traps (p<0.05). Fig. 4.4 shows trap catch for each bait type in V2 which is representative of all
other field sites. Overall, the mean percent trap catch was; £9:1 39.6%, FZZ 10.8%, R9:1
25.8% and RZZ 23.8% (Table 4.5).

1986/87 trials -23,748 moths were trapped in all fields over the entire trapping period. For
the period of trapping compared with a two-way ANOVA, F9:1 baited traps caught
significantly more moths than all other baited traps in all fields (p<0.05) (Table 4.4). Both
R9:1 and RZZ baited traps caught significantly more moths than FZZ traps (p<0.05) except at
Site 2, where very high numbers of moths were caught throughout the trapping period (Table
4.4). As seen in the 1985/86 season, R9:1 baited traps consistently caught more moths than
RZZ baited traps but the difference was never significant (p>0.05). Fig. 4.5 shows the number
of males caught by all bait types placed in V2 over the entire trapping period, and again is

representative of the other two field sites. The overall mean percent rap catch was; F9:1
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Table 4.2. Comparison of synthetic baits for monitoring male P. scutigera. Mean trap catch

for all sites during the 1984/85 cotton season.

(A) Commercial cotton Sites 1-3

---------------------------------------------- ANOVA
Mean no. males/batt/night e e ----
---------------------------- Site Scurce of F
Site F9:1 FZZ RZZ mean ! variation df ratio p
1 3.6 0.5 1.6 1.9a Site 2 14.59 <0.01
2 5.8 0.1 1.0 2.3a Bait 2 4222 <0.01
3 14.4 0.6 5.4 6.8b Interaction 4 348 <0.05
-------------------- Error 171
Mean 792 04b 27¢  memeee- mmmmmm oo m o e
(B) V2 D.P.I. Research Station (unsprayed cotton)
e m e m e e e ANOVA:
Mean no. males/bait/night —--
------------------------------------- Row Source of F
Row F9:1 FZZ RS:1 RZZ mean variation df ratio P
1 1.2 0.7 4.4 6.6 3.2a Row 2 1.08 >0.05
2 1.8 1.2 8.6 8.8 5.1a Bait 3 2483 <0.01
3 1.4 1.0 3.8 5.9 3.0a Interaction 6 013 >0.05
------------------------------------------------------- Error 228
Mean 152 09a 35.6b 7.1b e
(C) K1 D.P.I Research Station
-------------------------------- ANOVA
Mean no. males/bait/night = cssememmememeeeeeoee oo
------------------------------------- Row Source of F
Row F9:1 FzZZ R9:1 RZZ mean variation df ratio P
1 0 0.4 1.3 1.2 0.7a Row 2 14.26 <0.01
2 2.9 22 123 7.5 6.2b Bait 3 543 <0.01
3 3.3 2.7 4.6 6.2 4.2a Interaction 6 0.63 >0.05
------------------------------------------------------- Frror 228
Mean 2.1a 1.8a 6.0b 5.0b = cmeemeemeeemmmee e
(D) M1 D.P.I. Research Station
------ ---- s —-ae ANOVA:
Mean no. males/bait/night - - mmmm e
---------------- Row Source of F
Row F9:1 FZZ R9:1 RZZ mean variation df ratio P
1 0.5 0.5 1.9 34 1.6a Row 3 972 <0.01
2 0.6 0.4 2.0 52 2.0a Bait 3 073 <001
3 1.0 1.0 2.3 2.9 1.8a Interaction 9 073 >0.05
4 0.1 0.2 0.7 0.7 0.4b Error 304
Mean 2.1a 1.8a 6.0b 5.0b
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Fig. 4.2. Comparison of the number of male P. scutigera caught in pheromone traps baited

with F9:1, FZZ and RZZ placed in three commercial cotton fields during the 1984/85 season.
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Fig. 4.3. Comparison of the number of male P. scutigera caught in pheromone traps baited

with F9:1, FZZ, R9:1 and RZZ in field V2 (unsprayed cotton) at the D.P.I. Research Station,

Biloela, during the 1984/85 season. Data for the F9:1 and FZZ baits have been plotted

separately from the R9:1 and RZZ baits

for clarity.
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Table 4.3. Comparison of synthetic baits for monitoring male P. scutigera. Mean frap catch

for all sites during the 1985/86 cotton season.

(A) Single trap lines
-—- e ANOVA:
Mean no. males/bait/might ~ =mmmeeememoooeemmommeeeees -
. --------- Row Source of F
Row F9:1 FZZ R9%:1 RZZ mean variation df ratio p
1A 392 137 242 29.0 26.5a Site 3 3372 <0.01
1B 732 207 580 493 50.3b Bait 3 826 <001
K1 1413 473 1085 80.3 94.3c Interaction 9 0.58 >0.05
4 1198 695 1121 1166 104.5¢ Error 160
X 934a 37.8b 75.7c 68.8¢
(B) Site 2
--------------------------------------------------------- ANOVA:
Mean no. males/bait/night - w—-
e - Row Source of F
Row F9:1 FZZ R9:1 RZZ mean variation df ratio P
1 1746 57.8 1377 839 11335a Row 2  0.83 >005
2 141.6 539 1339 1288 1l45a Bait 3 29.63 <0.05
3 1746 363 131.1 1034 11lda Interaction 6 1.82 >0.05
--- Error 132
% 163.5ac 49.3b 134.2cd105.4d = semememeescccmseesmsooresooswsesmoeeoooooo
(C) Site 3
ANOVA:
Mean no. males/bait/night - oo o ——-
mm e o e Row Source of F
Row F9:1 FZZ R9:1 RZZ mean variation df ratio P
1 508 50 182 214 239a Row 2 010 >0.05
2 583 103 155 223 26.6a Bait 3 21.04 <0.01
3 553 62 190 328 283a Interaction 6 0.83 >0.05
memmmm i m e e e Error 132
X 548 72b 17.6c 25.5¢ ---
(D) V2 D.P.I. Research Station (unsprayed cotton)
- ANOVA:
Mean no. males/bait/night e eammmmrne e e
e - Row Source of F
Row F9:1 FzZ R9:1 RZZ mean variation df ratio p
1 871.7 59 473 201 425a Row 2 805 <001
2 599 63 352 234 3lza Bait 3 32.82 <001
3 334 93 167 142 18.4b Interaction 6 271 >005
----------------------- Error 132
33.1c 222 e e

X 603a 1.2b
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Fig. 4.4. Comparison of the number of male P. scutigera caught in pheromone traps baited
with F9:1, FZZ, R9:1 and RZZ in field V2 (unsprayed cotton) at the D.P.I. Research Station,
Biloela, during the 1985/86 season. Data for the F9:1 and FZZ baits have been plotted

separately from the R9:1 and RZZ baits for clarity.

177




Pheromone trapping

Table 4.4, Comparison of synthetic baits for monitoring male P. scutigera. Mean trap catch

for all sites during the 1986/87 cotton season.

(A) Site 1
= AR 2 e 2 ANOVA
Mean no. male:s/bait/night1 ----- e -
- —eensunannme= ROW Source of F
Row F9:1 FZZ R9:1 RZZ mean variation ~df ratio p
1 421 39 22 216 224a Row 3 021 >0.05
2 314 90 285 222 228a Bait 3 2166 <0.01
3 295 55 235 153 184a Interaction 9 029 >0.05
4 303 46 270 232 213a Error 256
X 333a 57b 253c 20.6c
(B) Site 2
-------------------------- ANOVA:
Mean no. males/bait/night -—--
- Row Source of F
Row F%1 FZZ R9:1 RZZ mean variation df ratio P
1 10.3 3.7 160 57 8.9a Row 2 235 >0.05
2 243 2.2 5.3 5.8 0.4a Bait 3 14.14 <0.01
3 416 4.0 155 99 17.8a Interaction 6 1.14 >0.05
--------- - Error 132
X 254a 33b 123c 7.1b ---
(C) V2 D.P.L Research Station (unsprayed cotton)
------ -—-- ANOVA:
Mean no. males/bait/night -- ---
------------------------------------- Row Source of F
Row F9:1 FZZ R9:1 RZZ mean variation df ratio P
1 227 0.8 97 13.1 1l.6a Row 1 0.16 >0.05
2 18.9 55 148 3.0 10.6a Bait 3 1242 <0.01
- - Error 132
X 2082 32b 123c 8.1 mem e

1. Means within columns and rows followed by the same letter are not significantly different

(L.S.D. test, p=0.05).
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Fig. 4.5. Comparison of the number of male P. scutigera caught in pheromone traps baited
with F9:1, FZZ, R9:1 and RZZ in field V2 (unsprayed cotton) at the D.P.I. Research Station,
Biloela, during the 1986/87 season. Data for the F9:1 and FZZ baits have been plotted

separately from the R9:1 and RZZ baits for clarity.
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Table 4.5. Summary of bait comparison trials: the percentage trap catch for each bait type,

field site and cotton seasorn.

(A) Commercial cotton 1984/85 (B) D.P.I. 1984/85

% trap catch/bait % trap catch/bait
Site F9:1 FZZ R9:1 RZZ Site F9:1 FzZZ RS:1 REE
1 712 35 - 253 VZ 80 62 426 433
2 g1.1 2.6 - 16.3 K1 127 106 404  36.3
3 477 154 - 36.7 M1 11.3 103 255 529
Mean 667 72 - 262 Mean 107 90 362 442
S.D. 17.2 7.1 10.3 S.D. 2.4 2.5 9.3 8.3
(C) 1985/86 (D) 1986/87

% trap catch/bait % trap catch/bait
Site F9:1 FZZ R9%:1 RZZ Site F9:1 FZZ R%:1 RZZ
1A 36.9 13.0 22.8 273 1 342 109 29.3 256
1B 36.4 103 28.8 27.9 2 53.7 6.4 25.5 145
2 36.1 109 29.7 23.3 V2 49 42 315 194
3 523 67 16.8 24.3 ———————- N
4 28.7 16,6 26.8 24.5 Mean 10.7 9.0 362 44.2
V2 49.1 59 270 18.1 S.D. 9.8 34 3.0 5.6
K1 374 125 28.7 21.3 -
Mean 39.6 10.8 25.8 23.8
S.D. 82 3.7 4.6 3.4
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44.3%,FZZ7.2%, R9:1 28.8% and RZZ 19.8% (Table 4.5).

4.3.2. Comparison of pheromone trap design

The number of male P. scutigera caught in four pheromone trap designs was highly
variable, but over the entire period the Delta trap caught significantly more males than all
other trap designs (p<0.05) (Table 4.6). There was no significant difference in trap catch
between the Pherocon, cup and FLT designs (p>0.05). The overall mean number of
males/trap/night was 21.6 for Delta traps, compared to 8.9, 6.5 and 4.7 for the cup, Pherocon
and FLT traps, respectively.

Trap capture efficiency was highest in Pherocon traps, which caught 18.2% of all P.
scutigera males attracted to within 1 m of the trap, compared to 15.3%, 10.4% and 8.5% for
Delta, cup and FLT traps, respectively. The mean number of moths attracted to within 1 m of
Pherocon traps was low at 6.6 moths/10 minute observation compared to 23.6 and 25.8
moths/10 minute observation for Delta and FLT traps, respectively. Only 9.6 moths/10 minute -
observation were attracted to within 1 m of cup traps.

4.3.3. Effect of bait age

There was no significant difference in the number of males caught in traps containing baits
aged between 0 (unexposed) and 8 weeks (ANOVA F=O.52, df=4/20, p>0.05). A total of
8,589 males were caught in all traps over the 5 night trapping period. The mean number of
males/trap/night was 127.5, 104.8, 130.0, 106.9, and 103.4, for baits 0, 2, 4, 6 and 8 weeks
old, respectively.

4.3.4. Effect of trap position

At Site 3 during the 1984/85 cotton season, pheromone traps placed 2 m outside the cotton
crop caught significantly fewer males than traps placed within the centre of the crop (paired t-
test, t=3.383, df=15, p<0.001). Centre traps caught a mean of 11.8 males/trap/night compared
to 2.6 males/trap/night in traps situated outside the crop, over the 16 day test period. When
traps placed 2 m outside the crop were moved into the first row of cotton, there was no
significant difference in trap catch compared to centre traps over the following 18 nights (6.9

and 10.1 males/trap/night, respectively, t=0.776, df=12, p>0.05).

181



Pheromone trapping

Table 4.6. Comparison of four pheromone trap designs for monitoring male P. scurigera over

a 12 night period between 3-16 April, 1985. The number of replicates per trap design = 3.

Night Delta Pherocon FLT Cup

1 19.0 (10.6) 6.3 (1.2) 83 (0.6) 47 (4.0)
2 403 (22.3) 127 (1L.0) 177 (4.9 43 (2.9)
3 42.3 (41.9) 0.0 (3.5) 110 (14.9) 8.0 (4.4)
4 15.3 (17.0) 6.0 (2.6) 1.7 Q.1 57 (3.5)
5 7.0 (6.9 2.3 (0.6 33 (0.6) 0.3 (0.6)
6 17.7 (17.8) 6.0 (4.3) 03 (0.6) 73 (4.7)
7 19.7 (19.1) 0.7 (1.1 20 (L7 53 (3.2
8 10.7 (15.1) 1.7 2.1 0.3 (0.6) 2.7 (2.3)
9 47 (0.6) 1.7 (L5 0.7 (1.1 43 (6.7
10 9.3 (4.2) 1.0 (1.0 0 3.0 (2.6)
11 40.0 (7.0) 43 (2.5) 50 (7.8)  30.7 (10.2)
12 327 (172) 263 (21.5) 60 (7.8) 303 (9.9)
Mean! 21.6a 8.9b 6.5b 4.7b
+S.D. (20.1) (10.9) (10.1) (7.0)

% catch 51.8 214 15.6 11.3

1. Means followed by the same letter are not significantly different (L.S.D. test, P=0.05).

ANOVA: (log( catch + 1 transformed data) F=7.91, df=3/44, p<0.001.
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Table 4.7. Effect of pheromone trap position on the number of male P. scutigera caught at

Site 1 over six trapping periods between 13 January and 5 March, 1987. Number of traps per

row =4,
Distance Mean no. of males/trap/periodl

Trap  fTOMCIOP  ==-mmmmmmemewsms o oo oo oo oo “ee
row edge (m) 1 2 3 4 5 6 Mean (+S8.D.)
1 1 94 16 13 392 257 170 157

2 100 150 14 1.9 379 221 175 15.9

3 200 14.7 1.7 1.0 395 206 160 15.6

4 300 10.9 1.1 14 433 209 172 158
Mean 12.5 1.5 1.4 399 223 169 15.8

(+S8.D)

1. ANOVA: (logy transformed data)
Row position F=0.495, df=3/15, p>0.05
Trapping period F=261.826, df=5/15, p<0.001
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A similar effect on trap catch was seen in field K1 during the 1984/85 season. Significantly
fewer males were caught in the row of traps placed on a fence 2 m outside the crop (Row 3),
than in two rows placed within the crop (p<0.05) (Table 4.2). There was no significant
difference in trap catch between the three rows (all placed within the cotton crop) in V2
during the same season, but row 4 in M1 caught significantly fewer males than the three other
rows (Table 4.2).

In the other two cotton seasons, all rows of traps placed within the same field caught
similar numbers of males, except field V2 during the 1985/86 season when row 3 caught
significantly fewer males than rows 1 and 2 (p<0.05) (Table 4.2-4.4). This row of traps was
situated in cotton planted approximately six weeks later than the main body of the field. No
significant interaction between rows of traps placed within the same cotton field and bait
types was evident in any field or season (Table 4.2-4.4).

At Site 1 during the 1986/87 cotton season, there was no significant difference in the
number of males caught in traps situated along the crop edge (1 m within the crop) and traps
placed 100, 200 and 300 m away from this crop edge (p>0.05) (Table 4.7). The number of
males caught over the six trapping periods was significantly different (p<0.01) (Table 4.7).

473.5. Seasonal incidence of male P. scutigera

The seasonal incidence of male P. scutigera, caught in F9:1 baited traps, varied greatly
between cotton fields and seasons (compare Figs. 3.4-3.12 presented in Chapter 3). Trap catch
was lowest during the 1984/85 season and highest during the 1985/86 season.

The general pattern of trap catch was similar in both unsprayed and commercial cotion
fields. Large numbers of males were caught on placing traps in the field during the spring.
Trap catch was particularly high in late September, October and early November, before the
availability of squaring cotton. Usually, trap catch declined in late November/early December,
and remained at very low levels until late January/early February. At this time a sharp, well
defined peak in trap catch occurred, after which trap catch stayed at high levels for the
remainder of the trapping period.

The number of males caught in unsprayed cotton during spring was much lower than in
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commercial cotton, particularly at Site 1 during the 1985/86 season (compare Figs. 3.5 and
3.10). During the 1985/86 season, two broad peaks in trap catch occurred in unsprayed cotton
in early December and January which were not observed at Site 1. A sharp increase in trap
catch was observed in both fields in early February, after which trap catch remained at very
high levels. In the 1984/85 season, a very sharp increase in trap catch occurred simultaneously
in all three commercial cotton fields at the end of January (Figs. 3.7-3.9). The peak was
greatest at Site 2, where trap catch increased from 1 male/trap/night on 22 January to 58
males/trap/night on 26 January. A corresponding increase in trap catch was not observed in
unsprayed cotton until early February (Fig. 3.4).

In February and March there was considerable daily variation in trap catch at all sites.
Peaks in trap catch during these months were too closely spaced to represent successive
generations of moths and could not be related to general changes in air temperature or rainfall,
The distance between major peaks in pheromone trap catch, that were spaced at least 20 days
apart, varied greatly from 191 DD to 743 DD (Table 4.8). The majority of peaks ranged
between 350 and 500 DD apart. The longest distance between peaks occurred during the low
period of moth activity in December and January when between 580 to 743 DD accumulated.
The choice of pheromone peaks measured late in the cotton season was made entirely
subjective by the large number of closely spaced peaks.

The application of insecticides usually affected trap catch for only a few days or not at all.
For example at Site 1 during the 1985/86 season, an aerial application of pyrethroids
(Deltamethrin plus Lambdacyhalothrin) was made on 7 February. Trap catch decreased from
48 to 2 males/trap/night after spraying but immediately increased again over the following
days (Fig. 3.8). Another aerial application of the same insecticides on 17 February did not
result in any decrease in pheromone trap catch.

4.3.6. Correlation between pheromone and light trap catch

The number of P. scutigera caught in a light trap, situated in unsprayed cotton during the
1986/87 season, ranged from 0 (17 January) to 103 (25 March) moths/night. Male and female
catches generally increased together and were significantly correlated (r=0.7, df=27, p<0.01).

The correlation between the number of P. scutigera caught in pheromone and light traps
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Table 4.8. Distance between major peaks in P. scutigera pheromone trap catch (>20 days

apart), expressed in degree-days (DD) above 11.5°.

Dates of pheromone  ~===sssmmmmmmmmem e

Site/season peaks compared Days DD
V2 1984/85 3/11-11/12 38 487
11/12-6/1 26 324
6/1-11/2 36 537
11/2-8/3 25 404
Site 1 1984/85 9/11-10/12 32 384
10/12-26/1 46 714
26/1-27/2 32 485
27/2-28/3 29 404
Site 2 1984/85 6/11-11/12 35 452
11/12-26/1 45 743
26/1-22/2 27 404
26/1-27/2 32 485
Site 3 1984/85 7/11-11/12 34 439
11/12-27/1 48 728
27/1-27/2 31 359
9/2-6/3 25 403
6/3-28/3 22 283
V2 1985/86 4/11-4/12 30 393
4/12-3/1 30 493
3/1-5/2 33 489
5/2-9/3 31 457
Site 1 1985/86 4/11-3/12 29 380
3/12-31/12 28 443
31/12-8/2 39 580
8/2-11/3 31 439
11/3-12/4 31 409
Site 2 1985/86 6/2-10/3 32 457
22/1-24/2 33 481
Site 3 1985/86 22/1-2372 32 466
23/2-16/3 21 273
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Table 4.8. continued...

Dates of pheromone  ------«-semmmmcmmmem e enee o
Site/season peaks compared Days DD
V2 1986/87 25/10-28/11 34 381
14/11-15/12 31 367
15/12-13/1 29 450
13/1-1472 32 507
14/2-13/3 27 350
Site 1 1986/87 6/10-14/11 39 410
3/11-2/12 29 327
2/12-15/1 44 643
8/12-15/1 38 580
15/12-15/1 31 482
15/1-11/2 29 429
11/2-6/3 23 336
Site 2 1986/87 19/11-12/12 23 270
28/11-8/1 40 585
4/12-8/1 35 513
12/12-17/1 36 421

Table 4.9, Correlation between P, scutigera pheromone and light trap caich in unsprayed

cotton over 29 nights during the 1986/87 season.

T Comelation coefficient ()
T Syntheticbait
Light rap catch TPl FzZ  R%1 RZZ
Males 018 017 036 029
Females 0.02 -0.001 0.13 0.001
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on the same night was very poor regardless of which synthetic attractant was used,
particularly for female light trap catch (Table 4.9). Pheromone traps baited with R9:1
attractant gave the highest correlation coefficients of 0.36 and 0.13 for male and female light
trap catch, respectively, but these r values were not significant (p>0.05) (Table 4.8).

4.73.7. Correlation between pheromone trap catch and larval infestation

The correlation between trap catch and larval infestation in commercial cotton fields using
Method 1 was inconsistent between fields and seasons. At Site 1 significant correlations were
obtained in the 1984/85 and 1986/87 season but not in the 1985/86 season. Within seasons,
correlations were inconsistent between fields. For example in the 1984/83 season, significant
correlations were obtained at Site 1, but at Site 2 and 3 the correlation between trap catch and
larval infestation was very poor (Table 4.11). In the 1985/86 season, the converse was true:
Site 2 and 3 gave significant correlations but Site 1 did not. During this season, correlation
was improved in all fields when larval infestation at the crop edge was used in the
calculations, rather than the mean rate of infestation for the entire field, or infestation at the
mid-crop region (see Chapter 3 for further details on larval sampling procedures).

In the 1986/87 season very high correlation coefficients were obtained at Site 1. Values of
r increased when larval infestation at the crop edge only was considered, and when only
numbers of first instar larvae were used. At Site 2, correlation coefficients were very low and
often negative (Table 4.11).

In unsprayed cotton, significant correlations were obtained in all three seasons (Table
4.10). In the 1984/85 season, correlations were only significant when total larval infestation
was correlated with pheromone trap catch. In the 1986/87 season correlations were improved
when the numbers of first instar larvae or first plus second instars was used. Similarly, in the
1985/86 season correlations were improved when the number of young larvae found in
incubated cotton bolls was used, as opposed to total larval numbers (Table 4.10).

Generally, the longer the period over which pheromone trap catch was accumulated prior
to boll sampling, the higher the correlation with larval infestation.

Method 2 of correlating trap catch and larval infestation, where a delay of 74.3 and 116.6
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Table 4.10. Correlation between P. scurigera pheromone trap catch and larval infestation in

unsprayed cotton using Method 1 (see section 4.2.7 for details). N = number of data sets

correlated.
Correlation coefficient!
No. days trap catch accumulated

Larval infestation N -3 -5 -7 -9 -11
1984/84

All larvae 12 0.67 0.80 0.84 0.86 0.88
1st instars only -0.48  -0.30 -0.19  -0.16 0.05
1st + 2nd instars 0.01 0.22 0.32 0.28 0.56
1985/86

All larvae 13 0.52 0.57 0.68 0.75 0.77
Young larvae only 0.52 0.55 0.64 0.70 0.73
1986/87

All larvae 9 0.70 0.73 0.74 0.80 0.80
1st instars only 0.82 0.83 0.82 0.85 0.85
Ist + 2nd instars 0.87 0.87 0.86 0.88 0.89

1. Bold type indicates a significant correlation coefficient (p<0.05, df=N-2).
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Table 4.11. Correlation between P. scutigera pheromone trap catch and larval infestation in

comnmercial cotton using Method 1 (see section 4.2.7 for details). N = number of data sets

correlated.
Correlation coefficient]
No. days trap catch accumulated
Site Larval infestation N -3 -5 -7 -9 -11
1984/85 " '
Site 1  Mean infestation 9 0.68 065 052 066 071
Site 2 " " 9 027 018 -009 016 019
Site 3 " " 11 015 020 027 029 017
1985/86
Site 1  Mean infestation 12 0.10 036 036 042 048
Crop edge all larvae 020 043 043 047 052
" young larvae 0.16 039 039 046 049
Mid-crop all larvae 002 021 0.8 023 030
" young larvae 007 028 028 020 0325
Site2  Mean infestation 11 0.64 0.65 069 065 0.65
Crop edge all larvae 073 074 076 073 074
" young larvae 056 059 060 059 0.61
Mid-crop all larvae 041 042 044 040 0.40
" young larvae 040 040 040 036 036
Site3  Mean infestation 11 058 0.62 0.65 0.67 0.64
Crop edge all larvae 073 073 074 073 071
! young larvae 0.35 040 043 043 044
Mid-crop all larvae 0.50 057 061 0.3 0.62
" young larvae 042 046 051 056 0353
1986/87
Site1  Mean infestation 8 070 078 0.89 088 0.87
Crop edge all larvae 0.64 077 090 089 087
! Ists only 091 0.88 077 063 059
" 1sts + 2nds 0.82 087 0838 080 0.77
Mid-crop all instars 050 049 070 079 082
" 1sts only 0.39 048 054 049 046
" Lsts + 2nds 032 045 050 046 044
Site2  Allinstars 6 0.19 011 009 -029 -042
1st instars only 0.63 -030 -026 -0.98 -0.96
1st + 2nd instars 0.37 -006 -007 -070 -0.79

1. Bold type indicates a significant correlation coefficient (p<0.05, df=N-2).
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Table 4.12. Correlation between P. scutigera pheromone trap catch and larval infestation
during the 1986/87 season using Method 2 (see section 4.2.7 for details). N = number of data

sets correlated.

Correlation coefficient (r)1

No. days trap catch accumulated

Delay =~ eememmmemesssmemmmeeooooocmsssmeoseeooooos
Site in DD N -1 -3 -5 -7
V2D.PI 74.3 9 (.82 0.80 0.76 0.73
116.6 0.82 0.76 0.79 0.81
Site 1
Crop edge 74.3 8 0.60 0.61 0.46 0.42
116.6 0.59 0.56 0.39 0.11
Mid-crop 74.3 8 0.67 0.72 0.53 0.47
116.6 0.52 0.42 0.29 0.44
Site 3 74.3 6 0.09 -0.02 -0.19  -0.29
116.6 -0.64 -0.40 -0.43  -0.35

1. Bold type indicates a significant correlation coefficient (p<0.05, df=N-2).
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DD was included to allow for a preoviposition period and/or egg development, did not

improve correlation coefficients in either unsprayed or commercial cotton fields (Table 4.12

4.4. Discussion

The seasonal incidence of male P. scutigera observed in this study agrees closely with that
reported by Murray et al. (1982), Page et al. (1984a, 1984b) and Rothschild (1983), and is
discussed further in Chapter 8. In support of Rothschild (1983), there was no consistent
correlation between pheromone trap catch and larval infestation. In commercial cotton fields,
high pheromone trap catch was not always associated with a subsequent increase in larval
infestation. This was also true in unsprayed cotton early in the season before plants produced
bolls.

Many factors may have been responsible for the inconsistent relationship between
pheromone trap catch and larval infestation. Pheromone traps are probably much more
efficient at detecting the presence of low density P. scutigera populations in a crop than
current larval sarmpling techniques (Chapter 3). Early in the cotton season, larval survival is
probably very poor due to the unsuitability of seedling and squaring cotton plants to support
tarvae. Hence, while a high pheromone trap catch may indicate the presence of egg-laying
females in the crop, the poor survival of larvae does not lead to a detectable infestation.
Larvae survival will be further limited in commercial cotton fields due to intense spraying of
insecticides during this stage of cotton, mainly against Helicoverpa spp. and sap-sucking bugs
(Chapter 3).

The application of insecticide sprays often had little or no impact on the number of male P.
scutigera caught in pheromone traps; a phenomenon also noted by Flint and Stone (1985).
This may indicate that males caught in pheromone traps originated from areas outside the
crop and/or emerged from locations within the crop inadequately covered by insecticide. The
site of pupation in P. scutigera is mainly at the base of cotton plants (Chapter 3) where
insecticide penetration is poor (Uk and Courshee 1982). The presence of high larval

populations along the crop edge of some commercial cotton fields, as described in Chapter 3,
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was thought to have be due to poor insecticide coverage, and may have been another source
of males caught in pheromone traps. This will be discussed further in Chapter 8.

The continuous capture of male P. scurigera in pheromone traps immediately following
the application of insecticides, but the absence of a corresponding increase in larval
populations, may indicate that spray residues were effective at reducing subsequent
population events such as reproduction, oviposition, egg hatch and/or larval infestation. The
sublethal effects of insecticides on P. scutigera mating and behaviour are unknown. Although
Floyd and Crowder (1981) reported no effect of sub-lethal doses of permethrin on the mating
ability of male P. gossypiella when confined to small cages with females, Haynes and Baker
(1985) found that similar concentrations of permethrin did affect the mate-locating behaviours
of males and the rate of pheromone release in females.

Female P. scutigera may be more susceptible to insecticide residues remaining on cotton
plants than males through increased exposure during oviposition. As reported in Chapter 3,
female P. scutigera appear to acti@_{arch over cotton plants for suitable oviposition sites.
Perhaps more importantly, or in conjunction with this effect on females, eggs are very rarely
laid on the site of larval infestation (Chapter 3), forcing the neonate larva to search over the
cotton plant for food and increasing its’ exposure to insecticide residues. The period over
which insecticides remain effective varies according to the species of insect, type of chemical
used, environmental conditions and the growth rate of the crop (Wilson ez al. 1983). Wilson
(1984) found that cotton leaves sprayed with insecticides, such as pyrethroids, remained 90%
effective at killing small Helicoverpa spp. larvae for up to 10 days at 259 C.

The significance of the very poor correlation between pheromone and light trap catch is
unknown. More data is needed to compare the two trapping methods and to verify whether
light traps are any better at indicating actual moth populations in the field than pheromone
traps. A comparison of pheromone and light trap catch is complicated by the differential
effect of environmental variables, such as moonlight, cloud cover, wind speed and
temperature, on the trapping efficiency of both methods (cf. Dent and Pawar 1982, Kaae and
Shorey 1973, McGeachie 1989).

Within fields, trap catch varied considerably between replicate traps and between nights.
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Rothschild (1983) also noted considerable daily fluctuations in P. scutigera pheromone trap
catch which could not be related to air temperature during the main nocturnal flight period of
males, or the lunar cycle, This variability, together with the inconsistent relationship with
larval infestation make it impossible to use a threshold trap catch for timing insecticide sprays
against P. scutigera as suggested by Page er al. (1984a). The measurement of the distance
between major peaks in pheromone trap catch gave variable results. The majority of peaks
selected measured between 350 and 500 DD (above 11.5° C) apart which is shorter than the
expected generation time of 1031 and 555 DD for P. scutigera feeding on cotton squares and
bolls, respectively (Chapter 2). Selection of peaks was subjective due to the large number of
closely spaced peaks in some fields, particularly at the end of the cotton season.

Again many factors may have caused variability in pheromone trap catch e.g. interaction
between closely spaced traps, competition with feral females, and trap location. The effect of
trap interaction was not analyzed in this study but some authors have found that upwind traps
often suppress the number of males caught in downwind traps (Elkington and Cardé 1988,
Perry and Wall 1984, Wall and Perry 1978, 1980). Several studies have shown that the
efficiency of pheromone traps declines with increasing insect density and this has been
attributed to competition with feral females (Croft et al. 1986, Howell 1974, Knight and Croft
1987, Minks and DeJong 1975, Riedl et al. 1976).

The effect of trap location within rows was minimized by rotating traps each time the
number of males caught was checked. Row position did not significantly affect rap catch
except when traps were placed outside the crop or in younger cotton. Rothschild (1983) found
no significant difference between total catches of P. scutigera in trap lines set ‘within or along
the edge’ of a block of cotton. Unfortunately, it is unclear from his paper whether the edge
traps were placed within the last row of cotton or actually outside the crop. Page ez al. (1984a)
interpreted the paper as meaning traps were placed outside the crop, and subsequently placed
their traps 1 m from the edge of the cotton. The results from this study imply the opposite
interpretation.

The conflicting results obtained by Rothschild (1975, 1983) and Flint and Stone (1985),
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concerning the attractancy of baits to male P. scutigera, were confirmed in this study. When
attractants obtained from Dr Rothschild were used, there was no significant difference in the
number of males caught in pheromone traps baited with the Z,Z- isomer alone, or with a 9:1
mix of the Z,Z- and Z,E- isomers. In contrast, excluding the anomalous results from the
1984/85 D.P.1L. trials, the Z,Z~ isomer alone obtained from Dr Flint caught significantly fewer
males than a 9:1 mix of Z,Z- and Z,E isomers.

The most plausible explanation for these results is the difference between the purity of
attractants obtained by each author. The Z,Z- isomer used by Dr Flint was comparatively pure
(98.8%) and was known to contain 1.2% of the Z,E- isomer as contaminant. Dr Rothschild’s
source of Z,Z- isomer was less pure (95%). The amount of Z,E- present as a contaminant was
not known but may have been as high as 5%. If high levels of the Z,E- isomer as contaminant
were present in RZZ then this would explain it’s greater attractiveness to male P. scutigera
than the more pure FZZ baits.

As F9:1 baited traps consistently caught significantly more males than R9:1 baited traps
(except in the 1984/85 D.P.L trials), the optimum ratio of the Z,Z- and Z,E- isomers for
attracting P. scutigera may be more critical than previously thought. Rothschild (1975, 1983)
found no significant difference in trap catch when 1, 10 or 100 ug of Z,E- isomer was added
to 1000 ug of Z,Z- isomer but these tests need to be repeated using more pure formulatons of
the Z,Z- isomer.

The results obtained in the 1984/85 D.P.I. trials, where F9:1 baited traps did not catch
significantly more males than FZZ baited traps, are considered unrepresentative of normal
F9:1 trap catch and due to experimental error. Unfortunately, the cause of this error is
unknown. Baits used in D.P.IL trials originated from the same batch as those used in the
1984/85 commercial cotton trials, where F9:1 baited traps caught significantly more males
than FZZ and RZZ baited traps. The density of traps placed in the D.P.L fields was too low to
have caused disruption of sexual communication in P. scutigera. Placement of fresh baits in
the same fields, at similar trap densities, during the next two cotton seasons did not give the
same anomalous results. The possibility that F9:1 baits were mistaken for FZZ baits can be

discounted as not enough FZZ baits were available during this season to allow twice the
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intended number of traps to be baited. The only possible explanation for the unusual result is
that the F9:1 baits used in the D.P.L trials were inadvertently contaminated with an unknown
substance, thus reducing their attractiveness to male P. scutigera.

During the course of this study the sex pheromone of P. scutigera was identified by Dr C.
Whittle, Division of Entomology, C.S.L.R.O., Canberra. Both the Z,Z- and Z,E- isomers of
7,11 hexadecadieny! acetate were found. Most individuals contained 13-14% of the Z,E-
isomer together with the main Z,Z- component, with only a 1-2% deviation between females
originating from different host plants (G. H. L. Rothschild pers. comm.). Minor trace
components, of undisclosed identity, were also detected in the female pheromone. In
preliminary trapping trials, conducted at the end of the 1986/87 cotton season, the addition of
the trace components did not significantly increase trap capture (unpublished results).

With the identification of the female pheromone there is a need to repeat trials conducted
by Rothschild (1975) where the attractiveness of Z,Z- baits with different amounts of Z,E-
isomer added was compared. Until such work is completed it is recommended that baits used
for male monitoring P. scutigera are standardized to contain both the Z,Z- and Z,E- isomers
in a 9:1 ratio.

The release rate of synthetic pheromone from baits used in this study was not measured.
Baits containing a 9:1 mix of Z,Z- and Z,E- isomers obtained from Dr Flint remained suitable
for monitoring P. scutigera for at least eight weeks in the field. Flint ez al. (1978) reported
that baits for monitoring P. gossypiella, containing 1:1 mix of the same isomers at the same
concentration, produced a 1st-order release curve and had an average half-life of 120 days in
the field.

Of the four pheromone trap designs compared, the Delta trap was the most suitable for
monitoring male P. scutigera populations. The Delta trap was the most efficient design at
attracting and capturing male moths. Although the funnel live-trap (FLT) attracted a similar
number of males to within 1 m of the trap, the Delta trap had a much higher capture
efficiency. Moths approaching FLTs rarely entered the traps and those that did readily

escaped. In Delta traps, more approaching males entered traps, usually by landing on the
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folded ends of the trap opening and walking inside. Very few of the moths observed entering
Delta traps escaped.

Lingren et al. (1980) also found that both trap types attracted a similar number of P.
gossypiella males but their FLTs had a higher capture efficiency (38%) than Delta traps
(23%). While the FLT design reported in their paper was closely followed it is possible that
slight differences in the materials used to construct traps and/or trap dimensions, may have
affected the capture efficiency of FLTs used in this study. Alternatively, differences in the
behaviour of the two moth species may have contributed to the low catches of P. scurigera in
FLT traps.

The capture efficiency of Delta traps (15.3%) is lower than that reported in other studies
using the same or a similar trap design. As already stated, Lingren er al. (1980) found that
Delta traps were 23% efficient at catching male P. gossypiella. Lewis and Macaulay (1976)
reported that triangular traps, similar to the Delta trap design, caught 21-29% of pea moths,
Cydia nigricana (Steph), attracted to within 2 m of a trap. The low capture efficiency of
Delta traps in this study may reflect that an inferior synthetic atractant (RZZ) was used.

Lewis and Macaulay (1976) related the efficiency of a pheromone trap design to attract C.
nigricana, on the shape of the pheromone plume emitted. They found that the most efficient
trap design, the triangular trap, emitted a long thin plume which persisted even in partial cross
winds. A covered funnel trap, similar to the FLT used in this study, produced a much broader
plume that retained a directional element what ever the wind direction. In contrast, the plume
from a ‘Pherocon’ 1C trap was erratic, being elongated when the wind blew directly
lengthwise but diffuse in partial cross winds.

The colour of each pheromone trap design was not standardized and this may have
influenced the number of males approaching or landing on a trap. The effect of trap colour
has rarely been investigated (Carde and Elkington 1984, Wall 1989), although some studies
have shown that colour can significantly affect the number of insects trapped (McLaughlin et
al. 1975, Mitchell er al. 1989).

For monitoring purposes, where the foremost concern is sensitivity of the pheromone trap

to detect the presence P. scutigera, the Delta trap was the most suitable design tested. The
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plastic cup trap design, previously used in some studies (e.g. Page eral. 1982), is not as

sensitive as the Delta trap in detecting the presence of P. scutigera and its use should be

discontinued. \
L
. . . . . . e
The Delta trap, however, is not a suitable design for studying the population dynamics of
i.’-‘/u\
P. scutigera due to rapid trap saturation under high moth densities. When more than o W
approximately 80 moths were caught within in a single night the wing and body scales o '.ff;\ ¢
' PR
trapped moths covered the layer of sticky glue, thus preventing the retention of moths - 5 |
Ry
',\,L/'
~ LY

subsequently entering the trap. Trap saturation may have caused the difference in the -
attractancy of F9:1 and FZZ baited traps to have been underestimated. The difference in trap
catch varied considerably from 1.7 to 30.9 more moths in F9:1 baited traps than FZZ baited
traps. It can be envisaged that under high moth populations F9:1 baited waps would quickly
reach the point of saturation where no or very few of the moths subsequently atracted to the
traps are retained. Over the same period, the less attractive FZZ baited traps would continue
to accumulate moths, albeit at a slower rate. Consequently, the difference in the number of
moths caught by each bait would decrease the longer the period over which F9:1 traps
remained saturated. In order to make more accurate cornparisons of the attractancy of
pheromone baits, it may be necessary to omit data whenever trap saturation occurs or to use
an alternative trap design.

A more suitable pheromone trap design for studying P. scutigera population dynamics
may be the Huber oil trap (Huber and Hoffman 1979) which employs a liquid rather than a
sticky surface to retain moths. Huber and Hoffman (1979) found that the oil rap caught on

average six times more male P. gossypiella than the Delta trap.
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CHAPTER 5

Alternative host plants of P. scutigera in central Queensland

5.1. Infroduction

Alternative host plants are considered to play a minor role, if any, in the carry-over of P.
scurigera populations from one cotton season to the next, or as a direct source of moths
infesting cotton (Chapter 1). H. riliaceus is the only known alternative host plant of P.
scutigera in the cotton growing regions of Central Queensland, where it is not native but has
been planted as a shade tree in some parks and gardens. As so few trees exist it is unlikely to
act as a source of moths infesting cotton. Furthermore, P. scutigera infests H. riliaceus in
Emerald where it is not a pest of cotton (D. Murray unpublished report).

There is indirect evidence, however, to suggest that other host plants of P. scutigera may
exist in Central Queensland. Firstly, peak emergence of P. scutigera from overwintering
larvae in cotton bolls occurs during September and October when there is no suitable cotton
to infest (Chapter 7, Sabine 1969a). Sabine (1969a) termed this emergence as "ineffective’, in
the apparent absence of any alternative host plants, because no new generation of P, scurigera
could be established. This closely parallels the so-called ’suicidal’ emergence of P.
gossypiella in the U.S.A., which also emerges from overwintering larvae before the
availability of squaring cotton plants (Fife 1961, Bariola 1983). It is possible that the
emergence of P. scurigera from overwintering larvae may in fact coincide with the fruiting
period of an unidentified host plant on which moths can complete a new generation and then
infest squaring cotton crops.

Secondly, pheromone trap surveys by Page et al. (1982, 1984a) revealed that P. scurigera
is widely distributed throughout Central and S.E. Queensland, in areas where it is not known
to infest cotton (Fig. 1). Unless moths are capable of long distance migration, populations

must be established on alternative host plants in these areas. The identity of such hosts is
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unknown although H. rosa-sinensis, which has only recently been discovered as a host of P.
scutigera (Sabine pers. comm.), and H. tiliaceus are now widely distributed throughout the
state. The role of H. rosa-sinensis in the population dynamics of P. scutigera in Central
Queensland has not been addressed.

Past surveys for alternative hosts of P. scutigera have concentrated on plants belonging to
the same family as cotton; the Malvaceae (Holdaway 1926, Sabine 1969b, Tryon 1926).
There is no evidence to suggest that P. scutigera is restricted to this plant family. The closely
related P. gossypiella, although mainly confined to Malvaceous plants, has a very wide host
range infesting 70 species of plants belonging to 7 families (Shiller et al. 1962).

The aim of this chapter is to report on surveys conducted to search for alternative hosts
plants of P. scutigera in Central Queensland and to assess their role in the population

dynamics of moths infesting cotton.

5.2. Materials and methods

Searches for alternative host plants of P. scutigera were conducted around the Callide and
Dawson Valleys and Bauhinia Downs (see Fig. 3.1 for map of area), mainly during the period
of peak emergence of moths from overwintering larvae and before the availability of cotton
plants bearing bolls (September-December). Initially, searches were concentrated near cotton
fields where severe P. scutigera infestations were known to occur each season. Fruits and
seed capsules of any common species growing on the borders:gr within  cotton fields were
sampled. After it was discovered that P. scutigera readily infested the fallen flowers of H.
rosa-sinensis and H. tiliaceus, searches were broadened to include any common native or
ornamental plants which flowered prolifically between September and December.

Samples of flower buds, flowers, fruits or seed capsules were collected from the field and
searched immediately for larvae. If no larvae were found further samples were collected and
incubated in ventilated plastic boxes for at least 1 week to ensure no first instar larvae were

missed.
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The number and location of H. tiliaceus, H. rosa-sinensis, and other P. scutigera host
plants discovered during the course of surveys, was determined in each area. Samples of
fallen flowers and/or seed capsules from these species were made at irregular intervals
throughout the period of study in Central Queensland, between August or September and
June, 1984-1987.

Parasitoids bred from P. scutigera la.rvai infesting each host plant were identified by Dr B.
Cantrell, Entomology Branch, Queensland Department of Primary Industries, Brisbane, and
his assistance is gratefully acknowledged. Representative specimens of parasitoids have been

deposited at the University of Queensland Insect Collection, Brisbane.

5.3. Resulfs

Four new alternative host plants of P. scutigera were discovered during this study, only
one of which, Gossypium sturtianum J. H. Willis, belongs to the family Malvaceae. Two
species, Brachychiton australis (Schott et Endl) and B. popuineus (Schott et Endl), belong to
the Sterculiceae, while the other, Prunus persicae L. (Peach), is a member of the Rosaceae. 7.
scutigera were also recorded infesting H. rosa-sinensis and Hibiscus cannabinus 1. (Kenaf)
in Central Queensland for the first time.

Another previously unrecorded host plant of P. scutigera, Hibiscus sabdariffa L. (Roselle),
was noticed in the insect collection of the D.P.I. Research Station, Biloela. Mr F. D. Page
bred 2 moths from larvae infesting the fruit of cultivated H. sabdariffa growing in Biloela, on
18 and 21 June, 1981. No H. sabdariffa plants were encountered in the Biloela area during
this study. Appendix I lists all the species of plants examined in which P. scutigera were not
found, giving the time of year, location and plant part of each species sampled.

The vegetation of Central Queensland forms part of the brigalow belt; areas of open-forest
and woodland communities dominated by brigalow, Acacia harpophylla F. Muell. ex Benth.
(Johnson 1984). The most speciose genera in the brigalow belt are Acacia (ca 120 spp.) and
Eucalyptus (ca 90 spp.), which determine the character of most vegetation types of the region.

Generally, the only areas of natural vegetation surviving in the vicinity of irrigated cotton

fields in the Callide and Dawson Valleys were along creeks or amongst areas left to cattle
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grazing. Plant diversity in these areas was very low being highly disturbed by logging, fire,
grazing and the invasion of exotic weeds. Areas were dominated by various Eucalyptus,
Acacia and grass species, while Argemone ochrolemea Sweet, Ricinus communis L., and
Ficus spp. were abundant in some areas. Other relatively abundant weeds were: Datura
stramonium L., Sesbania cannabina (Retz.) Poiret and Kalanchoe tubiflora (Harvey) Hamet.
None was ever found to be infested by P. scutigera larvae.

The only host plant of P. scutigera that occurred near cotton fields was B. populneus,
although ornamental B. australis trees were often planted on the properties of cotton farmers,
particularly at Gibber Gunyah near Theodore. The only Malvaceous plants encountered in or
around cotton fields were Malva parviflora L., Sida cordifolia L. and Hibiscus trionum L.; all
were scarce and never infested by P. scutigera.

The only native species of Hibiscus encountered (other than H. tiliaceus) was H.
divaricartus R. Grah.. This shrub was infrequently found on the border of forests in ranges
surrounding the Callide valley, but never near cotton fields. Although it was listed as a host
plant of P. scutigera by Holdaway (1926) only larvae of the closely related P. endema were
found.

When searches for host plants were broadened to include any common flowering plants,
the flowers of ornamental Bauhinia sp., Brachychiton rupestris Benth., Jacaranda
mimosifolia D. Don, Rosa sp. and Spathodea campanulata P. Beaux growing in parks and
gardens around Biloela were sampled but no P. scutigera larvae were found. Species of plants
infested by P. scutigera are detailed separately below.

5.3.1. Hibiscus tiliaceus

Thirty-nine H. tiliaceus trees were located in Biloela, of which 32 trees grew in an
abandoned caravan park. Only 3 trees could be found in Theodore, and another 2 trees were
located on a property near a cotton farm (10 km north of Biloela) and in the township of
Jambin.

While H. tiliaceus trees can grow up to 10 m in height (Chin 1986), nearly all the trees

located in Biloela were small at less than 3 m tall and flowered very sporadically. Flowering
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occurred throughout all months of observation, except September and early October. Initally,
only the seed capsules were sampled but after it was discovered that P. scutigera readily
infested the flowers of H. rosa-sinensis, fallen flowers of H. tiliaceus were sampled from
May, 1985.

The seed capsules and flowers of all wees sampled in Biloela and Theodore yielded P.
scutigera on all sampling occasions (N = 11 trees). Two large trees growing in private
gardens were sampled most frequently as they consistently produced more fruiting structures
than other smaller trees. Table 5.1 gives the rate of infestation of a selected number of 4.
riliaceus trees in Biloela and Theodore sampled at irregular intervals between 1984 and 1987.

The seed capsules of H. tiliaceus measure about 3 cm in length and have thick, dry walls,
densely covered by short bristly hairs. The yellow flowers measure 6 cm in length and remain
open for 1-2 days before turning orange-red and then falling to the ground. Fallen flowers
were always more highly infested with P. scutigera larvae than seed capsules, ranging from
20 to 119 larvae/100 flowers compared to 0 to 42.1 larvae/100 seed capsules (Table 5.1).

_ Larvae were found inside new and old fallen flowers regardless of their condition; whether
they were completely dry or saturated with water after rain. All larval instars were
encountered inside fallen flowers but only 1 pupa was ever found. Up to 6 larvae were found
in a single fallen flower. Larvae appeared to feed only on the petals and not on any part of the
staminal column, pollen, anthers or ovaries. Feeding and development was arrested if the
flowers dried out. Larvae confined to dry flowers in the laboratory became visibly dehydrated
but third and fourth instars were capable of surviving in this condition for long periods (at
least 6 weeks). Feeding and development was resumed if the flowers were sufficiently
moistened with water or if the dehydrated larvae were transferred onto fresh flowers or
artificial diet. (Chapter 2 gives the rate of development for larvae reared on fresh A. tiliaceus
flowers incubated under constant temperature and photoperiod conditions).

P. scutigera larvae infesting fallen flowers were often parasitized at levels ranging up to
48%, but parasitoids were absent in larvae collected from seed capsules (Table 5.1). All
parasitoids were identified as Apanteles sp. (Braconidae) except for a singleiz;gcﬁ)ri; Sp.

(Ichneumonidae) collected from Theodore on 19 December, 1986. The species of Apanteles
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Table 5.1. Infestation of H. tiliaceus seed capsules and fallen flowers by P. scutigera larvae in

Biloela {two trees sampled) and Theodore (three trees sampled) between 1984 and 1987.

SEED CAPSULES
No. seed No. larvae
Date capsules /100 seed % larval
Locality sampled sampled capsules parasitism
Biloela 22/10/84 20 0 NR!
9/1/85 25 20.0 0
16/1/85 19 42.1 0
22/2/85 22 13.6 0
4/6/85 96 11.5 0
22/11/85 22 13.6 0
18/3/86 68 0 0
Theodore 31/12/86 150 4.0 0
16/1/87 100 6.0 0
31/3/87 50 12.0 0
FLOWERS
Date No. flowers  No. larvae % larval
Locality sampled sampled /100 flowers parasitism
Biloela 16/5/85 92 108.7 NR
4/6/85 150 25.0 48.0
30/10/85 67 103.7 10.7
11/11/85 54 55.6 33
22/11/85 100 49.0 10.2
27/11/85 100 20.0 0
8/12/85 100 25.0 8.0
24/12/85 70 20.0 0
31/12/85 80 30.0 0
17/1/86 90 40.0 0
24/1/86 80 45.0 0
5/2/86 29 44.8 35
14/2/86 48 35.4 59
18/3/86 77 61.0 1.3
Theodore 19/12/86 350 74.2 6.2
31/12/86 270 49.2 4.7
9/1/87 155 5L.8 3.4
16/1/87 100 17.0 11.8
27/2/87 80 22.5 4.5
31/3/87 100 48.0 0
24/4/87 100 119.0 3.3
5/5/87 64 76.0 6.3

1. NR = not recorded.

204



Alternative host plants

looked similar to the one found parasitizing P. scutigera in cotton (Chapter 3).

Branches (20 cm long), bearing flower buds, open flowers and seed capsules, were
randomly sampled from trees in Biloela and all parts searched for eggs and larvae. No eggs
were found on ten branches sampled in December, 1984, but six first instar larvae were found
infesting seed capsules and flower buds. Two eggs were found in two samples of ten
branches collected from different trees in January, 1985. One egg was laid on rough bark near
a small leaf bud while the other egg was laid directly inside a leaf bud, in between the
unfolding leaves. Six first instar larvae were found infesting seed capsules and one larva was
located inside a flower bud. No eggs were found in a sub-sample of fallen flowers (N = 50)
collected on 16 May, 1983, although they were highly infested with larvae.

5.3.2. Hibiscus rosa-sinensis

Sixteen H. rosa-sinensis bushes were found along street paths and parks in the township of
Biloela although more probably exist in private gardens. Another 22 small bushes were found
in the grounds of the D.P.I. Research Station, Biloela. Only three A. rosa-sinensis bushes
could be found in the township of Theodore.

H. rosa-sinensis is thought to have originated from China or Vietnam and was probably
introduced into Australia after World War II (Chin 1986). It is an evergreen shrub, varying
from two to six m in height. Many different varieties exist; the bushes located in Biloela were
mainly of the open-branched upright varieties bearing single, reflexed-shaped flowers. Afew
double-flowered varieties were present, as well as the *Chinese-Lantern’ variety with small
tunnel-shaped flowers. All bushes flowered very sporadically during all months of
observation.

None of the bushes located set seeds which is typical of H. rosa-sinensis growing in
tropical regions (Chin 1986). P. scutigera larvae were found infesting fallen flowers of all H.
rosa-sinensis bushes sampled (N = 13), except the variety 'Chinese Lantern’. A single A.
rosa-sinensis bush growing in the grounds of the D.P.1. Biloela Research Station was most
frequently sampled as it was the largest and most prolifically flowering bush located. Larvae

were found infesting flowers on every sampling occasion except 6 February, 1986, when the
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Table 5.2. Infestation of H. rosa-sinensis fallen flowers by P. scutigera larvae at the D.P.1L.

Research Station, Biloela, between 1985 and 1987.

Date No. flowers No. larvae % larval
sampled sampled /100 flowers parasitism
9/9/85 50 28.0 0
15/9/85 50 46.0 0
25/9/85 80 575 0
4/10/85 50 72.0 0
9/10/85 70 529 0
16/10/85 50 58.0 0
23/10/85 80 550 0
29/10/85 100 53.0 0
4/11/85 100 59.0 0
19/11/85 &0 73.8 0
27/11/85 50 12.0 0
9/12/85 100 45.0 0
24/12/85 100 58.0 0
30/12/85 80 31.3 0
6/1/86 100 18.0 0
14/1/86 80 12.5 0
22/1/86 50 28.0 0
28/1/86 70 229 0
6/2/86 40 0 -
11/2/86 30 6.7 0
21/2/86 25 4.0 0
9/4/86 20 40.0 0
14/6/86 18 5.6 0
22/6/86 23 56.5 0
26/6/86 40 65.0 0
25/8/86 20 37.5 6.7
1/9/86 50 36.0 5.6
22/9/86 50 22.0 0
30/9/86 40 225 0
6/10/86 70 61.4 0
15/10/86 115 60.0 0
28/10/86 40 85.0 0
26/11/86 70 543 0
3/12/86 70 24.3 0
12/12/86 75 38.7 0
18/12/86 90 222 0
22/12/86 100 17.0 0
2/4/87 35 429 0
22/4/87 25 80.0 0
27/4/87 45 55.6 0
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number of flowers was very low (Table 5.2). Infestation ranged from 4 to 72 larvae per 100
flowers. Peak infestation occurred in late September and October in both years of sampling
but remained high into November in 1986. Only on two sampling occasions were parasitized
larvae found (Table 5.2). All parasitoids appeared to be the same species of Apanteles found
attacking P. scutigera larvae in H. tiliaceus and cotton.

Flowering branches (15-20 cm long) were randomly sampled from the H. rosa-sinensis
bush located at the D.P.1. Research Station, Biloela, and searched for eggs and larvae. Only 1

egg was found on five branches sampled on 16 October, 1985, ' laid on the bark in a

[ T

crevice positioned away from leaves or ﬂowcrs! Twenty-’f’ive eggs were found on another
five flowering branches sampled on 1 June, 19@7. Teﬂ%@?@@%) were laid on fully
expanded leaves; two on the topside and eight on the underside. All were laid in hollows on
the leaf laminar caused by insect feeding damage. The other 15 eggs were laid on the bark of
branches, usually situated in crevices close to a leaf bud. No eggs were found on flowers buds
or open flowers.

As for H. tiliaceus, P. scutigera larvae were found in fallen H. rosa-sinensis flowers
regardless of their age or condition. Generally, H. rosa-sinensis flowers only open for one day
before wilting and falling to the ground, although a few varieties retain their flowers for 2-3
days (Chin 1986). P. scutigera could survive in dry H. rosa-sinensis flowers for long periods
of time until the flowers were replaced or moistened with water. Larval development on fallen
H. rosa-sinensis flowers, held under constant temperatures and photoperiods, was very similar

to that on H. tiliaceus flowers (Chapter 2).

5.3.3. Brachychiton australis

On 10 September, 1985, P. scutigera larvae were noticed infesting the flowers of B.
australis trees growing in the grounds of the D.P.1. Research Station, Biloela. Twenty-eight P.
scutigera larvae were found in a random sample of 100 fallen flowers from three adjacent
trees.

Subsequently, the number and location of all B. australis wees in the Biloela and Theodore

areas was determined. Twenty-three large ornamental rees were located around Biloela, ten
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of which flowered heavily during 1985. In Theodore, 14 large ornamental trees were found
nine of which flowered heavily. Ormamental B. australis trees were also present in Thangool,
Banana and Gibber Guynah near Theodore where trees were commonly planted on the
properties of cotton farmers (see Fig. 3.1 for locations).

B. australis is 2 medium-sized tree with a thick columnar trunk. The flowers are white, 2
cm long, heavily scented, with thick petals and staminal columns. Open flowers remain on
trees for only one day before falling to the ground. The fruit are thick-walled, hairless, boat-
shaped follicles, up to 15 ¢m long, that contain several hard, dry yellow seeds set amongst
bristly hairs.

All ornamental B. australis trees sampled in the Callide and Dawson Valleys (N = 22 trees)
were found to be infested with P. scutigerd larvae. Table 5.3 and 5.4 give the rate of
infestation of fallen flowers for a selected number of ornamental trees sampled during 1985
and 1986. Peak flowering occurred between late September and early October during both
years. In 1985 trees ceased flowering by mid-November (with the exception of one tree which
continued to flower until the end of November), while in 1986 trees ceased flowering by mid-
October. Rates of infestation in 1985 ranged from 27 to 109 larvae/100 fallen flowers, while
in 1986 infestation was lower, ranging from 6 to 39 larvae/100 fallen flowers.

Close inspection of ornamental trees at the D.P.I. Research Station, Biloela, revealed that
P. scutigera laid their eggs underneath loose bark on flowering branches but not on flower
buds or open flowers. First instar larvae appeared to infest open flowers while attached to the
tree. Flower buds were never infested. Larvae remained inside flowers when detached from
the tree but due to their small size and rapid dehydration, larvae had to move into freshly
fallen or undamaged flowers to complete development. A few large larvae (mainly fourth
instars) were occasionally noticed infesting open flowers attached to the tree. These larvae
had webbed a number of flowers together on a flowering panicle which prevented them
falling onto the ground. It is unknown whether these larvae had remained on the flowering
branches throughout their development or crawled up the tree from fallen flowers.

All larval instars, predominately first instars, were found inside fallen flowers but no eggs
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Table 5.3. Infestation of B. australis fallen flowers by P. scutigera larvae in Central
Queensland during 1985. Flowers (N=100) were collected from the base of single trees and

searched immediately for larvae.

No. larvae/100 flowers/instar

Locality Date  ememeesmmmmemmemm oo oo ooess s oo
Jree sampled I 11 I v Total
Theodore
Tree A 27/9/85 g 8 6 5 27
" 9/10/85 20 8 5 7 40
Tree B 27/9/85 33 12 6 0 51
! 9/10/85 25 12 3 3 43
Tree C 27/9/85 16 8 3 2 29
i 9/10/85 20 10 3 3 36
Tree D 0/10/85 6 16 4 6 31
Tree E 2/10/85 31 7 6 4 48
Banana 27/9/85 21 9 7 0 37
9/10/85 37 10 4 2 53
Thangool 24/9/85 7 15 17 4 43
Biloela
Tree A 12/9/85 63 7 2 0 72
. 25/9/85 34 6 7 1 48
" 2/10/85 18 4 11 10 43
" 10/10/85 21 3 1 0 25
" 22/10/85 24 15 22 43 104
Tree B 22/10/85 32 13 16 33 97
! 28/10/85 43 30 16 20 109
Tree C 13/9/85 12 5 3 0 20
" 25/9/85 35 4 0 0 39
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Table 5.4. Infestation of B. australis fallen flowers by P. scutigera larvae in Central
Queensland during 1986. Flowers were collected from the base of single trees and searched

immediately for larvae. N = number of flowers sampled.

Locality Date = emmmmsesmemeee- e m oo s
ftree sampled N I II oI v Total
Theodors
Tree A 16/9/86 350 0 3.4 6.6 2.3 12.0
" 26/9/86 200 18.0 4.0 1.0 1.0 24.0
" 3/10/86 200 16.0 3.0 3.5 5.0 27.5
" 10/10/86 200 1.0 7.5 10.0 10.0 28.5
Tree B 16/9/86 278 0 29 15.8 10.8 29.5
" 26/9/86 200 8.5 2.5 2.5 0 14.0
" 3/10/86 200 16.0 2.5 2.0 2.0 22.5
" 10/10/86 200 4.0 6.0 4.5 20.0 34.5
Tree C 16/9/86 200 0 5.5 12.5 7.5 26.5
" 26/9/86 200 11.0 7.5 3.5 1.0 23.0
" 3/10/36 200 8.0 0 1.0 1.0 10.0
" 10/10/86 200 7.5 2.5 3.0 7.5 19.0
Banana 27/8/86 200 1.0 5.0 5.0 0.5 11.5
" 16/9/86 200 0.5 4.0 2.5 0.5 7.5
" 26/9/86 200 3.0 0.5 2.0 2.5 7.0
" 3/10/86 200 2.0 0.5 2.0 2.5 7.0
" 10/10/86 200 1.0 2.5 0.5 1.5 5.5
Thangool 27/8/86 81 8.9 9.9 4.9 0 24.7
" 18/9/86 100 0 2.0 1.0 4.0 7.0
" 2/10/86 200 21.5 9.5 1.0 1.0 33.0
" 8/10/86 200 16.0 11.5 6.0 5.0 39.0
Emerald
Tree A 12/9/86 85 1.2 3.5 4.7 3.5 12.9
B " 64 0 4.7 0 0 4.7
C " 163 0 3.1 1.2 0.6 3.7
D " 230 2.2 5.2 5.7 0.9 13.9
E " 263 1.1 2.3 8.4 0.4 12.2
F " 215 0 0 0.9 0.9 1.9
Biloela
Tres A 17/9/86 200 1.5 20.0 16.5 4.5 425
" 25/9/86 200 44.0 10.0 2.5 0 56.5
" 6/10/86 200 37.5 7.5 6.0 10.0 62.4
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Hare
OF pupae Were ever encounterch(Table 5.5). Larvae attacked all parts of both male and female

flowers. First, second and small third instars were mainly found feeding at the base of flowers
or tunnelling through the centre of the staminal or pistil column. Very few larvae fed on the
globular mass of anthers or lobed stigmas. First instars were also found tunnelling through the
thick fleshy petals. Third and fourth instars rapidly consumed the entire stamen or pistil
leaving the petals intact. Petals were consumed only if fresh entire flowers were not available.
Fourth instars were often found inside groups of 3-10 fallen flowers webbed together. It was
suspected that pupation occurred on or near the soil surface where the flowers lay.
Developmental rates of P. scutigera reared on fallen B. australis flowers are given in Chapter
2.

In 1985, a De-vack suction sampler was used to collect fallen flowers beneath 3 adjacent
trees at the D.P.I. Research Station. When P. scutigera larvae were first noticed infesting
flowers in early September, two trees were flowering very heavily and reached their peak
around 30 September, while the third smaller tree peaked in early October. Flowering in all
trees declined rapidly after mid-October and ceased completely by the end of that month.

Piowers were sampled on four occasions between 16 September and 8 October, 1985, and
immediately placed under a pyramid emergence cage (see Chapter 6 for description) after
estimating the number collected by weighing and counting sub-samples. Four random
samples of 50 flowers were taken to determine levels of larval infestation. Approximately
36,828 flowers were collected which contained an estimated 6,984 P. scutigera larvae. Moth
emergence was recorded every 1-3 days alongside the number of males caught ina
pheromone trap placed in the lower canopy of the central B. australis tree.

A total of 652 moths and nine parasitoids emerged from the caged flowers. This represents
a 9.5% survival rate of the original number of P. scurigera estimated to be present in the
flowers. Moths started to emerge on 11 October, 25 days after the first flowers were placed
inside the cage. Rate of emergence was low throughout October but increased _sharply in early
November, peaking on 10 November at 71 moths/day. Emergence sharplg\:tzzg\idf November

but low numbers of moths continued to emerge until 12 December (Fig. 3.1).
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Table 5.5. Infestation of B. australis fallen flowers by P. scutigera larvae at the D.P.L
Research Station, Biloela, during 1985 and 1986. Flowers were collected from the base of
adjacent three trees and searched immediately for larvae, unless indicated. N = number of

flowers sampled.

No. larvae/100 flowers/instar

Date 0 meeeemmmmesmemmmmmmmeeemeceeasmsemoeees
sampled N I II I v Total
10/9/85 100 15.0 0.0 2.0 1.0 28.0
12/9/85 100 28.0 5.0 1.0 1.0 35.0
16/9/85 400  19.0 15.8 3.2 1.2 39.0
23/9/85 180 21.1 4.4 4.4 0.6 30.6
30/9/85 400 1.6 4.2 1.8 3.0 10.6
8/10/85 400 2.6 3.8 3.2 1.8 11.4
23/10/85 100 38.0 8.0 8.0 1.0 39.0
25/8/86 86 16.3 5.8 0 2.3 24.4
30/8/86* 100 2.0 13.0 5.0 2.0 22.0
3/9/86 134 29.9 7.5 2.2 0 39.6
11/9/86 200 225 9.0 0.5 0 27.0
14/9/86%* 200 0 2.0 7.5 4.0 12.5
21/9/86 200 16.5 9.0 3.0 1.5 30.0
23/9/86 200 140 8.0 14.5 1.5 37.5
29/9/86 200 5.0 4.0 2.0 0.5 11.5
3/10/86 200 5.5 3.0 3.0 0 11.5
9/10/86 200 2.5 0.5 1.5 2.5 3.5

* Flowers collected on 30/8/86 and 14/9/86 were incubated in the laboratory for 5 and 8 days,
respectively, before searching for larvae.
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Fig. 5.1. (A) Number of male P. scutigera caught in a pheromone trap placed in the canopy of
a B. australis tree at the D.P.I. Research Station, Biloela, during 1985/86. (B) Emergence of
P. scutigera from B. qustralis fallen flowers at the same locality. Flowers were placed
underneath a single pyramid emergence cage between 16 September and 8 October, 1985.

Arrow indicates the approximate end of the mass flowering period.
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Six of the nine parasitoids that emerged were identified as a species of Apanteles, different
from that found parasitizing P. scutigera in cotton and Hibiscus spp. The other parasitoids
were identified as Zj\rgiﬂamt;rﬁsmsp. (probably the same {Spciiji fgund parasitizing a P. scutigera
larva infesting H. tiliaceus flowers at Theodore) and/\a Chelonus sp. (Braconidae).

Pheromone trap catch was high during the flowering period of the trees, peaking at 142
moths per night in early September. As flowering decreased pheromone trap catch declined
rapidly, although a small peak in trap catch occurred in mid-October. No corresponding

increase in pheromone trap catch occurred during the main period of emergence of moths

from caged flowers (Fig. 5.1).

In 1986 flowers beneath the same three trees at the D.P.L. Research Station were counted every

2-3 days using a 0.75 m?2 quadrat. The quadrat was randomly placed undemeath the canopy of
each tree, counting only freshly fallen flowers; five and ten replicate counts were taken under
the one smaller and two large trees, respectively.

Production of masses of flowering panicles in 1986 began during August with the first
flowers opening towards the end of that month. On 3 September there was an overall mean of
1.8 fallen flowers/0.75 m2 underneath the trees. Flowering peaked on 27 September at 2 mean
of 40.3 flowers/0.75 m2, but rapidly declined after 9 October, and ceased entirely on 15
October, 1986 (Fig. 5.2).

The density of P. scutigera larvae in fallen flowers beneath each tree averaged 0.7
larvae/0.75 m? on 3 September and peaked at 9.0 larvae/0.75 mZ on 23 September, declining
to 0.2 larvae/0.75 m?2 on 9 October (Fig. 5.2). Expressed as the number of larvae/ 100 flowers,
infestations ranged from 22 larvae on 30 August to 39.6 larvae on 3 September, and declined
to seven larvae/100 flowers on 9 October. Random collections of 200-1000 freshly fallen
flowers were made by hand every 2-3 days until trees stopped flowering. All flowers were
immediately placed under a single pyramid emergence cage located near the trees. A total of
11,900 flowers, infested by an estimated 2,162 larvae, were placed underneath the cage
between 11 September and 11 October, 1986.

Moth emergence from caged flowers began on 7 October, 1986, 27 days after the first
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Fig. 5.2. (A) Number of male P. scutigera caught in a pheromone trap placed in the canopy of

a B. australis tree at the D.P.I. Research Station, Biloela, during 1986. (B) Mean density of B.

australis fallen flowers (0) and P. scutigera larvae (0) underneath the canopy of three

adjacent trees at the same locality during 1986; emergence of adult moths from B. australis

fallen flowers (@) placed undereath a single cage between 11 September and 11 October,

1986. Arrows indicate the approximate start and finish of the mass flowering period.
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flowers were collected. A total of 309 moths, but no parasitoids, emerged which represented
14.3% of the original number of P. scutigera estimated to be in the flowers. Emergence
peaked on 30 October at 42 moths per day (Fig. 5.2} and the last moth emerged on 23
November, 1986.

The number of males caught in a pheromone trap, placed in the lower canopy of the central
B. australis tree, varied greatly but was highest between 30 August and 20 October, 1986,
during the flowering period of the trees. Trap catch peaked on 26 September at 51.5
moths/night (Fig. 5.2). Males were caught continuously in low numbers until removal of the
trap on 18 December.

The number of degree-days (DD) required for emergence of P. scutigera from caged B.
australis flowers in 1985 and 1986 was calculated using screen temperatures recorded at the
D.P.I Research Station, Biloela, and the DEGDAY programme of Higley et al. (1986). A
developmental zero of 11.3% C was used, derived from Chapter 2 data for total £. scutigera
development on artificial diet. The modified sine wave method of Allen (1976) for calculating
DD was chosen in the DEGDAY programme. The number of DD accumulated from an
arbitrary date, 1 September, to first, peak and last moth emergence in 1985 and 1986 is given
in Table 5.6. Also compared are the number of DD accumulated from first, mid or last
flowers placed underneath cages to first, peak or last moth emergence.

The extended emergence of moths in 1985 resulted in a greater number of DD
accumulating until last moth emergence, compared to 1986. In 1985, 1074 DD were
accumulated from 1 September to last moth emergence compared to 810 DD in 1986.
However, the number of DD from first flowers placed underneath cages to first moth
emergence was similar at 214 and 255 DD in 1985 and 1986, respectively. The number of DD
from 1 September to peak emergence was 625 in 1985 and 550 in 1986.

Green seed pods were collected from B. australis trees in 1985 and 1986 but few were
sampled because of the problems in reaching the upper canopy of large trees. Also, despite
the mass production of flowers, very few fruits were set. In 62 seed pods sampled from 5

adjacent trees near Biloela, on 22 October, 1985, 16 P. scurigera larvae were found (25.8
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Table 5.6. Number of degree-days (DD) above 11.3° C required for emergence of P.
scutigera from caged B. australis fallen flowers in 1985 and 1986. Flowers were placed
underneath a single pyramid emergence cage between 16 September and 8 October, 1985, and
between 11 September and 11 October, 1986. Accumulated number of DD calculated

between the first, mid and last flowers placed in the cages to first, peak and last moth
emergence. The number of DD accumulated from an arbitrary starting date, 1 September, to

first, peak and last emergence is also presented for both years.

Period of DD accumulation 1985 1986
First flower - first moth emergence 214 255
Mid flower - peak moth emergence 431 371
Last flower - first moth emergence 798 462
1 September - first moth emergence 313 315
1 September - peak moth moth emergence 625 550
1 September - last moth emergence 1074 810

Table 5.7. Infestation G. sturtianum reproductive forms by P. scutigera larvae at Bauhinia

Downs, Central Queensland. N = number of each form sampled.

Date Flower Open Fallen Seed

sampled buds N flowers N flowers N capsules N
2/1/85 Ao - - .16 250
30/9/85 0 100 113 200 0 200 - -
23/10/85 - - - - 1 100 45 200
21/11/85 - - - - - - 52 154
27/1/86 - - - - - - 4.0 100
1/10/86 4.4 90 - - - - 18.8 32
16/10/86 4.5 110 15.02 80 - - 44 90

1. Dash indicates form not present on plants
2. Includes one larva parasitized by Apanteles sp.
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larvae/100 seed pods). In 80 fruits sampled from 3 trees at the D.P.I. Research Station,
Biloela, on 3 December, 1985, 11 P. scutigera larvae were found (13.8 larvae/100 seed pods).
No larvae were found in a further ten seed pods sampled from the same trees on 21 January,
1986.

In both years of observation, many ormamental B. australis trees started flowering again in
April or May. The number of flowers produced was very variable and much lower than during
spring months. P. scurigera larvae were found infesting the fallen flowers of all rees
inspected in all areas, ranging from 9 larvae/100 flowers in Theodore to 26 larvae/100 flowers
in trees near Biloela. Trees continued to flower at low levels throughout winter months until
August/September when masses of flowering panicles were produced.

B. australis is endemic to Central Queensland although very few wild trees were found in
the Callide and Dawson Valley. The largest stand of trees located near Biloela was at
Thangool where about eight large trees grew on the slopes of Mt. Scoria (Fig. 3.1). These
trees produced very few flowers when inspected between September and November, and none
were infested by P. scutigera larvae. Other isolated B. qustralis trees were also noticed on the
banks of some creeks around Thangool but none were flowering when inspected in September
and October. The only other large stand of wild wrees found was near Bauhinia where B.
australis grew in remnant patches of softwood scrub on the tops of hills. In one patch, located
on the Oombabeer Road about 10.7 km N.E. of Bauhinia, more than 20 large trees were
found. These trees produced very few flowers during the spring but flowered prolifically in
April and May, 1986. Twelve P. scutigera larvae were found on 4 May in a sample of 600
fallen flowers from eight trees but no larvae were found in a further sample of 400 flowers
collected from seven trees on 7 May.

Other B. qustralis trees encountered while travelling in Central and S.E. Queensland were
inspected when possible. An isolated tree located about 10 km south of Calliope on Tableland
Road, (102 km east of Biloela) was inspected on 29 August, 1986, but no larva was found in
a sample of 43 fallen flowers. No larva was found infesting 25 fallen flowers collected from

an ornamental tree at Mt Morgan (77 km north-east of Biloela) on 31 August, 1986. Similarly,
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no larva was found in a sample of 300 fallen flowers collected from trees at the Queensland
Agricultural College, Gatton, in S.E. Queensland, on 18 September 1986. P. scutigera larvae
were found infesting the fallen flowers of ormamental B. australis growing in Emerald.
Flowers, randomly collected from 6 ornamental trees on 12 September, 1986, were infested at
rates from 2 to 14 larvae/100 flowers. Larvae were parasitized by Eriborus sp. although rates
of parasitism wer not determined.

5.3.4. Brachychiton populneus

B. populneus is a small tree, growing up to 15 m in height, with a dense rounded crown.
Trees were scarce in the Biloela and Theodore districts, but were found in vegetation
bordering creeks, often in the vicinity of cotton fields. A stand of omamental trees (ca 15
trees) was also located on the Biloela D.P.I. Research Station farm.

The flowers of B. populneus are very different from those of B. australis; they are of
similar size but have very thin petals and small staminal columns. The fruits of the 2 species
are similar in appearance but smaller in B. populneus. Trees were observed flowering between
December and February. The intensity and timing of flowering varied considerably between
trees and years. Few ees flowered prolifically; two out of 14 trees located near cotton farms,
10 km north of Biloela, flowered heavily in 1985/86.

Two P. scutigera larvae were found in 200 fallen flowers sampled from the base of a
heavily flowering tree on 24 December, 1985. The tree was growing on the border of a field
that was planted with cotton in the previous season. No larva was found in a further sample of
200 fallen flowers collected on 30 December, 1985, but 11 larvae were found in 500 flowers
(2.2 larvae/100 flowers) collected from the same tree on 2 January, 1986. In another heavily
flowering B. populneus tree, located about 500 m away, 4 P. scutigera larvae were found in a
sample of approximately 1,500 flowers (0.3 larvae/100 flowers) on 3 January, 1986. Eighteen
seed pods collected from this tree on 6 January, 1986, did not contain P. scutigera.

Infestation of B. populneus flowers was lower in 1987. One large tree, located close to the
first tree sampled in 1985/86, flowered prolifically during February. Approximately 2,500
fallen flowers were collected on 7 February but no P. scutigera larvae were found. Similarly,

1o larva was found in 600 fallen flowers and 8 seed pods collected from the first ree sampled
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in 1985/86 on 21 January, 1987. A further sample of 250 fallen flowers were also uninfested
but 1 P. scutigera larva was found in a sample of 57 seed pods (1.7 larvae/100 pods).

Nineteen other B. populneus wees, located around Biloela and on the D.P.1. Research
Station farm, produced very few flowers during 1986/87. Fallen flowers and seed pods were
occasionally sampled between December and January but no P. scutigera larva was ever
found.

5.3.5. Gossypium sturtianum

In December, 1984, Mr M. Stone of Biloela, noticed P. scutigera-like larvae infesting the
seed capsules of G. sturtianum. Plants were located on the edge of a small patch of softwood
scrub, 10.7 km N.E. of Bauhinia, along the Oombabeer Road (where P. scurigera was later
found infesting the flowers of B. australis). Four P. scutigera-like larvae and one other
Gelechiid larva were found in 250 green seed capsules sampled on 2 January, 1985. Larvae
were reared to adults on artificial diet and subsequently identified as P. scutigera and a
Pexicophora sp. by Q.D.P.I. taxonomists.

G. sturtianum produced few flowers or fruits, remaining dormant for most of the year.
Flowering appeared to be stimulated by heavy rainfall. Infestation of seed capsules was low,
ranging from 4 to 5 larvae/100 capsules (Table 5.7). Open flowers and flower buds were
sampled if enough were available. Infestation of flower buds was similar to seed capsules but
open flowers, picked off plants, contained 11 and 19 larvae/100 flowers when sampled on 30
September, 1985 and 1 October 1986, respectively (Table 5.7).

Despite extensive searches, no G. sturtianum plants were found in any other locality. Areas
of softwood scrub around the Biloela dam, Mt Scoria near Thangool, Theodore airport and
along the Theodore-Nipan-Moura road were searched during February, 1985. Other areas of
softwood scrub located near Thangool airport, Biloela, and in the Expedition Range were also
searched in March 1985.

5.3.7. Prunus persica

In November, 1985, a single P. scutigera larva was found infesting a Peach fruit (P.

persica) growing on a cotton farm 10 km north of Biloela (B. Breeze’s property). Cotton
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grown on this farm suffered heavy P. scutigera infestations each season. No larva was found
in further samples of fruit from this tree but 87 fruit collected from a tree on the outskirts of
Biloela (F.D. Page’s property) on 8 and 9 December, 1985, contained two larvae (3%
infestation). Thirty-nine nectarine fruit collected from R. Brengman’s property, 10 km north
of Biloela, on 4 December, 1985, were not infested with P. scutigera larvae.

5.3.7. Hibiscus cannabinus

A small plot of H. cannabinus was grown on the D.P.L Research Station farm, Biloela, in
1987. A sample of 32 fallen flowers, collected on 24 April, contained 1 P. scutigera larva

(3.1% infestation).

5.4. Discussion

B. australis is probably the most important alternative host of P. scuzigera in the Callide
and Dawson Valleys. The main period of flowering of ornamental trees coincides with peak
emergence of moths from overwintering larvae in cotton trash (Chapter 6), thus providing a
very important larval food source at a time when no suitable cotton i available for infestation.
Hence, the emergence of P. scutigera from cotton trash during September and October can no
longer be considered as ’ineffective’ (Sabine 1969a). Infestation of fallen flowers allowed
moths to produce a new generation which emerged mainly in November and extended into
December, enabling P. scutigera to carry-over directly into squaring cotton Crops. B. australis
trees may also provide adult moths emerging from cotton trash with an important nectar
resource, thus increasing their survival and longevity until the availability of squaring cotton
(see Chapter 7).

However, it is still difficult to assess the actual importance of B. australis in assisting the
carry-over of P. scutigera populations from one cotton $¢ason to the next. While flowering
trees were heavily infested with P. scutigera larvae at all locations, survival of larvae, as
indicated by the number of moths emerging from caged fallen flowers, was very low (9.5% in
1985 and 14.3% in 1986). Survival of larvae would undoubtedly be much lower in flowers
left beneath the trees. Rapid dehydration of flowers and their small size forced larvae to

actively search for fresh or undamaged flowers in order to complete development. This would
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result in high levels of larval mortality and cannibalism, particularly towards the end of the
trees’ flowering period as the number of fallen flowers decreased. Large larvae voraciously
fed on fallen flowers even if they were infested by neonate P. scutigera larvae. Ants, which
were always present amongst fallen flowers, were probably very important predators. Another
important mortality factor was the mowing of grass underneath ornamental trees where fallen
flowers accumulated. Mowing was observed to complwed all fallen flowers lying on
the surface of the grass.

Furthermore, the results of laboratory experiments in Chapter 2, where larvae were
continuously provided with fresh flowers, indicated that B. australis is a poor host. Survival
rates and levels of fecundity were lowest when reared on B. australis than for any other larval
diet. The capacity for increase of P. scutigera reared on B. australis flowers was estimated at
only 0.0412, compared to 0.0746, 0.0875 and 0.0667 for moths reared on green cotton bolls,
H. rosa-sinensis and H. tiliaceus, respectively (Table 2.22).

The difference in the number of DD required for the emergence of P. scutigera from caged
B. australis flowers in 1985 and 1986 (Table 5.6) may be attributed to differences in
temperature, rainfall and rates of larval infestation between the years. Peak emergence from
flowers occurred when 6235 and 550 DD had accumulated from 1 September in 1985 and
1986, respectively. In Chapter 2 it was estimated that P. scuzigera reared on 5. australis
flowers would require 430.2 DD for total development (from egg hatch to moth emergence).
However, this estimate was based on the development of larvae that were continuously
supplied with fresh B. australis flowers.

Survival or development of P. scutigera larvae infesting seed pods of B. australis was not
recorded but may be higher than those infesting fallen flowers. Few seed pods were sampled
because of the difficulties in reaching the canopy of large trees.

Wild B. australis trees supported at most low populations of P. scurigera in the Callide and
Dawson Valleys. Very few wild trees remain in the heavily farmed valleys, being mainly
found in remnant patches of softwood scrub (semi-evergreen vine thickets) on elevated parts

of the landscape.
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Although wild trees appear to have the potential to produce masses of flowering panicles,
as seen at Bauhinia Downs in April and May, 19835, they rarely do so. The intensity and
timing of flowering in B. australis may be highly dependent on rainfall and/or soil moisture.
Wild B. australis trees occurred on well drained soils, usually derived from basalts. Very
heavy rainfall may be required to stimulate mass flowering in these trees. Mass flowering of
B. australis trees at Bauhinina Downs was noted to occur after very heavy, localized rainfall.
The ability of ornamental trees consistently to produce masses of flowers during the spring
may be related to the more fertile and thicker alluvial soils on which they grow. These soils,
which are often irrigated, may retain a critical level of moisture during spring rains which
stimulates flowering. Alternatively, ornamental trees may represent a strain of B. australis
specially selected for its’ flowering characteristics. The origin and history of cultivation of
ornamental B. qustralis is unknown.

B. populneus is unlikely to be of importance in the carry-over of P. scutigera populations
from one cotton season to the next. B. populneus flowered between December and February,
when most cotton crops would bear squares, flowers and small bolls. The trees may actas a
direct source of moths infesting cotton crops although their importance is dubious. Only 17
larvae were found in more than 5,500 B. populneus fallen flowers sampled (0.003%
infestation). It is suspected that survival of larvae in B. populneus flowers is very low due to
the thinness of the petals and staminal or pistil columns which rapidly dry out once detached
from the tree. Larvae were only found in fallen flowers where large numbers accumulated in
shady areas beneath the tree canopy. Flowers falling in sunny areas or that were thinly
scattered did not contain P. scutigera larvae.

In order to utilize fallen flowers as a food source larvae must be tolerant to extreme
changes in the moisture content of their food. Under the normally hot and dry climatic
conditions of Central Queensland, flowers of all P. scutigera host plants, particularly B.
australis and B. populneus, rapidly desiccated within 3-4 days of falling from the tree or bush.
Some moisture was regained if a heavy dew occurred but the flowers soon dehydrated again
during the heat of the day. After rainfall, flowers often became completely saturated with

water, but if dry weather prevailed immediately afterwards, the flowers would quickly lose
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their moisture. Third and fourth instar larvae confined to dry flowers became visibly
dehydrated in appearance but were able to survive in this condition for long periods of time
(up to 6 weeks). Development was completely arrested on dry flowers but was resumed when
the flowers were sufficiently moistened with water or if fresh flowers were supplied.

The ability of P. scutigera larvae to survive and develop on fallen flowers, which
constantly undergo extreme changes in moisture content, may help to explain how
populations of this pest successfully carry-over from one cotton season to the next in dry
cotton bolls. This will be discussed further in Chapters 6 and 8.

Although H. tiliaceus and H. rosa-sinensis were always infested by P. scusigera, both
plants are relatively scarce in the cotton growing areas of Central Queensland. Flowering was
sporadic and at low intensities throughout the year. Hence, they are unlikely to play a
significant role in the carry-over of P. scutigera populations from one cotton season to the
next. Similarly, the low levels of infestation and rarity of G, sturtianum and P. persicae in the
Callide and Dawson Valleys excludes these hosts from being important.

The infestation of H. cannabinus and H. sabdariffa by P. scutigera suggests that large-
scale cultivation of these crops may be unwise in cotton growing districts. Commercial
production of H. cannabinus has been suggested in a number of cropping regions in
Queensland as a source of bast fibre. H. sabdariffa was introduced into Australia from Africa
in the 19th century and grown for its fleshy calyces, which were processed and marketed as
'rosella jam’ (Wilson 1974). It has now become established in Australia by escaping from
cultivation, although no wild plants were encountered in Central Queensland during this
study.

The Callide and Dawson Valleys do not appear to contain a more diverse or unique range
of P. scutigera host plants than other cotton growing districts. Ornamental B. australis, H.
tiliaceus and H. rosa-sinensis occur in other cotton growing districts such as Gatton, Dalby
and Emerald, where P. scutigera is not a pest of cotton. P. scutigera has been recorded
infesting H. rosa-sinensis at Gatton in the Lockyer valley and Toowoomba near the Darling

Downs (Q.D.P.I unpublished records, see Appendix A). In Emerald P. scurigera infests A.
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riliaceus (F. D. Page pers. comm.) and B. australis (Table 5.4), and has been caught in
pheromone traps placed in H. tiliaceus wees throughout the year (Murray and Page 1982). B.
populneus is distributed throughout Queensland, as far north as Townsville, extending into
New South Wales and eastern Victoria (Boland et al. 1984).

Alternative host plants alone cannot explain the limited pest status of P. scufigera in
Australia. However, they may act in combination with other factors operating in Central
Queensland that favour the carry-over of P. scutigera populations from one cotton season to

the next. This will be discussed further in Chapter 8.
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CHAPTER 6

Carry-over of P. scutigera populations from one cotton season

to the next - the role of overwintering larvae in cotton crop residues

6.1. Introduction

The early disposal of cotton crop residues by burial is believed to be essential to prevent
the direct carry-over of P. scutigera populations from one cotton season to the next (Chapter
1). If crop residues are left on the soil surface, emergence of adult P. scutigera extends well
into the next cotton season. Burial of crop residues not only causes high larval mortality but
also stimulates moth emergence so that most moths emerge before the availability of new
squaring cotton crops (Sabine 1969a, 1969b).

It is not understood why burial of crop residues is so effective at reducing larval survival
and stimulating moth emergence. P. scutigera overwinters as a larva inside dry, open cotton
bolls. According to Sabine (1969a) and Sloan (1946) larvae do not enter any form of diapause
or quiescence. However, evidence to reject the presence of a larval diapause or quiescence in
P. scutigera is weak. Sabine (19692) considered that the uninterrupted emergence of P.
scutigera moths from dry cotton bolls proved that this species did not enter a period of
dormancy, but did not explain why or how moth emergence extended over periods of up to 10
months. Sloan’s (1942) criteria for rejecting the presence of larval diapause in P. scutigera
was based on the absence of a hibernaculum constructed from two cotton seeds webbed
together which are characteristic of diapausing P. gossypiella larvae.

The pattern of P. scutigera emergence from dry cotton bolls is similar to that of P.
gossypiella which undergoes a faculative diapause at the end of the fourth larval instar
(Adkisson et al. 1963, Fife 1961). Induction of larval diapause in P. gossypiella is primarily
controlled by photoperiod although other factors, such as larval diet and temperature, may

exert an influence on the proportion of larvae entering diapause (Adkisson 1961b, Adkisson er
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al. 1963, Bull and Adkisson 1960, Raina and Bell 1974).

In this Chapter, experiments are presented to determine factors controlling the emergence
of P. scutigera from dry, open cotton bolls, buried under soil or left on the soil surface. The
effect of 7 different tillage practices, artificial irrigation and soil type on the moth emergence
is investigated in field and pot experiments. The rate of emergence of P. scutigera infesting
green, unopened bolls, buried under soil or left on the soil surface, is also examined. The
effect of a short-day photoperiod and larval diet containing high concentrations of cotton seed

oil on the development of P. scutigera is compared in the laboratory at 259 C.

6.2. Material and Methods

6.2.1. Comparison of tillage practices

Seven tillage systems were compared to determine which method was most effective in
reducing the survival and emergence of P. scutigera infesting dry cotton bolls. The tillage
systems chosen were based on those commonly used by cotton farmers in the Callide valley.
This experiment was conducted in collaboration with Peter Walsh, Agricultural Engineer at
the D.P.I Research Station, Biloela, whose interest and participation is gratefully
acknowledged.

Dry, open bolls, infested with P. scutigera larvae, were collected from unsprayed cotton at
the D.P.I. Research Station, Biloela, at the end of May 1986. Bolls were stored in the
laboratdry at room temperature until needed. Three random samples of 100 bolls were taken
to determine P. scutigera infestation prior to placing the bolls in the field. Mean infestation
was 113.7 P. scutigera per 100 bolls - 9.3, 22.4 and 65.6% were second, third and fourth
instar larvae respectively, and 2.6% were pupae.

The trial was conducted in part of a 1.4 ha fallow field (previously planted with sorghum)
on the D.P.I. Research Station, Biloela. A cotton field was not used because of the
complicating presence of an unknown P. scutigera population in the cotton trash and soil. The
field was cultivated to remove weeds ca one week prior to use, hilling-up the soilinto 1 m

furrows to simulate an irrigated cotton field. Twenty-four 5 x 10 m plots were marked outin a
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3 x 8 grid. In the centre of each plot 200 dry, open cotton bolls were evenly spread along the
bottom of a furrow over a distance of 60 cm. About 1.8 kg of cotton trash (shredded cotton
plants with bolls removed) was evenly spread over and around the bolls. This quantity of trash
approximated the density found in slashed cotton fields. The trash was added to ensure that
the behaviour of soil on boll burial would be similar to thatin a slashed cotton field.

The tillage treatments were as follows:

i) Offset discs, ploughed once.

i) Offset discs, ploughed once and soil hilled-up immediately after burial.

iii) Offset discs, ploughed twice.

iv) Spadovator plough.

v) Spadovator plough and soil hilled-up after burial.

vi) Rotary-hoe.

vii) Ratoon method- this burial method was proposed by a farmer who wanted to leave old
cotton root stocks left standing in the soil (so that a ratoon crop of cotton could be grown in
the following season) while burying cotton trash lying in between furrows. This was achieved
by using triple-disc hillers which turned over soil on the outside of furrows, burying the
cotton trash, while leaving the soil in the centre of the hill undisturbed.

viii) Unburied bolls -control treatment where bolls were left undisturbed on the soil surface.

Each treatment was replicated three times and arranged in a 3 x 8 randomized block
design. All bolls were placed in the field and buried on 18 June 1986. Ploughing was initiated
5 m before the position of the bolls to ensure that the plough was operating effectively before
reaching the bolls. Where appropriate, hilling-up of the soil was done immediately after boll
burial. Four extra plots, containing 200 bolls, were buried using methods i, iii, iv and vi to
determine the depth of boll burial after ploughing.

Pyramid-shaped emergence cages were placed over the site of boll burial on the 18 0r 19
June 1986. Cages were constructed from a sheet of plastic or fibreglass insect screen
suspended from a 1 m steel fence post, buried into the soil at an angle of 45°. The screen was
folded to form a pyramid shape so that the basal area of the cage covered 1 m? of ground. The

sides of the cage were buried into the soil to prevent escape of moths. At the apex of each
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cage an inverted plastic funnel (15 cm basal diam.) was inserted through a hole in the screen.
A 5 x 10 cm clear plastic vial, with a hole cut into the screw-on lid, was atiached to the
funnel’s spout. The sloping sides of the pyramid shaped cage ensured that emerging moths
crawled or flew upwards, eatered the funnel and became trapped inside the plastic vial.

In some treatments the plough dragged a proportion of the bolls and trash over the ground.
This was such a large problem in the ratoon method that it was necessary to place two
emergence cages over each plot to ensure adequate coverage of buried bolls. However, in
most eatments the buried bolls stayed within a 1 m area. After placing cages over the bolls
all surrounding soil was sifted to determine the number of bolls not covered by the cages.

Moth emergence was recorded every 1-7 days from 1 July 1986 until termination of the
experiment on 5 January 1987. A single spray of RoundupR herbicide was applied to each
cage in October to control weed growth. Before statistical analysis, the resuits of moth
emergence were corrected for missing bolls by expressing emergence as a percentage of the
estimated number of P. scutigera originally in the bolls. One-way ANOVA was performed on
the data, after a logy (x + 1) transformation, to test for significant differences between the
overall number of moths emerging in each treatment. ANOVA was also used to compare the
percentage of moths emerging from each treatment for each month. All data was transformed
to arcsines, adding 0.05 to overcome problems with O values, before analysis. The least
significant test (L.S.D.) was used to separate means if the ANOVA was significant.

Cumulative moth emergence on each sampling date was calculated for each burial
treatment as a proportion of total moth emergence over the entire period. Cumulative
proportions were transformed to a probit scale, omitting the values 1.0 and 0.0 as these are
undefined for a probit transformation (Gray and Tollefson 1988). Linear regression, y =a +
bx, was used to express cumulative moth emergence (y) on Julian date (x) for each tillage
practice. T-tests were performed to test if the slopes (b) of the regression lines were
significantly different.

6.2.2. Effect of artificial irrigation of buried and unburied bolls on P, scutigera development

Dry, open cotton bolls, infested with P. scutigera larvae, were collected from unsprayed
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cotton at the D.P.I. Research Station, Biloela, in April 1986.On 16 April, five bolls were
placed in plastic plots (11 cmht x 12.5 cm top diam.), part-filled with alluvial soil, and either
buried by covering with 5 cm of soil or placed on the soil surface. The tops of each pot were
covered with nylon insect screen and sealed with glue. One-hundred and twenty pots
containing buried and unburied bolls were set up. Immediately after bolls were placed in the
pots, half of each treatment were irrigated once with distilled water to simulate 2.5 cm of
rainfall, while all other pots were kept dry. In another 30 pots of buried and unburied bolls
watering of half of the pots (as above) was delayed until the 49th day after bolls were placed
in pots. All pots were stored in an unheated shadehouse until examined for larvae.

Ten random samples of 10 bolls, taken on the day experiments were set up, revealed the
presence of 100 P. scutigera larvae/100 bolls; 3, 18, 25 and 54% were first, second, third and
fourth instars, respectively. No prepupae or pupae were present.

Ten pots from each treatment (a total of 50 bolls) were examined 7, 14, 21 and 35 days
after the start of the experiment. A further ten pots that received delayed watering were
sampled on day 63 and compared with bolls which had been kept dry.

On each sampling occasion, all soil and bolls were thoroughly searched for larval, pupal
and adult P. scurigera. The position of each life form within the pot and the physiological
condition of larvae was recorded. The moisture content of 9 bolls, randomly selected from
each treatment, was determined by weighing the plant material before and after drying in an
oven at 100° C for 48 hours.

6.2.3. Effect of soil type on the emergence of P. scutigera from buried bolls

The effect of soil type on the emergence and survival of P. scutigera from buried bolls was
investigated in 1986. Three contrasting soil types were chosen and are broadly classified as:
i) alluvial (collected from the D.P.I. Research Station, Biloela).
ii) heavy clay (1. Shepherdson’s property, Biloela).
iv) sandy loam (T. Jensen’s property, Biloela).
Alluvial soil represented the typical soil type found in the Callide Valley while soils ii) and

iii) were rarer, extreme types. All soils were collected from cotton fields on 1 June 1986 and
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sifted through a 2 cm sieve to remove large stones and organic matter. The soil was stored dry
in a shadehouse until needed.

Open bolls were collected from unsprayed cotton on the D.P.I. Research Station, Biloela
on 29 May 1986. Two samples of 100 bolls each were taken prior to the start of the
experiment to determine P. scutigera infestation. A mean of 50 P. scutigera/100 bolls were
found - 11, 16 and 64% were 2nd, 3rd and 4th instar larvae respectively and 9% were pupae.

On 8 June 1986, large plastic plant pots (26 cm top diam., 18 ¢m bottom diam., 235cm
height) were part-filled with each soil type and 25 dry bolls placed on top. Bolls were
carefully spread in the centre of the pots away from the sides, and then covered with a 10 cm
layer of dry soil. Thirty replicate pots of each soil type were set up plus another 10 pots
containing unburied bolls (placed on top of alluvial soil) as a control. All pots were moved
from the shadehouse into the grounds of the D.P.L research station on 10 June 1986 so that
ambient temperatures and natural rainfall were experienced.

Each pot was covered by a conical top (26 cm high) made from fibreglass insect mesh. An
inverted plastic cup (6 cm diam.) was attached to an opening at the top of the cone to collect
emerging moths. The conical tops were sealed onto the rims of pots with glue to prevent
moths from escaping. The efficiency of these conical tops to trap emerging moths was tested
in a preliminary experiment by releasing a known number of moths into the pots and
recording date of capture. Of ten moths released into two pots, 80 and 90% were trapped in
the collecting cup. In one pot moths were trapped 1-4 days after release but in the other pot
two moths were not caught until day five and one moth until day nine. The untrapped moths
presumably died inside the pots.

Pots were checked for emerging moths every 1-7 days until 20 December 1986, when the
experiment was terminated due to no further emergence. ANOVA was used to compare the
overall mean number of moths emerging from each treatment, after a log g x+1)
ransformation. Linear regression was used to express cumulative moth emergence (probit
scale) on Julian date for each treatment and the slopes of regression lines compared as

described in section 6.2.2.
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6.2.4. Emergence of P. scurigera infesting green, unopened cotton bolls

Green, unopened cotton bolls were collected from unsprayed cotton between 4-6 June,
1986. A random sample of 200 bolls revealed a mean of 203 P. scutigera larvae/100 bolls. Of
these larvae 15.3% were parasitized by Apanteles sp. (see Chapter 3). On 7 June, 1986, the
green bolls were either placed on the soil surface or buried under 10 cm of soil, in the grounds
of the D.P.L. Research Station, Biloela. Four replicates, consisting of 200 bolls, were
conducted for each treatment. Each replicate was covered by a separate pyramid emergence
cage . The design of emergence cages was based on that described by Sabine (1969a). The
cages measured 0.75 m2 at the base and in height, and consisted of a wooden frame covered
with nylon insect screen. A funnel (6 cm basal diam.) was placed at the top of each cage,
covered by a glass jar, to trap the emerging moths. The base of cages was buried into the soil
to prevent the escape of larvae and adult moths. Moth and parasitoid emergence was checked
every 1-7 days, according to the rate of emergence. Linear regression was used to express
cumulative moth emergence (probit scale) from buried and unburied green bolls on Julian
date, comparing the slopes of regression lines as described in section 6.2.2.

6.2.5. Effects of photoperiod and cotton seed oil on the development of P. scutigera

The development of P. scutigera reared on artificial diet containing no, low or high levels
of cotton seed oil, under two photoperiod regimes, was compared at 25 + 19 C. Refined
cotton seed oil (CSO) was thoroughly blended into artificial diet (Shorey and Hale 1965), to
form 1% and 5% of the total volume, before adding the agar. The diet was dispensed into
sections of plastic drinking straws as described in Chapter 2. One neonate larva was
transferred to a straw containing each diet. The number of larvae used in each treatment
varied according to their availability (see Table 6.7).

Development to pupation and moth emergence on each diet was compared under a short-
day (10:14 light/dark) photoperiod and a long-day (14:10 light/dark) photoperiod. Pupae
reared under the long-day photoperiod were sexed and weighed within 1-2 days after
hardening of the cuticle. The main criterion used by Raina and Bell (1974) for recognising
diapause in P. gossypiella was applied to P. scutigera; i.e. the failure of fully fed larvae to

advance to the pupal stage within a reasonable period (2 weeks at 25° C).
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ANOVA was performed on the data to test for significant differences between treatment
means. The data was logq transformed if necessary, to meet the assumptions of this
parametric test. When the ANOVA was significant, pairwise comparisons of means was
performed using a GT2 test for unequal replicates (PROC GLM, SAS Institute, 1985). Male

and female development was compared using Student’s t-tests.

6.3. Results

6.3.1. Comparison of tillage practices

When offset discs were used once, burial of bolls was very poor; over 50% of the bolls
remained on the soil surface and nearly 20% were located just below the soil surface (0-3cm)
(Fig. 6.1). Few bolls were buried over 3 cm deep and none was  buried over 15 cm deep.
Burial was improved when the offset discs were used twice, reducing the proportion of bolls
lying on the soil surface or 0-3 cm deep 1o about 20 and 9%, respectively. The majority of
bolls were buried between 9-12 cm deep with some located 18-21 cm deep. In comparison,
the rotary hoe and spadovator ploughs were much more efficient at burying bolls, with most
lying 6-9 cm deep and only a few on or near the soil surface (Fig. 6.1).

A total of 226 moths emerged from unburied bolls between 1 July to 29 December, 1986.
The total number of moths emerging from buried bolls ranged from 71 (spadovator treatment)
to 127 (offset discs + soil hilled-up treatment) moths, over the period 1 July to 22 December,
1986. Fig. 6.2 compares the pattern of moth emergence for unburied bolls and all buried boll
reatments combined. Peak moth emergence occurred in September, when between 41.4 and
69.0% of all moths emerged from each treatment (Fig. 6.2, Table 6.1). In some treatments
emergence during October remained high, while in other treatments the proportion of moths
emerging was significantly lower (Table 6.1, p<0.001). Emergence during November and
December declined to very low levels, but remained highest in the unburied bolls and offset
discs + soil hilled-up treatments.

Variation in the number of moths emerging from each replicate cage was high in some

treatments e.g. ratoon and spadovator (Table 6.2). Overall emergence from the ratoon
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Fig. 6.1. Vertical distribution of open cotton bolls buried under soil using four tillage systems;
offset discs once, offset discs twice, rotary hoe and spadovator plough. N = 200 bolls per

freatment.
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Fig. 6.2. Mean number of P. scutigera emerging/cage/day from unburied bolls (B) and buried
bolls (C) at the D.P.L. Research Station, Biloela, during 1986. Emergence from buried bolls
represents the mean of 7 tillage treatments (see text for details). All bolls were placed in the
field on 18 June 1986. Graph (A) shows daily rainfall records during the period of moth
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Table 6.1. Monthly emergence of P. scutigera (%) from dry cotton bolls, unburied or buried
under soil using seven tillage practices, during 1986. The percentage of moths emerging after
October 15 (>15/10) and November 26 (>26/11) is also shown. N = three replicate cages per

tillage treatment.

Mean % moth emergence/cage/date (+ S.D.)l
Tillage =~ =-ecmeememmosormomsomTeTTTIIIoTT ammmmmmm o e

reatment I A S O N D >15/10 >26/11
Unburied o isa 303a 22.1ad 28a  Lla 68  l8a
(0.1) 40 (2.35) 2.1 0.2) (1.7 (2.0) (1.6)
Offsets 07a 30.1a 64.2a 4.5bce 0.5a Oa 2.1a Da
twice (1.1) 4.0y 6.7 (1.5) (0.9) - (3.6) -
Offsets 1.0a 17.7a 67.7a 129ace 0.7a 0.1a 1.5a 0.8a
once (1.2) 4.6) (3.2) (8.4) (1.2) (0.2) (1.3) (1.4)
Offsets + 1.5a 18.2a 56.5a 17.4ad 5.8a 0.5a 8.3a 3.5a
hilled-up 2.0) (6.5) (13.7) (8.1) (5.2 0.4) (5.5) (3.1
Spadovator 0.8a 48.2a 467a  43bce Oa Oa 1.7a Oa
(1.5) (32.2) 7.4y (39 - - 3.0) -
Spadovator + 22a 24.1a 612a 9.7ae 2.0a 0.3a 2.7a 0.7a
hilled-up 2.4) (10.3) (3.2 (2.2) (3.5) 0.6) (4.6) (1.1
Rotary-hoe 0a 29.8a 69.0a 0.6bc 0.6a Oa 1.2a Oa
- 1.9 1.8 1.0 (1.0) - (2.1) -
Ratoon 152 19.8a 414a 34.3d 3.0a Oa 10.7a Oa
(1.4) (6.3) (149 (20.1) (3.1) - (12.9) -

1. Means within columns followed by the same letter are not significantly different (L.S.D.
test, p = 0.03).

ANOVA (all data transformed to arcsin (x + 0.05)):
July F=0.91, df=7/16, p>0.05
August F=1.92, df=7/16, p>0.05
September F=1.95, df=7/16, p>0.05
October F=1.72, df=7/16, p<0.001
November F=1.99, df=7/16, p>0.05
December F=1.38, df=7/16, p>0.05
>15/10 F=1.37, df=7/16, p>0.05
>26/11 F=2.05, df=7/16, p>0.05
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Table 6.2. Effect of boll burial, using seven tillage treatments, on the emergence of P.

scutigera moths from dry cotton bolls. N = three replicate cages per treatment.

Mean (+ S.D.)
Tillage No. of Estimated no. No. of moths Percent!
treatment bolls/cage larvae/cage emerged/cage emergence
Unburied 2000 2274 75.3 330a
0) () (10.7) 4.7)
Offsets 180.0 204.6 39.0 19.1b
twice (6.6) (7.5) (10.4) (5.3) -
Offsets 197.7 224.7 42.3 18.8b
once (2.5) 2.9 (2.5) (1.4)
Offsets + 188.7 214.5 40.0 18.6b
hilled-up (1.1) (1.3) (4.6) (2.0)
Spadovator 180.7 205.4 23.7 11.5b
(18.5) (21.0) (13.6) (6.3)
Spadovator + 170.3 201.3 323 15.9b
hilled-up (27.1) (36.6) (15.5) (6.2)
Rotary-hoe 196.3 223.2 32.7 14.7b
(2.1 (2.3) (10.8) (5.0)
Ratoon 165.7 188.3 333 16.7b
(24.5) (27.9) (34.0) (14.6)

1. Means within column followed by the same letter are not significantly different (L.S.D.
test, p=0.05).

ANOVA: (log1g transformed data) F=2.67, df=7/16, p<0.05
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Table 6.3. Linear regression parameters for the relationship between cumulative proportion
moth emergence (plotted as probits) and Julian date for seven tillage treatments and a control

of unburied bolls.

Tillage =~ = reemeemessmmesssosomessssmmsssmsssesssosomooosossscmoogeooooees

treatment a (+S.E) b (+S.E) 2

Unburied -4.0278 0.0349al 0.9543%##2
(0.2608) (0.0010)

Offsets -8.5533 0.0542bcf (0.9543%#*

twice (0.4333) (0.0017)

Offsets -6.2971 0.0489b (0.9102%#*

once (0.4854) (0.0018)

Offsets + -4.0379 0.0349ae 0.9218%***

hilled-up (0.3545) (0.0013)

Spadovator -7.3420 0.0503c 0.9748%**
(0.2979) (0.0016)

Spadovator + -5.0638 0.0392de 0.8950%**

hilled-up (0.4772) (0.0017)

Rotary-hoe 9.7757 0.0600f 0.9069%**
(0.7615) (0.0029)

Ratoon method -5.1278 0.03964 0.9721 %%
(0.2419) (0.0009)

1. Values of b followed by the same letter are not significantly different (p>0.03).

2. *#% indicates regression is significant at p<0.0001.
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treatment was lower than expected as a large proportion of cotton trash and bolls remained on
the soil surface afier ploughing. This may have been caused by a lower capture efficiency of
emerging moths through the use of two cages (as opposed to one cage in all other treatments)
to cover the widely spread bolls. Also, a significant proportion of bolls were not covered by
the cages due to the triple-disc hiller dragging cotton trash and bolls over a long distance. In
the replicates with the lowest moth emergence 48 and 49 of the original 200 bolls buried (24
and 25%) were not covered by the emergence cages. Similarly, in the first spadovator
treatment replicate 60 (30%) bolls were recovered outside the cage. In other treatments
between 0-26 bolls were missed by the emergence cages.

Because of the unequal number of bolls in each treatment, overall moth emergence was
expressed as a percentage of the estimated number of P. scutigera present in the 200 cotton
bolls before burial, adjusting the results for missing bolls (Table 6.2). ANOVA on the
adjusted results, detected a significant difference (p<0.05) in the overall percentage
emergence of moths between reatments (Table 6.2), However, comparison of means using a
L.S.D. test, revealed that only unburied bolls were significantly different from the tillage
reatments (p<0.05). No tillage treatment was statistically better than any other (Table 6.2).

Hilling-up of the soil immediately after boll burial did not affect the overall percentage
emergence of moths in the offset discs treatment. When the spadovator plough was used,
hilling-up of the soil increased the percentage of moths emerging from 11.5 to 15.9% (Table
6.2).

The rate of moth emergence from unburied bolls, as indicated by the slope of the
regression line (b), was significantly lower (p<0.05) than for all other treatments, except for
the offset discs once + soil hilled-up treatment which had an identical slope value (b=0.0349)
(Table 6.3). The fastest rate of moth emergence occutred in the rotary-hoe treatment (b=0.06),
closely followed by the offset discs twice (b=0.0542) and the spadovator (b=0.0503)

treatments.
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Fig. 6.3. Development of P. scutigera infesting open cotton bolls buried under 5 cm of soil

and kept dry (open bars) or irrigated (hatched bars) with 2.5 cm of water on day 1. Bolls were

sampled on day 7, 14, and 35 (N = 10 pots/treatment). The percentage of each larval instar (I-

IV), prepupae (PP), pupae (P) and adult moths (A) found in each freatment is shown.
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Fig. 6.4. Development of P. scutigera infesting open cotton bolls placed on the soil surface
and kept dry (open bars) or irrigated (hatched bars) with 2.5 ¢m of water on day 1. Bolls were
sampled on day 7, 14, and 35 (N = 10 pots/reatment). The percentage of each larval instar (I-

IV), prepupae (PP), pupae (P) and adult moths (A) found in each treatment is shown.
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6.3.2. Effect of artificial irrigation of buried and unburied bolls on P. scutigera development

Development of P. scutigera was much faster in dry cotton bolls that were buried and
irrigated with water than in all other treatments (Fig. 6.3 and 6.4). Seven days after
experiments were set up, 70% of the larvae found in buried, irrigated bolls were in the fourth
instar. Seventy-one percent of these fourth instars were in the prepupal stage, being found
within loose silken cocoons. On the same sampling date, only 34.8% of all P. scutigera found
in buried, unirrigated bolls were in the fourth instar. None of these larvae were in the prepupal
stage, although 8.7% of all P. scutigera found were pupae. Similarly, in both unburied boll
treatments, the number of larvae in the fourth instar was lower and none were in the prepupal
stage. Pupae (22.2% of all P. scutigera found) were only present in the unirrigated treatment.

Fourteen and 35 days after treatment, the advancement in the development of P. scutigera
in buried, irrigated bolls was even more marked compared to moths in all other treatments
(Fig. 6.4). There was also a marked difference in the physiological condition of larvae found
inside bolls. In buried, irrigated bolls larvae remained in a normal, healthy state while in all
other treatments larvae were smaller and had a dehydrated appearance. These smaller,
dehydrated larvae were always found within bolls, usually inside damaged cotton seeds.
Larvae were active when removed from the boll and if placed on artificial diet they
immediately started feeding.

The physiological condition of larvae was clearly related to the moisture content of bolls.
The moisture content of irrigated, buried bolls was significantly greater than for bolls in all
other treatments at 7 and 14 days after irrigation (Table 6.4, p<0.05). Seeds of these bolls
were soft which enabled larvae to actively fed on the tissue. In contrast, bolls left on the soil
surface absorbed very little water on irrigation. The moisture content of these bolls was not
significantly greater than unirrigated bolls (Table 6.4, p>0.05). Seeds within these bolls
remained hard and dry. Larvae appeared to be unable to feed on the dry material, leading to
suppressed development.

After 35 days, the moisture content of bolls in all reatments was very similar. Immature

larvae remaining in the irrigated, buried bolls (6.7% of all P. scutigera found), started to
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Table 6.4. Change in the moisture content of buried and unburied dry, open cotton bolls over
tme when artificially irrigated with 2.5 cm of water or left dry. In all reatments bolls were
irrigated on day 0, except in the delayed irrigation treatment when water was applied on day

49. N = 8-9 bolls/reatment/date.

% boll moisture (+ S.D.) on experimental day1
Bollfirrigation ~ -=-=---mssssmescmoesssmmsssoomsonsenos - e
treatment 7 14 35 63
Buried bolls 39.9a 42.6a 35.0a -
irrigated (7.5) (4.9) (8.4)
Buried bolls 24.5b 27.7b 31.9a 37.8a
unirrigated (5.8) (5.0) (6.2) 6.4)
Buried bolls - - - 48.8b
delayed irrigation (6.4)
Surface bolls 27.3b 32.4b 34.2a -
irrigated (3.6) (5.6) (8.8)
Surface bolls 23.4b 27.4b 32.7a 37.1a
unirrigated (4.8) (4.5) (8.2) (3.4)
Surface bolls - - - 39.3a
delayed irrigation (4.8)

test, p=0.03).

ANOVA:
Day 7 F=16.6, df=3/32, p<0.05.
Day 14 F=18.4, df=3/31, p<0.05.
Day 35 F=0.3, df=3/31, p>0.05.
Day 63 F=8.8, df=3/32, p<0.05.
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Fig. 6.5. Development of P. scutigera infesting open cotton bolls placed on the soil surface or
buried under 5 cm of soil, kept dry (open bars) or irrigated (hatched bars) with 2.5 cm of
water on day 49, and sampled on day 63. The percentage of each larval instar (I-I'V), prepupag

(PP), pupae (P) and adult moths (A) found in each treatment is shown.
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become dehydrated in appearance as the boll material dried out.

Delayed irrigation of bolls on day 49, also had a dramatic effect on the development of
Jarvae in buried bolls (Fig. 6.5). After irrigation the percentage of fourth instar larvae found
within buried bolls increased to 80% by day 63. Twenty-five percent of these larvae were in
the prepupal stage. In unirrigated bolls 14.3% of P. scutigera found were still in the third
larval instar, and of the 57.1% fourth instar larvae found none were in the prepupal stage.
Both buried treatments contained a similar proportion of emerged pupae. Again, there was a
marked difference in the physiological condition of larvae in the delayed irrigated and
unirrigated buried boll reatments. Larvae in the irrigated buried bolls were of healthy
appearance and were observed actively feeding inside the soft cotton seeds. The moisture
content of irrigated, buried bolls increased to 48.8% compared to 37.9-39.3% in all other
treatments. Larvae in unirrigated treatments were very small and many dead larvae were
encountered within the bolls.

The location of prepupae and pupae within pots differed in the two burial treatments. No
prepupae/pupae in either burial treatment were found within buried bolls. In the unirrigated,
buried boll treatment, the majority of prepupae/pupae (85.7%) were found within the top 1cm
of soil, usually on the soil surface. In contrast, very few prepupae/pupae in the irrigated
treatment were found on or near the soil surface. Most prepupae/pupae (89.8%) were located
directly underneath the 2-3 cm hard soil crust that formed after watering. This crust appeared
to form a barrier to pupating larvae, preventing them from reaching the soil surface. Dead
adult moths were also found underneath the soil crust, as they were unable to reach the
surface on emergence from trapped pupae. Only when large cracks were present in the crust
were prepupae/pupae found on the soil surface in the irrigated treatment. In both unburied
boll treatments, all prepupae/pupae were found on the soil surface, usually directly underneath
the bolls.

6.3.3. Effect of soil type on moth emergence and survival

Soil type significantly affected the number of P. scuzigera emerging from buried bolls; the

mean number of moths emerging/pot was 26 for unburied bolls and 7.7, 3.2 and 1.1 moths
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Table 6.5. Effect of three soil types on the emergence of P. scutigera from buried dry, open

cotton bolls, compared with a control of unburied bolls. Number of bolls/pot = 25.

No. Mean no. (+ S.D.)1
Treatment pots moths emerging/pot Range
Unburied o 2602 60 1632
Clay 30 7.9b (5.1) 1-24
Alluvial 30 31c (2.4) 0-8
Sandy 30 1.1d (1.4) 0-6

1. Means within columns followed by the same letter are not significantly different (GTZ2 test,
p=0.05).

ANOVA (logigx + 1 transformed data): F=72.58, df=3/96, p<0.0001.

Table 6.6. Effect of soil type on the emergence of P. scutigera from buried and unburied
bolls; linear regression parameters for cumulative moth emergence plotted as probits against

Julian date.

Treatment a (+S.E.) b (+SE.) r2

Unburied 53425 0.0420a 0,085 w2
(0.2466) (0.0009)

Alluvial -6.6872 0.0504b 0.976%:
(0.4176) (0.0018)

Clay -5.7535 0.0445a 0.919%x
(0.7261) (0.0029)

Sandy -1.3478 0.0293¢ 0.946%**
(0.3660) (0.0014)

1. Values of b followed by the same letter are not significantly different (p>0.03).

2. **% indicates regression is significant at p<0.001.
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Fig. 6.7. Emergence of P. scutigera infesting green, unopened bolls when placed on the soil
surface (unburied) or buried under 10 cm of soil. Top graphs show the percentage monthly
rate of moth emergence (mean/cage + S.E.) for each treatment, and the bottom graph shows
the cumulative rate of moth emergence plotted as probits against Julian date. Linear
regression equations for each treatment are:

Unburied bolls: y = -3.027 + 0.03205x (2 = 0.947)

Buried bolls: y = -13.490 + 0.08415x (2 = 0.979)

Regression slopes were significantly different (t = 13.103, df = 4, p<0.001)
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for bolls buried under clay, alluvial and sandy soil, respectively (Table 6.5). Moths emerged
from unburied bolls over the period 7 July to 11 Noveraber 1986 (Fig_. 6.6). The last moth to
emerge from bolls buried under alluvial 524 vai on & Doksbar mdifgggfogé; 1986,

. but 23 October for bolls buried under sandy soil. Three main peaks in moth
emergence from unburied bolls occurred; a minor peak in late July, followed by two major
peaks in late August and in late September/early October. The pattern of moth emergence
from buried bolls differed; peaks in emergence were advanced by cal week and the peak in
late August was much smaller (Fig. 6.6).

The rate of moth emergence, as indicated by the slope of the regression line (b) of
cumulative moth emergence (probits) against Julian date, was significantly faster when bolls
were buried under alluvial and clay soil, than for bolls unburied or buried under sandy soil

(Table 6.6).

6.3.4. Emergence of P. scutigera from green, unopened bolls

A total of 502 P. scutigera emerged from green, unopened cotton bolls left on the soil
surface, compared to 248 moths emerging from buried green bolls. This represents a survival
rate of 30.9 and 15.0% for P. scutigera infesting unburied and unburied bolls, respectively. In
addition to these moths a total of five and six Apantales sp. emerged from cages containing
the buried and unburied bolls, respectively.

The rate of moth emergence differed greatly between buried and unburied bolls (Fig. 6.7).
The majority of moths emerged from buried bolls in J uly (40.0%) and August (57.8%). Very
few moths emerged from buried bolls in September (1.3%) and the last moth emerged on 8
September. When the bolls were placed on the soil surface they rapidly dried out and had
fully opened within a period of ca two weeks. Emergence of moths from unburied green bolls
extended until 24 November, 1986, with the majority of moths emerging during August
(37.1%) and September (32.8%). When the last moth emerged from buried bolls {(on 8
September) only 58.3% of moths had emerged from unburied bolls. Comparison of linear
regression lines for cumulative moth emergence, plotted as probits against Julian date,

revealed a significant difference between regression slopes (Fig. 6.7).
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Table 6.7. Effect of photoperiod and larval diet containing cotton seed oil (CSO) on the
development of P. scutigera at 230 C. Mean number of days (+ S.D.) to reach pupation and
moth emergence when reared on artificial diet containing, no, low (1%) or high (5%) levels of

CSO, under 2 long (14L:10D) or short (10L.:14D) day photoperiod. N = number of moths

observed.
Photo Larval Days to Days to
-period diet N pupation1 moth emergence
o No 74 24.6a 35.1a
CSO (2.8 (2.9)
Long 1% 75 29.3b 39.9b
day CSO (3.6) (3.8)
5% 76 31.0b 41.7b
CSO (3.3) (3.5)
No 56 33.2¢c 47.3c
CSO (3.6) (3.6)
Short 1% 51 36.5d 50.7d
day CSO (5.4) (5.9)
5% 33 42.8¢e 56.4e
CsO (7.7) (7.9)

1. Means within columns followed by the same letter are not significantly different (GT2 test,
p=0.03).

ANOVA:

Pupation (logy transformed data) F=114.7, df=5/359, p<0.0001.
Emergence F=156.0, df=5/336, p<0.0001.
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6.3.5. Effects of photoperiod and cotton seed oil on the development of P. scurigera

Both a short-day photoperiod and the addition of cotton seed oil (CSO) significantly
lengthened larval development but the increase was too short to constitute 2 form of diapause
(Table 6.7). Under the long-day photoperiod, the mean number of days to pupation increased
from 24.6 days, when no CSO was added to the diet, to 31.0 days when the diet contained
5% CSO. Under the short day photoperiod, larvae took 33.2 days to reach pupation on no
CSO diet and 42.8 days on 5% CSO diet. The increase in the number of days to reach moth

emergence was similar (Table 6.7).

6.4. Discussion

The low moisture content of dry cotton bolls was the major factor limiting the
development of overwintering P. scutigera Jarvae. Development was suppressed in dry, open
bolls kept dry (<38% moisture content) as larvae were unable to feed on the lint and seed. In
response to low moisture content, larvae became inactive. Third and fourth instars were
capable of surviving in this condition for long periods of time (>63 days). Larval development
proceeded immediately when boll moisture increased after irrigation or rain. Development
was completed if boll moisture remained favourable, but became suppressed again if moisture
decreased through evapouration.

In disagreement with Sabine (1969a), the ability of P. scutigera larvae to survive for long
periods of time in dry, open bolls suggests that they enter a form of dormancy. However,
unlike P. gossypiella, dormancy in P. scutigera appears to be a period of quiescence and not a
true form of diapause. Quiescence is defined as a condition of growth retardation which is
induced directly by the environment in response to a limiting factor (Mansingh 1971). Itis the
simplest type of insect dormancy and the reaction of individuals is spontaneous, resulting in
growth retardation only (Tauber ef al. 1984). As seen in P. scutigera larvae, termination of
quiescence is relatively immediate, depending on the speed of re-acclimation of individuals to
improved conditions. In contrast, diapause is a more profound interruption of development

that is not controlled simply by the direct action of environmental factors (Danks 1987,
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Mansingh 1971). Diapause is induced well before the adversity occurs, while termination is
complex and can be maintained for some time regardless of environmental conditions
(Behrens 1984).

A short-day photoperiod, in combination with a larval diet containing high levels of cotton
seed oil, did not induce diapause in P. scurigera, as seen in P. gossypiella (Bull and Adkisson
1960). Both factors did significantly lengthen developmental rates, when compared to larvae
reared on a long-day photoperiod and on diet containing no cotton seed oil. The effect of
cotton seed oil on development may have been  due to the presence of gossypol, which is
known to reduce larval growth rates in other species of Lepidoptera (Chan et al. 1978, Shaver
and Lukefahr 1969). The independent effect of photoperiod on P. scutigera larval
development is difficult to explain. Photoperiod has been reported to affect the growth rate of
many other insects but usually in association with a diapause response (Saunders 1982).

The effect of exposure to low temperatures on P. scutigera development was not
investigated as a possible diapause inducing factor. Temperature as a primary diapause
inducing factof, has been demonstrated in relatively few species (Tauber ez al. 1984). In P.
gossypiella, the effect of low temperatures on the proportion of larvae entering diapause is
not readily apparent except under diapause inducing photoperiods (Adkisson er al. 1963).

The ability of P. scutigera larvae 1o survive in dry, open cotton bolls can be related to it s
life history on alternative host plants, where larvae feed on the fallen forms which undergo
similar extreme changes in moisture content (Chapter 5). The significance of this adaptation,
in terms of the pest status of P. scutigera, is discussed in Chapter 8.

The low moisture content of dry cotton bolls, as a major factor limiting the development
of P. scutigera larvae, explains why burial and irrigation treatments are beneficial in reducing
the carry-over of moth populations from one cotton season to the next, as reported by Sabine
(1969a, 1969b). Burial of cotton bolls advanced the development of larvae, compared to bolls
left on the soil surface, due to higher moisture levels. The surrounding layer of soil acted as a
reservoir of water from which the dry bolls absorbed moisture. Also, the overlying soil layer

considerably reduced the loss of boll moisture through evapouration. Bolls left on the soil
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surface absorbed significantly less water than buried bolls (Table 6.4), and in the field,
moisture would be quickly lost due to direct exposure to the sun and wind.

Moth emergence from open bolls was very variable and spread over a long period of time
(Fig. 6.2). Developmental rates of P. scutigera, reared on artificial diet and at constant
temperatures, are inherently variable, particularly during the fourth larval instar and at low
temperatures (Chapter 2). Further variation in larval development rates would be induced
according to the position of the cotton boll within the soil, the rate of water absorption and
evapouration, and quality of the food for larval development.

Further support for the hypothesis that moisture is the key factor controlling the
development and emergence of P. scutigera from dry cotton bolls was apparent from the rate
of emergence of moths from green, unopened bolls. Moth emergence from green bolls buried
under 10 c¢m soil was very fast compared to unburied green bolls and dry bolls (compare Figs.
6.2, 6.5 and 6.6). This would be expected due to the much higher moisture content of green
bolls, allowing larval development to proceed at a much faster rate than larvae infesting dry
bolls. When green bolls were left on the soil surface they rapidly desiccated, hence causing
larval development to be prolonged. This not only further illustrates the importance of
burying cotton bolls as a cultural control method, but also demonstrates the potential of larvae
infesting green unopened bolls to carry-over moth populations into the next season.

The rate and period of moth emergence from dry bolls would vary each year according to
the incidence and pattern of rainfall. As indicated in Chapter 3, rainfall in the Callide and
Dawson Valleys is extremely variable between years (Table 3.1). The pattern of moth
emergence observed by Sabine (1969a), from bolls placed in the field in early June, differed
greatly from that observed in this study. Accordingly, rainfall figures during Sabine’s trials in
1961-62 and 1962-63 differed greatly from 1986, particularly in September 1961 and
October 1962 when rainfall was very low. However, differences in rainfall cannot entirely
explain why emergence of moths from unburied bolls in Sabine’s (1969a) experiments was s0
prolonged compared to that observed in this study. While rainfall was comparatively low

between July and October 1961, very heavy rainfall occurred in November 1961 (135 mm
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compared to 74 mm in 1986) yet moth emergence extended until February, 1962. Such
extended emergence may indicate that a small proportion of P. scutigera do in factenter a
true form of diapause.

Alternatively, the extended period of emergence in Sabine’s (1969a) trial may have been
due to the reinfestation of unburied boll material by moths emerging within cages, giving rise
to a new generation of P. scutigera. Preliminary experiments during this study showed that
only 80-90% of moths released inside emergence cages were recovered. Furthermore,
recovery of moths was spread over a pericd of nine days, within which mating and
oviposition could have taken place. In Chapter 3, it was demonstrated that open cotton bolls
are an attractive oviposition substrate to egg-laying P. scutigera.

Further advancement in larval development may occur in buried bolls due to the insulating
effect of the overlying soil. Temperature would only influence the rate of larval development
when boll moisture was high enough for feeding to occur. If temperature was the only factor
controlling the rate of development of overwintering P. scurigera, then we would expect all
moths to have emerged from unburied bolls placed in the field on 18 June 1986, within
approximately 515 degree-days (DD), based on developmental rate data presented in Chapter
2 When the number of DD accumulated over the emergence period of moths was calculated,
using the DEGDAY programme of Higley er al. (1986) and weather data presented in Chapter
3, a total of 1652 DD accumulated from 18 June, 1986, to the emergence of the last moth on
29 December, 1986. A total of 515 DD was accumulated by 25 September 1986, when only
74 and 86% of moths had emerged from unburied and buried bolls, respectively.

The reduction in the number of moths emerging from buried bolls, as observed by Sabine
(19694) and in this study, was probably a consequence of soil crusting rather than the physical
action of burial. All larvae infesting dry bolls were well protected, being located within
damaged seeds. On burial, larvae appeared to remain within damaged seeds until ready for
pupation. Most mortality occurred through the formation of a hard soil crust overlying the
buried bolls after rain or irrigation. In pot experiments, the hard crust formed a layer
impenetrable to pupating larvae attempting to reach the soil surface. This forced pupation to

occur directly underneath the soil crust, resulting in the emerging moth becoming trapped and
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dying. Only if larvae located cracks in the soil crust did pupation take place on the soil
surface.

The degree of crusting varied according to the physical properties of the soil. Sandy s0il
formed a much harder crust than alluvial and clay soils, and this factor was probably
responsible for the significantly lower number of moths emerging from bolls buried
underneath sandy soil. The emergence of P. gossypiella from bolls buried under sandy soil is
also significantly lower than for other soil types (Chapman er al. 1960, Richard and Clark
(1965).

The rate of microbial breakdown (bacterial and fungal) of boll material may also affect the
survival of P. scutigera larvae in buried bolls. The more moist conditions experienced in
buried bolls would ensure a more rapid rate of decay than in drier bolls on the soil surface.
This may reduce the survival, hence emergence, of P. scutigera if microbial breakdown of
boll material occurs before all larvae complete development.

Soil type significantly affected the rate of moth emergence, as indicated by the slope of the
regression line of accumulative moth emergence plotted as probits against Julian date (Table
6.6). The rate of moth emergence was lower when bolls were buried under sandy soil than
both alluvial or clay soil, while emergence from bolls under alluvial soil was significantly
slower than under clay soil. This may be related to differences in the drainage characteristics
of each soil type. The well-draining sandy soil had a low water retention capacity compared to
the sticky clay soil, while the alluvial soil was of intermediate type. Consequently, the
absorption and loss of moisture by cotton bolls buried under each soil type differ,
affecting the speed of larval development.

Of the seven tillage practices compared in this study, there was no significant difference in
the total number of P. scutigera moths emerging. However, there were significant differences
in the rate of moth emergence. Generally, the most efficient tillage reatments (spadovator
plough and rotary-hoe), in terms of the proportion of bolls covered by soil (Fig. 6.1), had the
fastest rates of moth emergence.

The slower the rate of moth emergence, then the greater the chance that moths may carry-
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over directly into the next cotton season. Table 6.1 shows the percentage of moths emerging
from each tillage treatment after October 15 and November 26, the usual date of planting and
squaring of cotton in the Callide and Dawson valleys (Sabine 1969a). In all treatments,
including unburied bolls, very few moths emerged after both dates. The worst tillage
treatment was offset discs once + soil hilled-up, in which 8.3 and 3.3% of moths emerged
after October 15 and November 26, respectively. In four of the tillage treatments no moths
emerged after November 26.

Regardless of the tillage treatment, peak moth emergence from dry bolls coincided with
the mass flowering period of ornamental B. australis trees (Chapter 5). Between 51 and
80.5% of moths emerged from buried bolls during September and October (Table 6.1, Fig.
6.2) at a ime when no squaring cotton was available for infestation. The importance of B.
australis trees in the carry-over of P. scutigera populations from one cotton season to the next

is discussed further in Chapters 5 and 8.

256



CHAPTER 7
Longevity of adult P. scutigera in relation to the carry-over of

populations from one cotton season to the next

7.1. Introduction

When considering how P. scutigera populations carry-over from one cotton season to the
next, the role of the adult moth must not be overlooked (Holdaway 1926). Vickers (1982a)
found that male and female P. scutigera lived for up to 113 and 65 days, respectively, at 25°
C, with a mean longevity of 56 days for males and 42 days for females. If similar life-spans
can be attained in the field, P. scutigera emerging from cotton crop residues as early as
September may be capable of surviving until new cotton crops begin squaring in November.
More importantly, in terms of larval performance (Chapter 2), moths emerging from cotton
wash and B. australis flowers (Chapter 5) in October or November may be able to survive
until cotton starts to produce bolls in late December.

The longevity and rate of oviposition of P. scutigera under ambient temperatures during
spring months are unknown. Some species of Lepidoptera undergo a reproductive diapause if
emergence occurs during periods unsuitable for population increase (Harcourt and Cass 1966,
Jacobson 1960). Conversely, rates of development and oviposition may be higher under
fluctuating temperatures than constant temperatures (Ratte 1984, Welbers 1975). Larval diet
may also affect longevity and rate of oviposition. Vickers (1982a) only measured the
longevity of moths reared on artificial diet. Less suitable larval diets may result in shorter life-
spans of adult moths or lower rates of oviposition (Chapter 2).

In this Chapter the longevity and rate of oviposition of P. scutigera at 259 C and under
ambient temperature conditions is compared, using moths originating from experiments in
Chapters 2, 5 and 6. Also in this Chapter the effects of delayed mating on repreduction of P.

scutigera is reported. A delay in mating has been shown to have a negative effect on the
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reproductive capacity of some Lepidoptera by altering the females readiness to mate, or by
lowering the production or the proportion hatching of eggs (van der Kraan and van der Straten
1988). Delayed mating may occur in P. scutigera when population densities are low during
emergence from overwintering sites or from B. australis flowers. A delay in mating would be
further prolonged if the development of the sexes is asynchronous. Such asynchrony may
occur due to the extremely variable development rates of larvae infesting dry cotton bolls and

fallen flowers of alternative host plants (Chapters 5 and 6).

7.2, Materials and Methods

7.2.1. Longevity and rate of oviposition of P, scutigera at 25° C

The longevity and rate of oviposition of moths reared on B. australis flowers, dry cotton
bolls and &. rosa-sinensis flowers was determined at 25° C (+ 19 C, 14 hour photoperiod).
All moths originated from experiments reported in Chapter 2 and were held in oviposition
chambers (two males and one fermale per container) with a 5% sugar solution for food. Tissue
paper was provided as an oviposition substrate. Mortality of moths and the number of eggs
laid was checked daily undl all individuals had died. The number of males and females
observed respectively, was 30 and 14 for B. australis, 16 and 9 for dry cotton, and 20 and 10
for H. rosa-sinensis.

7.2.2. Longevity and rate of oviposition of P. scurigera emerging from B. australis flowers in

an insectary

The longevity and rate of oviposition of moths emerging from caged B. australis flowers
(see Chapter 5 for details) was determined in an insectary at the D.P.L Research Station,
Biloela, during 1986. Moths emerging each day were removed from cages and placed in
oviposition chambers as above. The number of male and female moths placed in each
chamber varied according to emergence rates. A total of 45 males and 38 femnales that
emerged from B. australis flowers between 26 October and 9 November, 1986, were

observed.
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7.2.3. Rate of oviposition of overwintered P. scutigera emerging from cotton trash in an

insectary

The rate of oviposition of moths emerging from cotton crop residues (cotton trash) was
monitored in an insectary as above. Longevity of moths was not recorded. Moths were
removed from emergence cages daily and placed in oviposition chambers between 1
September and 9 November. A total of 75 males and 53 females were placed in the insectary
and the number of eggs laid was recorded every 1-4 days until all females died.

7.2.4. Effects of delayed mating on reproduction

The effects of delayed mating on reproduction of P. scutigera was determined by pairing
moths 10, 20 and 30 days after eclosion. The results were compared with those reported in
Chapter 2 where moths were paired immediately after eclosion (<1 day). All moths were
reared on artificial diet at 259 C (+ 19 C, 14 hour photoperiod). Pupae were sexed and held in
petri dishes until emergence. Newly emerged adults were held in oviposition chambers (see
Chapter 2), provided with 5% sugar solution for food and incubated at 259 (+ 1) C. A total of
15 females were paired with a single, unmated male of the same age 10, 20 or 30 days after
eclosion. Each pair of moths was held in separate oviposition chambers and egg sheets were
checked daily for eggs until death of the female. The effective longevity (number of days
from eclosion to last egg laid), preoviposition period, number of eggs laid, duration of
oviposition and percentage egg hatch was recorded. The number of progeny (first instar
larvae) produced by each female was calculated by multiplying the total number of eggs laid
by the proportion of fertile eggs (Lingren ez al. 1988).

7.2.5. Data analysis

The number of degree-days above 169 C, accumulated during the period of observation of
moths in the insectary, was calculated using the DEGDAY program of Higley er al. (1986).
Maximum and minimum air temperatures reported in Chapter 3 were used in the programme,
choosing the sine wave option for calculating degree-days. A lower temperature threshold of
16° C was used as this is thought to approximate the flight activity threshold of adult moths,
based on field observations reported in Chapter 3.

Cumulative rates of oviposition and mortality were converted to percentages and plotted as
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probits against the cumulative number of degree-days for each diet and temperature
combination. Moths from B. australis flowers were considered as a single cohort and
analysed together. Moths emerging from cotton trash within the same seven day period,
starting from 1 September, were grouped together to give six separate plots. Linear regression
lines were fitted to the data and the slope of each line (b) was compared to determine if the

rate of oviposition or mortality was statistically different.

7.3, Results

7.3.1. Loneevity and rate of oviposition of P. scutigera at 250 C

At 259 C P. scutigera reared on B. australis flowers (BT) and dry cotton bolls (DC) had
similar life-spans while those reared on H. rosa-sinensis flowers (OH) lived for significantly
shorter periods of time (p<0.05, Table 7.1, Fig. 7.1). Males lived significandy longer than
females (p<0.05); mean longevity of males was 59.2, 55.3 and 39.3 days for BT, DC and OH
moths, respectively, and female longevity was 39.1, 34.3 and 22.5 days for each diet,
respectively. Expressed as degree-days (DD) above 16° C, mean longevity ranged from 353.7
to 504 DD for males, and 202.5 to 351.6 DD for females (Table 7.1). The longest Lived méle
and female both originated from BT, attaining life-spans of 126 days (1134 DD) and 68 days
(612 DD), respectively.

The rate of oviposition differed in each diet group (Fig. 7.2) and reflected the longevity of
females. Although OH moths laid the greatest number of eggs per female (mean = 225.0),
oviposition ceased 32 days (288 DD) after moth emergence. BT moths laid a mean of 143.7
eggs per female but oviposition continued up to 60 days (540 DD) after emergence. DC moths
laid a mean of 163.7 eggs per fermnale and oviposition ceased on the 44th day after emergence
(396 DD). Further details on aspects of reproduction for each diet group were given in
Chapter 2.

When percentage cumulative oviposition was plotted as probits against cumulative DD, the
relationship was highly linear (Table 7.2). Comparison of regression slopes (b) revealed a

significant difference between all diet groups (p<0.05) with OH moths having a much steeper
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Table 7.1. Longevity of adult P. scurigera reared on 3 larval diets at 25 O C, expressed in (A)
days and (B) degrees days accumulated above 16° C. Larval diets were: B. australis flowers
(BT), dry cotton bolls (DC) and H. rosa-sinensis flowers (OH). In table (B) the longevity of
moths emerging from B. australis flowers and placed in an insectary (BT INS) is also shown

for comparison (N = 45 males and 33 females).

(A)
Longevity (days)
Males Females
Larval = cemeeeemm e e e e e -
diet N Mean (+S.D.) Range N Mean (+S8.D.) Range
BT 30 59.2 (40.9) 6-126 14 39.1 (19.8) 12-68
DC 16 55.3 (30.6) 15-103 9 34.3 (15.7) 8-31
OH 20 393 (31.1) 10-112 10 225 (8.1 9-33
(B)
Longevity (degree-days)l
Males Females
Larval = crremcemmmmeememmmmmemscmceemn ooemcceesmemmoossosessmsoeos 5
diet Mean (+S.D.) Range Mean (+S.D.) Range t-test
BT 504 (366)a 54-1134 352 (178)a 108-612 2.20*
DC 498 (276)ab 117-927 309  (142)ab 72-450 2.26%
OH 354  (278)bc 90-1008 202 (72)be 81-297 2.28%
BTINS 244 (108)c 116-500 222 (104)c 52-539 1.01

1. Means within columns followed by the same letter are not significantly d1fferent (L.S.D.
test, p=0.05).

ANOVA Males F=9.46, df=3/107, p<0.005
ANOVA Females F=5.57, df=3/67, p<0.05

2. T-test between sexes, * indicates a significant difference in longevity between males and
females within rows at p<0.05.
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Fig. 7.1. Survival of adult P. scutigera when reared on three larval diets at 25° C: (A) Bottle
tree (B. australis) flowers; (B) dry cotton bolls: and (C) ornamental hibiscus (f. rosa-

sinensis) flowers.
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Fig. 7.2. Rates of oviposition of P. scuzigera at 250 C for moths reared on three larval diets;
B. australis flowers (BT), overwintered dry cotton bolls (DC), and H. rosa-sinensis flowers
(OH): (A) percentage cumulative rate of oviposition plotted against cumulative degree-days
above 16° C; (B) probit cumulative oviposition plotted against cumulative degree-days and

linear regression lines fitted (see Table 7.2 for regression parameters).

263



Population carry-over: adult moths

regression line than BT or DC moths (Fig. 7.2).

7.3.2. Longevity and rate of oviposition of P. scutigera emerging from B. australis flowers in

an insectary

Survivorship curves for the cohort of 45 males and 38 females emerging from B. australis
flowers and kept in an insectary are given in Fig. 7.3C. There was no significant difference in
male and female longevity (p>0.05) at a mean of 33.0 and 31.2 days, respectively (= 244 and
221.8 degree-days above 16 © C) (Table 7.1). Longevity of males ranged between nine and 62
days (68-500 DD) with the last male dying on 27 December. Longevity of females ranged
between three and 65 days (52-539 DD) and the last female died on 30 December.

A total of 8,833 eggs were laid by the 38 females (mean of 233.6 eggs per female). Most
eggs were laid during the first three weeks of November, however, oviposition extended until
25 December (Fig. 7.3B). When percentage cumulative oviposition was plotted as probits
against cumulative DD, the relationship was linear (Table 7.2). The slope of the regression
line (b) was identical to BT moths kept at 250 C but was significantly lower than that for DC
and OH moths (p<0.05, Table 7.2).

7.3.1. Rate of oviposition of P. scurigera emerging from cotton trash in an insectary

Moths emerging from cotton trash between 4 and 26 September, 1986, laid a mean of

' 211.4 eggs per female (N=53 females), ranging from 35 to 444.5 eggs per female. Females
emerging during week I‘/(l-'/’ September) started laying eggs on 4 September and ceased on 1

/';@ December. In moths emerging during week 4 (22-28 September) oviposition extended until
g/ﬁ/ 18 December, while moths emerging in the final week (3-9 November) ceased laying eggs on

7 December.

When accurnulative rate of oviposition was plotted as probits against accurulative DD,
the relationship was highly linear (Table 7.2). Comparison of regression slopes (b) for each
week of emergence revealed significant differences in the rate of oviposition (Table 7.2).
Moths emerging in weeks 1, 2, 3 and 5 had similar regression slopes ranging between £.0094
and 0.0129. Moths that emerged in week 4 had the lowest regression slope (b =0.0071) while

moths emerging in week 6 had the highest at b = 0.0225.
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Fig. 7.3. Rates of oviposition of P. scutigera kept in an insectary at the D.P.I. Research

Station, Biloela, during 1986: (A) Daily maximum and minimum air temperatures; (B)

Accumulative rate of oviposition (%) of moths emerging from cotton crop residues over six

weekly periods between 1 September and 9 November, 1986 (see Table 7.2. for date of

emergence). Arrows indicate the mass flowering period of B. australis trees and cotton Crop

phenology for a commercial field (Site 1) during the 1986/87 cotton season. P indicates the

@

date of sowing, E the date of seedling emergence, and 5, the date of first square production.

(C) Percent accumulative oviposition (open circles) and survivorship curves of moths

emerging from B. australis flowers between 25 October and 11 November, 1986.
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Table 7.2. Linear regression parameters for cumulative rates of oviposition of P. scutigera
plotted as probits against cumulative degree-days for: a) moths reared from B. australis
flowers (BT25), dry cotton bolls (DC23) and H. rosa-sinensis flowers (OH25) and incubated
250 C constant; b) moths emerging from B. australis flowers and placed in an insectary
(INSBT); and c) moths emerging from dry cotton bolls during weekly periods between 1

September and 9 November and placed in an insectary (INSDC1-6).

Origins Period of - R B T

of moths emergence a (+S.E.) b (x S.E.)1 r2

BT25 ) 3.275 000872 0929
(0.103) (0.0003)

DC25 - 2.564 0.0123b 0915
(0.149) (0.0006)

OH25 - 2.969 0.0175¢ 0.985
(0.072) (0.0004)

INSBT 26/10-9/11 4.850 0.0087a 0.938
(0.082) (0.0003)

INSDC1 1-7/9 3.862 0.0113b 0.826
(0.281) (0.0011)

INSDC2 8-14/9 4,123 0.0104b 0.912
(0.156) (0.0009)

INSDC3 15-21/9 4.041 0.0094ab 0.871
(0.226) (0.0010)

INSDC4 22-28/9 4.180 0.0071a 0.874
0.219) (0.0007)

INSDCS 1-7/10 3.324 0.0125b 0.967
(0.170) (0.0008)

INSDC6 3-9/10 2.815 0.0225¢ 0.953
(0.117) (0.0010)

1. Values of b followed by the same letter are not significantly different (p=0.05).
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7.3.3. Effects of delayed mating on reproduction of P. scutigera

All females laid fertile eggs when paired immediately after eclosion. Delaying mating for
10, 20 or 30 days decreased the percentage of females laying fertile eggs to 86.7, 66.7 and
66.7%, respectively (Table 7.3). There was no significant difference in the preoviposition
period between treatments (p>0.03), although it was highest at a mean of 5.4 days after a 30
day delay in mating compared to 4.7, 4.6 and 4.3 days when mating was delayed for <1, 10
and 20 days, respectively (Table 7.3).

.fecundity decreased as the delay in mating increased, but there was considerable
variation within treatments (Table 7.3). Significantly fewer eggs were laid when mating was
delayed for 10, 20 or 30 days than when there was no delay in mating (p<0.05, <0.001 and
<0.001, respectively). There was no significant difference in fecundity between 10 and 20
day delay moths or between 20 and 30 day delay moths (p>0.05). Females in which mating
was delayed for 30 days laid a mean of 174.5 eggs (range 0-514 eggs) compared to 494.7
eggs (range 352-644 eggs) when there was no delay in mating.

The duration of oviposition decreased linearly with an increasing delay in mating (r2 =
0.9996, Fig. 7.4). Moths mated immediately and 10 days after eclosion had a significantly
longer period of oviposition compared to moths that were mated 20 or 30 days after eclosion
(p<0.05, Table 7.3). The duration of oviposition lasted up to 45.7 days when there was no
delay in mating, compared to 33.7, 25.2 and 18.7 days when mating was delayed 10, 20 and
30 days, respectively.

The ’effective’ longevity of egg laying females (the number of days from eclosion to the
last egg laid) was not significantly different between treatments. Delaying mating also had no
effect on egg viability, which remained high at over 95% regardless of when females were
paired. The mean number of first instars produced per female was estimated as 490, 293, 217

and 167 larvae when mating was delayed for <1, 10, 20 and 30 days, respectively.
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Table 7.3. Effect of delayed mating on aspects of P. scutigera reproduction at 25° C.

No. of females paired

No./% of females
laying fertile eggs

Effective longevity
of females (days + S.D.)
Range

Preoviposition
period (days + $.D.)
Range

No. of eggs per
female (+ S.D.)
Range

Duration of oviposition
{(days + S.D.)
Range

Percentage
egg hatch (+ 5.D.)
Range

Mean no. of progeny
per female (+ S.D.)
Range

<1 10 20 30

10 15 15 15

10 13 10 10
/100 /867 /66.7 /66.7
50.1al 47.1a 49 da 52.6a
(13.1) (8.9) (11.3) (8.3)
29-65 36-71 32-73 41-68
4.7a 4.5a 4.3, 5.4a
(L.7) (2.5) (2.2) (3.8)
2-8 3-12 2-10 211
49472 302.9b 27.1bc  174.5¢
(95.0) (201.8) (176.1) (175.8)
352-644  0-603 0-434 0-514
45 9a 33.7a 25.2b 18.7b
(13.6) (8.0) 9.3) (9.4)
21-60 24-55 10-45 2-33
97 4a 97.3a 95.6a 95.2a
(3.6) (3.9) (4.9) (6.8)
95.8-99.8 84.8-99.7 82.4-100 77.5-100
481.8a 202.2b 218.1bc  169.0c
(92.5) (199.6) (171.0) (170.5)
343-591  0-391 0-424 0-496

1. Means within rows followed by the same letter are not significantly different (least
significant difference test, p=0.05).

ANOVA:

Effective longevity F=0.53, df=3/39, p>0.05

Preoviposition period F=0.34, df=3/39, p>0.05
Eggs/female F=7.59, df=3/51, p<0.001
Duration of oviposition F=13.32, df=3/39, p>0.05
Progeny/female F=7.60, df3/51, p<0.001
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7.4. Discussion

The life-spans attained by adult P. scutigera kept in an insectary confirm that moths
emerging from cotton trash as early as September have the potential to survive until squaring
cotton is available. Cotton in the Callide and Dawson Valleys is usually planted at the end of
October and starts squaring in mid-November (Sabine 1969a). Moths emerging from cotton
trash between early September and early November continued to lay eggs until 18 December,
while a cohort of moths emerging from B. australis flowers in October and November did not
cease laying eggs until 25 December.

Obvious caution must be taken when extrapolating these results to the field situation.
Moths in this study were provided with a continuous source of carbohydrate (5% sugar
solution) and complete protection from predators. In pre-squaring coiton, sources of
carbohydrate would be rare. The requirement to search for food would decrease longevity
through increased activity and increased exposure to predators. Furthermore, female P.
scutigera were not given access to host plant material. This may have artificially prolonged
the oviposition period through the absence of any sensory cues to stimulate oviposition.

Predictions of adult moth longevity under ambient temperature conditions are not possible
using data from constant temperature studies. Longevity of BT moths kept in an insectary was
much shorter than moths kept at 25° C constant, when expressed as the number of degree-
days accurnulated above 169 C (Table 7.1). This discrepancy may have been due to the lethal
effects of high day time temperatures experienced in the insectary. Maximum air temperature
exceeded 30° C on many days (Fig. 7.3). Fernale moths appeared to be more tolerant to
extreme temperatures than males, as under the insectary conditions there was no significant
difference in the longevity of the sexes, while at 25° C mean male longevity was always
significantly longer than mean female longevity.

Despite differences in longevity, rates of oviposition of BT moths were the same when
kept in the insectary or at 259 C constant, However, the rate of oviposition of DC moths
changed according to the week of moth emergence (Table 7.2). Moths emerging from cotton
trash during early September and incubated in the insectary had similar rates of oviposition

compared to those kept at 239 C constant. Moths emerging from cotton trash in early
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November had a significantly faster rate of oviposition, similar to BT moths emerging over
the same period. Moths emerging from cotton trash during the last week of September may
have experienced optimum temperature conditions for oviposition as these moths had a
significantly lower rate of oviposition than all other moths (including those incubated at 25°
C constant) and continued to lay eggs for the longest period of time. Average air temperatures
during this week of emergence were around 21.2° C compared to 15.4 - 18.6° C in early
September and 22.4° C in early November.

P. scutigera could successfully reproduce even after long delays in mating. When mating
was delayed for 10, 20 and 30 days the number of fertile eggs laid was reduced by 39, 55 and
65%, respectively, compared to moths paired immediately after eclosion. In other species of
Lepidoptera much shorter delays in mating have been reported to have a more profound effect
on reproduction. This may be partly related to the life-span of the adult moth. For example, in
the shorter lived species Ephestia cautella (Walker) and H. virescens, mating delays of four
and eight days reduced the number of progeny produced by 44.4% and 100%, respectively,
when compared to individuals that were paired immediately after eclosion (Barrer 1976,
Proshold er al. 1982). However, in P. gossypiella, which has a similar life-span to that of P.
scutigera (cf. Butler and Foster 1979), a mating delay of 15 days reduced the number of first
instar larvae by 97% (Lingren er al. 1988). Here the major difference in the effect of delayed
mating from that observed in P. scuzigera was the reduction in egg viability. In P. gossypiella
egg viability decreased from 80% when mating was allowed to occur immediately after
eclosion, to only 15% when mating was delayed for 15 days. Delayed mating had no effect on
P. scutigera egg viability, which remained over 95% regardless of when mating was allowed
to occur. Other species of Lepidoptera have also shown no reduction in egg viability through
delayed mating e.g. H. virescens (Proshold er al. 1982), Adoxophyes orana F. v. R. (van der
Kraan and van der Straten 1988).

The reduction in the total number of eggs laid by P. scurigera when mating was delayed
can largely be explained by the shortening of the number of days over which oviposition

occurred. The duration of oviposition declined linearly with increasing delay in mating (Fig.
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7.4). A delay of 30 days reduced the duration of oviposition to 18.7 days compared to 45.7
days when females were paired immediately after eclosion.

It is unknown whether females that failed to lay fertile eggs had actually mated or not. The
effects of delayed mating on males was not investigated. In many species of Lepidoptera the
stimulus for oviposition appears to be the ransfer of normal eupyrene sperm, perhaps in
conjunction with other seminal products (Proshold et al. 1975). P. scutigera fernales oviposit
readily after pairing but virgin females normally retain their eggs. Of 10 virgin females
observed by Vickers (1982a) only one laid eggs (N = 16) 42 days after eclosion. Si:nilarlyz}\;a.’f.rr
the 11 females that did not produce any fertile eggs when mating was delayed for 10, 20 or 30
days, only three laid infertile eggs. Two females (10 and 30 day delay) laid a single infertile
egg, while one female (10 day delay) laid 23 infertile eggs starting on the 59th day after
eclosion.

The retainment of eggs by virgin or unmated females may be an adaptation to conserve
essential nutrients, through oosorption, which would otherwise be lost if infertile eggs were
laid (Lum 1983). Oosorption or cocyte degeneration is a common reproductive strategy in
insects when normal reproductive events are disrupted (Bell and Bohm 1975). When normal
reproduction can occur, oosorption may cease, and the ovary again becomes productive.

Often virgin females, or females in which mating is delayed, live longer than mated
femnales (Barrer 1976, Ellis and Steele 1982, Lingren ez al. 1988). This may be a
manifestation of oosorption where essential nutrients obtained from degenerated oocytes are
used to maintain longevity (Barrer 1976). In P. scurigera longevity of females did not
increase significantly with increasing delay in mating, supporting Vickers (1982a)
observation that virgin female P. scurigera do not live significantly longer than mated
femnales. This does not necessarily indicate that oosorption is absent in P. scungera.

Qosorption is known to occur in virgin females of Plodia interpunctella Hiibner and Cadra

cautella (Walker) but it does not significantly increase their longevity (Lum 1933).
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CHAPTER 8

General Discussion

8.1. Introduction

The aim of this thesis, as stated in Chapter 1, is to improve our knowledge of the basic
biology and ecology of P. scutigera in Central Queensland. It was argued that such
information is essential for the design of effective pest management programmes. The
approach I adopted was that advocated by Clark er al. (1967) whereby the life system of a
pest is studied in an attempt to recognize key factors which control its abundance. As defined
in Chapter 1, the life system is that part of the ecosystem which determines the existence,
abundance, and evolution of a particular population (Clark et al. 1967, Clark 1970). Clark er
al. (1967) considered that the persistence and abundance of a population are the outcome of
interactions between the inherited properties of individuals and the intrinsic attributes of the
effective environment. In other words, the intrinsic qualities of the subject species and those
of its environment are the co-determinants of abundance.

Within the time frame of this thesis it has only been possible to conduct a partial analysis
of the life system of P. scurigera. I believe this study has achieved an important insight into
the functioning of this species life system. In the following discussion the results of previous
chapters are collated to give an overview of the life system of P. scutigera in Central
Queensland. The discussion considers the inherited properties of this species, and the
effective environment of the cotton ecosystem. Hypotheses are proposed to explain the pest
status of P. scutigera in Central Queensland. Ways in which the life system may be modified
to achieve satisfactory control are discussed. Also, the limited pest status of P. scutigera in

Australia is addressed and suggestions for further research are given.
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8.2. Life system of P. scutigera in Central Queensland

‘The major factor influencing the abundance of P. scusigera in Central Queensland is the
relative shortage of larval resources in time and space. This shortage is brought about by the
scarcity of alternative host plants in the inland areas of Central Queensland, and by the
unsuitability of pre-squaring and squaring cotton crops for development, survival and
reproduction.

The relative shortage of larval resources is offset by two important factors that favour
population increase: the ability of larvae to utilize dry cotton bolls as a larval resource and the
comparatively long life-span of adult moths.

Each factor affecting population increase in P. scutigera is discussed in detail below.

8.3. Factors favouring population increase

I believe that the success of P. scutigera as a pest of cotton in Central Queensland can
largely be related to the adaptations this species has evolved for living on the reproductive
forms (i.e. flowers and fruiting structures) of native host plants. These preadaptations
constitute the inherited properties of the life system that enable P. scutigera populations to
persist in the effective environment.

The most significant adaptation is a larval stage which is tolerant to extreme and repeated
changes in the moisture content of its food. It is hypothesized that this adaptation arose to
enable larvae to continue feeding on the reproductive forms of native hosts even after they
detach from the plant and begin to desiccate (Chapter 5).

Subsequently, this adaptation has allowed P. scutigera to survive and develop in dry cotton
bolls. The development of larvae in dry bolls is prolonged due to the limiting moisture
content (Chapter 6). This enables moth populations to overwinter at a ime when larval
resources are scarce and ensures that a proportion of the population is carried-over into the
next cotton season.

Another characteristic of the P. scutigera life-cycle is a relatively long adult life-span.
Mean longevity of males and females at 259 C was 59.2 and 39.1 days, respectively, ranging

up to 126 days for males and 68 days for ferales when reared on B. australis flowers
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(Chapter 7). This contrasts markedly with other Australian pests of cotton, e.g. longevity of
female H. armigera at a similar temperature is ca 14 days (Fiit 1984) and female cotton
tipworm (Crocidosema plebejana Zeller) live on average 13.3 days at 259 C (Hamilton 1987).

In Chapter 6, I proposed that the long life-span of adult moths may further assist
populations to carry-over from one cotton season to the next. A long life-span is interpreted as
another preadaptation associated with the biology of P. scutigera on native host plants that
has evolved in response to:

a) an unpredictable larval resource;

b) a very variable rate of development during the larval stage.

The availability of larval resources is dependent on the right conditions for flowering and
fruiting of host plants. Above all, rainfall is probably the most important variable affecting the
timing and intensity of flowering of native host plants. This was apparent in wild B. australis
trees and G. sturtianum at Bauhinia Downs which flowered only after heavy localized rainfall
(Chapter 5). In frequently irrigated gardens, H. rosa-sinensis and H. tiliaceus were able to
flower almost all year round, but when unirrigated, rainfall clearly affected the intensity of
flowering of both species.

Due to the highly variable and localized pattern of rainfall in Central Queensland (Chapter
3), it follows that the availability of larval resources would also vary in an unpredictable
manner. Accordingly, a long adult life-span may help to overcome the adverse effects of an
unpredictable larval resource by spreading oviposition over a long period of time (Chapter 2
and 7).

The rate of larval development in dry fallen forms of native hosts would also depend on
the pattern and intensity of rainfall. Development of individual larvae would vary according
to: a) the type of form infested and its suitability for larval development (nutritional value,
size, and allelochemical constituents); b) the microclimate in which the form is located (e.g.
in sun or shade): ¢) the initial moisture content of the form, and d) the rate of loss/absorption
of moisture of that form. In combination, these factors result in an unsynchronized moth
emergence over a long period of time.

Again, a long adult life-span would help to overcome problems associated with such
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unsynchronized emergence. As seen in Chapter 7, P. scutigera can successfully reproduce
even when mating is delayed for up to 30 days. Although delaying mating significantly
reduced the number of eggs laid it h;id no affect on egg fertility.

It could be argued that if both larval development and flowering of host plants are
dependent on rainfall, as suggested, then there may be a degree of synchrony in the
emergence of adult moths and the availability of flowers. However, it is suspected that the
amount of rainfall needed to allow larval development to proceed in dry fallen forms would
be much less than that required to stimulate flowering in a large host plant such as B.
australis.

8.4. Factors limitine population increase

A) Unsuitability of pre-squaring and squaring cotton crops for larval development

The most notable feature about the seasonal incidence of P. scutigera in cotton was the
marked absence of larvae in pre-squaring and squaring crops (Chapter 3). During this study

<
the number of P. scutigera larvae found infesting cotton squares rarely exceeded 2 larva/100

squares, even in unsprayed cotton fields. The low incidence of larvae may have been du/t‘a to:

1) Sampling error - larval populations existed within the fields but were missed due to
sampling the wrong part of the cotton plant.

2) Low levels of oviposition due to the comparative rarity of adult moths early in the
cotton season.

3) Pre-squaring and squaring cotton is unattractive to ovipositing females.

4) Pre-squaring and squaring cotton is unsuitable for larval growth and development.

5) Poor survival of eggs and larvae early in the season due climatic factors, high levels of
parasitism and/or predation.

Point (1) is highly unlikely as pest control advisors thoroughly check all plant parts when
scouting for other insects early in the season. Although P. scutigera larvae are known to infest
terminal buds and stems of young cotton plants, causing damage similar to the coiton tipworm

(C. plebejana), the incidence of such infestations is very rare (M. Stone pers. comm.).

Similarly, there is no apparent reason why the survival of P. scutigera eggs and larvae should
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be poorer earlier in the season unless differences in the microclimate of young and old cotton
crops are important. In sprayed cotton, insecticide penetration may be greater when plants are
smaller, but this does not explain the absence or rarity of larvae in squares of unsprayed
COtton.

The most likely explanation for the low incidence of P. scutigera larvae in young cotton
crops is that squares are an unsuitable larval food source and are unattractive to neonate
larvae. This interpretation is supported by: a) the slow developmental rates of larvae confined
to squares (Chapter 2); b) poor recovery of larvae placed onto square;\-of glasshouse plants; ¢)
distribution of larvae hatching from eggs placed on plants bearing squares and bolls; and d)
very low infestation of squares late in the cotton season even when boll infestation was very
high (Chapter 3).

Cotton plants are known to contain many allelochemicals which have been implicated in
resistance to diseases and insects. The two most important group of compounds are the
condensed tannins and the terpenoid aldehydes, principally gossypol (Zummo ef al. 1984).
The effectiveness of these compounds varies with pest species. For example, high levels of
condensed tannins are thought to confer resistance to C. plebjana (Hamilton 1987) and spider
mites (Tetranychus urticae Koch) but not Helicoverpa spp. (McColl and Noble 1990).
Tannins are also unlikely to confer significant resistance to P. scutigera as levels generally
increase with increasing cotton plant age and stage of growth (Zummo ez al. 1984). Levels of
tannins remain high throughout the fruiting stage of growth, when P. scutigera damage is also
high.

In contrast, gossypol decreases in concentration with plant age: levels are very high in
squares (0.5% of dry weight), intermediate in small bolls (0.29%), but very low in medium
bolls (0.04%) (Hedin er al. 1983). Therefore, a high gossypol content may explain the poor
performance of P. scutigera larvae on cotton squares. The reduction in gossypol content with
increasing boll size or age needs toFeﬁned more closely. Unfortunately, Hedin et al. (1983)
did not specify the age of the ‘small’ and ‘medium’ bolls they analyzed. The low numbers of
second and third instar larvae found in young bolls, particularly those aged between 15 and 30

days old (Chapter 3), may be due to changes in the gossypol content.
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The low rate of moth emergence from dry cotton bolls during the pre-squaring and
squaring stage of cotton may also contribute to the low levels of larval infestation. During
1986 only between 0 and 3.5% of moths emerged from dry cotton bolls during the time cotton
crops were squaring (Chapter 6). This poor carry-over may be offset by the long life-span of
adult moths and alternative host plants, primarily B. australis (Chapter 3, also see section
8.4).

The attractiveness of pre-squaring and squaring cotton to ovipositing female P. scutigera is
unknown. Host finding behaviour and the selection of oviposition sites in P. scutigera is not
understood. Female P. scutigera may avoid ovipositing eggs on plants that are poor for larval
development or survival. Such discrimination seems unlikely given the occurrence of larvae
on alternative host plants that are poor for larval survival and development, such as B.
populneus and B. australis (see next section). Current understanding of the relationship
between oviposition preference and offspring performance in insects is poor and has been
hampered by lack of data on how the two are be related genetically (Thompson 1988). The
presence or absence of chemical cues to stimulate oviposition is likely to be of more
importance. Such cues have been frequently demonstrated as important factors in the
acceptance of a host for oviposition, after initial contact with the plant has been made (e.g.
Fenemore 1988).

B) Alternative host plants

In the Callide and Dawson Valleys there appears to be a scarcity of P. scutigera host
plants. This is compounded by the fact that host plants are only suitable for larval
development when flowering or fruiting. Therefore, the timing of the life-cycle of P.
scutigera is critical with respect to the suitability of the host plant (Chapter 5 and section
8.2.). The scarcity of alternative host plants supports the hypothesis that P. scuzigera is not
native to this region but was introduced by man with the spread of cotton cultivation
(Holdaway 1926).

The most important alternative host plant discovered was B. australis. The mass flowering

period of ornamental trees coincided with peak moth emergence from cotton crop residues
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(Chapter 5). Population increase of P. scutigera on B. australis flowers was limited by: a) the
scarcity of trees; b) short mass flowering period; and ¢) poor survival of larvae infesting fallen
flowers. Moths emerged from B. australis flowers mainly during early to mid-November at a
time when no other alternative host plants were available (except for low numbers of H. rosa-
sinensis and H. tiliaceus trees in towns) and when cotton was still in the squaring stage of
growth. Therefore, flowering B. australis trees are viewed as an important sink for P.
scutigera populations emerging from fallow cotton fields during September and October, but
not as a limited source of moths invading cotton crops. The role of B. australis in the
population dynamics of P. scutigera warrants further investigation (section 8.11).

Other alternative host plants discovered were either too scarce or very rarely infested to be
considered as important in the population dynamics of P. scutigera in the region (Chapter 5).
The listing of Peach (P. persicae) and 5. populneus as alternative hosts of P. scutigera should
be treated with caution. Kitching and Zalucki (1983) considered that defining a food plant as a
species on which a larvae is seen to feed is inadequate. They proposed that a more satisfactory
definition would be "a plant on which the species can complete its immature feeding period
and then successfully complete pupal/adult metamorphosis”. This should be extended to
determine whether the offspring developing on that host can then produce a new generation.

In conclusion to this section, it is postulated that the scarcity of alternative host plants in
time and space severely restricts the successful carry-over of P. scutigera populations from
one cotton season to the next. Population increase in pre-squaring and squaring cotton is
further constrained by the unsuitability of plants for larval development. A diagrammatic
representation of the life-cycle of P. scutigera in Central Queensland cotton crops is given in
Fig. 8.1

8.5. Natural control of insect populations

The above interpretation of the life system of P. scutigera should be considered together
with the idea that one of the most important factors controlling insect populations is the
carrying capacity of the habitat.

The most commonly held theory is that animal populations exist in a dynamic equilibrium

with their environment, at densities that are well below the level at which resources are fully
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Fig. 8.1. Diagrammatic representation of the population dynamics of P. scutigera in relation
to cotton phenology in Central Queensland. The bottom graph illustrates the crop phenology;
square symbols represent cotton squares, triangles are cotton flowers, filled circles are closed
cotton bolls, and open circles are open cotton bolls. The usual date of crop events are
indicated by the letters: P = date cotton planted, S = first square,

F = first flower, O = first open boll, D = defoliation, H = harvest, SL = slashing and shredding

of crop residues, and B = burial of crop residues.
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utilized (Dempster 1983). This ‘equilibrium model” stems from the concept of ‘the balance of
nature’ and the realization that birth-rates and death-rates may be affected by population size,
i.e. through the action of density-dependent processes. The equilibrium theory has been
readily accepted by insect ecologists and forms the basis of many population studies. The
most important density-dependent mechanisms invoked in regulating insect populations vary
according to the species involved, but are usually either intraspecific competition (e.g.
Nicholson 1954) or natural enemies (e.g. Hassell 1985, Varley er al. 1973).

The main alternative theory of population control, considered today, is the ‘ceiling’ or
resource limitation model which stems from the ideas of Milne (1957). In this model a
population faces an upper limit to its size, set largely by the carrying capacity of the habitat.
This upper limit, or ‘ceiling’, varies in time and from one locality to another. A population
also faces a ‘floor’: a minimum size below which extinction is likely to occur unless re-
established by immigration from other areas. Between these two extremes the population will
fluctuate in response to a complex of interacting factors, e.g. weather and natural enemies
(Dempster 1983).

Dempster and Pollard (1981) strongly favour of the resource limitation model. They
severely criticize the extensive application of equilibrium theory to insect population studies
as it has concentrated attention on ‘spurious’ regulatory processes, at the expense of
considering the impact of variations in the carrying capacity of the habitat on the population.
Dempster and Pollard (1981) maintain that variations in the carrying capacity of the habitat
are often the most important factors in the determining yearly fluctuations in the population
size of insects.

Both models of natural population control involve density-dependent mechanisms, but the
form of the density-dependent response differs (Dempster 1983). In the equilibrium model
any disturbance of the population away from the equilibrium will be countered by density-
dependent compensation. In the ceiling model, the limitation of resources may be density
dependent, when it involves intraspecific competition, but the density response will only

occur at relatively high densities. At densities below the carrying capacity, no density
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dependence should be identifiable. Furthermore, a shortage of resources (in time or space)
may not necessarily result in competition. Population growth may be limited simply as a
result of the insect failing to find adequate resources in the time available (Andrewartha and
Birch 1954, Dempster 1983, Kitching 1978). In these circumstances no density dependence
will be found.

According to Dempster and Pollard (1981), acceptance of the resource limitation model by
insect ecologists has been slow for two reasons. Firstly, it is often difficult to believe that food
supply is limiting, especially in the case of phytophagous insects where there is an apparent
abundance of food. Secondly, the general acceptance of the equilibrium theory of population
control has led to the view that resources are rarely limiting.

There is increasing evidence in the literature to suggest that the abundance of many
herbivores is limited by the availability of food of the right quality. The importance of food
quality and the ability of animals to utilize their food efficiently, has been underestimated in
many ecological studies (White 1978). During the last 15 to 20 years ideas about the nature of
plant/insect interactions have gradually moved away from the classic theory of passive plant
defenses against herbivores as expounded by e.g. Fraenkel (1959). It is now recognized that a
variety of factors may combine to modify plant chemistry and thus change the nutritional
quality of the plants for phytophagous insects (Jermy 1984). These factors include.
environmental stress, mechanical damage, and temporal, seasonal and genetic variability
(Parry et al. 1990). One of the most important aspects of the plant/insect relationship
frequently implicated is the quality and quantity of nitrogen in plant tissues (Mattson 1980,
McNeill and Southwood 1978, Taylor 1984, White 1984).

In many species of Lepidoptera the timing of the life-cycle to the growing season of their
larval host plants can have an enormous effect on the quality and quantity of food available to
them (Dempster and Lakhani 1979, Varley er al. 1973). This is most apparent in species that
attack deciduous trees in which survival is dependent on the synchronization of larval hatch
and bud-burst of trees. If larval hatch is too early then mortality is high through starvation
(Varley er al. 1973); if too late then survival and development may be adversely affected by

changes in the quality of nitrogen in leaves (Feeny 1970).
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In summary the resource limitation model of population control is applicable to the life
system of P. scutigera infesting cotton in Central Queensland. The population dynamics of P.
scutigera is severely limited by the shortage of larval resources of the right quality throughout
the winter and spring.

Hamilton (1987) proposed that the population dynamics of another pest of cotton in
Australia, C. plebejana, is also primarily determined by the availability and quality of host
plants. In this species the suitability of cotton for larval development and survival declines
after the late squaring stage of growth. Hamilton and Gage (1986) hypothesized that weather
was the ultimate driving force behind the population dynamics of C. plebejana through its
effects on the abundance and phenology of the main alternative host plant, Maiva parviflora
L.

Further research is needed to determine the importance of other factors in regulating .
scutigera populations, particularly natural enemies. Although the role of larval parasitoids did
not appear to be important in regulating P. scutigera numbers infesting cotton or alternative
host plants (Chapters 3 and 5), the importance of egg parasitism and predation (particularly by
ants) was not defined.

Also the influence of migration on the population dynamics of P. scutigera needs to be
examined. It is possible that P. scuzigera may migrate from coastal areas, where alternative
host plants such as H. tiliaceus are abundant, into the Callide and Dawson Valleys during the
summer and invade cotton crops. In southern California, long distance movement of P.
gossypiella, which is of similar size to P. scutigera (cf. Zimmerman 1978), appears to be
frequent and is probably aided by local weather systems (Toscano ez al. 1979). Adult P.
gossypiella have been caught in traps attached to an airplane at altitudes of over 300 m (Glick
1955).

8.6. Pest status of P. scutigerg in cotton

Given the above constraints on population increase, how is P. scutigera able to persistas a
pest of cotton in Central Queensland?.

The ineffective carry-over of moths into the next cotton season and the unsuitability of
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squaring cotton plants for population increase means that the initial population of P. scutigera
colonizing cotton is small. However, as already discussed (section 8.1), the long life-span of
adult moths may allow females to continue laying eggs or survive over a long pericd of time
until cotton crops becomes more suitable for larval development. Perhaps more importantly,
the period of fruiting of cotton in Central Queensland is long, usually extending from mid-
December until late March. This long period allows time for P. scutigera populations to
increase considerably in numbers before the destruction of crop residues. Furthermore, the
control of P. scutigera larval infestations is difficult, mainly due to the problems in accurately
monitoring larval populations and because of their protected location from insecticides deep
inside the cotton boll (Chapters 1 and 3).

The build-up of P. scutigera populations is also favoured by the following factors:

1) Few insecticide sprays are applied towards the end of the season when P. scutigera
numbers are high, due to low pressure from Helicoverpa spp. and sap-sucking bugs which are
normally sprayed.

2) Cotton remains attractive to ovipositing P. scutigera even after defoliation and harvest
(Chapter 3). Therefore, females continue to lay eggs on plants and the resulting neonate larvae
reinfest dry, partially-open cotton bolls previously damaged by P. scurigera larvae.

3) A long period between the last insecticide spray and the destruction of crop residues.
This period is often extended by rainfall which disrupts normal farming practices, and results
in cotton plants entering a second fruiting cycle. Any new bolls produced after defoliation
were heavily infested by P. scutigera.

8.7. Management of P. scutigerg in cotton

In the above discussion it was suggested that the persistence of P. scutigera in cotton crops
of Central Queensland is dependent on overwintering larvae infesting dry cotton bolls to
carry-over populations into the next cotton season. Consequently, this dependence makes P.
scutigera, perhaps more than any other pest of cotton in Australia, an ideal candidate for
control by cultural methods. This has been realized since P. scutigera first became a pest of
cotton in Queensland during the 1920°s (Holdaway 1926).

In the past, emphasis has been placed on the importance of early burial of crop residues to
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limit the effective emergence of P. scutigera in the following cotton season (Sabine 1969a,
1969b). While agreeing with the importance of this cultural control method, I make a further
recommendation, namely that the interval between the last insecticide spray and the
destruction of crop residues be shortened as much as possible.

The importance of this recommendation cannot be overemphasized as it is essential to
limit the end of season build-up in P. scutigera populations. The larvae that are most likely to
carry-over into the next cotton season are those which reinfest previously P. scutigera
damaged bolls that have partially opened and dried out (Chapter 6). It follows then, that the
level of boll infestation in a crop during the growing season will largely determine the size of
the overwintering population. The longer P. scutigera populations are allowed to increase at
the end of the cotton season, the more larvae there will be to reinfest damaged bolls and carry-
over into the next cotton season.

In this context, together with other observations made in Chapter 3, the following
recommendations for limiting the impact of P. scutigera in cotton cTops are made:

1) Avoid planting cotton late (e.g. after mid November). Late-planted crops often develop
heavy larval infestations at the end of the season probably due to considerable local
movement of P. scutigera from early-planted crops that have been defoliated, harvested and
slashed.

2) Avoid planting cotton in areas that are inaccessible to aerial sprayers e.g. close to power
lines or trees. This is not only relevant to the insecticidal control of all insect pests but also to
the chemical defoliation of crops to prevent plants from entering a second fruiting cycle.

3) Defoliate, harvest, slash and shred cotton €TOps as soon as possible to reduce the interval
between the last insecticide spray and the destruction of crop residues.

4) Bury crop residues as soon as possible, using tillage methods which are efficient at
covering a high proportion of bolls with soil.

In accordance with the above recommendations, ratoon or standover cotton should never
be grown as this would allow P. scutigera populations to continue to increase throughout

winter and spring at a time when larval resources are normally very scarce.
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Effective control of P. scutigera will only be achieved if strict adherence to the above
cultural practices is implemented throughout the entire cropping area, and not juston
individual farms. P. scutigera appears to be highly mobile and may undergo considerable
local movement when larval resources are scarce. Present legislation to enforce the
destruction of cotton crops at the end of the season is ineffective due to the absence of a date
by which cotton crops must be destroyed. If area-wide control of P. scutigera is to be
achieved, it may be necessary to amend the law.

8.8. Comparison of the pest status of P. scutigera and P. gossypiella

Given the similarity between the two species, it is of interest to ask why isn’t P. scutigera
as serious pest of cotton as P. gossypiella?. For example, in southern California, cotton
growers apply an average of 13 insecticide treatments annually for the control of P.
gossypiella, costing an average of US $400-600/ha (Hutchison et al. 1990). In Central
Queensland, it is rare for more than two insecticide sprays to be applied directly for the
control of P. scutigera (Chapter 3).

Many environmental and agronomic differences between the cotton growing regions may
be responsible for difference in pest status of the two species. However, there are two major
biological differences between P. scutigera and P. gossypiella: larval diapause and the level
of infestation of cotton squares.

The presence of a larval diapause in P. gossypiella may help this species to carry-over
from one cotton season to the next more effectively than P. scutigera. In the U.S.A., the
percentage of P. gossypiella emerging at the time of cotton squaring varies from 20 to 40%
according to the season and locality (Bariola 1978). This is much higher than in P. scutigera
which does not diapause (Chapter 7). As already mentioned, during 1986 between 0 and 3.5%
of P. scutigera emerged from buried cotton bolls when cotton crops were squaring.

P. gossypiella infests cotton squares much more readily than P. scutigera. In field cages,
Henneberry and Clayton (1989) reported up to 51.6% infestation of squares by P. gossypiella
larvae even when large numbers of bolls were present on plants. Furthermore, unlike P.
scutigera, the rate of development of P. gossypiella larvae confined to squares is not

prolonged and is very similar in duration to that of larvae reared on bolls (Noble and
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Robertson 1964). Together, these factors would enable P. gossypiella to establish much larger
populations in squaring cotton fields than P. scuzigera, leading to increased levels of boll
infestation later in the season.

Another important difference in the biology of the two species is the site of oviposition: P.
scutigera very rarely lays eggs on bolls (Chapter 3) while P. gossypiella often does so
(Hutchison er al. 1988). Undoubtedly, larvae hatching from eggs laid on bolls would have a
greater chance of surviving than those emerging from eggs laid on vegetative parts,
particularly if insecticide residues were present on plants. The number of P. gossypiella eggs
laid on bolls is signiﬁcantly correlated with the percentage of bolls infested (Henneberry and
Clayton 1989).

8.9. Restricted pest status of P. scutigerg in Australia

Why is P. scutigera only a pest of cotton in Central Queensland and not in other cotton
growing regions where it may be present on alternative host plants? (Chapters 1 and 7).
Possible reasons are:

1) More diverse and/or abundant alternative host plants in Central Queensland. This idea
was rejected in Chapter 5. Furthermore, the importance of alternative host plants in the
population dynamics of P. scutigera infesting cotton in Central Queensland is dubious (see
section 8.4.). Unless there are undiscovered host plants of P. scutigera in Central Queensland,
other factors must be responsible.

2) Climatic differences between cotton growing regions. Climate may affect the population
dynamics of P. scutigera in two ways:

1) through its influence on the rate of development and survival of overwintering larvae
infesting dry cotton bolls;

2) by affecting the availability of larval resources in time. Primarily this may occur
through the effects of climate on the phenology of cotton crops i.e. the time available for P.
scutigera populations to increase during the fruiting stage of growth.

A convenient way of summarizing the climate of a region is to plot average monthly

rainfall against average monthly temperature to form a climograph (Andrewartha and Birch
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1954). Fig. 8.2 compares the climograph for Biloela with that for six other cotton growing
regions. Each climograph is based on mean monthly rainfall and screen temperatures over the
same 10 year period (1966-1975), as supplied by the Australian Bureau of Meteorology. For
the locality of each cotton growing area refer to Fig. 1.1.

Not surprisingly, the climographs for the principal towns of the Callide and Dawson
Valleys (namely Biloela and Theodore) are very similar. In contrast, Emerald (Central
Highlands) has a much hotter and drier climate than Biloela, particularly during spring and
early summer. St. George has a hotter summer, cooler winter and is much drier in spring and
early summer. Narrabri in the Namoi Valley of New South Wales, has the most extreme
climate that is much cooler in the winter with hotter and drier summers. The most similar
climographs to Biloela, after Theodore, are those for Dalby on the Darling Downs and Gatton
in the Lockyer Valley. Dalby experiences slightly cooler winters while Gatton receives more
rain during the summer.

Ashburner et al. (1984) calculated the start and end of boll set for eight different cotton
growing regions in Queensland and New South Wales. The calculations were based on the
day-degree requirements of cotton, long term weather data, and using a sowing date of 1
October for all regions. From this analysis, it was evident that Biloela and the Lockyer Valley
had the longest fruiting period of ca 13 December to 23 March. Other regions, had shorter
fruiting periods, ranging between 7 January to 19 February (Macquarie Valley) and 25
December to 6 March (Darling Downs). The only exception was Emerald where the fruiting
period given was 3 December to 6 April.

In summary, climatic differences between cotton growing regions exist and may be
responsible (at least in part) for the restricted pest status of P. scutigera. These climatic
differences may affect the carry-over of P. scurigera populations from one season to the next
by influencing crop phenology, and the rate of development and survival of overwintering
larvae in dry cotton bolls. The above analysis suggests that P. scutigera should occur in the
Lockyer Valley, and possibly the Darling Downs. This is supported by the recent discovery of
P. scutigera infesting cotton at Gatton in the Lockyer Valley (Chapter 1, Appendix A).

However, further research is needed to define more exactly the ideal climatic conditions for P.
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scurigera population increase.

3) P. scutigera is a complex of cryptic or sibling species i.e. P. scurigera which infests
cotton in Central Queensland is a separate species to that found in other areas where it infests
alternative host plants but not cotton crops. This possibility needs urgent investigation. During
this study, preliminary crossing experiments were conducted to determine whether
populations of P. scutigera collected from various localities and alternative host plants were
able to mate successfully and lay fertile eggs (Appendix J). Populations of P. scutigera were
collected from larvae infesting B. qustralis at Emerald and Biloela, H. rosa-sinensis at
Brisbane and Biloela, H. tiliaceus at Biloela and G. sturtianum at Bauhinia Downs. Each
population was established on artificial diet and maintained at 250 C. Males and females of
each population were crossed with males and females collected from cotton in Biloela. The
F{ generation of each cross was tested to determine if they were also fully fertile. The results
of these crosses gave no evidence of incompatibility between the populations investigated.

Such crossing experiments are not conclusive. In the conifer-feeding Choristoneura
species complex, all crosses between species produce viable offspring that survive to produce
adults (Volney 1989). More detailed experiments are needed to examine whether any
assortative mating takes place when males and females are given a choice of mates from the
same and a different population under near natural conditions.

Electrophore_tic studies of P. scutigera collected from different geographic localities and
host plants have also shown no evidence for a species complex (Hughes et al. 1989). A copy
of this paper is included in ~ AppendixK. Again this study was only preliminary and further
work is required to determine conclusively the taxonomic status of the various populations.

4) Differences in host plant utilization between P. scutigera populations. Many studies
have revealed significant genetic variability in the relative performance of herbivores on
various host plants (Via 1990). For example intra-population variation in the host plants used
for oviposition have been documented in some species of insect (e.g. Tabashnik er al. 1981).
It is possible that populations of P. scutigera from different geographical areas are/bé

genetically different in their choice of host plants i.e. populations in Central Queensland
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readily use cotton as a host plant while populations elsewhere do not. Such a possibility
requires investigation.

8.10. Further research

The following suggestions for future research on P. scutigera are made:

1) Cryptic species: as explained in the above section the possibility that P. scutigera is a

complex of species needs urgent investigation. More detailed crossing experiments of P.
scutigera collected from host plants in different localities should be conducted, alongside
further electrophoretic examination of the material.

2) Larval sampling methods: the sequential sampling plan presented in Chapter 3 needs to

be tested in commercial cotton fields over a number of seasons. The cause of higher P.
scutigera larval infestations along the crop edge in some commercial fields needs to be
verified to determine whether separate sampling plans for these edges should be devised.

3) Development of an egg trap: Valencia (1981) successfully developed an egg trap for

monitoring populations of the potato tuber moth, Phthorimaea operculella (Zeller). It may be
possible to develop an egg trap for monitoring P. scutigera populations given the preference
of females to lay eggs in concealed locations on the cotton plant (Chapter 3). If an attractive
oviposition substrate could be found, then by attaching it around the stems or branches of
cotton plants, it may be possible to monitor egg numbers askaltemative to sampling for larvae.

4) Economic thresholds or injury levels: at present spraying decisions are based on a

working threshold of 3-5% larval infestation of bolls. The validity of this threshold needs to
be tested by conducting studies to determine the relationship between larval damage and yield
loss.

5) Alternative host plants and migration: further studies are required to determine the

importance of alternative host plants and migration on the population dynamics of P.
scutigera. Ideally a method for determining the host plant origin of field collected moths is
needed. The development of such a technique was attempted during the course of this study
by determining the elemental composition of adult moths reared on known larval diets.
Insects may contain a unique combination and quantity of chemical elements (chemoprint)

that is characteristic of the environment in which they live (Bowden et al. 1979). Many
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studies have been conducted to investigate whether chemoprints can be used to identify the
host plant or geographic origin of an insect with varying degrees of success (¢.g. Bowden et
al. 1984, 1985, Dempster et al. 1986, Sherlock er al. 1985).

In collaboration with Dr R. Lewis, Department of Physics, Capricornia Institute of
Advance Education, Rockhampton, a method for determining the elemental composition of
adult P. scutigera was developed. The results of preliminary studies were published in a joint
paper (Lewis and Walker 1987) is included e Appendix;f this thesis. The elemental
composition of adult moths reared on three larval diets (cotton, H. tiliaceus flowers and
artificial diet) was examined using a scanning electron microscope based on energy dispersive
spectroscopy of X-rays. The initial results looked promising in that classification of moths by
larval diet was possible on the basis of the quantity of 13 elements, using discriminant and
principal component analysis. Further work is needed to fumauate the potential of this

method to determine the host plant origin of field collected P. scutigera.

6) Longevity of adult moths under field conditions: studies similar to the ones conducted

for P. gossypiella by Henneberry and Clayton (1989) should be conducted to determine the
longevity of adult P. scutigera in pre-squaring and squaring cotton crops and their ability to
establish an Fy generation.

A technique for determining the age of field collected adult moths would greatly assist our
understanding of the population dynamics of this species. Such a technique was investigated
during the course of this study in collaboration with Mr B. Noble, Agricultural Chemistry
Branch, Queensland Department of Primary Industries, Biloela. Mail e al. (1983) found that
the concentration of fluorescent pteridine pigments in the head capsules of Stomaoxys
calcitrans (L.) increased linearly with age. By measuring total fluorescence, a prediction of
fly age could be made. This technique was successfully extended to predict the age of field
collected flies and other species of Diptera (Langley er al. 1988, Lehane and Hargrove 1988).
When applied to P. scurigera this technique looked promising for determining the age of adult
moths. However, due to differences in the rate of change of pteridine pigments in the heads of

adult moths, it was not possible to measure total fluorescence. The level of an unidentified
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pteridine, termed ‘modified xanthopterin’, significantly decreased with moth age in male and
female heads. The amounts of xanthopterin, pterin and 6-biopterin also decreased with age
but at slower rates than modified xanthopterin. In contrast, the concentration of
isoxanthopterin decreased in males with increasing age, but increased in females with
increasing age. In summary, this preliminary research demonstrated that the measurement of
the concentration of pteridine pigments in the heads of P. scutigera may be a useful technique
for determining the age of moths. This work needs to be extended to determine the
relationship between pteridine concentration and temperature.

7) Biological control: the egg parasitoid, T. bactrae, may be an ideal candidate for the

biological control of P. scurigera. This species has the additional attraction in that it also
parasitizes the eggs of Helicoverpa spp. in cotton (Scholz 1988). The potential of T. bactrae
to control P. gossypiella is presently being investigated in the U.S.A. (Hutchison er al. 1990).

8) Pheromone trapping; in Chapter 4 it was concluded that pheromone traps are not

reliable indicators of potential larval damage in cotton and their use for timing insecticide
sprays could not be recommended. With the recent identification of the P. scutigera sex

pheromone (see Chapter‘ 4)&further monitoring trials using a closer synthetic copy than that

used in this study may L%':a different results. /
The relationship between trap catch and subsequent population events, such as the timing

of mating and oviposition, needs to be defined, as well as the influence of natural female

populations on trap catch.

9) Control with synthetic pheromones: over recent years synthetic pheromones have been

used with considerable success to control P. gossypiella by mating disruption (Campion er al.

1990). Control was achieved by the widespread application of synthetic pheromone over

cotton fields using slow-release formulations. This success, together with the similarity in the

biology and pheromone of P. gossypiella and P. scutigera, led to a project to evaluate the

pogﬂi%gf pheromones for controlling P. scutigera in Central Queensland. The project was /
}a‘n after field work for this study had been completed, over two consecutive cotton seasons

(1988/89 and 1989/90), and the results were reported by Walker et al. (1989). Synthetic

pheromone (a 95:5 ratio of Z.Z- and Z E- 7,1 1-hexadecadienyl acetate) was formulated in
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polyethylene tube dispensers and applied over cotton fields by hand at a rate of 1,000
dispensers/ha (ca 78 g a.i./ha). One applicadon of dispensers was successful in disrupting
mating over the entire cotton season (see Walker er al. 1989 for further details). However, in
most fields treated with pheromone larval infestations invariably developed. It was suggested
that this due to the movement of mated females from untreated areas into the pheromone
treated area where they laid fertile eggs. In summary, this work demonstrated that control of
P. scutigera with synthetic pheromone may be possible but large areas of cotton need to be
treated. Further research, using a synthetic pheromone formulation that can be sprayed over
large areas of cotton, is warranted.

9) Host plant resistance: the screening of high gossypol lines of cotton for resistance to P.

scutigera should be conducted. Varieties of cotton developed specifically for resistance to P.
gossypiella (cf. Wilson 1989) should also be screened.

Other varieties worth investigating are: A) Okra-leaf varieties (e.g. Siokra), which have
more open plant canopies, may lower the survival of neonate P. scutigera larvae by allowing
greater penetration of insecticides. B) Frego bract varieties in which the bracts of boll are free
and do not touch the boll wall. This may be beneficial in lowering larval survival by
providing fewer suitable points of entry into bolls (Chapter 3) and/or by making larvae more
exposed to insecticide sprays, predators and parasitoids. C) early maturing varieties to shorten
the time available for P. scutigera population increase.

10) Improvement of cultural control methods: ways of reducing the survival of P.

scutigera larvae in cotton crop residues necd’% further investigation e.g.: a) feasibility of
artificially irrigating crop residues to stimulagfe moth emergence; b) spraying of infested
cotton bolls with insecticide; ¢) further comparison of boll burial methods to determine the
most efficient technique or plough; d) more efficient ways of shredding crop residues to lower

survival of overwintering larvae.
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Appendices

Appendix A. Queensland Department of Primary Industries distribution records for P.

scutigera in Australia. All localities in Queensland unless indicated.

Grid reference

Host/locality Date Collector Latitude (S) Longitude (E)
Cotton (Gossypium hirsutum)
Rockhampton 11/7/23 NR1 2331 148 10
Mt Larcom 30/4/24 " 23 49 150 59
Sand Hill 16/4/24 " 2337 151 14
Gladstone 16/4/24 : 2351 151 16
Rockhampton 7/5/24 " 2331 148 10
Gayndah 2/5/41 " 2537 15137
Lowood 14/6/42 " 27 28 152 35
Home Hill 15/8/49 W. A. Smith 19 40 147 235
Biloela UT/53 T. Passlow 24 24 15031
Ayt 19/3/54 W. A. Smith 1934 147 25
Rockhampton 2/4-5/55 T. Passlow 2331 148 10
Biloela ?/4-5/55 ! 2424 150 31
Milman 22/1/55 " 2308 150 24
Gracemere 25/2/59 " 2326 150 27
Monto 11/2/59 " 24 52 15107
Biloela 23/4/63 B. Sabine 24 24 150 31
Nebo 2/?/63 ! 2142 148 42
Kabra 1965-1970 " 23 28 150 24
Brisbane“ 2/3/83 " 27 28 153 01
Brisbane 8/7/83 " 27 28 : 15301
Gatton 4/4/86 " 27 34 152 17

rt 1 8/4/86 " " n

1 20/3/87 tt " "

te 6/5/87 " tH L1
Ornamental Hibiscus (Hibiscus rosa-sinensis)
Annerley 29/1/70 NR 27 28 15301
Brisbane 7/1-5/85 N. Gough 27 28 15301
Toowoomba 10/4/85 B. Sabine 27 34 15157
Kingaroy ?/4/85 H. Brier 2632 15150
Brisbane 2/6/85 N. Gough 27 28 15301

" 7/8/85 " " "

" ?/7/85 i 1 1t
Native Hibiscus (Hibiscus sp.)
Kingaroy 2/4/85 H. Brier 2632 15150

1. NR = not recorded
2. Ornamental cotton in suburban garden
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Appendix A. continued....

Kenaf (Hibiscus cannibinus)

Brandon

Cottonwood tree (Hibiscus tiliaceus)

Southport
Sand Hill
Archer
Shomcliffe
Nudgee Beach
Ipswich
Nudgee Beach
Nudgee Beach
Manly
Nudgee Beach
Yeronga
Goondiwindi

Kingscliffe (NSW)

Sandgate

Glasshouse Mountains

Toorbul
Sandgate
Scarborough

1. NR = not recorded.

Grid reference

Latitude (N) Longitude (E)

Date Collector

17/3/86 L R. Kay 1933
23/4/23 NR! 27 58
3/3/24 " 2337
27/10/65 B. Sabine 2335
8/12/83 "

8/12/83 " 2721
15/12/83 " 27 37
1/1/84 " 2721
31/1/84 " "
20/4/84 " 27 28
27/4/84 " 27 21
27/4/84 " 2731
2/6/85 " 28 33
2/7/85 " 2813
1/5/86 " 2720
17/7/86 " 26 54
17/7/86 " 2702
2/6/87 " 2720
4/9/87 " 27 12
0/10/87 " "
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Appendix B. Parameters for the linear regression model to describe the relationship between
P. scutigera developmental rates on artificial diet and temperature, for eggs, each larval
instar, all larval instars combined, pupal development and total development.

CL;Q&Q e oo(éwm-ﬂ w{;%\ 5%70(’& jr’l_z_

S

_} ______________________________________________________________ SR
war Oo) & b T
Eggs -0.1685 (0.0113) 0.0135 (0.0005) 0.988*’*‘*1
Larvae
L1 -0.3346 (0.0369) 0.0237 (0.0005) 0.092%#*
12 -0.2860 (0.0957) 0.0246 (0.0021) 0.985%*
13 -0.0470 (0.0096) 0.0116 (0.0040) 0.807
14 -0.0534 (0.0247) 0.0049 (0.0010) 0.917*
L1-L4
Males -0.0300 (0.0103) 0.0027 (0.0004) 0.953%*
Females -0.0310 (0.0102) 0.0028 (0.0004) 0.955%
Combined -0.0311(0.0103) 0.0028 (0.0004) 0.953*
Pupae
Males -0.0714 (0.0049) 0.0062 (0.0002) (.998%*
Females -0.0883 (0.0079) 0.0072 (0.0003) 0.996%*
Combined -0.0775 (0.0015) 0.0065 (0.0001) (.90G#**
Larvae-adult
Males -0.0217 (0.0050) 0.0019 (0.0002) 0.976%
Females -0.0229 (0.0047) (.0020 (0.0002) (.08 1%
Combined -0.0221 (0.0054) 0.0019 (0.0002) 0.974%
Egg-adult
Males -0.0190 (0.0043) 0.0017 (0.0002) 0.977*
Females -0.0202 (0.0040) 0.0017 (0.0002) 0.082%%*
Combined -0.0197 (0.0049) 0.0017 (0.0002) 0.977*
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Appendix C. Parameters for the Pradhan (1946) model to describe the relationship between P.
scutigera developmental rate on artificial diet and temperature, for third and fourth larval

instars, all larval instars and total development (from egg hatch to moth emergence).

o e o e oy,

""" Parameter (+ S.E.)
Stage of m< ---------------------------------------------------- o
development ™ A B C -
L3 Y 02865 000621  28.3732 0.897
(0.0291) (0.00510) (3.3688)
L4 0.0880 -0.00948 28.6626 0.983
(0.00493) (0.00332) (1.36617)
L1-14 0.0498 -0.00788 29.5406 0.989
(0.0024) (0.0027) (1.5990)
Total 0.0352 -0.00704 30.2987 0.994

(0.0015) (0.00191)  (1.46062)

Appendix D. Parameters for the polynomial regression model to describe the relationship

between P. scutigera developmental rates on artificial diet and temperature, for each larval

instar, all larval instars combined and total development (from egg hatch to moth emergence).

R .0.40579  0.02978  -0.00013 0.992
(0.34597)  (0.02953)  (0.00061)

12 029296  0.02515  -0.00001 0.985
(0.49067)  (0.04188)  (0.00087)

L3 078734 0.07543  -0.00133  0.920
(0.58972)  (0.05033)  (0.00104)

L4 028432 0.02474  -0.00041 0.998
(0.03796)  (0.00324)  (0.00007)

L1-L4 012662 001103 -0.00017  0.998
0.01845)  (0.00157)  (0.00003)

Total 20.07297 000633  -0.00009  0.999

(0.00564)  (0.00048)  (0.00001)
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Appendix E. Life table for P. scutigera, from egg hatch to moth emergence, reared on

artificial diet at four constant and one fluctuating temperature regimes.

Life Number Proportion Cumulative
stage entering Number  of total Probabililty survival
fmoult stage dying dying of dying (%)
18°C
L1 64 - - - 100.0
L2 61 3 0.047 0.047 95.3
L3 61 0 0 0 05.3
L4 61 0 0 0 95.3
Pupation 46 15 0.234 0.246 71.9
Eclosion 43 3 0.047 0.065 67.2
210C
L1 49 - - - 100.0
L2 49 0 0 0 100.0
L3 49 0 0 0 100.0
L4 49 0 0 0 100.0
Pupation 35 14 0.286 0.286 71.4
Eclosion 25 10 0.204 0.286 51.0
259C
L1 79 - - - 100.0
L2 79 0 0 0 100.0
L3 70 9 0.114 0.114 88.6
L4 63 7 0.089 0.100 79.7
Pupation 58 5 0.063 0.079 73.4
Eclosion 54 4 0.051 0.069 68.4
300C
L1 65 - - - 100.0
L2 65 0 0 0 100.0
L3 65 0 0 0 100.0
L4 58 7 0.108 0.108 §9.2
Pupation 29 29 0.446 0.500 44.6
Eclosion 25 4 0.062 0.138 38.5
25/150C
L1 65 - - - 100.0
L2 65 0 0 0 100.0
L3 64 1 0.015 0.015 98.5
L4 63 1 0.015 0.016 96.9
Pupation 47 16 0.246 0.254 72.3
Eclosion 44 3 0.046 0.064 67.7

stage.
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Appendix F. Effect of larval diet on aspects of P. scutigera reproduction at 25° C. Pairwise
comparisons of means using Wilcoxons’ two-sample test. Values of Z and their level of

significance (df=1) as calculated by PROC NPARIWAY (SAS Institute, 19835).

Value of Z!
Digt2 =~ seeeeoememneeees S
comparison  PRE FECI1 FEC2 50% DUR?
AD-GC 0.148 0.770 0.126 1.326 0.440
AD-OH -1.787 3.500%*% 3,285k 0.337 3,818
AD-HT 22,593 3,379k 2.723%% -0.352 3,520
AD-BT 1.853 3,88 1k -3.225%* 1.106 -1.557
AD-DC 275 1% -3.308 2,977+ 1.176 -2.339%
GC-OH -1.911 1.755 2.347% -0.682 4240 k5%
GC-HT 2.498% 2.081% -1.846 -1.430 3.658%
GC-BT 2.068* 2572k -2.102% 1.706 1573
GC-DC 2.570%% -1.924%* -2.159% 1.646 -2.769%
OH-HT 0.780 -1.014 -0.028 1.165 -0.099
OH-BT 0.962 -1.755 -0.472 1.721 2.480*
OH-DC 1.377 -1.102 -0.925 1.656 0.509
HT-BT 0.253 -0.817 -0.567 1.043 2.289%
HT-DC 0.862 0.262 -0.923 0.375 1.282
BT-DC 0.425 0.486 -0.318 -0.478 -1.624

1. Values of Z followed by *, ** and *** indicate a significant difference between diets
compared at p <0.05, 0.01 and 0.001, respectively.

2 Larval diet abbreviations: AD = artificial diet, GC = green cotton bolls, OH = ornamental
Hibiscus flowers, HT = Hibiscus tiliaceus flowers, BT = B. australis flowers, DC = dry cotton

bolls.

3. PRE = preoviposition period, FECI1 = fecundity (all fermales), FEC2 = fecundity (egg
laying females only), 50% = days to reach 50% oviposition, DUR = duration of oviposition.
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Appendix G. Relationship between cotion boll age and size to P. scutigera larval infestation

in unsprayed cotton during the 1984/85 season.

me,

Boll No Mean boll size/g'@ S5.D.) Mean no. of
age of mmmmmme o larvae/boll
(days) bolls Length Width (+S8.D.)

1 41 10.2 (0.4) 4.6 (0.5) 0.24 (0.43)
3 42 15.0 (0.9) 8.5 (0.5) 0.12 (0.33)
7 29 16.5 (3.7) 1.2 2.7) 0.07 (0.26)
10 45 204 (2.4) 12.7 (2.7) 0.11 (0.32)
11 27 258 (34) 16.9 (2.8) 0.15 (0.36)
14 40 22.8 (2.0) 13.6 (2.6) 0.13 (0.33)
16 20 31.8 (4.4) 22.2 (3.2) 0.05 (0.22)
18 32 29.9 (3.5) 28.9 (1.7) 0.25 (0.44)
21 29 39.8 (6.5) 28.3 (3.8) 0.38 (0.4%9)
25 15 342 (3.5) 24.4 (3.1) 0.27 (0.46)
27 23 39.7 (3.6) 27.0 (3.1) 0.35 (0.49)
29 11 349 (5.1) 21.4 (2.9) 0.45 (0.52)
36 27 449 (4.4) 31.7 (1.9) 0.30 (0.47)
41 11 40.6 (4.7) 33.0 2.1) 0.27 (0.47)
42 30 48.0 (3.2) 30.1 (1.5) 0.50 (0.51)
45 11 38.8 (4.5) 30.4 (4.0) 0.36 (0.50)
49 11 44.0 (4.9) 30.8 (3.5) 0.27 (0.47)
51 12 Open 0.08 (0.29)
53 11 " 0.36 (0.50)
55 15 ) 0

57 15 ! 0.07 (0.26)
39 11 ! 0.18 (0.40)
61 6 " 0

63 11 " 0.18 (0.40)
67 12 " 0

71 7 ! 0
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Appendix H. Relationship of cotton boll age and size to P. scutigera larval infestation in

unsprayed cotton during the 1986/87 season.

Mt

Boll No. Mean boll size(@; S.D.) Mean no. of
age of e larvae/boll
(days) bolls Length Width (+S.D.)

2 5 1.5 (0.7) 9.5 (0.7) 0.20 (0.45)
5 33 14.7 (1.7) 12.0 (1.0) 0.36 (0.60)
7 19 16.1 (3.2) 129 (2.1 0.05 (0.23)
8 36 18.7 (2.6) 14.6 (1.7) 0.22 (0.54)
10 47 19.7 (3.3) 15.8 (2.5) 0.13 (0.34)
12 18 26.0 (5.2) 20.6 (3.6) 0.11 (0.32)
13 29 25.8 (6.1) 19.2 4.1) 0.17 (0.38)
15 49 32.8 (5.2) 24.7 (3.5) 0.37 (0.53)
18 8 319 (5.6) 24.3 (4.8) 0.25 (0.46)
20 6 30.8 (6.1) 22.3 (4.5) 0.17 (0.41)
23 10 30.8 4.7) 22.5 (3.9) 0.20 (0.63)
25 10 352 4.0 26.4 (2.1) 0.20 (0.42)
27 12 36.3 (2.0 27.1 (L.5) 0.17 (0.39)
30 14 35.6 (2.5) 273 (1.9) 0.43 (0.65)
31 14 35.6 (2.5) 27.3 (1.9) 0.43 (0.65)
34 28 36.8 (3.1 27.1 2.7) 0.25 (0.44)
37 17 337 (3.9) 25.8 (3.2) 0.53 (0.62)
38 19 39.2 (4.8) 29.1 (1.6) 0.47 (0.51)
41 40 40.6 (6.0) 28.4 (3.3) 0.39 (0.47)
44 44 432 (4.5) 30.9 (3.5) 0.39 (0.58)
46 7 Open 0.48 (0.53)
49 21 " 0.10 (0.30)
52 12 " 0

35 3 " 0
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Appendix L Species of plants sampled during host plant surveys in which P. scutigera were
not found infesting. Plant parts sampled were: flower buds (FB), flowers (FL), fruits (FR) and

seed capsules (SC). Localities were: Biloela (B), Bauhinia Downs (BD) and Theodore (T).

Plant family/ Plant part Month Locality
species sampled sampled sampled
SOLANACEAE:
Datura stranionium SC N,D B
PAPAVERACEAE:

Argemone ochroleuca FB, SC 5,0 B
LEGUMINOSAE:

Acacia spp. FL 5,0 B
Sesbania cannabia SC JAN, F B, T
STERCULIACEAE:

Brachychiton rupestris FL, SC O,N,D B,BD
MALVACEAE:

Abutilon sp. SC F B
Hibiscus divaricartus SC O,N B
Hibiscus rosa-sinensis FL O,N,D B

var. Chinese Lantern

Hibiscus trionum SC D, JAN B
Malva parviflora SC D, JAN B
Sida cordifolia SC O,N,D B
EUPHORBIACEAE:

Ricinus communis SC 5,0 B
ROSACEAE:

Prunus persica FR N,D B

var. Nectarine

Rosa sp. FL D B
CRASSULACEAE:

Kalanchoe tubilflora FL F B
MYRTACEAE:

Eucalyptus spp. FL MAR B
CAESALPINIACEAE:

Bauhinia sp. FL N,D B
BIGONIACEAE:

Jacarandra mimosifolia FL N B
Spathodea campanulata FL F B
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Appendix J. Summary of crosses of P. scutigera obtained from larvae infesting cotton at
Riloela with moths obtained from three alternative host plants and four localiiies. All moth
populations were reared for one generation on artificial diet at 259 C before conducting
crosses. Larval hosts and localities were: BTB = B. australis ex Biloela; BTE B. qustralis ex
Emerald; OHB = H. rosa-sinensis ex Brisbane; GSD = G. sturtianum ex Bauhinia Downs; C

= cotton ex Biloela. F1 represents the fertility of the progeny of each inter-population cross.

No. No. moths Mean no. eggs % eg

Cross repli- paired /females hatch

Q X cates o Q (+S.D) (+S.D)
BTBXC 5 20 10 362.6 (78.0) 953 (1.4)
CXBTB 5 20 9 384.6 (163.7) 95.0 (2.1)
BTB X BTB 5 14 13 315.4 (156.5) 95.0 (2.5)
FI(BTBXC) 35 15 15 464.8 (26.3) 94.5 (2.1)
F1(CXBTB) 3 15 15 418.3 (32.1) 954 (1.7)
BTEXC 7 28 14 282.9 (180.0) 96.8 (1.2)
CXBTE 3 12 6 380.7 (147.7) 95.8 (0.5)
BTE X BTE 6 18 15 331.2 (142.3) 91.6 (7.2)
FIBTEXC) 35 20 10 499.2 (37.1) NR
F1(CXBTE) 4 12 12 373.9 (59.7) 923 (4.9)
OHBXC 8 30 15 401.7 (109.6) NR

C X OHB 8 30 15 372.6 (134.6) NR
OHBXOHB 5 20 10 423.0 (96.6) NR
FI(OHBXC) 5 20 10 288.8 (81.4) NR
F1(CXOHB) 35 20 10 365.1 (147.0) NR
GSDXC 7 28 13 252.0 (87.0) 97.3 (0.8)
CXGSD 5 20 10 360.7 (131.7) 96.8 (1.0)
GSD X GSD 2 5 5 137.8 (92.3) 91.3 (0.4)

NR = % egg hatch not recorded but was observed to be normal.
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ELECTROPHORETIC STUDIES OF THREE POPULATIONS OF
PECTINOPHORA SCUTIGERA (HOLDAWAY) (LEPIDOPTERA:
GELECHIIDAE) IN QUEENSLAND

I.M. Huoses, M.P, Zarvuck!' and P.W WALKER'

Division of Australian Environmental Studies, Griffith University. Nathan, Qid 4111,
i Department of Entomology. University of Queensland. St Lucia, Qld 4067,

Abstract

Samples of pinkspetied bollworm Pectinophora scutigera (Holdaway) were collected from a range of
different host plants at 3 lecations in Queensland. Cellulose acetate electrophoresis was used to determine if
there was evidence thal more than one species was present, Of 12 genetic loci examined, only 1 were
polvmorphic and allele frequencies differed very littte among samples taken from different host plants or
between locations. While the evidence is not conclusive, it suggests that all 3 populations are
conspecific.

Introduction

The pinkspotted bollworm, Pectinophora scutigera {(Holdaway), has been a
serious pest of cultivated cotton (Gossypium hirsutum) in the Callide and Dawson
Valleys of central Queensland since it was first grown there in the 19205 (Holdaway
1926: Sabine 1969; Walker and Harris 1983). However, despite its widespread
distribution throughout ceatral and southeast Queensland, P. scurigera has not
become a pest of cotton in other areas of Queensland, or in New South Wales. [t aiso
utilises a number of native and ornamental plants throughout Queensland, the most
important being Hibiscus tiliaceus, Hibiscus rosa-sinensis and Brachyvchiton australis
(Queensiand Department of Primary Industries unpubl. records; Walker and Harris
1985). Page et al. (1982, 1984) conducted pheromone trap surveys and caught male P.
scutigera throughout central and southeast Queensland. At Emerald, ¢ca 300 km
northwest of the Caliide Valley, adult moths have been caught in pheromone traps
throughout the vear and larvae have been found infesting A. tiliaceus and B. australis
flowers (F.D. Page pers. comm.; P.W. Walker unpubl. data). Yet cotton in Emerald
remains free of P. scutigera, which has been recorded as a pest there on only one
occasion (D.A.H. Murray pers. comm.). Similarly, while P. scutigera infests
ormnamental cultivars of H. rosa-sinensis throughout southeast Queensland,
commercial cotton on the Darling Downs and Lockyer Valley does not have probiems
with this pest. However, a small plot of experimental cotton at Gatton in the Lockver
Valley was infested by P. scutigera during the 1985/86, 86/87 and 87/88 seasons, but
infestations did not apparently spread to surrounding commercial fields (B. Sabine
pers. comm.; P.W. Walker pers.obs.).

This limited pest status of P. scutigera is difficult to explain. Variation in host
plant utilisation may be responsible, with moths in central Queensland more readily
utilising cotton as a host than those in other areas of Queensland. Alternatively, there
may be more than one species of moth each with a different host plant range. We
investigated this possibility by using allozyme electrophoresis to compare genotypes
of P. scutigera collected from various host plants in central and southeast
Queensland,

Materials and methods
Collections

P. scutigeralarvae were collected from cultivated cotton, /. tiliaceus. H. rosa-sinensisand 8. australisin
Biloela, central Queensland. Aduit moths reared from these larvae were directly compared with coliections of
P. scutigera made in southeast Queensland at Brisbane (M. tiliaceus and H. rosa-sinensis) or at Gation in the
Lockyer Valley (cultivated cotion and M. rosa-sinensis), ca 92 km west of Brisbane.

Infesied flowers or fruiting structures were sampled from each host plant and gither incubated in
ventilated containers until pupation of P, scutigera larvae. or the larvae were immediately removed and
reared on artificial diet. All coliections were kept at 28°C (= 2°). 75% relative humidity and [4L:10D
photopericd, Table | shows the number of P. scutigera analysed and the collection dates for each locality. The
identity of all larvae and pupae was checked using the characters given by Holdaway (19216}, Pupae were

sexed and kept in separate containers. Emerging moths were provided with a 5% sugar solution.
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Table 1. Details of P. scurigera collections

Number of moths analvsed from each host plant

Locality/ Gossypium Hibiscus Hibiscus Brachychiton

sampling hirsutiem iiliaceus rosg-sinensis australis

date

CENTRAL QUEENSLAND

Biloela

I- 4.ix.1685 28 - 34 . 23

7- 8. v.1986 30 1! - -

4-18.vi.1987 81 - 87 -
11, v.1988 28 - 28 -
Total 167 11 149 23

SOUTHEAST QUEENSLAND

Brisbane

13,x1. 1983 - 23 37 -
7.v. 1986 - - 26 -

10.40. 1987 - 39 20 -

Gation

10.v. 1988 17 - 27 -
Total L7 62 110 -

Electrophoresis

Moths were killed with CO- on the day they were 10 be analvsed. The thorax and abdomen were ground
separately with 0.2 ml of buffer (0.1M Tris EDTA, 2 mg/L NADP, adjusied to pH 8.2 using cone. HCl).
Samples were spen at 10,000 rpm for 20 minutes betow 4°C in a Sorvall RC3B centrifuge. The supernatant
was dscanted into vials and analysed immediately,

Electrophoresis was periormed on cellulose acetate plates (Titan III, Helena Laboratories). For the
enzymes glucose phosphate isomerase, phosphoglucomutase, alcohol dehvdrogenase, isocitraie
dehvdropenase, hydrexybutyrate dehvdrogenase, malic enzyvme and malate dehvdrogenase, 0.1 M triscitrate
gi; 7.0 was used as electrode bufler and for esierase and aspartate amine transferase 0.75M tris glycine pH

.5 was used.

For each enzyme. moths collected concurrently from each locality were run on the same plate to ensure
that fixed differences between them could be identified. For the polymorphic loct, samples from a particular
host and location were pocled so that sufficient data could be generated to analyse differences in ailele
frequency between host plants and locations. Wright's Fgr statistic was calculated for those alleles which had
frequencies of greater than 0.10 in at least one sample (Wright 1943).

Results and discussion

Twelve genetic loci were represented in the 9 enzymes examined. Only 2 loci, Pgi
and Pgm in Table 2 were polymorphic (Table 2). There was no evidence of fixed
differences between samples from different hosts within locations or between
different locations. Five alleles were identified for each of the polymorphic loci and
the frequencies of these for each host plant and location are shown in Table 3. In all
samples, for both Pgi and Pgm, the same allele was very common {ranging from
0.775-0.983 in Pgm and from O.858-1.00 in Pgi) with the other 4 in very low
frequencies, When Fg,'s were calculated with all 7 samples included, only 1 allele,
Pgm®, showed significant differentiation between samples (p <0.05, Tabie 4).
Because of the small samples for B. australis and Biloela H. riliaceus, the analysis was
repeated with only H. rosa-sinensis and cotton samples included. Again only Pgm?
showed significant differentation among samples. Yet, 1ests of proportions (Freund
1979) showed no significant differences in allele frequencies between any 2 samples,
which suggests that the differentiation is very slight,

Although some samples, for example Biloela cotton, appear to have a greater
number of rare alleles present, this is very probably an anrtifact caused by the
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Table 2. Enzymes examined, the number of loci and whether they were plymorphic (rmost common
allele <0.9%)

Enzyme LE.C.C. No. of loci Polymorphic
Alcohol

dehydrogenase (Adh) LELLE 1 monomorphic
Esterase (Est) LR RN 1 -
Aspartate amino

transferase {Got) 2.6.1.1, 2 -
Hydroxybutyrate

dehydrogenase (Hbdh) 1.1.1.30 l "
Isocitrate

dehvdrogenase (Idh) 1.1.1.42 2

Malate

dehvdrogenase (Mdh) 1.1.1.37 2 v

Malic enzvme (Me) 1.£.1.40 1 "
Phosphoglucomutase

(Pgm) 2.7.5.1 1 polvmorphic
Glucose-phosphata

isomerase (Pgi) 5319 H v

Table 3. Gene frequencies at the PGM and PGI loci for P. scutigera

Localitv/host plant

SOUTHEAST QUEENSLAND CENTRAL QUEENSLAND
Loci/
alieles G.h. H.t. H.r. G.h. H.:. H.r B.a.
Pem | - 0.025 0.023 0.012 - 0.507 0.023
2 0031 0.051 0.099 0.036 0.100 0.062 0.130
3 0938 0.907 0.854 0.899 0.900 0.836 0.776
4 - - 0.009 - - -
N 16 56 i06 167 3 145 20
Pai 1 - 0.023 0.003 - - 0.003 -
2 0039 0.108 0.071 0.081 - 0.057 -
3 - - - 0.011 - - -
4 0941 0.838 0.919 0.904 0.%54 0.926 1.000
5 - 0.008 0.005 0.003 0.043 0.003 -
N 17 60 §03 167 il 149 {9

G.h.. Gossypium hirsunem; Ha., Hibiscus tiliaceus: H.r., Hibiscus rosa-sinensis; B.a., Brachychilon
australis

Table 4. Fgp vatues for 2 loci with all 7 samples included. Only alleles with frequencies > (.10 in at
least one sample were included

Allele Fsr ¥ p
Pgm? 0.11375 15.672 0.01 <p<0.05
Pgm3 0.002237 8.115 n.s.
Pgil 0.001710 797 n.s.
Pgi* 0.004938 10.836 n.s.
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variability is sample size. Cenainly, the 3 samples with the lowest number of alleles,
Gatton cotion, Biloela H. tiliaceus and Biloela B, australis, all contained less than 23
individuals.

These results suggest that we are dealing with a single species. Even the
polymorphicloci have similar distributions of aljeles among samples. Mosi studies of
morphologically similar species have found at least some fixed differences between
them e.g. Milton ef al. 1983, Mather (in press). However, this is not always the case.
For example, Drew and Lambert (1986) found no fixed differences between 2 species
of fruit fly (Dacus tryoni (Froggatt) and D. aguilonis (May}), using cellulose acetate
electrophoresis. However they did find large differences in frequency, with different
alleles most common, in 3 out of a total of 30 loci examined and what appeared to be
significantly different frequencies at 4 other loci.

Preliminary cross-mating experiments found no evidence of reproductive
incompatibility between P. scutigera populations collected from different host plants
and different localities. Such crosses have been extended to the F. (P.W. Walker,

unpubl. data).

Theresults suggest that other factors may be responsible for the limited pest status
of P.scutigerg in cotton. Iis establishment as a pest of cotton in any area will depend on
the ability of populations to carrv-over from one cotton season to the next. Successful
carryover of P. scutigera populations in the Callide and Dawson Vallevs of central
Queensland may occur due 1o a more favourable incal climate, more abundant and
diverse alternative host plants and/or differences in agronomic practices,

Further work is required to determine conclusively the taxonomic status of the
various populations. Genitalia of adult samples from each host should be examined
using the key of Common (1958) and host plant preferences of adulis reared on
different host plants shouid be investigated. As well, further investigation is needed of
the mating sysiem (such as differences in sex pheromones) and any evidence of
positive assortative mating among individuals from different host plants and/or
localities needs to be examined (see Lambert and Paterson 1982)
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UTIGERA (HOLDAWAY)

ACCORDING TO LARVAL DIET BY X-RAY MICROANALYSIS
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Abgtraci

In an exploratory study using scanning efectron microscope
{SEM} based energy dispersive spectroscopy [EDS) of X-rays,
differences were detected in the slemantal compositions of adult
Peclingphot igera raised on contrasting diets - cofton, Hibiscus
tiiaceys and laboriory medium.

X-ray spectra were collected from the thorax and abdomen of 13
male and 12 female moths. X-ray yields are optimised by ashing the
insacts for 1 h a3 400-600°C, and by operating the SEM at 25 kV.

Spectrum matching, element matching, discriminant analysis
and principal components analysis were used 'o classity the
spacimens on the basis of diet with §4-100% success. Specira were
considered as a whole or processed using either a digital filter to
remeve background or a ZAF program to compute semiquantitative
elemental concanirations. Background corrected peaks 1s the
favoured da‘a format, having high discriminating powar and being
simple to obiain and interpret.

Bauer classification is apparent when subsets of the same sex,
body part ¢ both are employed; and when the data for gach element
is nommalised to a mean of § and a standard deviation of 1. The
chief discriminaling elements appear to be F, Na, Mg, P, Cl. K and
Ca with Si, 5, Mn, Fe and Zn being of little assisiance.

KEY WORDS: insects ,' pink-spatted bolworm, X-ray migroanalysis,
bulk biclogical specimens, energy dispersive Spectroscopy.
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[t ion

X-ray speciromatric methods have been asplied to diverse
binlogical spacies. For example, Calaprice (1571) studied soLkeye
salmon by X-ray fluprescence (XRF) energy dispersive Spectrescopy
{EDS). Using discriminant analysis ol the speciraicatahewas
svecessil in separating both adult and iy salmon on the basis of
their geographical origins. Kelsall and Burton {1977}, with some
success, applied the same experimenial and stztstical technigues 10
feathers from lesser snow geese.

A numbar of X-ray specirometric investigations have been
directed towards insests.

Victean and Bennett {1578), using XRF/EDS and discriminant
analysis, found that ambrosia beelles could be readly separated on
the basis of geography, sex of the presence of adhesive irom sticky
traps. McLean (1960) reparted on a praciical exiension, identifying
e origins of beatles found in the Chemainus Sawmil, McLean etal.
{1679} separated westem spruce budworms on the basis of their
seurce sands. Later, Mclean et al. (1983) identified a partitioning
of lemants in the tharaces and abdomens of these insacts, and
discovared that slemenial variations in adult insects were much
smaller tran these in the original food saurces. .

Another substantial contribution to the entomoioglcal explotiation
of X-ray analysis is a series of papers by Bowden ang co-workers.
The First in the series (Bowden et al. 1584} concerned the moth
Nactua pronyba, the subject of a pravious study (Bowden etal.
7679}, XRFAvavelength dispersive spectroscopy {WDS) was
empioyed in both cases. Printipal components analysis (PCA) gave
no discrimination untl subsets were considered, When this was done,
not oniy couid insects from different host plants be distinguished, but
also insects from tha same host plant growing on different sols.

The second article (Bowden a1 al. 1985a) examinad two SpeCies of
aphid, using SEM/ZDS. No giscrimination was discernidle for any
aphid species, elament, plant of sofl sudset, The third paper
{Bowden et al. 19850) again examined the same two aphid species,
but collected from ciferent host plants and with a refined PCA, and
reporied successhul diserimination. Ancther moth, Acrolis SR,
was the subject of a fourth paper {Sherlock et al, 1985}, in which
robust means FCA was applied to XREAWDS data. Provided host
plant subsets were considered separately, the moths could be
ifterentated on the basis of 561 type. A fith paper (Sheriock et al
1986} examined two aphid morphs coltected at various localiies
mainfy from the same host plant, using SEMWEDS. While the mormhs
were well differentiated, there was no clear separation, in gither
morph, on the basis of host plant focality. -

Praliminary raports on another X-ray study of moths, Hslipthis
spacies, have been given by Fift (1685, 1986). Dempster etal.
{1586) have concucted XRFAWDS studies of the Brimstone huterlly.
Compositional ditferences were observed betwesen insecls of
Gifierent sexes. sites and seasons, but the host plant difierences
diminished as the adulls fed and aged.
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‘The broad conclusion that may be drawn from this literature
survey is trat X-ray methads for geographically discriminating
insecis have met with mixed sutcess. in some inslances, atisast,
for identifizbie reasons or unknown, there is a lack of any
measurable compositional variation in insects from different soutces.

The subject of the present study is the pink-spotied boliworm,
Pectingnhora seutigera (Holdaway) (Lepidoptera:Gelechiidae), a
serious pest of cotton in Central Queensiand, Larvae tunnel inlo
developing cotton bolls damaging lint and seed. Of particular interest
&5 the question as to how papuialions carry over from one 58250010
the next. Sabine (1959) slressed the irpanance of past-haivest
cotton trash, containing infested bolls, and considered aliemative
host plants 1o be of litle significance. However, the recent giscovery
of additional host plants {Walker and Harris 1985) suggests that
alternative host plants may play a significant role in the carry sver
of moth poputations. Itis {oward investigating this possibifity that
the method descriped here will be direcied.

The pupose of this paper is 1o demonsiraie that the larval diet
of adult bollworms tan be deduced with a good chance of success,
and to Suggest some ways to improve the success raie. The
method et forth here is not ¢faimed {0 be the best possible means of
diseriminating P, scutigara. A method meriting such @ claim might be
expected to inclyde a complete quantiiative elemental analysis ol
gach math a3 well as to take into account other variables -
colouration, body weight, meisture content, age and so on, The
propased method does not requite an acurate analysis of the
detected slememts. 14is generally recognisad that quaniiiative
analysis of bulk bisiogical specimens by EDS is ditficuk and prane {0
sunsantial ecror {Rosmans 1980, Heinrich 1882, Bogkestein etal.
1880). Detection ¢! 21l the elemants presentinthe spacimens has
not been atiempted. Most EDS systems have a iower atomic
number fimit of Z=9, akthough windowless detectors may be pressed
to Z=4 (Marshall 1984). Hydrocarbons are therefore difficull and
hyerogen impessible 1o datect. An alternative speciroscopy, such
a3 secondary ion mass spectrometry {SIMS), is required 10 probe
for light elements.

Katerais and Methods

man

ACUIt P, soutigera were reares from larvae fed on 3 contrasting
diets: arifical magium, cotton balls and Hirscus tiliaces flawers.

Alzbatatory culture of P seutigera, onginally esiablished from
tarvas already infesting cotion bolls, was maintained on artifical
medium 25 described by Vickers (1982}, The medium consisted
mainly of soya beans (65.2% by weight ¢f dry ingredients) with a
small amourt {2.2%) of ground cotton seed added to acias a larval
feecing simuiant, The cuiture had been maintained on this medium
for approximately 3 ganerations,

P_scutioera infested cottan bolls were collected from coton
{Deltapine 61) near Biloela, Central Queensiand, in May 1885, Fallen
H, tiiazeus flowers were collected from the base of a singie tree in
Biloela during March and April 1985, Cotton bolls and H. tiliaceys
flowers wate held in ventilated plastic boxes at 259C unti the
larvae had pupated, All pupaa were sexed and incubaied &l 250¢.
?n emergence adult moths were nat fed, but immediately Kiled by

raezing.

Specimans were deep frozen unil recuired. To reduce the
contribution of the hydrocarbon matrix to he X-fay spectrum, the
specimens were ashed using a Townson ang Mercer furnace. To
establish the optimum ashing temperature, 5 entire air-dried moths
(all males cotlected from cotton) were ashed for 1 hat each ofthe
following temperatures: 200, 300, 400, 500, 800 and 700°C.

Ashed moths were mounted on Al slubs using double-sided
adnesive tape. Frem 110 3 moths were mounted on each stub. The
moths were systematizally aligned on the stubs to faciliate
identification of body pars.

33
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“The main data base comprised X-ray specira from 26 moths. Ot
the 26 moths, 5 of each sex (M, F) came lom cotton (C), 5 of eath
sex fram laboratory medium (L} and 3 of each sex from H_tiiaceys
{H). The tharax (T) and abdomen (A) of each moih were examinad
separalely, yielding a total of 52 specla. The abbreviations we
employ to refer to Cala subsets having the same sex and body part
are MT, MA, FT and FA.
ﬁzwzgc system

The prepared specimens ware placed inan ISI-60A SEM. For all
the measurements, the working distance was fixed at 53 mm and
the working magnification was 1000x. The specimens were
ireadiated with 30 keV electrons, the highest energy avaiable, 1o
ensute any elements with high atomic number were excited. During
the acquisttion of the data base, no elements with 7>28 were
detacled. .

Later. 1o 2szerain the eptimum beam voltage, a series of X-ray
specira were obtained al eleciron energies of 15, 20, 25 and 30 keV.
A single 561 of 5 specimens {male moths from cotton) was used in
this investigation.

¥-ray collection and sorting was via a PGT4 system, The
X-tay daiector was Jocated &7 mm above the soecimen and 21 mm
from the beam axis: the take-od angle was 52%. Xeray spectra
ware tollected for 200 s, The beam current was measured using a
Faraday cup before and after each spectrum, Each X-ray specirum
was transferred through an RS232 interface o an IBM Personal
Com p{mer {18M PC) for further processing.

g Iprm

The X-ray spectrat data was presented for statistica! aralysis
In thrae forms. These will be described in order of increasing
SpECirum processing.

First, the raw channel-by-channel data was used, The enargy
caliration was 20 eV per channgl. The ower threshold on the main
amplifier rejected signals comresponding 1o less than 500 V. No
peaks were observed above 10 keV. So the datainchannels 2510
500 was used.

Second, background-corracted peak intansities were computed.
The background was removed ysing a "top-hat” digital filter as
descriped by Statham (1877, Given (e cetestar resolution (152 eV
a1 5834 eV, the energy range over which peaks were observed
(676 to 8530 eV) and the variation of resoalution with enargy
{Goldstein et al. 1981), an optimal filler was chosen aceording to the
prescription of Statham (1577). The fiter had a central lobe 7
channals wide and side inbes 3.5 channels wide. Regions of inierest
ware setup fo record counts in peaks which cansistently occurred,
corrasponding to ihe elements F, Na, Mg, Si, P, 8, Gl K, Ca, Mn,
Fe, Cu and Zn. {To avoid inlesierance from the K K-Deta peak in
mezsuring the Ca K-alphz peak, the Ca K-beta peak was used.}

Finally, semiquantiiative elementai concentrations were
caleviated. An aigorithm based on the FRAME C program
{Mykisbust et al. 1973) was used fo determine the concentration of
the elements Na, Mg, Al, P, §, C!, K, Ca and Cu, The code uses
tha ZAF technique and background modaliing. As all the assumptions
of the program were not met (flat surface, at most 1 element
unknown), the resuls are appropriately described as
semiguantiative.

The data was subjected to various siatigtical trzatments, which
will be detailed in the Results and Discussion section. The simpler
analyses were performed on the 1B PC. The fliered peak and
semiguantitative concentration informalion was further analysed
uging the SPSS package {Nie et al, 1975) running on an HP300D
computet.

Resyhs and Discussion

Aghing {femperalyr
Tne efiect ol ashing temperature on X-1ay ?aieid is shownin
Figure 1. The net-peak to background ratio of the K K-alpha line is
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shown. A monstonic improvement in yield with temperature is
ohsarved, with 3 large step bewesn 300 and 408eC,

As temparature Ncreases, progressively more of the specimenis
velatised and oxidised, with it disappearing compielely al T000C.
That ashing may cause irreprogucible loss of elaments frem
bivlogical specimens has previousy Deen noted (Goldstein et al. 1981,
Tutner and Bowden 1983). Qur data lencs some support 10 this
suggastion, as larger absclute errors are associated with higher
temperatures. However, the relative errors from A00-800°C ashing
are smaller than these at lower temperatures,

A suitable ashing temperature will balance the gain in sensitivity
due to marix removal against the loss in precision due to 1he
removal of analyfic elements, The range 400-600°C fits these
criteria; asting at 480%C was employsd in obiaining all the other
tdata reporied here.

loptron grg!

Figure 2 shows the dependence of X-ray yield on eleclion enargy
over the range 15 to 30 keV. Of the four anergies tried, 25 keV
gave the greaiest vield, in terms of the net-peak to background ratio
for the K K-alpha fing. This resultis not explicable simply in terms
of the over-voltage ratio increase, which would lead to an increase
in yield with accelerating vokage. The decrease in detectability
may be atribuied 1o Righ eneigy backscattered elecirons depositing
anesgy in the Sifli) X-rzy detecior. The further data reported in
this paper had previously been ebiained using 30 keV electrons.

actrum matchin :

[nmal examinaton of the data base was by specirum matehing.
The general principles of this technique are destribed by Russ
(1884}, inecsence, the dillerances between a "lest spectrum and
caveral “slancard” spectia ars computed - the smaler the
difizrance, the betier the maich.

The test and stancard specka were genarated as foliows.
Counting et spectra were generated for gach of the original
spacia by iaking the square root of the counts in gach channel.
Each original spectrum and ils associated error specirum was then
namalised with respect to tha eleciron beam current flowing during
collestion. This produced the 52 test spectra and the 52 reiated
etror specva. Standard speca for coitan, hibiscus and iaboratory
medium were oblained by averaging the relevant test specifa. S()
and T(} denote the beam current correcied coun's in channel i of
ihe si2ndard ang test specira respactively: s{i) and {(i) are the
respactive errors.

A number of statistics were used 1o sum, channel-by-channel,
the diferances betwean each of the 52 test spectra and each of the
3 stancard dist spectra, The spectrum baing lesied was assigned
1o the dlet from whose siandard spectrom it éitfered least. The
numbar of successiul classifications was then tallied.

s expacied, 3 squared Giferance statisiic, (S()- TEIR, is more
afiicatious than aither a difference, (S()-T(i}, of an absolute
Sierence siatistic, 1S()-T(M, the clessificaion success rates for
these being respectively 67, 38 and 58%. These success 1aies may
be compared wilh that expecied on the basis ofrandom @ :855ing,
33%, The statistic favoured formafly, (SO-TERSsEE0),
pauivalent 16 the Mahalanobis D=, gave @ success rate of 71%.

The percentages of the previous paragraph are Diased estimates
o the success of maiching, Each test spectrum contributes a small
proportion 1o one of the siancard diet spectia atainstwhichitis
baing maiched. To measure this bias a jackknile {ur
*igave-one-out’) procedure was followed. The last statistic was
camputed again with the contribution of the tast spectrum under
consideration being remaved from the relevant standard spectrum,
Proceeding this way gave the same success rale as before, 71%.
This suggests that no great bias was introduced in using the same
speciia lo penerale and evaluale the standard spectia.

Next, subsels of the data were considered separat:g. For
instanze, standard specira for each diet wese genarat from the
male specira alone and the male specira alone wete matched with
these stancards. Classification success for each of the subsels is

¥-RAY YIELD (P/B RATIO}

T 1
| | | 1 |
2090 300 400 00 500

ASHING TEMPERATURE {°C)

Figure 1. X-ray yield as a function of ashing temperature. The
net-peak to batkground ratio for the K K-alpha fine is shown. Abar
rapresenting the standard error of the mean is show on either side
of each data point.

¥-RAY YIELD {P/B RATID)
o~
|

L 1

] I I ]
15 20 25 30

ELECTRON ENERGY (keV)

Figure 2, X-ray yield as a function of electron energy. The net-peak
10 background ratio for the K K-aipha ling is shown. A bar )
tepresenting the standard atror ¢f the mean is shown on gither side
of each data paint.
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given in Table 1. Several cbservations may be made conzerning this
table. Generaly, the mote Romogeneous the subset, the higher the
ciassification suzcess rate. The spectra laken together were
¢classified with 71% success: grouped according to sax and body part
liss success rate was 65-77%: grounad according to bolh sex and
body part the success rate was 63-100%. The advantage in using
subsets has previously been recognised with other moth species
{Bowden et al. 1984, Sherlock et al. 1983). The same calculations
were performed using a jackknile procedure and exaclly the same
success rates were found,

It is suggested that specimens of the same sex, or body par, of,
preferably, of the same sex and same body par, be used whanever
practical to improve the classification of 2_scutigera. Although the
data is not canclusive on this point (given the small sample sizes of
the various sex-body part subsets), it appears that the male-thorax
subset is the most homogeneous. .

While net the main purpose of {his study, it is of some interest 1o
sea how well the sex of adult P, sgutigara may be distinguished and
alsa how well the body parts { abdomen or thorax) may De
distinguished.

This has been atempied using spectrum matching. No subsels
ware considered: the standard abdomen spectrum, for example, was
the average of all abdominal spectra, regardless of sex or diel. A
success rate of 50% would follow on the basis of random
classification; spectrum matching did not vield much better. Using
the siatistic (S{}T{iN4/s{))¢, the corract sex of the meths was
given in 52% of the cases, and the cotrect body par in 62%. These
figures cancern the data set as a whole and using more
homogeneous greups {for example, of the same giet) may well
increzse the ehance of correct classification, as it did previously.
Moteover, other methods descrived below are shown to be superior
1o spectrum maiching in classifying diets, and may simifarly enjoy a
greater sucsess than spectrum maiching in classifying moth sex and
body part. However that may be, distinguishing sex and bady part
is not of practical entomological importance as these may be
determined directly by inspection.

Elamant matehing

Rainer than match soectra channet-by-channel, the faster and
more reaninglul strategy of maiching a small number of regions of
interest, or elemantal concentrations, may be employed (Russ 1984).
Table 2 shows the results of such an approach using both regions of
inferest from digitally fillered spectra and semiquantitative
elemenial concenirations. The elements mi'.cheg were Na, Mg, P,
8, Cl, K, Ca and Cu. The statistic (S(l-T())e/s(il- was used.

ir one respect the resulls of Table 2 differ from those discussed
under spectrum ma'ching: in Table 2, the jackknife comparisons are
not as successhul as those that include the test specimenina
standard. This is expected; the earlier resulis are unusual in
shawing no ditierence with jackkniling.

Irs saveral respects the results shown in Tables 1 and 2 congur.
Breaking the ¢ata base down into subsets increases the
classification success fate. The success rates using all data
farmats - original specira, digitally filtered spectra and
semiquantitative concentralions - are similar, with not one ¢f these
clearly supatior.

ther researchers have favoured our first and third data
formats. Calaprice (1971) used a selection of channel-by-channel
datz as dic Kelsall and Burton {1977). These workers used 40 and
80 channgls respactively as variables in multivariate analyses. On
the other hand, Turner and Bowden {1933}, for example, examined
a smaller number (10} of elemental concentrations. The results
given in Tables 1 ang 2 do not especially commend one or other of
the data formals on the basis of classification success, The second
da'a format - peaks from digitally fitered spectra - combines
simplicity with interpreiablity. A small number of variables,
identifiable with particular chemical elements, is reacily derived from
the original spectrum. This data format will be the main one used in
the rest of the analyses reporied here.
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Charagter of the daia basa

& cioser examinaion of the data hase will precede the discussion
of further classification sirategies. The dala base is here takento
comprise 52 cases containing backgound sudlracied peaks for 13
eglamens, .

A basiz quastion is whether the data comas from & multivariata
normal distrisution. 1f it does, itis unlikely that moths from the 3
diats vill be separable. Calculation of the skew and kurtosis for
each of the elements acoss the 52 specira suggesied the cata was
not normally distributed. A more formal examination was aiforded
by performing on each element the Kaolmogorov-Smirnay test (Hul
and Nie 1875); only Fe and Cu appeared to be normally distrizuted.
This leaves open the possidiity of three distinet dielary
subpopulations, with the elements Fe and Cu expected 10 be of little
help in distinguishing them.

The same tests were run on each of the digtary subpopulations.
For the purpose of distinguishing moths on tha Sasis of their diets, it
would be mast convenient to fing sach diet subpopulation was
multivarizte normal, with the means wicely separaied in
multivariale space. This was not the case. While some of the
elaments appeared to be normally distributed wilhin eagh diet
subpoputation (F, Ma, ¥, Fe and Cu in cotton; Cl, Kand Cuin
hibiscus: Fe and Cu in laboralery} mest of the elements show
non-narmality. To reduca non-normality due to skew, 2 iogarithmic
transformation may be applied (Stivastava and Carier 1983}, A
logarithmic traristarm also gives equal weighting to reiative, rather
than absolute, changes in fne elemanial c‘a‘i. The data within each
diet was transformed according 10 Infx+2/10%}, whete X is the
mean of x, the concentration of the alament under consideration.
The Kolmogorov-Smirnov test was fun on the transiormad data for
each element across each dist As with the original data, only 2
few glements anpeared o be normal in each diet {F, Na, Siand P in
cotion; F, Mg, P and K in hibiszus: K in lzboratory). The chief
conglusicn that can be drawn [rom these tests is that none of the
three diets show marginal narmality among most of the variables in
it, 1ot alone multivariate normality. A second conglusien is that
transforming, by taking logarithms, the data within any diet changes
which elements may be normal but does not improve the overall
distribesion.

Smaller groupings sl {defined by sex ot body part or both, as
wall as diet] wera not fested for multivariate normality because of
their small populations. Whather the elements in these prove to be
nomally gistributed, or whether funther factors still are needec 1o
define normal populations, cannat be answered from our c2ia.

The data for each element within each cie! was also
tansformed to Z-scores (Nie &} al. 1§75). This is accomplished for
each datum by subtracting the mean and dividing by the siandard
daviation. Thus the Z-score cata for any efement within any diet
has a mean of 0 and a stancarg deviation ol 1.

Digzriminant analvsis

Multivarate disariminant analysis aims to classify
multivariate obsarvation into one of a number of distinct groups. As
such, it seems well-suited to the present study and was used in
similar circumstances by Calaprice (1971), Kelsall and Burton
{1977) and McLean and Bennett (1678). However, cenain problems
accompany discriminant analysis in the current context. Fora
start, assumptions of multivariate normality underfie most
disstiminant programs {although Laghenbruch (1875) discusses
methods not constrainad by these assumptions). Wnile in practice
standard discriminant programs are generally robust to deparies
from normality (Jackson 1983}, their suitability to the present data
base must be regarded as tentative, More seriously, the
discriminant method assumes fhat the distinet groups inte which it
clessifies unknowns are comprehensive. However, itis gratuitous to
assume that field-collected P.szuticera must have had a cotton or
hibiscus larval diet. Field colfecied spacimens may have come from
an altogather different, perhaps as yet unknown, host plant. In spile
of these reservations concerning its formal basis, disstiminant
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Table 1. Correct classification of moths according to larval diet
using channel-by-channet cata grouped in subsats.
o
Subset Correct elagsifications (% = 4
ALL 7 g A
M I
F 85 O 2 !
T 7 =z g ox M
A 77 - ¢ €A oL
MT 100 L ¢ ¢ L
MA 59 - o ¢ B, LLL
FT 7 p= ¢ cc & L
< cee oot L
FA 92 = S
-—E- -2 L
. Table 2. Correct classification {3%) of moths according 1o larval c
digt using element-by-elament matching. g -
Subset Background Semiquantiative o
correcied paaks cencentrations A ( . . \
jackknife jackknile -4 = 0 z 4
a8 - % - DISCRIMINANT FUNCTION 1
M 81 73 84 84 Figute 3. Discriminant analysis scatterpiol for Z-score data, *C"
F 83 63 83 54 sands for cotion, "H” for hisiscus, "L* for laboratory diet; “X*
I g‘é g g; 334 indicates group centroid.
WT 84 63 g2 b
MA 77 89 B4 62
FT 71 £2 7 54
FA a2 4 100 63
compared with 65-100%). Itis of interest to note that the
background corrected peaks provide a slightly better discrimination
than the semicuaniitative cpncenirations: the extra specirel
Tanle 3. Correct ciassification {2} of maths according 1o pracessing needed lo obiain the concentrations again appears
larval diet vsing discriminant analysis. ; unwarranted. )
N?xt. dlgcéxmmam anaﬂysg)1 was performeg cél the Z-st:c:rbes
' . it transformed dala bases. Withou! grouping the data into subsels,
Subset  Background Semiquaniative reater cilferaniation was obiained than before: 34%. A piotof the
ks transformed data in its chiel discriminating plane is shown in
pe Figure 3. Use of Z-sceres, in which each element can contribute
ALL 67 67 equally to the analysis, is thus seen o be preferable o using
W 81 g1 arbitrarily scaled or weight percent data, .
F 88 25 Finally, stepwise discriminant analysis was carried out using the
T @ 89 Z transformed data. In this approach, vatiables are agded to the
A ey 85 diseriminating function one ata time, in order of discriminating
T 100 100 pawer, Again, a final success rate of 94% was obiained, The
A 100 100 variables used were, in order: P, Cu, K, Mg, CI, £, Na and Ca.
BT 100 100 Thus as good results were obiained using 8 elements as 13, The
FA 100 00 nangiseriminating elements are Si, S, Mn, Zn and Fe. In the previous

normality tests these appeared etratically across the specimens.
- They would seem to aid fittle in boliworm classification, Asfaras
analysis may be cautiously used as a descriplive tool with which fo EDS analysis is concemed, the question of which are the best

explore the data basa. discriminating elements is of litle impertance as all elemenis are
Discriminant analysis was underiaken using both the background detetted simultaneously,

sublracted peaks and the semiquantiiative elerental Princinal components anglvsis )

concentrations, with the aim of distinguishing moths on the basis of The aim of PCA is to resiate muttivariate data in terms of new

farval diet. The successtul classifications ensuing are recorded in variables. Inthe common case in which much of the variance is

Tabia 3. It shoutd be noted that the same data was used bath to accourted for by a few principal componenis, PCA allows the

generale the discriminating funclions and to evaluate them, so o reduction of a many variable problem to a few-variable one. A

this extent the success rates in Table 3 are biased. Tabie 3is fhus gifierence between PCA and discriminant analysis Is that the

most directly comparabie with Table 1 ang columns 1 and & of former does not presume the samples 1 be classified into distingt
Table 2. In'cormparing resulis across these tables, the discriminant groups, whereas the latter does. Hence PCA gives a more natural
aralysis can be seen 1o be slightly more effective than the other representation of the data. However, PCA operates by minimising
metheds, While discriminant analysis is not so powerul when all the the difierence between the cata and the principal components and,
datais considered together {67% sucsess compared with 71-83%), as Jackson (1983} emphasises, this procedure may work against

it excels when subsels are considered separately (B1-100% success extracting the most important information from the cata base.
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Figure 4, Principal companents aralysis scatterlot for Z-score
A gaf "C" stands for cotton, *H" for hibiseus, *L™ for tabaratary
t

The Z transformed data was subjected 1o PCA, Thedatais
shown plotted against the first two principal components in Figure 4.
;xtnnsigq

The results and discussion s¢ far have been concerned with
progucing a data base and drawing descriptive information fram it
Tha question now addressed is how and with what confidence this
data base may be extended to classity field-coliected specimens.

Atthe outset it is recognised that many facters, apa from the
larval hos! plant, may affect elemental concentrations in P,
scuficera. Just as the composition of a larva depends on the plant
which nourighed # so in turn the plant's composition depends on the
soil on which it grew. Insome cases, at least (Sherlock et al, 1285),
the charatteristics of the plant dominate differances i soil type, but
the reverse may somelimes hold. We are presently investigating the
elemental compasition of insects reared on the same host plant
grown on different soils, 1t is possibla that the diferences identified
in this paper are meraly differences batween the soils on which the
planis that made up the three dists grew.

Many other factors could conceivably affect elementat
cencenirations in moths. Bowden et al. (1984) fist candidate
conuribitors to the elementzl composition of an insect, such as: soil -
type, uniformity; host plant - species, variety, genatic makeun,
stage of development, part consumed; insect - sex, physitlogical
sta:e..f;eecﬁng in the adult stage, genetic makeup, disease,
parasitism, Certainly the comprehensive data needed to determine
the role played by all these factors is not yet at hand.

Conclusinng

The major conclusion of this study is that aduit P, scutinera ma
be distinguished on the basis of Iarvzi diet. This cutcome 1s not d
rivial since similar studies have reported a range of results, from
sharp distinction in same insects to no distingtion in others.

The sudsidlary conchusions drawn from this wark congem the

anhancamant of the discrimination procedure. The first step in the
procedure is data acquisition. Pretreating the specimen by ashing to
remove the organic matrix improves X-ray yields, Too higha
temperature izads 0 10ss of analytic slemants - ashing at
400-8000C 1zt 1 his proposed a5 a suitable compromise. An
eleciron energ?' of around 25 keV resulls in greatest X-ray yields.
The preferred lormat for the data is as background corrected
peaks, obiained by dighally fitering each of the ariginal specira,
Littte spectrum processing is needed 1o derive this data set, which
then comprises a smali number of varizbles identifiable with
particular chemical elements.

The second step in the procedure is data analysis. For the larval
diets studied, the gaia is unlikely 1o be multivariate nomal. The use
of Z-scores, rather than the original data, and the use of specimens
of the same sex and body part, 2ssist in the discriminant analysis.
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Discussion wilh Baviewers

A Kigs: Criticism can be directed at the study in that the data
base was smal and fimited, .
K. Kiss: Do the authars plan to expand this work to obtain a wider
cata base which uses simpler and more refiable statistics?
LA Mclean: My major concerm is the very low 'n' in each
category.
G. M. Rpomans: The main problem with the paper is that the
caiabase 15 too small,
Authorg; The work reported here is of a preliminary nature,
underiaken 1o discover if x-ray microanalysis can be used fo
tlessify fisld-collected adult P.scutigara.” Even with this relatively
small sample, the results are quite enicouraging, showing a high
classification success lor laboratory reared moths. Encugh data
has been gathered 15 refine specifien preparation and analysis
conditions.  We are presently using the methods developed in this
paper 1o broaden the dala base.

Our sample size of 52 spactra falls within the range reported in
cther studies - from 22 spectra (Bowden et al. 1973) to 728 (Sawden
stal. 1985a}.

K. Kiss: Did the authors attempt to use the “two-voliage” technique
for quanthiative EDX analysis? This yialds a more precise and more
accurate analysis of specimens with rough surfaces than the
commonly used ZAF method. (See Kiss, K: “Quantitative” Electron
Probe Analysis of Low-Atomic Number Samples with Irregular
Surfaces. Applied Spectroscopy 37, 1, 1983)

M. mang: In the case of a sample with a rough surdace, a
FRAME P based program would have been better than a FRAME G
program.

A_J Morsan: Have you considered ashing your spacimens ina

low-temperature oxygen plasma, since this may provide for both

element retention and high analytica sensitivity?

Authors; We have no! altempled any of these suggestions, all of
which may well improve classification success.

A Morgan: How lazge were the moths? Apart from PIXE znd
SIMS, wouid it be possible to analyse such specimens by olher
mullielement chemical techniques, or does size preclide this
possibility?

futhors; For an adult, the average bady length is 7 mm and the
wicth of the tharax about 2.5 mm. Other chemical techniques could
be ulilised: while the microseopic canabilifes of SEMEDS were ona
consideratien, the speed and the simulianeous acquisitian of
multielement data were also importarnt,
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) A Mclean: Did females oviposit any eggs? Had ali moths
voided their meconium? {This is often rich in elements not
assimilated into the adult fssus.}

Authors: The females ware unmated, As the moths void their
meconium immediately alter emergente we assume that all nad
done 50 before they were frozen.

G_M, Poomans: Since F can be measured in Tellon and refated
subsiances, couldn't the tape be the source of the signal?

J A Mclean: Was an analysis of the adhesive tape carried oul?
Depending on the brand, tis can contain Ti andlor Ca ard Fe.
Authors: Prior to this work, spestra had been coliecied from the
1ape and no spurious signals were datected.

G. M Roomans: Are the authors cedtain that they measure a true
bulk specimen, 1.8, that they do not excile the substrate? The lower
P/B value al 30 KV may be due 1o the fast thai the exciialion
volume exceeds the sampie dapth.

Authore: The excitation volume may alfect the P/ ratio as
suggested. The areas of he specimens analysad were chasento
minimige the possibility of probing the tape.

J A Mctean: What effort was made 1o corec: for diflerent

couning rates in 2 spectrum?

Authors: In each specimen, @ suliably orienied residug was found 12
ersure 8 counting raie of around 20%.

336







