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I
An experimental study of laboratory populations of the stored-produc-
4 l‘,
Cadra cautella Walker (Lepidoptera: Phycitidae) and its larval

ts moth,
Ichneumonidae)
identified and quantified density- and age-dependent demographic ‘characte-
ristics of the hoé't-parasicoid. system. ‘Host imago loﬁgevitgyand fecundigy.

depended on larval weight at pupa.cion./ JObserved effects of C. cautella

s " I3
larval competition for food on larval mortaltty, stage duration, and .

weight at pupation were suctessfully captured in a mathematical model.
age significantly influenced iIntér-stage cannibalism and
susceptlbllity to mortality resulting from parasitoid o\ripositlon wounds
Both 1arval parasitoid developmental rates and adult parasitoid att_nck

rates dependeql on host larval age. Long-term population experiments of . -°

host ~and host-parasitoid - populations. revealed . that host” populations

fluctuated with a period slightly in excess of host generation time and

- that parasu:oid populations were in synchrony with host populgations e

. 44
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Une étude expérimentale conduite en laboratoire sur des populatiens

n 4

-d'une pyrale des produits entreposés, Cadra cautella Walker (Lepid'o tera:

Phycitidae) ég de son parasitoi‘de,kVenturia canescens Graven orst

3

~ (Hymenoptera: IchnewnoniQae), s’attaquant A la 1a“rve,, permettait

d’identifier et de: quantifier ' pour ce compléxe ‘héte-pqrasitoide,
c'ara;ctféristiques démog’raphiqués\déﬁepd&ntes de la dengité et de 1nge.

la pupaison. Unt modéle mathématique des effets dé la compétition larvaire

« de _(:,“ cautella potur la nourriture en fonction de la mortalité et de la”
durée du stade larvaire, et du poids a la pupaison a pu "étre développé.

Y L'age larvaire de 1‘héte influencait ‘significativement le camnibalils‘me
« entra®les stades et le risque de succomber aux blessures de ponte du
parasitolide. Les taux de croissance de la larve et de prédation‘ de
C’&' 1’adulte du p’arasi‘tozfde sont tous les deux dép\endantis de l'dge du stade
+ +  larvaire de 1'hdte. Des études de populations de 1'hdéte et du complexe
hote-parasitoide démontraient que le temps de développement- des
e . populations deal’hétz fexcédait légérement le temps de génération _de l'hc‘)te\
°. . et que leg.populations du parasitoide suivaient de développement des

populations de 1'héte.
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CLAIM TO ORIGINALITY
<,
* . This study represents one of the most comprehensive studies
concerning the demqgraphy of a host-parasitoid system. * , -
- The inajorit:y of the demographic characteristics, including

density-déependent and age-specific phenomena, have been quantified for the
“+
first time for this host-parasitoid system. .
The growth model is original and represents a major advance in our

understanding and ability to describe the dymamic behaviour of populations

s

of stored-products Lepidoptera. N

The experimental manipulation of- demographic characteristics

(fecundity and longevity) of a species in 1ong‘-term‘ population

experiments, is, to the best of the author’s knowledge, completely novel,_
The -two strategi¢ population models outlined in the f£inal chapter,

have not previously been proposed. .
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, INTRODUCTION AND LITERATURE REVIET:\\

¢
' e

The‘ consensus among ecologists concerning the degree to which
insect populations are regulated by density- dependent processe; appears
to fluctuate to the same extent as jinsect populations. A recent paper by
Dempster (1983) represents the latest resurrection of this ch;te (Howard
& Friske 1911; Nicholson 1933;. Andrewartha & Birch 1954; Varley & Gradwell
1970). . If nothing else, the apﬁarenf immprtglity of Fhis controversy
ﬁnderlines the need for further resedarch, a need that . has been
drématically illustrated by the recent work of Hassell (1985). Only
through a thorough integration of theory and empirical work, both in the
laboratory and field, will significant progress be- made Lowartrh
understanding insect population dynamics. One critical area where a more
comprehensive igtegration of theory and experimental work is needed is
that of age structure and age-structured effects on insect- population
dynanics. ‘ )

The importance of age structure on the behaYiour and stabilit} of
natural populations is well recognizedand in recent years has been the
subject of an increasing number of theoretical studies (Oster & Takahashi
1974; Gurtin & Levine 1979; Cushing 1980; Gufney & Nisbet 1980; Hastings
1983, 1984a,b; Gurney & Nisbet 1985: Nunney 1985a,b,c; Murdoch,. Nlsbet,
Blythe, Gurney & Reeve in press) .

. Several studies concerned with age- structured effects have focussed

on the mechanisms responsible for creaping large amplitude fluctuations in

population numbers with periods approximately equal to the egg to adult

maturation time, (Auslander,” Oster & Huffaker 1974; Gurney . & Nisbet

1985) There have been a number of examples of laboratory insect

populations that display* large population fluctuations with periods close

'td the generation time (Mertz 1969; Takahashi 1973; Bellows, 1982; Gurney,

Nisbet & Lawton 1983). Indeed entomological folklore would have 1t thadt
populations exhibiting discrete generations are rather common in both
field and 1aboratory Populations cycles of this' nature, that is cycles
that, appear as discrete generdtions, are unpredicted most age-structured
population models predict a rapid broadening of dge distributions into a

pagtern of overlapping continuous generations.

™
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Thé phenomenon of insect populetion fluctuation and the mechanisms

responsible for producing population cyeleds o_f this nature provided the
underlying impetus for the work describ%d 1n‘ this study. ’ =

The recent and rapidly expanding 1literature concerned with the
effects of age structure has, however, produced yet another example-of the
cyclical relationship between theory and empirical evidence so common in
fpopuiation biology. Many of the t:heoret:oical studies” are, at besp,gonly
weakly tied to experimental observations. In particular the theoretical
studies concerned with the mechanisms that produce discrete generations in ,
" insect ‘populations have been inspired b}lt a number of long-term laboratory
studies involving stored~£)roducts n;oths of the family Phycitidae and a
predator or parasitoid of the moth in free-running population cages
(_Flanders & Badgléy 1963'; Flanderé 1968; White " & Huffaker 1969a,b;
Takahashi 1973; -Benson 1974; Podoler 1974a; Gurmey, Nisbet & Lawton 1983).
In these long-term studies, a range of population behaviours and stability
propert_ies have been observed and a number of hypotheses have been
formulated to account, for these patt:e?ns. The hypot:hese‘sm have invoked
mechanisms either occurring ehtirely within the moth populati‘o: or
resulting from the action of’ the prec'lator or parasitoid :21 the age
structure of the population. o

The development of population models that attempt to describe . a
particular system or restricted set of systems requires Ehat a balance be
achieved between realism and tractability. Increased reél\i;sm often leads
to the inabil\j;ty to identify those factors that are critical in producing
a particular pattern:- of population behgviour, although., a ‘Qriori
_simplific&at:ion of a-population model runs'the risk of neglecting important
‘factors. Furthermore, valid tests of a model can only be achieved when
the parameter values of the model -are measured indep;ndently from the data
against wh;ch the model 1s.tested.

It is clear from the theoretical 1literature on age-structured

effgcts (En single-specieé and predator-prey or host-parasitoid population
dynamics, and from the literature concerned with the biology and long-term
population dynamics of stored-products Lepidoptera that population
processes occurring in these laboratory populations are complex. This

complexity necessitates a° very thorough qualitative and quantitative

a
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unﬂerstanding of the deﬁbgraphic;characte%isticé specific to an indiv{dual
'species, if reasonably reéligtic population models are to be'fﬁrmulated.
‘ Furthermore, although a .considérable amount of work has been done on
. the biolégy of stored-products lLepidoptera, these studies haveausedﬂmnnyg
different strains and species- of poth,'and environmental conditions and
type of food have varied markedi}. Therefore, there is a lack of solid
data éor any one species. In addition, although a number of density-
. dependent or age-dependent phenomena have -been shown to occur, th[ihgﬁa ‘
effects have been only crudely quantified. a
These insights made it very apparent that the first requirement of
an investigation into the phenomenon of discrete versus overlapplng
generations in stored-products moths was an intensive experimental study
. of ?hose aspects of the biology related\'to their population dynamies.
This thesis begins with a, brief introduction to the importance of
age structure on the dynamic bghaviohr of single-ggccies and predator-prey

systems and is followed by an introduction 'to. the host:pnrasitoid system

sedected for this study: the stored-products moth, Cadra cautella
(Walker) (Lepidoptera: Phycitidae) and the thelytoKous larval parasitoid,

Venturia canescens (Gravenhorst) (Hymenoptera:'Ichneumonidae).‘ﬁ Previous
work with laboratory popﬁlations of stored-products Lepldoptera is then
reviewdd. The results of experiments undertaken to identify and quantify
:the demographic characteristics of host and parasitolid are presénted
together with a mathematical model formulated to describe the growth,
dufétidn and surviva% of the larval stage of €. cautella. .The results of
a series of long-term experiments based on frée-running populations of the
host alone, and host and parasito{d together, are presented. The thesis
finishes with a general discussion of some of the 1mplica§ions of the
experimental results and presents areas where future’work i1s needed,

O

-

POPULATION DYNAMICS AND AGE STRUCTURE - . i ”

el ¢ |

The passing of time 1is a phenomenon that affects all organisms.
idcreasing age affects individuals and conéequéntly populations. This ig
nowhere more apparent than in human populations, Age dictates to a great
extent, for example, our legal rights, and our social statusr Age plays

as important a role in non-human species, where ¢he probability that an
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individual re[;roduces, dies or emigrates “from a population is often
strongly age-dependent. The enormous diversity in animal and plant
‘1ife histories’ 1s in part /a result of -the interaction between the
passiné of time (aging) and the maximization of individual reproductive
success, Stearns (1'980)-'and Charlesworth (1980) provided reviews of the
evolution‘of age structure and life ‘hiétory patterns. As the demographic

characteristics of a particular species are a function of evolutionary

events, so are the demographic characteristics a function of the dynamic'

¢
behaviour. . ’

The impact of ,age structure’ on the dynamic behaviour of single-
species population models has been investigated wusing a variety of

o [l

approaches based -on both discrete. and continuous- time formalisms. ' The

* earliest efforts usin*g a continuous-time approach were by Sharpe & Lotka

(1911) and von, Foerster (1959), although” Leslie (1945, 1948) approached

the problem using a discrete-time formalism. Subsequent work has expanded

Ithese models to include density dependence,. variable environments, and

stochasticity. Goodman (1967), Charlesworth (1980) and Nisbet & Gurney

(1982) have pr\esented discussions of the wvarious formalisms and have

provided ext:elnsive references to the work that has been done in"this area.
The studies have been based on cor;lplex and intimidating mathematics. With
the exception of the discrete-time approaches of L‘eslie (1945, 1948) they
have been primarily of theoretical interest and. have not been a
commonly-used approach to practical population modelling.

- Most of these models predicct: a broadening of population age
distribution until a stable age distribution is acﬁieved . where the

. proportion of individuals in each age class remains constant through time

and where a number of generations are present at any point in time. The

incorporation of age structure has been found to influence the

quantitative. rather than the qualitative aspects of dynamic behaviour of

\ . :
single-species populations. Exceptions to these conclusions do occur and
age-structured populations may oscillate in response to external stimuli

such as annual climatic- changes (Oster & Takahashi 1974; Gurney & Nisbet -

1980) .
Recently, the math\ematical rigor of the continuous-time “formalism of
von Foerster (1959) for age-structureci populations has been’ modified to

produce an approa‘ch"base;i on the use of analytically and numergally

l
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simple time-delay mathematical models (Gurney, Nisbet & Lawton. 1983). The
3ssumegions are based on the description of ghe life history of a specles
as a sequence of arbitrary stages, defined such that individuals in a
given stage are functionally identical; that 1is, all individuals of a
givén’stage have the same per capita death and reproductive rates. This
approach, although applicable to a wide range of animal species, Iis
particularly appropriate for the description of insect 1life histories,
where these stdges' are not only functganally but biologically real
entities. This approach is being continually modified (Nisbet & Gurney
1983; Blythe, Nisbet & Gurney 1984) and is now a very pgyerful tool for

- use in the mathematical representation of insect populations.’

Using whesé techniques, Gurney Nisbet & Lawton (1983) and Gurney &
Nisbet (1985) have explored phenomena .directly relevaqc'to the theme of
this study. In insects where the critical factor limiting populatioen
growth is larval food supply, they found that the manner in which the

effect of larval competition for food is incorporated into the models can

have profound effects on the dynamic behaviour of the population. If the

effects of larval food limitation are manifest in the vital rates of a

) subsequent stage, for example reduced adult fecundity, the resulting

population cycles typically have periods slightly in excess-of twice the
i

egg-to-adult maturation period. If the effects of larval competitionyare

expressed directly on the larvar (usually ir the form of increased

mortality) cycle periods will be close to the insect's maturation period

*®and 1dtval comﬁétition will produce discrete generations. These authors

have also found that the precise ‘nature' of the population cycles |{is

critically dependent on the form of adult survivorship.

Mathematical models predicting self-sustaining discrete generations -

have also cbeen formulated by Bellows (1982). In an excellent study
céﬁbining theory and expgrimeﬁtal work, he =produced a discrete-time
sfmulaqion model describing laboratory populations * of the weevils
Callosobruchus chinensis and (. maculatus. Bellows argued that the
discrete generations resulted from highly asymmetric 1nter-inst£r
coﬁpetition. .

Single-species populationi models incorporating age structure have

been, shown to generally differ only quantitatively from single-species

models without age structure. The same situation does not occur when age °

-
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structure is lhcorporated ‘into models of predator-prey or host-parasitoid

systems.  In particular age-specific predation intx:oducgs a range of

- (Oster &-|Takahashi 1974;° Gurtin & Levine 1979; Hastings 1983, 1984a,b;

possible\;tability properties and behaviours for these two-species systems

Nunney 1985a,b,c; Murdoch, Nisbet, Blythe, Gurney & Reeve 1987). The
behaviour and stability properties depend on, for example, the relative
durations of adult and juvenile predator and prey stages or the existence
of invulnerable prey stages. - Auslander, Oster & Huffaker (1974) have
shown, using a complicated continuous-time model that a parasitoid can
sufficiently affect the age structdre of the host population to shift it
from a continuous generation mode to a discrete generation mode.

The next section of this review will serve to introduce the reader to

some of the basic biological attributes of the species chosen as the

¥

animal model for this study. . N

INTRODUCTION TO THE ANIMAL MODEL
i ¢

- -
1

A great many of the .bio‘logical attributes of C. cautella and V.
canescens relevant to the aim of the present dofk have.been investigated
éiperimentally as part of this study. Comparisons of the observed

experimental ;results with those previously reporﬁed, and the presentation

- of published data pertinent to this study but not investigated

. eiperiméntally, will be found in the discussion sections of the

appropriaGé chapters. The purpose of this section is to provide a general

pvefview and introduction to the biology of the host and parasitoid. I

y-3
will be followed by a review of the previous studies that have examined

the population dynamics of stored-products Lepidoptera. \

S ' .
.

) .The 'Host ® s P

Cad;a.cautella Walker (Lepidoptera: Phycitidae) is an economically
1mportant'pe;t of stored grains, cocoa, dried fruit and nuts (Munro 1966).
Its extensive geographic distribution is generally restricted to tropical

and sub-tropical regions where it is found in association with stored-

" products (Benson 1973). Natural populations also occur (Richards &

Thomson 1932).
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Adults tend to emerge from pupae in the late afternoon (Steele 1970)
and peak flight activity occurs in ‘the late eQening (Graham 1970).
Pheromone levels in females inerease to a peak about 3 h after the moth
emerges and rapidly decline following mating- (Kuwahara, Kitamura,
Takahashi & Fukami 1968). Steele (1970) reported that the'peak in mating
activity occurs just after dusk. Females ‘calling’ males adopt a

’

characteristic posture, where the abdomen is extruded and flexed upwards,

" Males respond” to calling females by rapldly vibrating their wings,

although erratically walking or flying dbout the female and relensing‘
pheromones to stimulate copulation in the gemale (Benson 1973). The
morphology of the sex pheromone glands of both sexes has been described by
Dickins °(1936)., The male and female reproductive systems have been
described by Joubert (1967, }969). '

Burges & Haskins (1964) 1nﬂest1gated the development and survival of
C. cautella under different temperature and humidity conditions At 70%
relative humidity they found that the limiting temperaturee for
deve%opment were 15 and 36°C, with the optimum temperatute being.§1°c
They found that temperature influenced the duration of all developmental
stages but that-humidity had a significantninfluenpe only on the larval
stage. Larvae live within the food and construct galleries cogposed of
silk frass and food The dietary requirements of the larvae have been,
investigated by Fraenkel & Blewett (1946). Feeding larvae and larvae
coming into contact with other' larvae produce a secretion, originating in
the mandibular gland, which causes the larvde to disperse (Corbet 1971;
Mudd & Corbet (1973). Hegstrumc& Sharp (1975) reported the occurrence of
€. cautella larvae in diapause as part of a study on this species carried
out in a citrus pulo warehouse. Hagstrum & Silhacek (1980) reported that
larval diapeuse induction is a function of the interaction between
genotype and the degree of larval crowding.

In addition to C. cautella there are a number of other Lebidooterg
commonly assocjated with stored” products: Sitotroga cerealellae (Ol.)

(Gelechiidae), as well as Ephestia elutella (Hubner), Anggesta kuehniella
(Zeller), C. )calidgllég Guen., C. figulilella Gregs., and Plodia

- R '
- interpunctella (Hubner), all members of. the Phycitidae. . Richards &

Thomson (1932) and Benson (1973) have reviewed the literature concerning

wy
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the biology of many'of these stored-products moths. Referencesvtq and

" comparisons with these species will be made in the present Qork.

°
A

The Parasitoid

Venturia ggggégggg (Gravenliorst) (Hymenoptera: Ichneumonﬁ@ag) has a

virtually cosmopolitan distribution (Richards &.Thomson 1932). Twenty-two
Bpecies of Lepidoptera have been. reported to serve as hosts for this
parasitoid. Natural hosts inc}ude members of the Pyralidae, Tinaeidae and
Yponomeutidae, although speciles of‘ Oecophoridae and Gelechiidae have

served as laboratory hosts (Salt 1976). . ’

The *parasitoid -has a thelytokous reproductf%e mechanism, wgeréby
diploid -females produce only diploid female offspfing: Males are extremely
rare amé functionless (Slobodchikoff & Dalf 1971). Slobodchikoff (1982),
in a study of morpholoéical wing characteristics, was able to distinéu%sh
between individuals from wild and laboratory strains. He was wunable to
distinguish between clones initiated from a single laboratory strain, and
he attributed this to a high degree of genetic heterozygosity among the
wasps. '

,&. canescend 1is an endoparasite of the host’s 5larval stage.
Parasitoid larvae are found in‘host pupaé, but oviposition in the pupal
| gtage is uncommon (Dlamogd l?29; Ahmad 1936). .. Imagos feed on'nectar,
sugar or honey' solutions but are not thought to ‘feed on host fluids
(Rogers 1970). B
., A number of studies have used V. canescens as an animal model to
1nvestig§te‘for§ging behaviour and patch time allocation,'in the context
of optimal foraging theory (Taylor 1974; Cook & Hpbbard 1977; Hubgard &
Cookl 1978; Waage 1979; Cook & Hubbard 1980; Mgrris, Hubbard & Hughes
1986). | )

Volatile components released from the host, host silk and faeces
serve as stimuli (?horpe & Jones 1937; KThorpe 1938; .Williams 1951;
Matsumoto & Huéﬁéker.l§73a) that function to attract the wasp to areas
where hosts are present. Once in these afeas, contact with non-volatile
comp&heﬁts*of tpe host’'s mandibular gland secretions 1) stimulates.the

“;arasitpid to tap the food medium with its antennae and to probe the food
with the ovipositor (Corbet 1971; Corbet 1973; Mudd & Corbet 1973) and 2)

~ t
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elicits specific orthokinetic and_klinotactic behaviours that serve t;
keep the wasp in areas where hosts are present (Waage 1978).

Once a host ‘is located, oviposition takes seconds. Following
oviposition a chachteristic cocking motion moves an egg from the ovaries
to the tip of the ovipositor; this must occur before another hdst can be
parasftized. Ovipositor mgrphology and the cocking motion were described
~ by Rogers (1972a). Only one egg is laid per host encounter and there ks
incompiete‘ gvoidance of suﬁerparasitism (Simmonds 1943: Filsher 196la;
Rogers’ 1975{; The morpholqgical characteristics of eggs, the five larval
instarsl and pupae have been described by Corbet & Rotheram (1965).
Only one parasitold is able to complete development in a host and when
superparasitism occurs 1t 1is the oldeést larvae that survives If both
parasitoid larvae are in their first instar, the older larva destroys the
younger by direct physical attack ‘(Fisher 1961b). Greater apt
differentials between the parasites result in the physiolog&cnl
suppression of egg and lst instar development due to the low oxygen=
tension in the host haemocoele (Fisher 1963). Eggs or larvae damaged or
killed by direct attack or physiological suppfession are subjected to a
haemocytic response by the host (Fisher 1961b). Rogers (1970) roportcd'
that the final larval stage of C. cautéllg,waé able to mount a successful
defense reaction to a primary infection of the parasite. He felt that
this response was the result of damage to the egg_éuring oviposition.
-Eggs and young first instar larvae of V. canescens are thought‘to have a
coating on #heix surface “that prevents’ recognition by host defense

mechanisms (Salt 1968). N

19
DYNAMIC BEHAVIOUR OF LABORATORY POPULATIONS
- ' OF STORED-BRODUCTS LEPIDOPTERA

v
~
v

Since the éxpefiments of Utida (1941), Cromble (1945," 1946) and

S » -
ParK (1948), stored-products insects have ‘been popular laboFatory animal

models. for the study of insect population dynamics. In addition to the
work involving stored-products beetles, weevils (Bellows 1982) and
Lepidoptera have been used by investigators wishing to study the long-term
behaviour of laboratory populations. The very fact that these are

stored-products insects has been the reason that they are so often

.
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selected for these studies. First their habit- of living in stored
agricultural products results in their being considered pests in‘\many
parts of the world and, as such, knowledge of ‘their biology is of applied
importance. Furthermore,- stored products are an inviable foqd source
easily obtained, mani;;ulated and quantified, freeing the ’E:ultt_xring
of the insects from the availability of a living food source.

There have been a\‘pumber of studies that have investigated the
dynamic  behaviour of laboratory populafionls of stored-products

Lepidoptera, both in jxhe context of single-species populations and two-

species populations. ' involving parasitic Dbacteria, predators and
parasitoids. The ' results of studies involving single-species and
host-parasitoid populatigns will be ibriefly summarized. The studies

employ a basic experimental protocol whereby food is added to a cage at a
fixed rate per unit time and remains in the cage for some fixed period of
time. Populations are censused by removing and counting dead ‘flmagos in

the cage at some fixed time interval.

Cadra cautella and Venturia canescens were the host and parasitoid

of choice in an extensive series of experiments by Takahashi (1959,
1973). The results of one of Takahashi's s‘ingle species population cages
and one of the host-parasitoid population.cages ‘are presented in Fig. 1.1,
'These experiments were run in small cages (0.0156 m’®) at 30°C, using
rice bran, added at the rate of 20 g/weeI;. Single-species populations
were, food-limited and showed a distinct cyclical behaviourh, with a cycle
period of about 40 days, a value slightly in excess of the minimum
developmental period. ” Both species in the host-parasitoid cages tended

to show synchronous cyclical behaviour with periods of about 36 days.

Takahashi (1959) found that as the depth of the food in the experimental

cages Iincreased, thereby decreasing the searching efficiency bf the

parasitoid, populations were less likely to become extinct and the,

amplitude of the fluctuations in the host population decreased.

In a long series of experiments (Flanders & Badgley 1963; Flander&

& Hall 1965; Flanders 1968), Anapgasta kuehniella was used in conjunctio\n

with the deliberate or accidental introduction of Bacillus thuringiensis,
Iribolium confusum, the predatory mite Blattisocius tarsalis, and/or V.

canescens. The experiments were conducted at 27°C in cages with a volume

of 0.13 m®; the rate of food) replacement varied from 3.85 g/week to 7.7

¢
~
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Figure 1.1. Ten day counts of dead imagos of Cadra cautella and
1

Venturia canescens -in long-term popula‘t:i%?l cages. Data from
' - Takahashi (1973, Fig. 3). A. Single-species population cage. B.
Host-parasitoid population cage. The black line denotes the host

<
(C. cautella) h the _red line depicts the parasitoid (V.
‘ *ifhen.xg‘\_/_,w B P P ’

canescens).
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g/veek. A laxge number of cages were established and 'the shape and size
of the containers in which the food was plnced varied among cages. In
addition the food in some cages was covered with different depths of
expanded mica (‘vermic'ulite’). The vast majority of the’ population cages
were 3 or more speciés systems 'and as a result of di‘ffereixt, treatments
there was virtually no replication. Observations 'made in this set of
studies include a distinct periodicity in the population’ fluctuations of
the: host, with cycle periods being slightly in extess .of ;lnn’ host
developmental period. It was suégested that this periodicit); was ‘duo ?t()
intense competition (cannibalism and territoriality) amongst 1st instal
larvae. The amplitude of host population cycles depended on Lhcl- siz¢ of
the container in whlch food was placed and on the depth of expanded mica
over the food, with ampli tudes decﬁgasxng with incre nsod amounts of
vermiculite. Parasitoid numbers. were found to fluctuate in synchrony with
the host population, regardless of whether or not the parasitoid was
regulating the host population, although the stability of the system, as_

measured by the f*reqt.'gency of extinctions, decreased as the area for host
%

—_— \

refuge increased. ‘ ,

White & I{uff;ker (1969a,b) pcrfotimed a serlies of long-ternm
experiments using A. kuehniella, B. tarsalis and V. canescens. The
experiments wefe conducted at 26°C in cages with. a volume of 0.12 m?; the
rate of food addition was 8 g/week. Examples of the results from their
single species cages and host-parasitoid cages’ are presented in Figs 1.2.
They concluded that in the absence of the parasitoid host populations
fluctuate randomly about an equilibrium, show no indication of periodicity
or discrete generatlons, and are regulated by food availability ‘couplod
with competition among early larval stages. Host-parasitoid populations
were found to exhibit .distinct host generations with parasitoid
populantions fluctuating .in synchrony with the host. These generations
were separated by a period of 54 days, 12 days more than the minimum
developmental period of thé ho.st - (42 days). Overlaid on populatiﬂon
fluctuations due to the discreteness of host generations were population
cycles with a period of, four generations. White and Huffaker (1969Yb)
concluded that the action of the parasitoid on - the age structure of the
host~popu1ati.on was responsible for producing disc;rete generations in the

host population. ‘"The discretenass arises from the effective
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' Figure 1.2. . Three and a half day .cg')unt:s of dead imagos of
o Anagasta 'kgehn;ellg and Vggtﬁrig canescens in lotlg- term population o

cages, A. Single-specit'as population cage. Dgta from White. & \)
Huffaker (1969a, Flg. 3) B. Host-parasitoid population c;age. )

_ Data from White & Huffaker (1969b,, Fig. 2).  The black lime -

;' denotes the host (A. kuehniella) although the red line depicts the

parasitoid (V. canescens).
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parasitization of all the earliest and latest-developing immature host

. larvae in a given generation, thergby synchronizing the emergence of
,adults" (White % Huffaker 1969b)." °

%I - Conclusions reached by 'the above authors were based on the

interpretation of the degree of food utilization and the number of host or

 parasitoid imagos produced. Without knowledge of the events occurring in

the other life-history stages, these conclusions can only be considered as °

hypotheses. Following the development of techniques for the analysis of
1nsect:' life-table data ”‘(Varley & Grad\;rell ‘1960) a number of workers
applied these techniques to the analysis of long-term hosttparasitoid
populations involving stored-products Lepidoptera. '

Hassell & Huffaker .'(1969) analysed a ser‘ies of data collected from
long-term populations of A. kuehniella and V. canescens carried out in
very large population cages (13.8 m3) at 25°C at a food replacement rate
of 24 g/week or 144 g/week. . Host and parasitoid populations exhibited
C . ~ largely discrete generations allowing the use of life-table analysis. The

’ authors concluded that parasitism and earlv;'larval mortal'ity were the

important mortalities ' determining host and'. parasitoid population

' " densities. Early larval morta‘iity was thought to be due to competition of

earl\y instars “for space and food and/or due to the delayed effects of

larval food limitation on adult host fecundity. Early larval mortality

\ ' ' was also thought to be due to wounds inflicted by the parasite during
oviposition. , »

Podoler (1974a) investigated the dynamics of a population of Plodia

interpunctella and V., canescens. \Figure 1.3b. presents the change in

the numbers of host and parasitoid through time. The experiments wvere

carried out at 30°C in a\0.73\ m3 cage. Podoler concluded that parasitism
contributes most to the changes in total mortality, but thayt egg mortality
was important in determining the level of total mortality. Reductions in
adult egg fecundity as a »result: of larval food competition were a
"component of egg mortality as were changes in sex ratio and a lack of
;sychronization in male and female imago emergence. Podoler also
& . identified significant density hdependence in pupal mortality that he
attributed to cannibalism by 5th instar larvae. Figure l.3a presents data

from Gurney, Nisbet & Lawton (1’983).~.;_md has been included to show

[N
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Figure 1.3. Host (Plodia interpunctella) and parasitoid (Venturia '
!cagescehs). iinagb population  densities in long-term population‘

cages.  A. Seven day totals - in a single-species population
cage, Data from Gurney, Nisbet & Lawton (1983, Fig. 5). B.
) Population densitliles in a host-parasitold population cage. Data
from Podoler (1974a, Fig.-d). The black line denotes the host
* (P. interpunctella) and the rc\ad line dep;'lct:s the parasitoid

(V. canescens).
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comparable data on the single- species dynami;:s of k. j_,n;egp\/xnctellg (cage
volume 0.005 m®, rate of food replacement 7 g/week)

Benson (1974) conducted long-term experiments on the dynamics of
C. cautella’and Bracon hebetor, a gregarious ectoparasite of the larvae.
Benson suggested that the key factors causing <change in the host
population were egg and early larval mortality, caused either by larval
competition for food and space, or byq variation in 1mago _fecundity. He
also presented data suggesting delayed density-depeﬁdent mortality of 3rd
and 4th instar larvae caused mainly by the action of the parasite. .

" Although  these studies employing 1life-table analyses are an
improvement over the earlier studies concerning the dynamic behaviour of
these host- parasitoid populations, "life- t_nble analyses can contribute
little to the understa,{ndi—ng of processes occurring within a generation,
Th‘? point has been demonstrated in récent work by Hassell (1985), who
il ustrated the probiems in det:ec‘t:lng density dependence from Lypical
life- table data I’nrthermore life-table analysis, and the di strete-time
population models resulting from such analyses are inherent‘ly unable to
describe the dynawics of populations with p%erla{pping generations and as a
result do not form é‘éenerally ‘suitable approach to the study of
single-specdies populations of these stored-products insects.

This review has described the impor.tancé .of age structure in
p(_)pulati'on dynamics and has emphasized the need for a thorough qualitative

and quantitative understanding of "the demographic characteristics of a

*specles, 1if one wishes to unders‘tand what factors are important in

determ;ning stability and behaviour even in relati.vely simple laboratory
populatlons For example previous experimental work has shown that, in
stored-products Lepidoptera, larval ‘competition for a limited food
resource may'gexpress itself either d’irectly on the.larval populatit;n
through' increased mortality or'imiirectly through 1ts effect on the
survival or fecundity of subsequent: stages. Theoretical work has‘shown
that the pattern of population cycling’may be critically dc?pfehdent on
which of these two results of larval com:pet:it:ion is dominant in a

Y

population.
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GENERAL MATERIALS AND METHODS

The origidal cultures of.:" c. ggy_t;g}_lg and V. gagésgegs.were obtained
in 1982 from the Stored-Product Insects Research and Development
Laboratory, United States Department of Agriculture, Savannah, Georgia,
and were maintained egf Maf:donald'College thr\ough the course of this
research. - p

“ Environmental conditions for basic culture maintenance and all™.
experimental work were 27+1°C, 85+¢5% R.H. (mean + range), and 12:12 L:D,
Food for the moth larvae consisted‘sf commercially obtained wheat flakes,
prepared by briefly heating (about half a minute) wlicle wheat kernels to a
temperature of about 60°C and then passing the kernels througl:x a roller
mill. This process ruptures the " seed coating and produces round flakes
1-2 mm thick and 5-10 mm in.diameter. Handling results in breakage of
these flakes into smaller pieces, but relatively‘llrztle flour‘ dust 1is

produced. 'Prior to use, wheat flakes were steam-sterilized im 1 1
containers for 30 minutes . Normally moth and wasp imagos were not °
provided with food or water. However some experiments did examine the

;ffécts of providinng imagos with 2 g honey dissolved in 10 cc distilled
wa;:er; this solution was changed daily.

Host eggs were obtained by lightly anaesthetizing imagos with €0, gas
and transferring the adults to a 2 1 rot;nd container. ’I:his container was

inverted over a sieve (0.6 mm mesh) resting above a 150 mm petri dish.:

Eggs laid hy the adults passed through the sieve into the p’étri dish. 1If
7

eggs were collected from more than one container ofJadults at’a time, eggs -

from all containers were pooled. This technique allowed the collection of

large numbers of known-age host eggs which were counted individually as

required for experiments. Partlally collapsed or discoloured eggs were

rejected, - E .
Host cultures were started with 1000-2000 eggs and 400-500 g wheat

flakes in 2.5 1 glass containers w_ith a wire mesh 1lid (1 mm mesh size)

lined with #1 filter paper. The parasitoid was cultured by adding "u;asb

’imagos to host cultures containing larvae at.least 10 days old. Cultures

were maintained until the majority of, imagos had emerged.
Experiment:s concemed with the longevity of host and parasit:oid
imagos and C. gcautella fecundity used closed glass "o0il- lamp chimneys.

-~ - N 4
\ ~
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Ventilation occurred through a foam stopper. Transparent, polyStyrene
contdiners used in the other experiments were covered with -fine mesh
screening (60 um) held in place by opaque snap-on polyethylene lids with
7
at least 50% of the surface area cut away. Container dimensions will be

ogiven as length x width x height, or diameter x height.

DATA PRESENTATION AND STATISTICAL ANALYSES °
In general individual insects are considered to represent an
experimental unit. Thus sample size is the number of insects counted and
not the number of vials. Exceptions to this will be noted in the text.

" Unless otherwise stated values presented in the text will ‘represent
the meantl standard error of the mean (S.E.). Figures generally
1]‘.lus‘trate the meant95% confidence Iinterval; if a con%i@ence interval does
ndt appear it is ‘because the interval is smaller than the "size of the
symbol used to represent the data point. Figures presenting proportior; as

tl‘Ie dependent variable do not include the appropriate binomial confidence

‘limits if the purpose is to simply show?tttrns. Further information

concerning experimental results illustrated in figures are presented in a

series of Data Appendices numbered if'x correspondence with the figure

number. In an attempt to keep the number of figures within reasonable

bounds " only data sets depicting theg range of ?esults obtained from ap

experiment are presented; the data not\illu,st

l

ed in ffgures have been
presented in the Data Appendites. _

Cohort age is defined as the number of days elapsed from the birth og
the egg, while stage age is defined ag the number of days from the start
of a stage. ’ ] ‘ .

The level of significance was set at alpha=0.01 .- Exact probabilit)r
levels are presentgéd for all statistical analyses. Parameter estima’tion
involving non-linear functions was by non-linear re’gressipn (Secant
Method) (SAS. 1982). The cubic spline techﬁnique used from STATGRAPHICS
(1'985)', is a procedure that connécts a series of data points with a smooth
curve using a cubic function. The resulting curve is a strictly empiriqalg

representation.

‘h
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, DEMOGRAPHIC' CHARACTERISTICS OF CADRA CAUTELLA
° -~
. " The purpose of this chapter is to -p_resent results of a series of
s e/xperimencs designed to determine the effects of egg and larval density
P | =
on larval and pupal development, and on imago survival and fecundity. In

addition, in't:er-stage eaompetition was investigated.

~ MATERIALS AND METHODS
- Egg to Imago Dev%lopment :

The duration of the egg stage was determined by isolating groups of
eggs (6 h old) in 60 mm petri: dishes, containing a very thin layer of
wheat flour. A total of 1676 eggs hatched from 6 petri dishes. The

containers were examined at i'htervals and all hatched larvae were counted
) »

and removed.

The number of larval instars and sex differences in instar and pupal
duration were determined by placing single eggs it 30 mm petri dishes
containing 0.1, 0.3, 0.5 or 0.8 g wheat flakes. The dishes were examined

daily and the stage 'and instar of the moth recorded. Larval molts were

I&g-&'

recognised by the presence of a pale head capsule and the presence of the

molted head capsule from the previous instar. Molted head capsules were
. -rémove,d. Only ch?se individuals which completed development w:are used in
- the analyses. This.experimenc was not designed to obtain accurate
estimates of instar duration, or to examine the effect of food density on
,Larvgl development. It was assumed that while the daily distutbance of

. . the_larvae would very likely affect.absolute instar duration, the effects

»~ of handling would be equivalent for both sexes. Observed pupal durations
are probably valid estimates, as the daily checks resulted in almost no

P

disturbance of pupae.

- Information on the effe,cc\ of density on total develc;pmental time and
mortality was obtained by establishing’ groups of vials with varying

/ initial numbers of eggs and recording the age and number of imagos
\ emerging. Eégs (12 h old) were added to vials (3.0°x 6.0 ¢m) containing
) 1.7 g food at egg densities of 0.58 eggs/g (288 vials), 5.9 (60), 14.7

" (60), 29.4 (90), 44.1 (90), 58.8 (90), 88.2 (149), and 117.6 (135). Eggs

0 ~ from a single ,pooi.were used for each density up to and including 29.4

a

-
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eggs/g. The large number of eggs required and the time involved in
preparing the vials for the higher densities required that three pools of
eggs be used for eaéhj density. The vials were examined daily once adults
started to emerge and the age and 'sex of :acb emerged imago was recorded.

*More detailed information concerning the effect of larval density on
duration and mortality of the fndividual stages was obtained by adding
varying nux?ber of eggs (12 t%lolld’) to groups of vials (3.0 x 6.0 cm)
containing 1.7 g wheat flakes. Initial egg numbers were 1 (0.58 eggs/g),
10 (5.88), 25 (14.7L), 50 (29.4), 75 (44.1), and 100 (58.8). The vials
for a particular derisity were established from a single pool of known-age
eggs,. Each density was established on a different day. At regular
intervals, daily for earlier ages and every other day as the cohort aged,
a number of wvials were examined for each density: . 0.58 eggs/g (60
vials/sample), 5.9 and 14.7 (10), 29.4 and 44.1 (6), and 58.8 (5). The
number of moths in each stage was recorded and the vials were discarded.
Thje duration and survival of the larval instars and pupal stage were
determined using the method of Ives & Gordon (in prep.).1 N .

Additional data concerning pupal mortality were obtained by adding
eggs (12 h old) to wvials (3.0 x 6.0 cm) containing 1.0 g food. Thircy
vials were prepargd per density and the initial egg densities were: 1, 2,
4, 6, 8, 10, 12, 14, 18, 22, 26, 30, .40, 60, 80, 100. All densities were
initiated using the same pool of eggs. The total number of moths emerging
per vial was recorc}ed and once all insects had emerged, the food in the
vials lwas examined and the number of dead pupae recorded. !
Imago Survivorship.and Fecundity

A number of experiments were undertaken to determine the factors
whicil may influence the life span and fecundity of C. cautella. The basic
experimental procedure consisted of i)lacing newly emerged imagos (12 .h’
old) in chimney}s (8.3 x 17.5 cm) rest;ing in 10 cm petri dishes. The petrl
dishes were clga;mged daily and the numbers of eggs lald were recorded. 1In
general moth eggs did not stick to the sides of the chimney, but any eggs

4

1 The paper presenting this technique for-estimating stage durations

and through stage survivals is in preparation. The method is broadly
similar to the one developed by Bellows & Birley (198l), but incorporates
a number of 1m?rovemepts. .
. : N ‘
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which did stick were counted and removed. Imago age at death was
recorded. In order to summarize the data collected on age-specific

fecundity into a single statistic, the age at which a female imago laid
50% of her eggs was calculated by multipl’ying female age by the number of
eggs laid at that age and summing these values over the .lifetime of the
female. This sum was then divided by the total lifetime egg production.

The effect of larval density on fecundity and 1life span of resulting
imagos was determined by placing 1 female and 2 males raised at the same
density in a chimney. Imagos for this. experiment were selected from those
emerging from the last experiment describ;c; in the previous section. In
order to determine what proportion of the eggé laid by females were
viable, samples of 20 eggs were removed at random from the eggs produced
by a female in a day. Samples were selected from females raised at
different densities and at different ages. The eggs were placed in vials
(L.0 x 4.0 cm) with a ‘pinch’ of wheat flour. The vials were examined
after 3 days and the numbers of hatched eggs and eggs containing developed
larvae were determined.

The effect of imago density on imago fecundity and survival was
determined by- isolating var};ing numbers of ;dult:s in chimneys. The imagos
used in this experiment were reared at an initial density of 10 eggs in
1.7 g food. The numbers of imagos per chimney and number of chimneys
were: 2 (28), 4 (16), 6 (10), 8 (l1), 10 (11), 12 (10), 20 (l0).
Attempts were made to keep a 1:1 sex ratio,- but some mistakes in sexing
did occur.. The number of eggs per female was calculated as the total
number of eggs produced per chimmney divided by the number of females per
chimney. As a result chimneys were considered to represent the
experimental unit for fecundity. Individuals were considered the
experimental unit for testing treatment effects on imago life span.

o

Adults 'raised at an Iinitial egg density of 10 eggs/1.7 g food were
used to assess the effect of providing imagos with a food source (honey
solution). Six chimneys containing 5 ;nales‘and 5 females served as

controls with no food, while 5 chimneys containing 5 males and 5 females

-were provided with a honey solution. The "food source was placed in a

small cotton-stopped vial inserted in a hole in the foam gcépper. The’
- .

same criteria as described above were used for testing treatment effects

in this experiment.
Q

>
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Imagos emerging from the experiment concerning pupal mortality were
used to determine the inter-relationship between imago weight and imago
fecundity and life span, as well as the effect of initial egg density on

imago weight at emergence. Newly emerged females were lightly

anaesthetized with CO,, weighed and placed in a chimney together with 2 .

males. The total number of eggs produced and the age of the female at

death were recorded. ' °

Inter-stage Interactions

/ A se;ies of experiments were undertaken to determine if cannibalism
occur;gd.betweén-the Qarious stages of C. cautella, It was assumed that
older instars would feed on younger stages;-that is, while 5th instars
might prey on 1lst instars the reverse would not occur. Canniballsm b&
larval stages on pupae was also examined. The basic experimental protocol

consisted of adding varying numbers of the older stage (‘predator') to a

fixed number of the younger stage ('prey’), in a fixed amount of food.

After a period of 2 days 70% ethanol was added to the vials The vials
were then examined and the number of older and younger stages determined.
Based on the results from other experiments the following values were
chosen to be the ﬁbstﬁsppropriate ages (cohort age) to use for the various
stages at the start of the experiment; egg stage, 0.5 days, lst instar, 5;
2nd instar, 9; 3rd instar, 11; 4th instar, 15; 5th instar 20; pupal stage,
27 d.. Preliminary analyses of these data consisted of regressing the
number of ‘prey’ (y) recovered at the end of the experiment against the
natural log of the‘number of ‘predators’ recovered (x) + 1. Slopes not
significantly different from 0 were assumed to indicate the absence of
cannibalism,

In order to determine if C. cautella larvae prey on the egg stage, 60
moth eggs (12 h old) were added to vials (1.5 x 5.0 cm) containing either
0.1 g (lst, 2nd, 3rd instars) or 0.2 g food (4th and éch instarg). A
varying number of known-age larvae, raised at a density of 10 eggs/p food,
were removed from the food and placed into the vials prior to the addition

of the eggs. After 2 days the vials ‘were examined and/?ﬁé ‘aumber” of

+ intact eggs and larvae determined.

Kl



_had 1.7 g of food added to them but no larvae.

'Egg to Imago Development
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Inter-larval cannibalism was invc;st):igat:ed in the following manner.
The basic experimental protocol. consisted of preparing a series of vials
(3.0 x 6.0 cm) containing various numbers of eégs (12 h old). When the
larvae were of the appropriate age, the contents (food and larvae) of the
vials containing the older larvae were added tp the vials containing the
younger larvae. For each instar combination, there; were 6 densities of
the older larvae and 5 vials per density. Table 3.1 outlines the varlous
initial egg densities used for the different instar combinations. )

Cannibalism of pupae by 1a{vae was investigated by preparing 60 vials
(3.0 x 6.0 cm) éontaining 10 eggs in 1.7 g food and maintaining them until

pupation had occurred (27 days). Larvae were reared by adding 100 eggs

_(lst and. 2nd instars), 75 eggs (3rd), 50 eggs (4th) and 20 eggs (S5th) to
.each of ten wvials (3.0 x 6.0 cm) containing 1.7 é food. At tHe

appropriate ages the contents of the vials containing the larvae were

added to the vials containing the pupae. Ten vials served as contréls and
23
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RESULTS " )

-

The durationn of the egg stage was found to be 3.5:0.2 days. The
proportion of unhatched viable eggs 1is presgnted in Fig. 3.la. Egg
viability was found to be a function of female age but not a function of

- the density at which imagos were raised (age effect, Fi11,347)=7.36,

p<0.0001; density effect, F, 3,;,=1.99, p>0.056). Figure 3.1b
illustrates the observed decline in egg viability with increasing imago
age (densities )pooled).' The "data of Fig. 3.1b, tégether with results
presented on age-specific fecundity (Fig. 3.8) were used to calculate the
average proportion .of viable eggs over the lifetime of an imago. The
number of eggs produced per day was weighted by the proportion viable for
a“ female of that age. On average 68.4% of the eggs. produced by a female
hatched. ) J .

‘ The experiment which followed t:ile course. of deyelopment of single
hosts showed t:hat:. there were 5 larval instars. Table 3.2 presents a
summary of the results of this experiment. No differences were detected

between sexes in the durations of lst, 2nd and 3rd instars. Females spent .
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‘Table 3.1. Initial egg densities used to i/m}estigate inter-
instar cannibalism:in the larval stage of Cadra cautella.

Interacti;an Initial Egg Numbers K .
' gunger Larvae ; ' \‘ Older Larvae ‘}‘!
2nd on lst 75 0 25 50 75 1100 150
3rd on 1st - 75 0 10 20 30 40 50
. 4th on lst 5 o 10 15 20 25 30
5th on lst 5 0. s ‘10 15 20 25
3rd on 2nd 50 ¢ | T 0 10 20 30 40 50
4thon 2nd 50 . o0 1 15 20 25 30 '
S5th on 2nd “s0 -0 s 10 15 20 25
4th on_'grd \, E ’so ‘ 0" io 15 20 25 0 .
.Sth“,on 3rd aso e 0 5°.10° 15 - 20 25
Sth on 4th 10 o s _'1Io 15 %0 25

4
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Table 3.2. Stage durations and imago weights for-Cadra cautella raised

Jindividual ly. !
- STAGE DURATION (days)
STAGE MALES L FEMALES - -PROB!
‘ MEAN~ S.D. MEAN S.D. “p > X2
1st Instar . 4.0- 0.5 3.9 0.6 >0.222
2nd Instar 31 o 31 0.5 . > 0.624
(*- - 3rd Instar . 3.1 0.7, ' 3.3 . o..{_ > 0.094
4th Instar 4.3 0.7 = 47 0.6 < 9.ooal
Sth Instar | 7.6 3.4 ‘a.ié 2.1 < 0,001
Pupal Stage ‘. 8.2 0.5 7.7. 0.5 < 0.00—11
J N ' ;
Total Development 30.4 3.9 - ~-30.7 2.7 < 0,105

1

! Kruskal-Wallis Test for differences between sexes in stage duration. *

o



o
.
.
¢
! .
, N
PR
¢
i AN
.
r
-
\
. s
, -
-
|
R .
- .
«
' -
.
)
4
.
N \

Figure 3.1. Egg
~ the egg stage.
age of the imago

W
. .
'
'
.
f
PN .
AN
o .
)
- -
‘
a B
.
1)
- -
2 @
.
B ~
<
B
f -
)
.
'
! '
' - '

AR

. L4

.

hatching in Cadra cautella.
B. Changes in egg viability as a funetion of the”, )

A. The duration ‘ of

when the eggs were laid. . . v

,
.
.
* 3y
\ h
. - - - '
N . v .
- - ’ ©
s
’ T
.
.
.
. .
- “
A .
- M3
.
- ¢ 3
.
.
.
£
. . -
, .
1 5 ‘ N
.
R .
el ‘
.
(4
- ’ ' , s . \
.
R
, .
v .
, ~
:
" - -
7 . + Al
YRS
J_, -t N .
-
' il - - 1]
.
. . .
’ . L. N
< -
N .
~ Al .~
e h ' ?‘i
~ t
.
R .
.
.
. -
.
’ a
kS
.
.
, .
,



" Proportion of Eggs Hatched

Proportion of Eggs Hatching

0.6 -

0.3 A

30

0.8 -
0.7 4
0.8 -
0.5 4
0.4 4
0.3 A
0.2 4

0.1 ~

o.o

' T L

2 3
EQg Age (days)

0.4

0.3

0.2 4

q

Imago Age (days)




31

significantly more time as 4th and Sth ingtars, but ]erssl time as pupae,
resulting in there being no difference between male dnd female
pre-imaginal periods. ’

Initial egg densiq§’was found to have a sigpificant effect on the
pre-imaginal period of (. cautella (males, F”Il”z)-lm.l,p<0.0001,
females, F(7Jj12)-192.3, p<0.0001). Both sexeg responded in a similar
manner to the effects’ of larval density iFig. 3.2). At low larval
densities males tended to emerge slightly earlier than females, but once
Larval densities exceeded 29x e%gs/g there were no differences in
pre-imaginal periods between the sexes. The proportion of imagos emerging
was also found to depend on larval density (F(L667;-AS9.34, p<0 0001)
The average number of imagos emerging per vial is presented .in Fig. 3.3a,
while Fig. 3.3b presents the relati;nship between mortality and larval
density expressed as k-values (log # Eggs -log # Imagos). 6ensity wvas
found to have no effect on the sex ratio of the emerged imagos
(F(7 483)=2-21, p>0 04); the proportion of males emerging per vial was
0.48:0.09. ‘

Two examples of the effects of Parval densiky on the de;elopment of
€. cautella are illustrated in Fig. 3.4, while Table 3.3 presents the
stage durations and average daily probability of stage survival for all of
the densities examined. Total developmental per16d§ and probabilities of
surviving through a stage are shown in Fig. 3.5. These’data show that the
pre-imaginal period 1Is strongly. determined by initial egg densd ty The
effect of increasing density is first apparent In the S5Sth instar, but as
densities increase further, 4th and then 3rd }instﬁr"' durations are
lengthened. These data suggest that pupal duration is not influenced by
initial egg density. Survival of 2nd, 3rd and 4th instars is high and
does not appear to depend on initial density. Filrst instars suffer higher
levels of mortality than 2nd," 3rd or 4th instars but the mortality does
not appear to be a function of density. Increases in initial egg density
had a detrimental effect on the survival of 5th instars, with survival
rapidly decreasing with ‘increasing density. Pupal survival in this series
of experiments was high and did not appear to be affected by initial egg
density. .

Further data on the magnitude of pupal mortality and the effect of
initial density are presented in Fig. 3.6. Moftality, expressed as
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Figure 3.2. Effect of initial egg density on Cadra cautella age at
imaginal emergence. Changes in age at emergence with initial egg
density for males (A) and females (B). . '
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Figure 3.4. Two examples illustrating eff;ct of initial 288
density on stage durat%ons in Cadra cautells. Changes with time
in preportion of individuals in a stage. A. Initial number of
eggs: l/vial (0.58 eggs/g). B. Initial number of eggs: 100/vial
(58.8 eggs/g) . Staées are identified on the graphs; .E, egg stage;
1-5, 1st through S5Sth larval instars; P, pupal stage; I, imago
stage. - - )
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Table 3.3. Effect of initial egg densiqy on stage duration
and prgbability of survival in Cadxa cgugella. ‘

e e

/ DURATION (days)
DENSITY! < STAGE MEAN  VARIANCE SURVIVALZ??
0.58 " 1st 4.1 0,2 0.98
2nd 2.8 0.2 1.03
3rd 2.7 0.3 0.99
4th 3.0 0.4 0.99
5th 5.3 1.4 1.01
Pupa. 6.9 0.9 1.00
5.88 st 4.5 0.2 0.98
' 2nd "~ 3.3 0.3 1.00
3rd 2.8 0.7 1.00
4th . 3.8 1.8 1.00
S5th’ 5.4 0.2 1.00
Pupa 7.7 4.2 1.00
14.7 1st 4.3 0.2 1.00
' 2nd 2.8 0.1 1.00
3rd ’ 3.1 0.3 . 0.99
4th . 3.8 0.8 1.02
S5th 9.4 10.2 0.95
Pupa 6.8 2.0 - 0.99
29.4 . 1st 4.6 0.6 0.97
2nd 3.3 0.1 ©1.01
3rd 3.4 1.3 0.98 )
, ' 4th 6.0 1.6 - 1.03
N 5th 10.9 21.7 0.86 -
Pupa 8.6 0.2 1.06
44.1 lst 4.2 0.2 ° 0.97
2nd 3.4 0.6 - 1.02
3rd 4.0 2.7 - 0.99
4th 9.3 14.0 1.01
5th ° 1l4.4 11.7 0.85
Pupa 7.1, 16.6 1.03
58.8 lst 4.3 0.2 0.99 @
] 2nd 2.8 0.1 0.98
v 3rd 4.6 4 0.2 L 0.99 .
‘ 4th 10.7 45.4 - , 1.00 L -
5th 18.7 0.7 "0.83
! Pupa 9.7 6.1 : 1.00

-

! Initial egg density (eggsgg food).

2 Average stage-specific prqbability of survival.
3 Probabilities may be esti
using a destructive sampkijg method.

ted as >1 as the data was gathered

%
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Figure 3.5. Effect of initial egg density on \‘scage duration and
survival qf Qéglg_ cautella. A. Effect of density on the duration
of larval and pupal stages. B. Effec{i: of density on probability
of surviving through a st:z-;ge., (Survival probabilities have "been

" truncated to be <= 1, 3.

A. Effect of dedsity on stage durationg. ) ) *
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k-values, was found to be significantly influenced (by'\ density
(F(u,«u)"3'25' p<0.0001), but the' significance of the ;nalysis was
entirely due to the higher k-values for pupal mortality observed in the 40
egg/g density. The average k-value for all densities was 0.034:+0.004.

The ixﬁpacf: of initial egg density on the survival and fecundity of C.
cautella can be summarized by 'tile classic demogsgraphic statisties,
reproductive value and generation time. The statistics are presented in

. Table 3.4 and were calculated by standard methods (Krebs 1985) using the
obse;'\{ed ;'esults presented in Figs 3.1b, 3.2, 3.3, 3.7, and 3.8, and

assuming initial cohorts of viable female eggs and a 1:1 sex ratio.

Imagd Survivorship and Fecundity

The density at which imagos were reared had a significant influence
(7,78“-37.18, p<0.0001;  females,
F(7 499)=78.64, p<0.0001). This is illustrated in Fig. 3.7, where' Figs

on imago life span (males, F

3.7a,b illustrate two examples of the proportion of imagos surviving in
,relation to 1magQ\ age. The relationship between observed life span
and initial demsity is presented in Fig.-.3.7c.

Initial egg density also had a s.(%zificant effect on the pattern of
. age-specific fecundity,, with average female age at 50% egg production
ranging from 3.0 to 4.1 days (F. ,65,3.72, p<0.001). Figures 3 8a,b

" present two examples of the proportion of total eggs laid with respect to.
- imago age. A decline in lifetime fecundity with Increasing density (Fig.
3.8¢) was also observed (F(7'~95)—57.86, p<0.0001).

The number of imagos per‘oviposition container was found to influence
imago 1life span (males,- F‘B,Mo)’-12.68, p<0.0001; female.s, F(s,asa)'s'm'
p<0.0001). Figures ,3.9a,b present ‘two examples of the proportion of
imagos surv_iviné with increasing Iimago age, while Fig.'3.§c {1llustrates
the relationéhip between imago life span and imago’ density. .

There was no effect of‘adult C. cautella ciensit:y on 'ifnago fecundity,
with respect to either the average age_ at 50% egg production (Figs
3.10a,b) (F(g ggy=2-70, p>9.018), or lifetime egg production (Fig. 3.10c)
(F(a'ag)*2.33,'p>0.038). ‘

Providing imagos with food increased the life span of female imagos
from 7.0:¢0.2 to 8.6:0.4 days (F(1’53)-12.60, p<0.6009), but had no effect
on male life span (unfed, 9.4:0.5 days; fed, 9.8:0.4 days) (F(l’“)-O.I}S,

¢
‘

A
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Table 3.4. Effect of initial egg density on

basic life-table statistics for Cadra cautella.

@

~¥

INITIAL REPRODUCTIVE GENERATION
DENSITY VALUE TIME
0.6 105.4 37.1
5.9 76.8 49.5
4.7 50,0 S4.4,
29.4 8.3 54.9
44.1 4.0 55.4
58.8 4.8 59.9
88.2 0.5 62.3
117.6 0.2 63.6

-
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~Figure 3.7. " Effect of initial egg density on survival
characteristics of Cadra cautella imagos. Proportion of" imagos

surviv’ing as a function of imago age, when imago; were reared at ’
an initial egg density of 5.88 eggs/g food (A) or 117.6 eggs;g )
(B). C. Effect of initial density on average lifespan. Mmale

and 4 female imagos.
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p>0.55). The proportions of unfed and fed imagos surviving with imago age

1 are presented in Figs 3.1lla,b.

The presence of food increased lifetime fecundity from 341.5:23.0 t<;

483.5+18.6 eggs/female (F(, 4,«21.72, p<0.002), but had no effect on the
.age at 50% egg production (unfed, 2/8+0.2 d, fed 2.7:0.1 d) (F 4,=0.06,

p>0.81l). The age-specific fecundity for fed and unfed imagos is presented
in Figs 3.11c,d. '

"
Figure 3.12 illustrates the relationship between imago welght at.

emergence and iiﬁago ffecundiCy and life span. It also presents the
relationship between initial egg density and imago weigh't_ at eépergence.
A linear relatiopship was’[the best description of the effect of imago
weight on total fecundity (R%?=0.76), while a powe.r curve provided a

reasonable description oh the relationship between female life span and

weight (RZ-O.(‘63). The parameter estimates for the regressions are

presented in the figure description.
Inter-stage Interactions T

The results of the preliminary statistical analyses for .interactions
between eggs and instars and among instars are presented in Table 3.5

All 1larval instars were found to cause significant reductions in  the

number of eggs present. Reductions in the numbers of 1st instars were .

also found when they were maintained in the presence of 2nd and 3rd instar
larvae. No reduction was found in ‘the number of pupae/vial when they

were exposed to the various larval instars (Kruskal-Wallis: X2(5)-—O.34,

p>0.996); the numbers of pupae/vigl were: control, 7.5:0.3; 1lst instar,

7.7¢0.3; 2nd instar, 7.6+0.3; 3rd instar, 7.5+0.3; 4th instar, 7.7+0.4;
5th instar, 7.5t0.3. . !

Further analyses were carried out on the observed egg cannibalism and

on lst instar cannibalism by the older larval e¢instars. All instars were

considered in this analysis even though not all of the interactions were

found to be significant in the preliminary analyses. The following

equation was used to describe egg cannibalism,

N,~N, [1l-exp(-a,L,T)] Eq. 3.1
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‘Figure 3.12. -Relationship between Cadra'cagtella imago weight at
emérgence and female fecundity and life span. A. Relationship
between female fecundity and imago weight at emergence.
Parameters of the regression line .are intercept = -61.8+75.7 and
slope = 25/3+1.65. B, Relationship between female life span and
imago weight at emergence. Parameters o% the curve are intercept
- 0.502:0.271,' exponent = 0.586:0.056. C. Effect of initial eég

dénsity on female imago weight at emergence.
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g
“‘S‘:;g, .* Table 3.5. Test statistics for preliminary analysis for
interactions between the stages of Cadra cautella.
) ) \
‘PREDATOR *
{
‘PREY’ 1st 2nd 3rd " 4th 5th
Egg 25.95! 186.43 194 33, 81.61 15,94
<0.00012 <0.0001 <0.0001 <0.0001 <0.0002
lst |, . 17.61" 11.38 6.23, 1.14
‘. - -
' <0,0002 <0.0024 <0.019 <0.2955
c 2nd o 1.38, 001~ 2.50
' >0.2494  >0.9871  >0.1250
3rd B 0.01 0.16
>0.9433, >0.6942
. 4th . . & 1 0.87 ¢
‘ “ >0.3595
. N ed
' \ - N
! cCalculated F-statistic. ‘ 8

2 Probability of > F-statistic.
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where N, = number of ‘prey’ attacked (eggs)
¢ N, = number of ‘prey’ available ’
L, = number of ‘predators’ (larvae) per g food
. T = time avallable for .search, days ?
and a, = Iinstantaneous search rate for eggs, g/(L, T).
s
[+

In estimating the relationship between eggs attacked and instar density,“
the search rate (a,) was the only unknown parameter as the initial number
of eggs available was known (60).

In the case of cannibalism of 1lst instars N, was also an unknown

parameter and it was more appropriate to estimate the parameters using

\

N

na

-N exp (-a, L, T) = ° Eq. 3.2

where Noa = number of ‘prey’ not attacked (lst instar)

and a; = instantaneous search rate for 1lst instars, g/(L,'T).

The time available for search was 2 days for both the egg and lst instar
data.l Figure 3.13 illustrates the relationship between the number of eggs
consumed and instar density for the five larval instars together with the
predictions of Eq. 3.1. Figure 3.14 presents the predictions of Eq.3.2
together with the observed data on number of lst instars survivinglin the
presence of 2nd, 3rd, 4th and 5th instars. - The parameter estimates are
presented in Table 3.6. Figure 3.15 illustrates the relationship between

search rates and larval instar. Wt

«

” ~

DISCUSSION

The observed duration of the egg stage (3.5:0.2 days) fis in close
agreement with the durations reported by Burges & Haskin; (1964). The
proportion of viable eggs in a sample was found not to depend on the
density at which imagos were reared, but to depend on the age of the
imago. The reéasons for the decline in egg viability witfh increasing imago

age (Fig. 3.1b) are unknown, but may relate to declining energy reserves




|“?"-4
-

60,

>
—
Table 3.6. Estimates of search rates (a, and a;) for
cannibalism of eggs and lst instar larvae by larvae
of Cadra cautella.
PREDATOR ) STAGE AT?ACKED
INSTAR EGG 1st INSTAR
. a, S.E. a, S.E.
L 1st 0.00045  0.000055 . -
C& ? 2nd 0.00155 0. 000697 0.00492 0.00140
3rd 0.00397 0.000284 0.01060 0.00222
) ) 4th 0.00480  0.000383 0.01406  0.00458
5th 0.004\41 0.000576 0.0% -

! Parameter estimate not significantly different from 0
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Figure 3.13, Egg cannibalism by larvae of (Cadra’ cautella.
Observed data together with the predictions of Eq. 3.1. Parameter
values f;1 the functional response are presented id TabYe 3.6,
.Number of eggs consumed by lst instar 1arvae (A) 2nd gnscars (B)
3rd instars (C) 4th instars (D) and 5th instars (E)
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4

Figure 3.14. Cannibalism of 1st instars by larvae of (Cadra
cautella. Observed data on number of larvae not attacked in

relation to ‘predator’ density, together with the predictions of )

Eq. ‘3.2. Parameter values for the functional response are
\iresented in Table 3.6. Number of 1lst instar larvae not attacked
- by 2nd instars (A) 3rd instars (B) 4th instars (C) and 5th instars

(D). '
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- Figure 3.15. Stage-sp_eciﬁc instantaneous attack rates for egg and
lst instar cannibalism by larvae of Cadra cautella. Single-hatched
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in the female or sperm limitation. Eggs laid late in an imago’s  life
often have an abnormal external morphology, and are usually laid in
strings as opposed to singly as 1is usual for eggs laid earlier in life
(personal observation). There is a grefat deal of variability in published
values for egg viability, both {@githin and between species of

stored-products Lepidoptera. For example, Gurney, Nisbet & Lawton (1983)

reported that the proportion of viable eggs in P interpunctella varied
from 0.28-0.75. Ahmad (1936) found that A kuehniella egg viability
depended on conditions of humidity and temperature during the.oviposition
period, where spermatogenesis. was retarded and sperm motility reduced with
increasing temperatures (Raichoudhury 1936). The results of this study
and the work cited above suggest that the observed differences 1in egg
viability are not significantly determined by imago developmental history
but were determined by environmental effects during the imaginal stage

However, imago larval history may play a role as demonstrated by Lum &

. Flaherty (1969, 1970) who found that sperm quality and qu'antigty P.

interpunctella was reduced when males were reared under conditions of

continuous light as compared to males raised under alternating light-dark
conditions.

Takahashi (1961) found that the number of larval instars increased as
larval density (eggs/g food) increased. The regplts from the experiment
where larvae were raised individually showed that there were only five
larval instars, even though larval stage durations ranged from 17-37 days.
The results of the cohort experiments (Fig. 3.4) indicated that as larval
densities increased, the size of the larval head capsule at aq molt for
a part’icular instar declined, but there was no suggestion of additional
larval molts. The reaso;'xs for the differences observed between this study
and Takahashi (1961) are not known. Benson (1973) reported that variation
in the number of larval instars within and among specie; is common.

Increases in the initial number of eggs per g food prolonged the

pre-imaginal period by up to 25 days (Fig. 3.2). Takahashi (1956b; 1961)

‘reported a similar phenomenon for C. cautel!a raised on rice bran, but
B ‘, . -

over a comparable range oft initial egg densitics he only observed about a

10 day increase in developmental time. Increased developmental period

" with increasing larval density has also been reported for P.

interpunctella by Podoler (1974b), and for A. kuehniella by Ullyett &

Ny
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Merwe (1947). Mortality levels also rose rapidly above densities of about
25 eggs/g food (Fig. 3.3a). Similar patterns in the relationship between
mortality (k-values) and larval density (Fig. 3b) have been repérted for

€. cautella by Takahashi (1956b) and Rogers (1970). These authors found :

that there was a rapid Increase in mortality at initlal egg densities

between 25 - 30 eggs/g. .

The cohort experiments (Fig. 3.5a and Table 3.3) proyided more
detailed information on the effects of density on the development\ of C.
cautella. As the initial density increased 5th instars were t:T;xe first
stage to be affeéted, with 5th instar duration increasing w/:ith .each

subsequent increase in density. As larval densities :l&mcre‘sed,

progressively younger instars showed decreases 1in their },gr,'ate of
development. The duration of the pupal stage appears to be independenS‘ of
initial egg density and the average pup.9.1~ duration over all densities \7.8

days) is in close agreement with the results presented in Table 3.2 (8.

days, sexes pooled). . \
The results illustrated in Fig. 3.5b suggest that the pattern |
numbers surviving (Fig. 3a) can be attributed to the effects of larvkl
density on the survival of 5th instars, the only stage to show an
systematic réesponse to initial egg density. Survival of 2nd, 3rd, and ht‘\‘
larval inscars and pupae was uniformly high and indépendent of initial egg\\
density. The survival of 1lst instars tended to be lower than 2nd-l+th\‘
instars, but showed no consistent trend with density. Increasing larval !
density seemed to have a primary influence on developmental period and a \
less dramatic effect on larval mortality. There was a substantial
'increq,se in 4th instar duration (Fig. 3.5a) bugzqno c‘orresponding decrease
in 4th instar survival (Fig. 3.5b). The probability of surviving thrgugh
the 5th instar decliped with increasing larval density, primarily as a
result of the effects of density on stage duration as opposed to an
increase in the instantaneous larval death rate. The daily probability of
survival decreased from 1.0 to 0.95 between densities of 5.88 and 14.7
eggs/g and thqn declined to 0.86 and remained virtually constant over the
remaining denstties ('i‘able 3.3). The additional data on pupal mortality
presented in Fig. 3.6 confirmed the results of the cohort experiment;
pupal mortality is low and although there appears to be a slight increase

in mortal\it:y with initial egg density it is not significant.
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The initial egg densities 'from which 1imagos were reared had
significant negative effects on the survival of male and female imagos
(Fig. 3.7) and on the lifetime fecundity of females (Fig. 3.8c). Initial
egg density also had an effect on the shape of the age-specific fecundity
curve (Fig 3.8a,b); the averdge age at which 50% of the eggs had been
laid ranged from 4.91 days (5.88 eggs/g) to 3.0d (29 4 eggs/g) Takahashi
(1956a,c) described reduced imago survival and fecundity as initial
Aensity increased in C. cautella, but reported female fecundities ranging
from 25 -135 eggs. Takahashi used rice bran as food, compared to wheat
flakes used in this study and this may account for the differences in

»» total fecundity and the impact of larval density of fecundity between the
two studies. Similar patterns in the effects of larval density on {mago
survival and fecundity have been shown for A kuehpiella by Ullyett &
Merwe (1947), for E. elutella by Richards & Waloff (1946) and for P.
interpunctella by Snyman (1949) and Podoler (1974b) .

Although imago 1life span was influenced by the number of images
present per oviposition container, the results were not very consistent
(Fig. 3.9). The life span of male imagos remained constant over mosc'
densities and only declined at the highest imago density (Fig. 3 9c¢).- The

.life span of female imagos showed a convex r(elationship‘ with imago
density, increasing initially with increased larval density and then
declining, with the average life spe;n of females being lonéer at the
highest density than at the lowest imago density. No effect of imago
density on lifetime fecundity or imago agevat 50% egg production was
detected. Similarly Ullyett {1945) working with A. kuehniella found that
the number of eggs/female increased to a maximum and then declined with

increasing imago density whereas Snyman (2949) showed that the number of

eggs laid in the first 2 days of life in P. interpunctella declined as the
number of imagos/container increased. Although similar numbers of imagos
were used, the species differences and disparate size of the oviposition
containers used by lfllyetc (52 cc) and Shyman (37 cc) compared with those
used in this study (950 cc), make comparisons difficult! " Under very
‘crowded conditions the imagos suffer a considerable degree of physical
damage in the form of lost scales and appendages as well as very reduced

life spans (personal observation).

LY
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Providing 1magos‘with honey dissolved in water increased the \life
span of female imagos and increased lifetime fecundity by an averagé of
142 eggs/female (Fig. 3.11). Male life span was unaffected. Norris
(1934) found é:hat: the life span and fecundity of adult (. f:autella were
halved if deprived of water. Norris found that providing sdgar increased

the imago longevity but not fecundity of C. cautella. The results of this

. study agree with those of Norris for females, but not for males.

Figure 3.12 illustrates the effect of initial larval density on imago
weight at emergence. Similar effects have been shown by Takahashi
(1953a,c) for this species as well as other stored-produci:s Lepidoptera
(Ullyett & Merwe 1947; Snyman 1949).

A significant degree of egg and lst instar cannibalism by larvae was
found to occur (Figs. 3.13 and 3.14). The level \of egg cannibalism
increased to a plateau as the larvae aged, while the level of 1lst instar
cannibali\sm consistently increased with larval stage until the 5th instar,

which apparently do not attack lst Instars. With the exception of 5th

. Instars, there was a greater degree of 1lst Iinstar cannibalism than egg

cannibalism by the larvae. This may be a reflectiom of the spatial
distribution of eggs and larvae. Larvae occur within the wheat flakes
while eggs are generally found on top of the food. Why 5th instars prey
on eggs bultL: apparently stop attacking lst instars, may be due to relative
immobility of 5th instars which seem to spena less time moving through the .
food medium than the younger instars. In addition the silk feeding tubes
constructed by 5th Instars are generally more elaborate than those spun by
younger larvae (personal observation) and may exclude lst instars. These
factors may reduce the amount of contact between lst and 5th instars. The
egg has no powe'r of escape or avoidance, and if an egg lies in the path of
a feeding 5th instar it will likely be eaten. The lack of any other
instar-instar interactions may be due to the increased mobility and
robustness of older larvae, better enabling them to avoid attack by larvae

1

older than themselves. .

A number of important demographic characteristics have been
identified and quantified for ¢. gautella populations 1living under the
experimental conditions used in this study. The more important of these
chavacteristics are related to density dependent events occurring in the

larval stage. These effects are sufficiently strong that on average,
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individuals raised at high larval densities have reproductive values less
than unity (Table 3.1;)‘. The effects of increased 1arva1\ density are
expressed in several ways. There 1is increased larval mortality (Fig.
3.5b) and a\ﬂ decreased rate of larval development (Fig 3.5a), while the
survival and fecundity of the resulting imagos declines (Figs.3.7, 3.8)
Increased larval density results in lower larval growth rates and lower
imago weights not only in €. cautella but also in other stored-products
Lepidoptera (personal observation; Richards & Waloff 1946, Ullyett & Merwe
1947; Snyman 1949; Takahashi 1961; Podoler 1974b). A number of mechanisms
have been postulated to account for the effects of increased larval
density. Cannibalism and starvat.‘ion due to food exhaustion have been
suggested by Takahashi (1955, 1956b), Rogers (1970) and Podoler (1974b).
Corbet (1971) demonstrated increased dispersal and delayed pupation in
late final instars of.A. kuehniella with increasing larval density, as a
result of larval responses to larval maudibular gland secretions.
‘Hagstrum & Silhacek (1980) found that,: when larvae of (. cautella
originating from inbred diapause 1lines were reared individually in
small quantities of food (0.18 g), adult emergence was delayed from 4 to

10 weeks. They also found that larval diapause was induced when larvae

.

" were reared on a mixture of fresh food and residual food (larval faeces)

and observed that the diapause-inducing effect of the residual fraction
could be removed by chloroform-methanol solvent. Takahashi (1957) working
with ‘unselected’ populations €. cautella reported a similar eflect,
where pre-imaginal duration increased as the fraction of reslidual {ood
(faeces) increased. Time to 50% imago emergence ranged from 30;55 days,
when the ratio of food:faeces ranged from 20:0 to 20:40. |

It appears that many_ of the effects a;a'sc;:ibed are functions of larval
growth and intra-larval interactions related to larval density. Any
population model that claimed to describe the dynamics of (. cautella
would need to incorporate such factors as food utilization, the dynamic
effects of larval density on larval mortality and stage duration, as well
as larval size and its subsequent impact on imago survival and
reproduction. If a model of individual growth could be developed that
predicted larval growth, stage duration and ‘survival, substantial progress
could be made towards the development of a population model of this

single-species system. The following chapter presents a. series of
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experiments designedi to provide further data on the impact of larval
density on larval growth, and a growth model incorporating some of the
mechanisms that have been discussed in this chapter.

In summary, the demographic cha;acteristics of .C. cautella
populations have "been quantified. The majority of the dynamic processes
have been shown to occur in, or be ;.consequence of, factors influencing
larval development. The demographic characteristics of the pupal and -
imaginal stages are subjected to 1little or no dynamic control. Egg
survival is dynamically related to larval density due to egg cannibalism
by larvae, while 1st instar cannibalism by older larvae is an additional

P
dynamlic factor operating on the larval stage. The consequences of thesz

demographic characteristics and dynamic processes will be discussed in

-

subsequent section. ‘)\

-l
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A MODEL OF CADRA CAUTELLA LARVAL GROWTH AND COHORT SURVIVAL

In the previous chapter it was shown that a number of the demographic

characteristics of Cadra cautella depend on the initial egg density

.

(eggs/g food) from which cohorts of the moth were reared Increased egg
. dénsity resulted in increased l'apval stdge duration and mortality, but

decreased imago life span and fecundity These results were thought to be

entirely due to larval competition for food, where effects on larval stage
c%urat:*:}on and survival were a direct consequence of larval competition, and
peffects on imago lifespan and fecundity were the indirect expression of
the effects of larval competition on larval weight. 1In the context of
cohort experimeﬁ%s, the duration and through stage survival of the egg and
pupal ‘stages are assumed to be simple constants, inde‘pendenc of larval
density. Data presented in the previous chapter support these
assumptions. ‘ ’

While many of the observed consequences of larval density could be
incorporated into a mathematical population model of C cautella in an
empirical ad hoc fashion, a more realistic and potentially more useful
model would be obtained by describing larval competition as the outcome of
the interactions of a number of biological processes. The purpose of this
chapter is, to present a mathematical model which captures the essential
effects of larval density on larval growth, stage duration and cohort
survival In order to achieve this objective a series of experiments were
carriedi out\ to prm{ide information on the larval growth process, to allow
preliminary estimates of the required parameters, and to provide a set of
pbserved data with which the model predictions could be compared

«

- MATERIALS AND METHODS

All insect weights reported are dry. weights. ' Insects were briefly
immersed in 70% ethanol and dried for 48 h at 60° C prior to weighing.
Wheat flakes were stored at 27°C and 85% R.H. for 7 days prior to use.
Moisture content of the food stored in this way was 10.3% and was
determined by drying the wheat flakes for 72 h at 60° C. Experiments were
initiated based on wet weights of food, but dry weights calculated by
adjusting for moisture content will be reported. Amount of remaining food

~
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following an experiment was, determined by c;refully separating uneaten
food from faeces and frass and drying the food for 72 h at 60°C prior to
weighing Each experiment w;s"éstablished from a single pool of eggs (3+3
h old, trange). )

)Preiiminary data on rlarval growth were obtained by establishing a
sefies of vials (3.0 x 6.0 cm) containing 3.1 g wheat flakes and 25 eggs.
At intervals the vials were examinéd and larvae and pupae were removed and
wgighed. Smaller larvae were weighed in groups, while 5th instars, pupae
and imagos were weighed individually. Imagos were weighed on the day that
they emerged. ) - ‘

The effect of larval density on larval growth was investigated by
adding 0.9 g food to a series of vials (3.0 x 6.0 cm). There were 11
iMcial egg densities (eggs/vial): 5, 8, 12, 18, 26, 40, 60, 73, 87, 100
and 150. At intervals vials were examined (4 vials/sample for densities <
60, and 3 vials/sample for the remaining densities), larvae were removed,
counted and weighed, and the remaining food was weighed. All- larvae from
a vial were weighed as a group.

The effect of food density on imago weight and age at emergence was
investigdted by preparing a series of vials (3.0 X 6 0 cm) containing 10
em® of a mixture of wheat flakes and expanded mica (‘vermiculits’) The
proportion of wheat flakes, by volume, wvaried from 0.1 to 1.0, which
resulted in food densities ranging‘from 0.04 - 3.54 g/cm®. There were 12
food densities and 30 vials containing\l egg for each density. The age
and weight of the imagos at emergence was recorded.

In order to determine whether 1imago age at emergence was affected by
larval numbers per container as opposed to larval density (larvae/g food),
a set of contalners (9.2 x 3.8 cm) was prepared containing 10, 15, 20, 25,
32‘0, 35, and 40 g (wet weight) wheat flakes, Eggs were added to these
containers (5/treatment) such that the egg:food ratio was 1.1 (10 eggs :
10 g food). The age, weight and number of imagos emerging were recorded.
Imagos were welighed in groups of the equivalent sex, age, treatment and

container.
{ . s
Data on the effect of initial larval density on the number of imagos

emerging and their age and weight at emergence were obtained by preparing
a series of wvials (3.0 % 6.0 cm) containing 0.9 g wheat flakes. There
were 17 initial egg densities (2, 4, 6, 8, 10, 12, 14, 18, 22, 26, 30, 40,
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50, 60, 80, 100, ‘and.150 eggs/vial) and 15 yials'per density. Vials were
examined daily and the sex, age at emergepce and number emerginé per vial
were determined. Imagos‘were not weighed individually, but pooled
according to initial egg density, sex and age at emergence Once all
f.magos had emerged from a vial, dead pupae were removed and counted and
the remaining food wveighed.

Numerical analysis of the model was performed using the program
SOLVER (Maas, Nisbet & Gurney 1982). ‘ . )

. { .

8 ~ A RESULTS

Figure 4.1 presents the change in ¢ cautella weiél;t through time
based on data obtained from rearing 25 eggs in 3.1 g food. Larval weight
at hatching was 0.005:0.001 mg. At a cohort age of abqut 20 days 5th
instar larvae could‘be sexed. Inspection of size fréquency histograms
revealed no differences between male and female weigﬂhts until just prior
to male pupation. These results suggest that no differences exist in the

growth rate of males and females, and that the greater weight of female

imagos is a result of the additional time they spent as larvae.

Due to technical constraints it was not feasible to” obtain direct
measures of actual initial larval d;ansity (as opposed to initial egg
density), or larival survival to pupation or larval age and weight at
pupation. However each of these parameters can be estimated from the
data collected in this experiment.

Estimation of initial larval density involved assur}lp'tions‘abouc the
proportion of eggs that hatch and the survival of larvae. * Results
presented in Chap. 3 show that egg hatching is independent of density and
that at low densities larval survival is very high Mortality that does
occur, does so soon after egg hatching. At densities betueen 2-12
eggs/vial (Appendix D4.2) no significant differences were detected in the
proportion of eggs surviving to emergence. Therefore it was assumed that
the initial larval density per vial was the sum of the number of emerging
imagos plus the number of ‘dead pupae. At higher densities, however, it

was not possible to assume the lack of larval mortality. Therefore

initial larval densities were estimated by y‘mltiplying the initial number

. '
- !
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N
. Figure 4.1. Growth of Cadra cautella when raised at a densifg;y of
» 8.1 eggs/g food. Hweight of unsexed larvae; Vweight of male

larvae; A weight of female larvae; (Oweight of male pupae; QO
weight of female pupae. B male imago weight at emergence; @

female imago weight at emergence.
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of eggs by the average proportion (0.73) that hatch as determined using

the dat:a(from densities 2-13.

The number of larvae surviving to pupation was again estimated by

adding the number of imagos emerging per vial to the number of dead pupae
per vial. The ass@ptions concerning t;he estimates of number of 1Farvae
surviving until pupation requires that pupal mortality bfe"independen;: of
larval density. No significant differences in.pupal mortality (k-values)
were detected among densities (F ;4 555,=1.38, p>0.15). " N

It has been previocusly shown (Chap. 3) that density did not 'influence:
the duration of the egg or pupal stages, and that on average the combined

duration of these stages were 11.2 days for males .and 11.7 days for

females. In order to estimate larval stage durations, these values were’

1

subtracted from imago age at emergence.

Larvai weight at pupation was estimated wusing a q'c;treccion factor
obtained from the preliminary growth experiment (Fig. 4 1). At each day

of emergence, for each sex, an estimate was made of the age at pupation

(age at emergence minus pupal duration of 7.7 days males, or 8.2 days

females) and the larval weight at that estimated age was assumed to

represent larval weight at pupation. On average males 'lost 40.8+0.8% of

their body weight and females lost 40.7+1.0% from ‘pupation to emergence.

The weight 1loss estimates are in reasonable agreement with those
calculated from the data reported by Imura & Sinha (1986) for Plodia

interpunctella (-30.5%) and for Anagasta kuehniella (-42.8%) by Brindley

(1930). These percent weight changes were used as correction factors in

order to convert imago weigats at emergence to larval weights at pupation
in the experiment concerning the effects of larval density on imago age
and welght at emergence. It has been assumed that per cent weight loss
during metamorphosis ils independent of larval weight at pupation, there is
no data to confirm of refute this assumption.

Figure 4.2 illustrates the effects of larval density on imago age and
weight at emergence gs'well as the number of larvae surviving to pupate.
These data show tha‘t: there is an initial range of larval densities, over
which survival is high and density has little effect on imago age or
weight at emergence. Beyond initial larval densities of about 11l/g, there
is a rapid increase in mortality and decline in imago weight at emergence,

while age at emergence quickly increases to new plateau over a very small
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range of initial larval densities. This adjusted data set will be used in

any further parameter’ estimations or comparisons with model predictions.

" survival, -

The aim is to develop a model which reproduces these pattetns and the
following section presents results of the balance of the experimental data

and steps taken in developing the model of larval growth and cohort
}

-«

The Model

The model developed in this section attempts to reduce the complex
processes of Insect growth and development into a simple set of
mathematical equations, containing a reasonable number of parameters. The
first assumptidn involved in simglgfying larval growth and survival
was that larval growth was a continuous process, commencing at egg
hatching and ending at pupation, ignoring the existence of the five larval
instars, Due to the substantial sex differences in imago weight (Fig.
4.1) 1t was decided to consider the sexes .separat:ely. The model describes

the changes through time in the following basic variables-

F(t) "= amount of food available at time t, mg
N, (t) = number of insects alive at time t

W, (t) = weight of a larva at time t, mg

Q, (t) = larval development index at time t

s = larval sex; m male, r female.

Because the model 1is designed to follow a cohort through time, time

also measures the age of the cohort.

The inter-relationship between these variables results, in part, from
the variable describing the rate of food ingestion by a larva,

I,¢t) = rate of food ingestion, mg/larva per day.

Functional responses for invertebrates typically consider the amount
of food or number of prey consumed per unit time as a function of food
(prey) density (Hassell 1978). . The conceptual underpinr{ing/,to these

responses is that 'a ‘predator’ searches the enviromment at sor;se rate and



encounters, at random, ‘point’ sources of food occurring"at a pdr‘cicular
density. Different assumptions conterning ‘handling time’ or the
depengfence of search rate on food density, give rise ‘to the various forms
of functional responses (Type I, II etc ). While this conceptual basis is
\Afgund for the foraging behaviour of parasitoids and predators, it becomes

less so when used as a basis to describe the feeding behaviour of insects

like C. cautella, -where their environment is their food source and where

o

food 'density’ therefore approaches infinity.

» Thed tata {1lustrated in Fig. 4.3 presents some evidence on the nature
of the functional response of (. cautella larvae under conventional
conditions of food density. ' Imago weight and age at emergence provide an
indirect measure of larval growth and therefore the rate of (food
ingestion. No differences were detected in 1imago weight Et emergence
among food densities for .either sex (males, Fuo,uo)“ 2 37, p>0 01,
females, F j; 1,6,=1 06, p>0 395). Age at emergence was found to depend
on f:ood density (males, F(10,1Az>'6“‘6: p<0.001; females F(1o,1zs)"8'21"
p<0.0001); in both sexes age at emergence was higher at low and high food
densities than at intermediate food densiciesru The reasons for this
particular pattern in age at emergence are unknown, but the data do
suggest that the rate of food ingestion is essentially independent of food

density.

[

It was -assumed that the basic rate of food ingestion wotld be
linearly proportional to larval weight and independent of the sex of the
larvae. Imura & Sinha-(1986), working witth. interpunctella found no sex
differences in larval rates of food consumption It seems reasonable to
assume that,, as larvae grow and head capsule size and hence mandible size
increases, the amount of food ingested per unit time increases, although
the assumption of linearity is a crude first appro:&i’ma’tipn. As a result
of these assumptions the preliminary form of the rate of food ingestion

becomes,

I(t) =0 i1f F(e) = 0 .
’ I.(t) = ww, if F(t). > 0 Eq. 4.1

where w = basic feeding rate, mg food per mg larval weight.’

v
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Figure 4, aLilluscrates the observed changes in larval weight: and in

0 . the amount of food remaining per vial ‘throu bt time. If Eq. 4.1 was a
’ complate deschption of the rate of food tonsumption, the fellowing N

. - patterns tlould occur. First, " larvae would _grow at the same rate.
regardless of larval density, and second; a doubling of larval density

) should half the time to food exhaustion As can_be seen by. examining Flg.
"4.4 neither of these patterns occur. When larval densities . are

this

sufficiently. high to result in fopd exhaustion, the time at whic
~ "\ occurs is quite uniform (20 days), But substantial differences can be

/ .
observed’ in the growth rates of the larvae well before the time of \food -

-exlf}austion. These data suggest that the rate of food ingestion dependX on

(farval density. i .
It has beetn an implicit assumption of the material qpresented to thi

peimt that the cbrrect description of larval density is number of larvae

per g of foodd.\. Figure 4.5 pres‘ents the ag‘e.and weights of imagos at
- eme){gence when the number of larvae'per container was increased but
densj,ties were at a 1:l rat:io of initial number of egg: g wheat flakes.
'No differences in female weight: at emergence were detected among
treatments CF(;‘IZG,—I.W, p>'231), bnt differences in male we‘ight:s among , _
\t‘reatments were found (F(5,1,19)"3-35' -p<0.005‘)‘ For both males and
females agé at emergence differed among treatments (males, F 4 335,~4.28'
' p<0.0005; females,< /F(o,st)'3'32' p<0.004)., While the range in male,
weight was 0.37 mg, the range in age at emergence we's ‘only 1.2 'days, and
in neither male weight nor‘q age at emergence was there any obvious trend
with the number of larvae per container. The ‘results, of this experiment
indicate that the appropéiate measure of larve.l density is che number of !
larvae/g food. ’ » _

There are a number of mechanisms which may be, 1nvoked to explain the
dependency of larval growth (and thus food ingestion rate) on larval
density. Mutual int:erference among searching larvae, as has been show to @
occur among searching parasitoids (Hassell 1978), may occur whereby
larvae cease to feed as a result of contactswith another larva. The act
of feeding.itself may “inhibit food ingestion rates. Corbet (1971) showed
that in late finel instar larvae of Anagasta kuehniella, secretions
originating in the mandibular glands- and released by the larva while

&

feeding or when in contact with -another larvae resulted in increased

-
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* * Figure 4.4. (Cadra larval growth and the amount of food
remaining through time Wt different initial larwval deﬁsicies‘ #A.
v - . Amount of food remainihgh B. Larval weight. The letfers

indicdte the average initial number of larvae pen 0.9 g food:
a, 3.2; b. 6.4; c. 8.7; d.1l4; e. 20; £. 29; g. 44; h. 57; -

- £, 71; 4. 83; k. .122. ; o,
‘s ’ . Q b . . »

1]




45

33

I —
13 =
ays)

Larval Age (

- x
o

Ay . . - 1Y -
- v ) J O
it - ) 2 n
e — N ; :
N
’ - ¢ i . -
L o
. o~
L)
F )
3
- \ {d\
R s
5 - >
< .
o .
e |
0
-
| 5
- /r r = <,
. H ~ . ..v h T T | I B | ° - T T T T
) ) ) ) N © n % N
. . - © © 6 ©o o6 © .M M M M ° N " “ " ©
!vw a
© (6 wbjom &ip) Bujujpway ROO4 jo Junowy N b (bw) wbem Kig joaso

Y

-———



Figure 4.5, Effect of number of 1arvaeycontainer on (adra ’
- cautella imago age‘ and we igt:n: at emergence when initlal egg "
- density is 1 egg/g food. A. Male age and weight at e'mergence.
s . © 5 §
B. Female age and weight at emergence. i age at, emergence. . N ’
Aveight at emergence. ‘ ' ‘D
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larval activity (‘wandering’), delayed time to pupa&ion and decreased
weight gt pupation. These mandibular gland secrstions are also produced by
the C. cautella larvae (’Mudd & Corbet 1973). Takahashi (1957) working
with €. gautella found that age at emergende increased and imago size
decreased in an experiment where it:xcreasing amounts of larval faeces were
added to 20 g of frei_h food containi‘ng 100 eggs. Whether the compound(s)
present in mandibular secretions are alsok present in larval faeces, and
thus responsible for the effects observed by Takahashi (1957), i{s unknown
Which of these potential mechanisms might be responsible for décreased
food ingestion rates 'is not known. However all ‘of these mechanismg will
potencially behave in a similar manner. Their inhib‘ftory effect will
increase with increasing larval weight ard increasing larval numbers, and
the consequences will become moreusevere 1s the amount of food remaining
decreases. These arguments give rise to the final form ‘gf the expression
for. the rate of food ingestion, »

\ I, (t) = wM, /(L+aN(E)W, (t) /F(c) ‘ Eq. 4.2
where o '= interference coeﬁficient: ’

The parameters w and o were estimated by non-linear least squa}gs
regression from the data of Fig 4.4. VWhen the parameters were estimated
usir;g the data of each of the initial larval densities, no trend with
larval density was found in the wvalues of the parameters. The final
parameter estimates were obtained by pooling the data of all initial-
larval densities and are presented in Table 4.1 ¥

‘This now leads to the need for a description of larval g;owth <

' Beddington, Hassell & Lawton (1976) have shown that arthropod growth rates

are typically linearly related to che amount of food consumed {n excess of

that néeded for basic metabolic requirements In the absence of any

\detailed bivenergetics data for (. gguu_g it has beeén assumed that a’

constant fraction of the food consumed by a larvafz is converted to lsrval

biomass. The expression for the rate of weight change being,

. )
1+ . -~

dW, /de = ¢, I_(t) ‘ Eq. 4.3
3 ' 4 .
where ¢ = food conversion efficiency.

GF . ' * o
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Table 4.1, Parameter estimate;‘ a;nd fixed initial conditions used in

)

numerical solutions of the Cadra cautella mpdelz

.

Description

Paran?et:er Estimate ¢+ S.E.
w 3.83+0.07
o 2.6240. 71
¢ 8.0%

Ry 9

. 0.01315¢0.0001
Te / 0.1238+ 00034
a 001298+ 0.0001.
0.07368+0.0016
- L8 0.0894+0 . 0062

Initial Conditions, at t=0

Q (t) =0
W, (t) = 0.005 mg
-~ ’ F(t) = 897 mg
w Sex-Ratio, 1:1

basic feeding rate

interference coefficiﬁent g
food conversion efficiency
D. I.! coefficient, Q/day
D. I. ‘coefficient, Q/mg

D. I. coefficient, Q/day
D. I. .coeffi‘cient, Q/mg

larval death rate

-t . 1 Development Index.
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’ Figui‘e 4.6 presents the food conversion efficiencies for each L}\itial
larval density estimated from the data of Fig 4.4 by dividing the total

welght of larvae per vial by the amount of food consumed for each vial and

each larval density. Conversion efficiency depended on larval density
(F(10'1%7)-6.24, p<0.0001) and showed a declining"trend witknx increasing
larval density, stabilizing at about 5% at the higher larval densities.
Imura & Sinha (1986) in a study of the bioenergetics of P. interpupctella
presented data that, when calculated in a similar manner, suggest a gross
production efficiency for larvae of about 9% ' Given the crude nature
of the estimates for conversion efficlency it was decided not- to

incorporate this phenomenon as part of the growth model. Tie value for

arbitrarily chosen to be 8% for both
males{’ and females. The wpbrk of It§\ura & Sinha (19'86') supports the
assxfmption of no sex diffégences in conversion efficiencies (gross
pro‘lduction efficiencies: 12.3% males, 11.8% females).

ttime have been .developed. However larvae do not tontinue to grow
indefinitely and some measure of larval development is required in order
to decide when pupation shodld occur. The larval development index is a

4

dimensionless measure of the f development of an individua’i as a

function of one or more other variables (eg. temperature) and is a concept
that has been defined by Gurney, Nisbet and Blythe (1986). For example
the development index might be related to larval age cr to larval weight,
The former case may be viewed as an example of a larva that pupates when
it attains a certain fixed age, while the latter would be an example of an
insect that pupates only after reaching some predetermined weight; Figure
4,7 presents the relati;nship between larval age at pupation and larval
weight at pupation for males and fethales. ‘I'he' data for this figur\e
were obtained by calculating the average larval weight at pupation ‘for
each of the observed ages at pupation, regardless of larval density.
Inspection of Fig. 4.7 suggests that, as larvae do not appear to pupate at
eitheé a fixed weight or. age, the mc;st: appropriate form for the

[V .
development index is one that is a function of both larval age and weight,
L .

Q, =aqt + W, (t) . - Eq. 4.6

The necessary equations for]a description of larval growth through
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Figure 4 6. Larval food conversion efficiency in Cadra cautella

as a function of initial larval density.

\ v -

(- .



Food Conversion Efficiency ( &% )

1

94 [ 8%

!
10 ~

9 A

8 H

T

\

i1

wde

a

\}\/%\}\% |

Py

T T T T T T T T T

20 40 60 80 - 100
Initial Larval Density (larvae/q)

-
-4
[N Ep——

120




~

where a, = coefficipnt for the change in the development
index ®ith age, Q/day
7; = coefficient for the change in the development
index with weighcuyg/(mg larval weight per’day)
P

By definition the wvalue of Q is 0 at egg hatching and 1 at pupation, with

the result, .

Q(p) = 1 = a,A(p) + 7,W(p) Eq. 4.5

.,

where, Q(p) = the value of the larval development index at pupation
L

R
A(p) = larval age at pupation, days

W(p) =~ larval weight at pupation, mg

-

. The parameters a, and vy, were estimated from the data of Fig. 4.7 using a

non-linear least-squares procedure and are presented in Table 4.1.

The next component required for the model is a%description of the
change in larval numbers with time. Figure 4.8 presents the total number ‘J
of insects alive through time for each of the initialﬂlaryal déngicies" ‘

Regardless of initial larval densities, no change could be detected in the

number of larvae per vial in those sampiés where food exhaustion had not
yet occurred, For the densjities for whixh there were sufficient data
after food exhausgion (73 - 150 eggs), no significant differences coulqhbe
detected in the "slopes of the regression relating number of larvae
suréiving (log,) wich time (F(ng)-1.60, p>0.2). These data suggest that
only when food quantity falls to relatively low levels (about 50 mg) do

larGhe begin to die and that the death rate is unrelated -to the influences ™

of larval density, such that the change larval numbers with time is ©
) & !
- dN, (t)/dt = O if F(t) > 50 mg
dN, (t)/dt = -6N,(t)  1f F(t) < 50 mg  Eq. 4.6
where § = instantaneous depth rate, /larvae/day. . -
. ' L3
e -



.

Figure 4.7. Relationship 'Letween larval age agd weight at
pupation in Cadra cautella A. Male age ahd weight at pupation
B. Female‘age and weight at pupatic:nw " Regression 1{ﬁés depict
“d;velopment indices -(Eq. 4.4) as a function of larval age and
weight at pupation. Parameters of the regression lines are

presented in Table 4.1. .

~
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Figure 4.8. €adra ”gau;e},lg larval survival through time at

different initial larval densities. Letters indicate the averiage ° .
initial number of larvae per 0.9 g food: a. 3.2; b, 6.4; ec. 8.7; ‘%)
d. 14; e. 20; £.29; "g. 44; h. 57; 1. 71; ‘3. 83; k. 122. .
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The estimate for § was obtained by averaging the ‘instantaneous death

rates calculated using the data of initial egg densities 73, 87, .100 and

150. A sex ratio of 1:1 has been assumed. This assumption is supported by

&ata'presenteg in Chap. 3. Owing to the differences in the rate of change

between the sexes in dwwvélopment index, male larvae will tend to pupate at

" an earlier age than female larvae? "The assumption® has been made that the

death rate of pupae is the same, as the death rate of larvae. The validitf
of this assumption will be discussed later.
The final component needed for the model is a description of the

]

change in the amount of food with time. This is simply

. .
~r’L£:®,
ki

dF(t)/dt'= -I,(t) N, (t) . ifQ>1
dF(t)/dt = -(I_(t)'N_ (t)+I,(t)'N,(t)) 1f-Q,<=1 "Eq. & 7
. «
Equations 4.2, 4.3, 4.4, 4.6, & 4.7 constitute the model. The
results of numerical ,.solution of these’ equations using the parameter
estimates and initial conditions presented in Table 4.1 are illustrated
together with the observed,dﬁfa in Figs. 4.9 & 4?10.

P

& - DISCUSSION .-

P J

¥
- . -t N ] \

.

Comperison 'of model predictions with observed detE\~9;ovides a
rigorous test- of the validity of a model, ﬁrovided that the be{ameter

‘valueg are estimated independently of the data used to test the model..The
' comparisons ‘made in Figs 4.9 & 4.10 do not completely fulfill "these

requirements, as the parameters of the development index were estimated
from the data set with’ which the predictions are compared. However, these
comparisons still péovide'a very rigorous test of the model, owtng to the
number of variables which the model is describing. Furthermore the
estimates involving the development indices were made independent of any
consideratLons of larval density.

. The medel adequately mimics the observed patterns of larval growth

and survivai as well as the pattern of food utilization, predicting the

-_observed.muniformity in larval age at food exhaustion.. The model well

describes the total food utilization'. in relation to initial Larval
! 4
density. The model reproduces the effects of larval denfity on }atval

3
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Figure 4.9. Observed data’ and model predictions of the amount of

foqd fémaining, larval Cadra cautella weight and larval numbers
through time at different initial larval densities. A,”'Qbserved
amount of food remaining through time. -B. Predicted amount of
- food reu_lfaining.g C. Observed larval weight. D. Prediéted larval
weight. E. Observed number of larvae alive. . F. Predicted number
"alive., Initial larval densitie\s are present in the captions of
Figs 4.4 and 4.8. The same initial larval numbers were ‘used to

generate the predicted curves. s
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“Figura 4.10. Observed- data and model predictions of'the amount of
. food not cons;umed (A), 181’V&°1 age (B') and” welght at pupation
- (C) .and t:hl'e number of la\rt:ra'e sgrviving to ﬁupacion (D) at
) : different initial larval densities. Solid curves depict the model
' pref:lict:ions. C. D. W male and o‘ female larvae.
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duration, weight and survival. It describes the-:effect of a’.range of

larval densiti;q"where no cﬁange in larval weight, duration or mortality
acéurs, followed by larval densities where larval duration and mortality
sucfdenly increase, and larval weights rapidly decline. ’
However the model fails to adeéquately describe the observed data,
at those larval densities at which total food utilization d‘oes; occur, and
overestimates the effects of larval densit'y on larval weight and stage
duration and larval mortality.” 'The reasons for the failure over these
larval densities is easily understood. The model includes the quite
reasonable assumption thmt when .food exhaustion occurs, food ingestion
ceases and the larvae stop growing., However under experimental conditions
once ‘'food’ exhaustion occlxrs, l;arvae start to feed on faeces and
cannibaglism occurs. As a result surviving larvae will continue to feed
and grow, though at- a much slower rate. Coprophagy and cannibalism will
also maintain food ingesticn at levels suffici.ent‘to E{/o.id or at least
delay =starvation. Continued larwal ‘feedi'ng will act to decrease age at
pupation by 1ncreas,in‘g the value of the development index faster than the
model predicts due to further larval grewth. As well, decreasing the age
at pupation will also reduce the total amount of larval mortality.
Obgervat}ons made while carrying eut these experiments suggest that larval
starvatidn accounts fof the majority of larval deaths. Intact moribund ox
dead larvae were often observed well before any pupatior; occurred. For

example, in Fig: 4.6 which presents the total number of insects/ per vial,

"at the 4 highest larval densitiaes, less than 10%_ of the larvae had pupated

by day 39. Partially‘ e;t:en moribund or dead larvae were never observed
and caﬁnibalism appears to have been restricted to those larvae in t:hhe
late pre-pupal period (larvae which had constructed the pui)al cocoon, but
not yet molted) and to young pupae, prior to the complete hardening of the
pupal.,;:asé. 'These observations may refute the statement made in the
previous chapter and earlier in this wsection %hat pupal mortality is
independent of larval density. This conclusion was actually based on

counts made on pupae that had survived cannibalism, the most likely

.process to account for any relationship between larval density and pupal

mortality. As a 'rgs‘ult the counts reflect ‘natural’ pupal mortality
(excluding"qar'mibalism). However these results do suggest given the

variation, in larval weight at pupation as a result of the effects of

g .
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larval density, pupal morcaliéy is independent of 1larval weight at
pupation. . ’

While—-the.model that has been develdped does not provide a completely
satisfactory descriptfon of the growth and survival of cohorts of larvae
at different initial densities, the ultimate purpose of the model is to
form the basis of a population model® of ( tella ., There is some
evidence that will be briefly presented .here and more fully in a
subfeqfent chapter, that suggests that in a large part the apparent
failures of the model are due to artifacts of the experimental conditions
use? rather than basic conceptual failures. \

In long-term population cages food is added at a fixed rate per
week, and,pépulations are limited by food availability. Larvae have been
‘shown to mové very quickly from old food to the fresh food that is added,
a phenomenon that occurs even when larval hensities are verynlow. This
would result in the laxrvae being forced to feed on faeces for only limited
periods of time, as opposed to as much as half of their life, as occurred
in many of the cohort experimen;sj, Therefore in population cages éﬁe
amount of larval growth due to coprophagy would be minimal. This pgctern
of . larval movement wodld also serve to reduce the degree of pupal
cannibalism, by reducing the amount of time that pupae are at risk. Once
the pre-pupal period occurs larvae and the subsequent pupae are immobile
and remain where thef are while the larvae will move onto fresh fqod
sources when they become available. In addition larvae often move to
areas of exhausted food prior to pupacion,‘regions completely avoided by
larvae. ‘

Experiments ' whefe food was added at different rates to ' vials
containing a fixed number of larvae and where additional pupation sites
were providéd would provide a very powerful test of this model.

In summary a madel has been developed to describe larval growth,
stage duration, and cohort survival. The model succeeds in capturing the
essential effects of larval density, and evidence is presented that
suggéstsmchac the failures- of the model are a function of artifacts of

experimental design and do not affect its appropriateness as a basis for a
population model of C. cautella. .

'
-
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DEMOGRAPHIC CHARACTERISTICS OF VENTURIA ‘CANESCENS
© IN RELATION TO ITS HOST CADRA CAUTELLA"

¥

Y

¢

In this chapter survival and reproductive characteristics of the

wasp Venturia canescens will be presented with particular reference to
effects of host larval age and density at infection, host and wasp imago

~ .

density, and availability of food.

(3]

, .
MATERIAL AND METHODS g .
N Pl
14
All V. canescens used in these experiments were reared on C. cautella
larvae raised at a density of 10 egg‘sylg wheat flakes and infected #¥Tv12-16
days of age In all infection expﬁeriments the depth of food (wheat
flakes) was <5 mm, allowing all host larvae to be within reagh of the

imago’'s ovipositor. Host larval ége is defined as the number of days from

[

egg hatching.
Egg to Imago Development

The development of V. canescens was monitored in cohorts of ﬁost
larvae infected at either 8.5 or 18 5 days of age. Fourteen containers
(30 x 16 x 8 cm) with 50.0 g food and 450-550 host eggs were prepared
and 20 adult wasps were added for 12 h to each'of(7 containers. Each day,
50 insects per treatment were removed at random from a container selected
at random. In drawing the sample, host larvae, px“xpae and empty pupal
cases of host and parasitoid contributed to the sample of 50 insects. The
numbers of parasitized and uninfected hosts, the numbers of host and
parasit?oid pupae, and the d,evelopmental stage of host and parasitoid were
recorded. Empty pupal cases were considered t:o. represent emerged adults.
Only four instances of superpzﬁ"asitism were noted and these individuals
were deleted from the analyses. s )

In order to more precisely quantify the effect of host age—at— — —

e,;h\fection on the duration of wasp development the following experiment wal

undertaken. A series of vials (B.d x 6.0 cm) containing }.7/g food and 10
host eggs was prepared. A single wasp was added to each vial for 1 day at 1/
hqgt larval ages of 1.5 days (# of vials=133), 4.5 (88), 6.5 (78), 8.5

(86), 11.5 (49), 12.5 (60), 14.5 (59), 17.5 (60), 20.5 (58), 23.5 (59),

{ -

‘ v
. . —-
’ -,
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26.'5 (40), and 29.5 (117). The total numbers and the ages of hosts and
parasitoids emerging were recorded and samples of adult wasps were dried
and weighegd.

\ The effect of host density on the duration of parasitoid development

_was also examined. There were 7 densitie$s (n=30) consisting of 10, 25,

50, 75, 100, .150, 200 host eggs in vials (3.6 x 6 OD cm) containing 1.7 g
food. One wasp was added per vial for 1 day when the host larvae were 12
days bld. The total numbers of hosts ‘and parasitojds emerging and theift
ages. at emergence were recorded and samples of wasp imagos were dried
.and weighed. .
Im'ago Survivorshii) i
The sixrvi;/al pattern of imagos was determined by monitoring cohorts

as they aged. Newly emerged adultsf(+3 h old) were piaced in glass

chimneys (8.3 x 17.5 cm) resting in petri dishes (10 cm) containing 5 o

g food and 100-200 host larvae 12-16 days old. The ~petri dishes were
changed daily, thus providing a new supply of’naive host. larvae
Survivorship estimates determined for imagos provided with neither food
nor water were based on il cohorts 0{1141’5_12& imagos (0.016-0.131

wasps/cc), f

t;ma‘l\:ﬁf/ 385 individuals Four cohorts totalling 110
wasps and fanging from 15 to 50 adults (0.016-0.953 wasps/cc) were
monitored ¥n order to estimate the survival of the wasi) when food was
availab Food for the wasps was provided daily and consisted of 2 g
honey dissolved in 10 cc of distilled water. The sol’ution was kept in a

small cotton-"stopped vial suspended from the top of the container.

Imago Fecundity .

Estimates of the age-specific* fecundity of adults were made by
p?‘oviding isolated individuals with uninfected host larvae daily, and
reéording the number of offspring produced per day as the imago a,g'éd.
Wasps (+3 h old) were isolated in containers (8.3 x 17.5 em) with 35./510.4
host larvae (1.2—16 days old) in 3.0 g food The food and host larvae
‘were removed daily ard ‘transferred to vials containing 5.0 g food. The
.larvae were maintained until all host and parasitoid imagos had emerged.

{Imago fecundity was monitored over the life of 20 unfed wasps and 15

~
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. ,
wasps provided with fresh food daily. The data from the last day of life

.

vere not used as the exact time of death was unknown. .
. r) .
A

Functional Response
The form of the functional response with respect to host instar was

determined using naive +12 h old imagos that had been provided with food.
Wasp density was 1 per infection arena with a 24 h exposure pc;riod.

The procedure for host larvae 8 days of age or older was as follows.

Larvae were raised at a density of 10 hdst eggs in 1.7 g food, removed ,
from” the food, added to infection arenas (30.5 x 16,0 x'8 2 cm) containing
50 g food and exposed 1 day later. For each larval age there were 6
replicates per density and host numbers per arena wexre: 10, 20, 35, 50,
75, 100, 150, 200 for 8.5 day o‘ld larvae, and 5, 10, 20, 35, 50, 75, 100,
150 for 12.5, 17.5 and 20.5 day old larvée. The host 1larvae were
maintained in the infection arer‘las for 5-10 days following exposure to the
wasp‘, removed, fixed in 70% ethanol and\éubsequept"ly dissected.

Estimation of functional tresponses with respect:' to younger larvae
requifred a different method, because of the large numbers of larvae
involved and the high mortality associated with handling. For larvae 2,5
days old, cont'ainers (9.2 x 3.8 cm) with 10.0 g food and 7 initial egg
densities were prepared. There were 6 replicates of 50, 100, 200, 300,
400, 600, 800 eggs per arena. Six containers with 50 eggs served as R
‘control‘s and were not exposed to wasps. Following the infection period,
both food and larvae werg/l transferred to larger contaimers (250 ml) and
additional food added until a larval deunsity of about 5/g food resulted.

A similar procedure was used for 6.5 day old larvae. "The differences lay
in the size of the infection arenas ({&.3 x 7.0 cm) and the initial

amount of food (1.0 g). There were 6 replicates of 10, 30, 75, 100, 125, &

507 200. Six additional 50 egg/g arenas served as controls. The
containers containing the lst and 2nd 'inslzars were maintained until all
insects had emerged. Under these é:ulture conditions t:;?ere is minimal
host and parasitoid mortality and the results obtained for the two
larval age groups are completely comparable. ) 7

These experiments suggested that substantial mortality vas occurring
due to.oviposition wounds inflicted by the parasitoid when the hosts were-

6.5 days old. " Vials (4.3 x 7.0 cm) containing 1.0 g food and varying,

=Y



nunbers of eggs were prepared. When th#Marvae vere 6.5 days old, half of

the vials were exposed to a wsgsp and the others left as controls.

.Following exposure, - larval densities were adjusted .to 5/g food and

maintained until all hosts and parasitoids had ‘emerged.

‘Parameter ~ estimation hgs by non-linear regression (Sécant Method)
(SAS 1982). , J

RESULTS

Egg to Imago Development

Figure 5.1a presents data on the course of developmenc of VvV,
canescens when host larvae are infected at an age ‘of 8.5 days. Table 5.k
gives the duration of the stages as estimated by the technique of Ives and
Gordon (in p'rep) There was no trend detected in the number of hosts

infected per sample as the larvae aged (F =0.91, p>0.3472, RZ=0 025),

(1,36)

there were 24.4+0.6 infected hosts per sample. Figure 5.1b illustrates
[ 4

wasp development uwhen host larvae were \”r’xfected at an age of 16.5 days;

stage durations are presented in Table 5.1 The number of hosts

parasitized per sample was 33. 0+0 6; no trend with larval age was detected

+ (Fq 25=0.03, p>0.86, RZ=0 001).

A more detailed examination of the gf:fecc of larval age at infection
on total develop'menta];’ duration of the par‘asﬁitoid is shown inFig. 5.2a.
Time to imago emergence depended on host age (F(yy 1502y~116.0, p<0.0001).

‘Figure-5.2b iitustrates the effect of host larval density on the age

of V. canescens at emergence (F (g, s80y~111.69, p<0.0001).

1

N

Imago Survivorship
Unfed wasps had a life span of 2. 1140 02 days No effect of adult
density on’  average life span was detected (F g, 385,216, .p>0.025).
Figure 5.!3a presents the proportions of imagos surviving as the "cohort
aged. The life span of wasps proviéed with a honey solution was 12.4:0.4
days (Fig."5.3b). No ueffecu of density on average life span was detected
(Fez,100=3-87, p>0.026). - ' :
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Table 5.1. Stage durations in Vgn;u;j,/:a canescens when Cadra cautella

larval ages at infection were 8.5 and 16.3 days old.

Host Age .~ Stage Duration
Mean Variance - ‘
8.5 ' Egg ' 2.55 0,383
X lst 'Instar 6.25 3.849
2nd - Sth Instar 6.09 2.669
Pupa 11.61 2.187

: 1st Instar . 2.64 0.221
2nd - Sth Instar 5.77 2.828 .
Pupa 10.67  0.218 . __
N
\. - o

n \J\
16.5 °  Egg ‘2,67 - 0.336 ‘
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Figure 5.1. Development of Venturia canescens in larvae of Cadra

: cautellm.’ A. Development when host larval age at infection was i
* 8.5 days., B. Development when host larval age at infeéction ‘was
’ 18.5 days. E corresponds to the egg stage, 1 lst instar, 2-5 )

instars 2 to 5. P pupal stage, I adult wasp.
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Figure 5.2. Age \of Venturia canescens. at imago emergence -with
‘regspect to age and density of Cadra cautella larvae. A. Age of CLe
. , - Qadra cautella larvae at infection. B. Density of (C. g_ggg_g_u_g v . )
. larvae during parasitoid development. : '
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-Imago Fecundity N

The number of progeny produced per day by unfed wasps is presented in
-Fig. 5.4a. 1Imago fecundity varied with age (F y ,,,=6.24, p<0.005), The
total number of progeny produced through the lifetime of an unfed wasp was

42.4¢3.2. The number of progeny produced per day by wasps provided with a

honey solution is illustrated in Fig. 5.4b, Wasp fecundity wvaried with .

age (F 3, 535,=15.38, p<0.0001), The fed wasps produced an average of
215.7+21.5 offspring.
’ The maximum number of progeny ptoduced in a day was similar for unfed

(19.3+1.6) and fed (20.7¢+1.7) imagos. Seven of the parasitoids with

“

access to food lived between 1 and 12 days after producing their last

offsp‘ring; this subset of wasps had 249.0+38.4 progeny.

A
Imago Weight / .
-

Figure 5.5a presentg data on the” effects of host larval age at
inf;ction on the wei‘ght of imajos at emefé@?&c\e. Adult weight varted wit:k;
larval age at i?fection (F(n'm)-é.61,‘@%0.0001'}.. nspection of Flig. 5.5a
suggests a discontinﬁity in the eff&ec;t\ of /' 1 al age, where wasps
~ resulting from’ infections occurring in larvae less than 15 days old have a

fover weight Lthan those resulting from infections of larvae more than 15

days old (F , ;,4,=23.65, p<0.0001). Imagos resulting from infection of’
younger hosts weighed 1.41+0.04 mg, while those emerging from older’

larvae weighed 1:72+0.11l mg. Furthermore within “the former group no
‘effect of larval age on weigh‘t at emergence was: aetectegl (Fy 68)=0.43,
. p>0.5145, R?=0.006), while in the latter group wasp weight decreased with
increasing larval age (F, ,4,~12.65, p<0.0009, R?=0.209).

Figure 5.5b illustrates the presende of a small negative effect of
host larval density on imago weight at emergence (F( 4,,=20.39, p<0.0001,
R2=0.172), - C

Functional Response '

In the control arenas for larvae infected-at age 2.5 days, 74.1%:5.1
of the initial number of host eggs survived to become host imagos. No
difference in survival was detected between control and treatment arenas
(F(y,46)=0.01, p>0.9148). The imoled vglue from control ang treatment

arenas (74.2%:-1.6) ‘was used to estimate the number of l\arvae availab'le for

[

>

[

R
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D ' Figure 5.4. Age-specific fecundity of Venturia canescegs under
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Honey solution provided. . ‘ ’ ‘ O
' . #
> ‘ - '
- ‘ ‘ .
~ ) . ’
. I3 :
- : . - A
I - .
. ' g
. ‘ 4 - -



Number ot Progeny (/wasp/day)

Number of Progeny (/wasp/day)

1Q

36_

. 4 s 12
Imago Age (days)

24

28
24
22 -

20 4 -

18 H
16 ~
l‘;-w
12

A -
2

4 8 12
image Age (days)

A4

20

24



o\
| Figure 5.5. Veight of Venturia canescens imagos at emergence with

| ‘'respect to age and density of Cadra cautella larvae. A. Age
. of Cadra cautella larvae at infection. Linear regression

intercept=2.8 mg, slope=-0.04:0.01. B. Density of host larvae
during parasitoid development. Linear regression im:erceptf—l.Z mg,
slope=-0.003+0.001. b
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parasitism. In the control arenas for 6.5 day old larvae, 64.7%:5.2 of

the eggs became adult insects. A significant difference in the propdrtion
surviving was found between control and treatment arenas (F(l’,‘s)-zaG.SS,
p<0.0001). The value from the control arenas was used to determine the
number of larvae available to attack. Among the older larvae (>7 days)noc
differences were found in the proportion of larvae recovered among
densities within an age or among ages (F(31,1so;'0-52- p>0.9838) . The
pro{:ortion of larvae recovered was 97.9%+0.3.

Two forms of functional response were wused to describé the

relationship between the number of hosts attacked and host larval density,

a Types II fesponse- (Rogers 1972b),
Na-Nb[l-exp(-aTPg/(1+aThNB))] . . Eq. 5.1

and a Type I11 response, modified from Hassell (1978),

N,=N, [1-exp(-a’TIN P, /(ua T,N 2))] > Eq. 5.2

where N, = number of hosts attacked

N, = number of hosts available . )
’ N, = number of hosts available per g foad

P, = number of parasitoids per g food

T = time available for search, days .

a = instantdaneous search rate,' g/Pa'T - .

‘ o 'fh - parasitoid handling time, P, -T/N,

and a’ = instantaneous search rate, gz/'I"Ns P .

’ Table 5.2 presents the estimgtes for the attack rates (é, a’) and
handling times (T) for “each larval age as determined by non- 1inear
1east: squares technique. The escimated values of T, for larval ages 8.5,
" " 12.5 and '17.5 were véry similar (Table 5.2). As a result, a common

hangling time (T,) was assumed for all instars and the search rates (a,

a’') re-estimated (Table 5.2). Figure 5.6 present:s‘t:he observed data
"~ together with the Type II and Type I1I1 responses estimated assuming: a

&
»

common hahdling time. e

-
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Table 5.2,
Venturija cahgggeng with respect to Cadra gggg%llg larval age.

Parameter estimates for the functional responses of

F o
-

AGE! a S.E: T, S E R.S.8 2
Type II1 Response . ‘
2.5 0.0458  0.0201 0.1042  0.2053 36.41
, 6.5 01930  0.0889 0.0246 0 0248 1324.92
8.5 98.4996 87.7598 0.0466  0.0067 . 2609 69
, 12.5 136.2934 102.1556 0.0456  0.0049 1164 38
. 17.5 286.0105 486.8987 0.0488 00057 1573 33
' 20.5  23.6155  7.1469 0.0436  -0.0080 758,77
Type III Re§ponsé
2.5 0.0005  0.0054 0.0000  1.2313 17 16
" 6.5 0.0052  0.0028 0,0552  0.0139 1342 30
8.5 208.1225 169.7334 0 0496 - 0 0046 2512.82°
12.5  403.9826 265 0697 0.0487  0,0032 1102.67
17.5 608.8035 578.7342 0.0499 0 0038 1521.76
20.5  55.9293  21.8912 0.0596  0.0052 776.18
. Type II'Reséonsé
v 2.5 0.0458  0.0054 - - 36.47
6.5 0.3009  0.0672 1355.02
8.5 102.5913  60.5032 "éTh Fixed at 0.0470) 260996
12.5 162.0508 ~ 88.1076 . 1166.66
17.5 197.9907 147.0448 *1576.97«
L, 2005 . 26.3740  4.5424 : 761.94
Type III Response ) ‘
2.5 0.0008  0.0001 442.61
6.5 0.0043  0.0011 1347.30
8.5 205.9153 150.0432 (T, fixed at 0.0694) 2512.92
12.5  422.8613 261.8494 , 1103.85
17.5 588.1767 504.7377 1522.41
20.5  31.9128  7.7993 . 847,71
! Host larval age at infection (days)

2 Residual sum of squares




Figure 5.6. Functional responses of Vgntgzia capescens toiggg;g ’
' cautella larvae of differing ages. A. Host age~2.5 days, Type I
tésponse. B; Host age—6.5, Type II'& C. Host age=8.5, Type III.
D. Host age=12.5, Type III. E. Host age=17.5, Type III. F. Host
age=20.5, Type II. ?olid'lines represent ‘the predictiqn‘of the
Type 1I or I@pe III{fesponse assumin&vg fixed handling tigg (see

Table 5.2 for parameter values). \ .
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. Table 5.3 Parameter estimates’ for the functional respongses of

VYenturia canescens with: rgspect to the larval .instars of Cadra

cautells. \
Instar Search Rate

Type II Type III
1 0.024 | 0.005
2 11.839 21.872

3 112.614 242 . 384 . A

4 165.438 _ °  459.028 "
5 114.435 331.311
Larvel Stage 88.436 237.683

o - T, _0.0470 0.0494 , _ ‘




Figure’5.7. Relationship between instantaneous .attack rate of

Venturid canescens and-Cadra cautella larval age assuming a fixed
handling time. A. Instantaneous att}xck rate ‘(a)' assuming a Type )

IT functional response. B. Attack rate (a') assuming a Type III ‘
response. Symbols represent estimated parameter values from Table ‘ . )
5.2&. Solid curves represents the observed values fitted using a,

cubic spline method. , . ' ‘ .

.
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Thé estuimatqd attack rates, assuming a 'commcnh handling time, were
plotted a‘gainst lakval age at infectign and ; smooth curve fitted to the
points using a cubic-‘spline technique (Fig. 5.7). The areasundeg this
curve gives an estihate of the average instantaneous- attack rate for the
larval stage. For a Type II response, a=88.4, while for a Type III
response a’'=237.7 ) '

The degree of parasite-indm-:ed mortality eyperienced when host- larvae
were 6.5 days of age wds quantified. In th cqncrg,l a"rc;nas no differences

among densities were detected in the proportion of eggs surviving to

become imagos (F(s,zg)-o.u, p>0.8399). ~'£he pooled valde of perce}xt.

-survival (64.2%+13.1) was used.to det:ermin the numbér of larvae availaﬁle
for gtcack (N,). The number of larvae ?Li\lled (N, ) in each arena wag

estimated by subtrac‘ting the total numberl of hosts and parasitolds
emerging per container from the number expgcted (N, ). The number of
larvae attacked per container «(N,) was'assu}héq to be the number killed

(N;) plus the number of parasitoid progeny produckd (N,). No difference

, was detected in the proportion N, /N, among densities (F ,q,=1.04,

p>0.4153) . The average proportion. of larvae killed was 0.63:0 27. For’
parasitoids the appropriaée attack 'equatioﬁ for a Type II response is .
Eq. 5.1, while for predators {t is (Rogers 1972b),

N, =N, [L-exp{-aP, (T-T,N, /P, )]] . Eq. 5.3

s . ) . \
The difference between the two equations is that parasitized hosts remain

" available for subs;equertt encountérs, while consumed prey do not. ' If it is

- assumed that larvae wounded by the ovipositor die quicfcly,- a situation

results that is intermedia.ceqb.etvgeen a predator and parasitoid. Larvae
that are attacked ma_‘;r be successfully parasitized and remain available for
further encounters or they may be killed and be wunavailable. The
following Type 11 attack equation has been formulated in order to describe
t.his situation, ) ’ ’ - ’

- . s I o ) \. }
N, =N, [1-exp(-aP, (T-T,N,q/P,)/(1+aT,N, (1-Q)))]  Eq. 5.6

.o

where q I's the fra’ctiqn.of larvae killed (N, /N_). The derivation of Eq.
5.4 is presented in Appendix M.1. The parameter q was taken directly £rom




Figure 5.8. Mortality of Cadra cautella larvae (age=6.5 days)
result’in'g from oviposition wiynids inflicted by Venturia ganescens -
as estimated by the difference between the numbers of larvae

attacked and the numbers of parasitoids emerking. Il représents
't:he_ estimated mean number of host larvae attacked +S.E.; . A

observed mean number of parasitoid progeny producéd +S.E. The

solid line. -represents the predicti of Eq. 5.4; a=l.514,
T,=0.018, q=0.626. . f - g\ ‘
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the data (q=0.63$¢0.27),.while parameters. a and T, were estimated using
" non-linedr regression (a=1.5144+0.5140 and T;=0.0175:0.0068). Figure 5.8
presents the observed data together with the predictions of Eq. 5.4.

{

o

DISCUSSION

t

- N\

Many species of parasitic Hymenoptera show arrested development as
lst instar laxwae, where further development is dependent’ on the host
achieving a particular stage of growth (Salt 1963). Corbet (1968) has
shown this to be a feature of the larval development of Venturia e_ag_gs_g{;_rg
in its host Anagasta kuehnjella, where the parasite will remain as a 1lst
instar larva until the host achieves its -final larval instar. The same
phenomenon was observed in this study and accounts for the decrease
observed in imago age at emergence as the age of host larvae at infection
increased (Fig. 5.2a). The duration of the other parasitoid stages was
found to be independent of host aée at infection (Table 5 ¥). Corbet
(1968) showed that parasite development resumed due to increases in
the feeding rate of the parasites in response to changes occurring in
host haemolymph amino acid concentrations when hosts reached their final
instar. The individual stage durations as well as the total developmentalﬁ
times observed are in close agreement with those previously reported
(Ahinad 1936; Simmonds 1943; Corbet & Rotheram 1965). ) .

The pre-imaginal .period of the parasitoid was found to increase with
increasing host density (Fig. 5.2b); this is a reflection of increased
host 1larval duration- with 1increasing larval density (Benson 1973).
Simmonds (1943) reported increases 1in the pre-imaginal period of V.
canescens iri‘fﬁ. kuehniella when levels of superparasitism were high (>11
eggs/host). :

The 2 day life span of unfed ’y_. capnescens imagos was found to be well
within the 1-3 day range reported by Ahmad (1936), but longer than the
maximum 1 day life span reported by Podoler (1974a). Imagos pr'ovidec‘i with
a honey sqiution had a life span of 12 days, while average life spans of
6-72 days have been reported (Diamond 1929; Ahmad 1936). Ahmad (1936) has
shown that the life span of fed:imagos depends on the presence of host
larvae, where the loﬁgevd.t:y‘is increased in the absence of host larvae.

This factor, together t;ith the unknown effects of differences in food



-

composition and quality between studies, likely accounts for the variation
in ‘repo_rt:.ed. life spans. Imago life span was found to be independent of
parasitoid density. '

The experimental conditions under which imago fecundity was studied
minimize the amount of superparasitism occurring (Rogers 1975) and as such
the number of progehy produced should only slightly underestimate the
number of eggs produced by a pwas{:. Total 1lifetime fecundity of unfed
imagos (42.4 progeny) was well within the ranges reported by Ahmad (1936)
and Podoler (1974b), but less than the 60 eggs/wasp reported by Simmonds
(1943). The observed total fecundity of fed imagos (215.7) was much
greater than that reported by Ahmad (1936), who found no tncr8ase in
fecuridity when wasps were provided with food, but well within the 158-227
range reported by Narayanan (1945). An average of 24% progeny were
produced by parasitoids 1living beyond their 1last day of oviposition
Podgler (1974b) reported a positive association between imago weight at
emergence and lifetime progeny production. However Podoler also found a
positive relationship between imago weight at emérgence and life span of
l\mfed parasitoids which would bé sufficient to explain the relationship
between fmago weighé and fecundicy

The maximum riumber of progeny produced per day is similar for fed and
unfed wasps. The pattern of daily progeny production varied with age In
unfed wasps the number of eggs laid was greatest in 2 day old wasps, while
1 and 3 day old wasps laid similar numbers of eggs The decline in egg
produ'ction in 3 day ‘old wasps is likely due either to declining energy .
reserves and the effect of this on the amount of time spent foraging‘, or
to the rate of egg maturation. The lower level of egg production in da1y
old imagos may be due to the time newly emerged wasps spend searching fo.r
food prior to initiating host finding behaviour (Ahmad 1936). This
supposition is supported by the lack of a similar effect when imagos were
provided with food. Daily proéeny production in fed wasps remained
relatively constant for the first 8 days and theén gradually declined until
the wasps died.

A positive relationship between imago weight at emergence and total
egg production is a common phenomenon in insects. While not;pecifically
investigated, the data of Fig. 5.5 suggest that imago fecundity may be
dependent on both the age of the host larvae at infection and host larval

: . r
v - ()
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density, because these both influence imago weigﬂt at emeréence. The
energetic reiations of host and parasitoid larvae are very closely linked
(Howell & Fisher 1978) and 1imago weight will be affected by those facto}s
which influence host larval weight. The decline in imago weight as the
age at infettion of final instars increases 1is 1likely due to the
observation made in Chap.™3 that host larval weight declines with iarval
age in those larvae that spent an above average length of time és final
instars. White & Huffaker (1969b) stated that infected A. kuehniella host
larvae consume less food than uninfected larvae. Whether this is due to
an inhibition of host feeding rates or a decrease in the time avaiPble
for feeding is unknown, but either would explain-~the observation that
when larv;e are infected as pre-final instars, imago weight is less than
when hosts are infected as final instars. Most host growth occurs in the
final instar. As a result any parasitoid inhibition of host growth would
operate throughout the entire final instar of hosts infected prior to the
final instar. When the host is infected while in its final instar, there
will have been a longer period’of uninhibited host growth, during the
development of the parasitoid egg and lst instar. The decline in imago’
weight with increasiﬁg host dénsity (Fig. 5.5b) is a result of the
negative relationship between host larval density and host larval wéiéht
(Benson 1973).

The increased searching efficiency of thé wasp with iﬂcreasing host"
age (Fig. S.QA is largely a fgnctidn of increasing host size. The effect
of host size operates in two ways. First the probability of the
ovipositor contacting a host is dependent on host size. Second, the size
and rough texture of the wheat flakes used as a host food medium will
provide a relatively greater refuge effect as host size decreases The
decline'observéd in imago searching efficiency in the presence of late
final igstar larvae (Fig. 5.6f3, may relate.to the physiological state of
the larvae. Larvae at these ages'are generally in a relatively immobile,,

non-feeding pre-pupal period, attributes which may cause significant

reductions in. the 1level of mandibular éland secretion and as a‘.‘

consequence, reductions %p parasitoid probing behaviour. A Type II
funé¢tional response provided a better description of the data for 2.5, 6.5
and 20.5 day old larvae than did the Type IIl response equation. In the

* case of 8.5, 12.5 and 17.5 day old larvae, the opposite was true, with the

h\\” [-3% | T . -,

P
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Type III response providing a slightly better de‘ascription of the data,
primarily at low host densities. The form and the shape of the fanctional
responses to 3rd, 4th and mid-5th instars are characterized by \;ery high
searching efficiencies. )

The attack rates observed in this study are comparable to those

estimated using the data of Matsumoto & ‘Huffaker (1974), once
experimental conditions have been standa(rdized by cbnverting larval
densitieg to number/cm? . The numbers of host larvae in both studies

ranged from 10-200, wasp density was 1 per arena and the infection period
was 1 day. The surface area of the arenas used ih this study ‘was 488 cm?,
while those used by Matsumoto & Huffaker  (1974) were 9604 cm?. The
estimated attack rates assuming a Type II response were 8201 (this study,
Fig 5 6¢c), 7055 (M & H, Fig. 2),dnd 8727 (M & H, F;i.g 3) fqr the data of
atsumoto & Huffaker (197&) '

) However substantial differences exist between the results of this
'study 'and those of Takahashi (1968) working with V. g.agegcgng and C
cautella. Takahashi (1968, Fié._ 1) added 1 wasp imago for 24 hours to a

container 4.5 cm in diameter containing 2.5 g rice t\:én and varying

numbers of host larvae. After converting his data to th
used in this s;tﬁ:udy, inspection of the data suggested that ™a..
functional response would provide the most apprbpriate description of
Takahashi’s results. Non-linear curve fiftingA pi‘oduced the following
results for his 2nd instar data; a’=0.019:0.002, T,~0.00+0 017,; 3rd
instars, a’'-0.084:0.007, T,70.032:0.003; &4¢th instars, a’=0.119:0.006,
T,=0.020+0.001. Comparison of the estimates based on Takahashi's data
with‘those of this study (Table 5.2), show that while handling times (T,)
are broadly comparable, with the exception of 2nd instars, the search

rates (a’') are substantially lower. The reasons for the differences

.between the-data of this study and that of Takahashi (1968) are unknown.’

The estimated values of handling time (T, ) (Table 5.2) do not reflect
combined time required not only for a parasitoid to oviposit once a host
ts located but also for it to be able to recommence searching. This has

been estimated by direct observation to be about 43 seconds (Cook &

Hubbard 1980) and 21 seconds (Hassell & Rogers 197:’2). The cestimated

maximum numbers of hosts attacked per day for larvae older than 8 days

(I/T,) were 21.3 (Iype 1II) and 20.2 (Iype. III).  Taylor (1974) and

\ : . . *
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Huffaker & Matsumoto (1982a) reported that the maximum number of eggs-laid

by V. "cagescens in a 24 h period was about 25, while Matsumoto & Huffaker
1
(1973b, 1974) and Stinner (1976) .found that ‘V. canescens laid a maximum of

‘about— 4‘0-50 eggs per day. Dissection of the ovaries of newly emerged

imagos ‘ reveals that the number of mature eggs is a fractlon of the total
number of eggs present (Diamond 1929; Taylor 1974). Taylor (1974)
reported a décline in the oviposition rate of V. canescens over a period
of 7 h and concluded that this decline was due to the effects of egg
limitation. It appears that under experimental conditions the number of
eggs laid or. the number of hosts attacked per da'y‘by the parasitoid is
determined by the number of mature eggs.. available and the rate of egg
maturation and this explains the discrepancy between the handling times
(.estimated from the functional [r;sponse equations and actual .handling

times.

"

Ovhiposition wounds accounted for. substantial mort‘al\ity (63%) of young

(6.5 days old) host larvae. This was undoubtedly related to the small
Iy . 2]

size of the host (Fig 5.8). Younger hosts are probably even more

susceptible to this mortality; however owing to the very low probability

", of the para51t01d encountering these very young (2.5 days) larvae, no

mortality was detected. Nor was any mortality due to oviposition wounds

detected in older ‘host larvae (> 8 days -0ld).” These results are in

agreement with those reported by ‘Simmonds (1943) and Williams (1951)

* working with V. canescens and A. kueh\n1e11a

Rogers (1970) gported that the 5th and to a lesser extent the 4th

‘instar larvae of (. cautella were able to mount a strong haemocytic

‘response and eliminate the eggs of V. canescens, while 3rd instars were

unable to mount an effective response. The present study does not support’
this observatiou -Ne—change in the fraction of hosts infected over the

course of wasp development was detected when hosts were infected at 18.5

\_days of‘ age (5th instar; data from -Fig.: 5.1b). The lack ‘of any

substantial differences in the funational response curves for larval ages
8 5, 12. 5 and 17.5 (Figs 5.6c,d,e) also suggests that there is no effect

of age on ability to mount an effective deéense response.” While the

" functional responsé turve With respect to old final instar hosts (Fig.

' 5.6f) was different, _the diffeBrences are not in accordance with the

presence 6f an effective host defense response. Rogers (1970) suggested
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that hosts were able ta recognize the parasitoid egg as a foreign body
(Salt 196é) because the egg capsule was often damaged when the host moved
in response to being ;tabbed by the ovipositor. Perhaps the food medium
(wvheat flakes) use‘d in this study restricts the movement of the host in
;'esponse to .an ovipositional attempt by the wasp. Encapsulation of
supernumary eggs alnd larvae was observed during this study,

» + The results of the parasitoid development experiments suggest that
very 1ittl;a mortality occurred in established infec’tions and that any
. pre-imaginal mortality was due to host mortality. .

The dependence of parasitoid larval developmental rates on the dge of
the host larvae results in a synchronization of the 1life cycles of V.

’

canescens and Cadra cautella. For example, under the experimental

conditions used to obtain the data illustrated in Fig‘, 5 2, a cohort of
female host eggs will emerge as host imagos— in about }7 days, while
parasitoid infection of "&:he host cohort will result in wasp i}nagos
emerging on average in lu'?l days from the start of the host cohort The
arrestment of parasitoid development until the host achieves its final
larval instar results in the parasitoid pupating slightly later than the
host. In addition to this there appears to be another period of arrested
development shown by the parasitoid. Pupal stage duration is 10-12 days,
howev‘elr, apparently fully developed imagos are present within the pupal
case 3-4 days priér to imago emergence (this study; Corbet & Rotheram
1965) . | ’

While not a subject of experimental investigation in this study two

+ Ed

more phenomena related to the bioclogy of the wasp need to be discussed:
mutual interference and superparasitism. , ,

Mutual interference between searching wasps may arise ‘in two ways
The first results from physical interference between searchi g wasps,
where a foraging wasp stops searching ‘due to contact with or the close
proximity\of another wasp. I.nterference alsor arises when' the parasitoid
attempts to avoid -superparasitism, resulting in time being spent:
determining whether a host has previously been infected’. The time spent
in these sorts of encounters reduces. the total searching time available to
the wasp. Mutual interference between searching V canescens has be:en
docpmented (Hassell 1971) and has been estimated to result in about 25

seconds’ being wasted per encourlt:er (Hassell & Rogers 1972; Rogers &

IS N
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Hassel 1974), while Cook & Hubbard (1980) have estimated the time wasted
in avoiding superparasitism to be about 25\ seconds. However, opinions
goncern{ng the importance of this phenomenon under other experimental
conditions are varied. Simmonds (1943) and Stinner (1976) found no effect
of V. canescens density on the number of eggs lald per parasitoid, while
Huffaker & Matsumoto (1982) found a more than a 50% reduction in the
number of eggs laid per female when wasp density was 10 as compared to 1.
There are considerable differences in the expérimental protocols of the
studies cited above, in terms of parasitoid:host ratios, arena volume and
host spatial distribution and these differences make interpretation of the
results difficult. '

V. canescens has been found to be up to 80% efficient in avoiding
superparasitism, with the degree of avoidance’ inc'reasing with the” age of
the primary infection (Rogers 1972a). ‘However the tendency to avoid
superparasitism is lost when the ratio of parasitoids' to hosts is high
(Simmonds 1943; Rogers 1975; Stinner 1976).

A possible explanation for the breakdown in avoidance of
superparasitism and the apparent lack of any mutual interference when
parasitoid:host ratios are high 1is proposed. Superparasitism in V.
canescens results in egg wastage as only one parasitoid can successfull};
develop in one host, with the older parasitoid' killing the eggs and
younger ‘1lst instars present. However, " this 1is not a strictly
deterministic process, but a s.t:ochasti‘:: one particularly when the
éarasitoids are similar in age. Stochasticity results in two wa‘ysl,' due to
:rariability' in the time to egg hatching, and due to.chance effects
determining the winner of larval-larval encounters, where the pro;ability
of winning appro'aéhes 50\%—’when the larvae are the same age (weight). When
parasitoimhost rat:ios are high, the probability that an individual wasp
will encounter an already infected host will increase very rapidly given
the high searchir\g efficiencies of these parasitoids. Under experimental
conditions where the wasp is"unable to _tsearch out sources of uninfected
14ir11‘ae .the best ‘tactic’ for an individual wasp may be to 1ay’ eggs as
rapidly as' possible. Under these conditions ény time spent ’avc;iding
superparasitism or responding to the presence of other wasps would not
only decract from ‘the time it could spend ovipositing, .but would also
increase the age differential between the eggs it lays. and the eggs
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already present in the host population. The element of ‘chance’ involved
in winning a- host, also suggests that any individual who ‘cheats’ in a
population that avoids superparasitism, will increase its reproductive
fitness relative to the 'non-cheaters’, a situation that will result in
the trait co;npletely invading the population. It would be interesting to
contrast the degree to which superparasitism 1is avoided in ‘wild’
populations of Y. gcapescens, semi-feral populations ~associ’atec{ with stored
products and laboratory populations. ’

When superparasitism occurs, the number of wasp progeny produced will
d;peqd on' the frequency distribution of parasite eggs per host. It 1is
generally assumed that when parasitoids search at random the number of

encounters per host will also be réndom (Rogers 1972b; Hassell 1978); If

-an egg «is laid at each encounter the resulting frequency distribution of

eggs per host will also be random. Figure 5.9 presents two sets of data
on the frequency ’distribution of V. canesgceps eggs in 1its host 4.
kuehniella (Simmonds 19A3;-Stinner 1976). The'majority of the data sh&wg
that observed frequency distributions are aggregated (variance/mean ratio
> 1). While a random distribution of eggs per host is an appropriate null
hypothesis many . factors will contribute to creating observed egg
distributions (Anderson & Gardon 1982). hz avoidance of superf)-;rasi.\cism
will tend to generate uniform egg distributions, while the most likely
factor responsible for gene.rating aggregated egg distributions 1is
'he‘aterogenei‘ty in host susceptibility (Anderson & Gordon 1982) Many
factors may create-—differences in host susceptibility, and it is not
p(fssible at present to identify all the factors responsible for creating

the heterogeneity between hosts that accounts for the egg distribution

' ﬁatte’rns observed in Fig. 5..9.

A considerable number of demographic facters and interactions have
been identified in V. capescens in relation to its host. ' These are
summarized in relation to a number of processes which contribute to-the

parasitoid’s intrinsi¢ rate of ‘increase.
. The rate at which imagos encounter host larvae is strongly dependent

- on host larval age (Fig. 5\7). As larvae age the searching efficiency

increases as a result of larval growth, and the form of the functional
‘response becomes increasingly less dependent on the attack rate (a, a’)

and more dependent on handling time, a reflection of parasitoid egg




Figure 5.9. Variance-mean relationships for the frequency

distributions of eggs of Venturia canescens in Apagasta kuehnjella
laxrvae (Simmonds 1943; Stinner 1976). The solid disgonal line

represents random distribution (variance=mean), points above this

line represent aggregated distributions while points below the

., 1line represent uniform distributions. . 7A. Data from Simmonds

(1943). B. Data from Stinmer (1976). ° .
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limitation. Instantaneous search rates may also dependﬂ on host density
(Figs 5.6c,d,e). One of the factors de;:ermining host density will be the
amount of mortali\cy occurring due to oviposition wounds (Fig. 5.8); which
will be a function of host age and host encourter rates. Parasitoid
density mdy also play an important role in determining the él:lcounter rate,
as a result of the effect§ of mutual interference (Hassell 1971). Wﬁil‘e

it has not been discussed, non-random parasitoid seazch, resulting from

-

patchily distributed hosts, will also have important effects on net host
‘encounter rates (Hassell 1978). '

The dominant factor influencing- the potenci‘al fecundity of imagos is
the availability of food (Fig. 5.4). "I'he increase in potential fecundity
is primarily a result of the increased life span of fed wasps (Fig. 5.3),
.rather than any change in the daily egg production of fed and wunfed
imagos. Imago weight at emergenc'e also influences the potential fecundity
of 1imagos. Imago weight is influenc’ed by the age of the host larva at
infection, and by host larval densities during parasitoid development.
Imago weight may influence imago fecundity through its effeCts on the
death rate of unfed imagos, or through its effectd on the total number of
eggs present in the ovaries of fed imagos.

Realized imaéo fecundity or the number of progeny produced by an
imago will depend on potent‘ial imago fecundity as well as host density and
parasitoid density. Host density will determine the absolute number of
hosts available for infection, while the interaction between host density
and imago density will determine the degree to which superparasitism is
avoided. The form of the frequency distribution of parasitoid eggs/hosts
(Fig. 5.9) will be an important factor in determining the nugber of
parasitoid progeny. One of the critical facto‘rs shaping the . frequency

distribution of eggs/host will be the 1level of superparasitism. Once

Y

supernumary larvde are eliminated rates of parasitoid larval mortality’

are extremely low and any parasite larval mortality occurring will be due

1

to host mortality.

Parasitoid pre-imaginal period dep.ends- on host larval age at
infection (Fig. 5.2a) and™ host density (Fig. 5.2b). The dependence of
parasitoid developmentu on host development ‘serves to synchronize the
life cycle of the parasitoid with the life cycle of its host. v.
M is a larval parasitoid. As'a result a substantial portion of

v

iy



the host life cycle is invulnerable to parasitism:\ dggs, lst instar

;O ) larvae, pup’ae and adults. Therefore for only 44% of the total 1life span -
of the host is it susceptible to attack by the parasitoid.

v ‘ Any at_texx;pt ‘to formulate a population model which imcorporates the

) ' relat:ion,ships summarized above would result in a very complex model.

Althoylgﬁ it may be difficult ta ident:ify\those' .fact:ors which are most

important in determining the behaviour of. this host-parasitoid system, the

experimental evidence does allow for some sincxplificacion and a prior

- elimination of effects that are thought to be of lesser importance. P
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LONG-TERM POPULATION CAGES

G ) “ This ’c;hapter presents the resv.;.lts of 'long-term’ experiments dealing
with single-species populations of the moth Cadra cautella and two-species
populatidns of the host and its parasitoid Venturia canescens carried out
in large cages where the host or host-parasito‘id populations were allowed
to reproduce, die and {nteract with minimal interference.

» The purpose of these experiments was two fold. First the results
presented in pre\'rious ghapters were based on short-term &perimentfs

'designed to identify and quantify the demographic characteristics of
uniform-aged host agd parasitoid cohorts under restricted conditions.
In other experiments, such as inter-stage cannibalism, implicit

assumptions concerning the spatial and temporal oveﬁflap of the stages

were involved. Results from ‘free-running' population‘ experiments will
L . provide data allowing the vaiidity of the results and gssumptions of the
’ " . short-term experiments to be assessed. .
| . The second purpose of the populétion-cage experiment% was ?:o provide’

a set .of data with which the predictions of a mathematical population

Cg . ' model could be compared. When the predictions of a popuiation model are

based on parameters estimated independently of the .data with which the

model .1s compared, such a comparison provides an excellent test of the
power of the model. An even more powérful test of the model is obtained
when long-term population cages are experimentally manipulated in order to

produce a quantifiable change in the biological attributes of the

.

specie(s) involved.

This; iIs the reason that experiments. concerned with the survival and
fecundity of host and parasitoid have been carried out under conditions‘
of varying food availability, conditions that produce predictable changes

in imago fecundity and survival which may be easily incorporated into a

N

population model.

o " MATERIALS AND METHODS
I

H
4

Twoﬁ%izes of cage were used for the long-term experiments. The
larger cages were 43 cm wide, 61 cm-deep, and 61 cm”high at the Hack of
0 the cage dnd 40 cm high at the front (volume = 0,13 mi’). The bottom,

- &
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This chapter ;;resents the results of ‘long-term’ experiments dealing

with singlexspecies populations of the moth Cadra cautella and two-sp'ecies

populations of the host and its parasit:oid Ventuiia canescens carried ouf

in large cages where the host or host- parasitoid populations were allowed
to reproduce, die and interact with minimal interference.

The purpose of these experiments was two fold. Firs; the results
presented in previous chapters were based on short-term experiments
+designed to identify and quantify‘ the demographic characteristics of
uniform-aged. host and parasitoid cohorts under restricted conditions,.
In other experiments, such as inter—‘stage cannibalism, implicit assumptio-
ns concerninlg the spatial and temporal overlap of the stages wete Involve-
d. Results from 'free-running’ population experiments will pr\:)vide data
allowing the wvalidity of the results and assumptions of the short-term
experiments to be assessed.

',I'he second purpose of th'e population-cage experiments was to provide
a set of dat:~a with which the predictions of a mathematical population
'model could be compared. When the predictions of a population model are
based on parameters estimated independently of the data with which the
~mpdel is compared, such a comparison provides an excellent t:es.t of the
power of the model. An even more powerfulxtest of the model is obtained
when long-\term population cages are.experimentally manipulated.in order to
produce a quantifiable change in the biological attribute‘s of the specles

involved.

This is the reason that experiments concerned with the survival and.

* fecundity of host and parasitoid have been carried out under conditions

of varying food availability, conditions that produce predictable changes

in imago fecundity and survival which may be easily incorporated into a

population model.
MATERIALS AND METHODS
Two sizes of cage were used for the long-term experiments.  The

larger cages were 43 cm w’ide,, 61 cm deﬁp, and 61 cm high -at.the back of
the cage and 40 cm high at the front (volume = 0.13 m’). The bottom,




week. . Neither host nor parasitoid imagos were provided with food or

water. { - .
Once a week, at the time of food addition, all dead moth ar}_d

parasitoid imagos were removed from the cagés and counted. The amount of
work involved in determining larval population sizes only allowed for

detailed sampling of 1 host population cage and 1 host- parasitoid cage.

. In these cages, food ' units which had been removed were examined and

the number, stage or instar of the moth and the number of parasitoid pupae

present in each food unit determined. In cages containing both host and

_parasitoid a sample of the larvae was removed and dissected in order,to

determine the 1level of parasitism for each host larval instar. In
addition, at the time o\f food replacement, counts were made of the number :
of imagos alive in the po"pulat:lon cage. ) '

In the host population cage selected for detailed sampling, egg
distribution in relation to the‘age of the food units was determined.
One day prior to the replacement of the food units a small pie‘ﬂc‘e of-
screening - (60 um mesh) supported by a thin plastic ring was plaged in

each of the 37 food units to be removed. The circle of screenlng fic

within the petri dishes and rested directly on the food.
units were removed the number of eggs per dish was determing:
procédure was done every 4 weeks starting on week 12.

.
~

'Series L2
In the series L1 cages, host-parasitoid populations became extinct

‘after about 25 weeks. In these cages no protective cover was provided

for the host larvae; as a result all host larvae were susceptible to
LI

infection by the. parasitoid. In ‘the L2 series of cages refuges were
provided for the host larvae. The refuges\consist:ed of round glass cover
slip;‘; placed in the center of each food unit and resting on top of the
food. Three diameters of cover slips were used: 1, 1.5 and 2.0 cm. These
covered ll% 25% and 44% of the surface area in each food unit. It was
felt: that the effects of providing host refuges in this way could be more
easily quantified, than would be the case if a refuge effect was created
by increasing the depth of the food. Two host population cages and 8
host-parasitoid cages were established, 2 each of 0%, 1lls%, 25% and 44%

protective cover. No protective cover was provided in the single-species

t
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pt;pulation cages. Neither host nor parasitoid imagos, were provided with
food or water.

The food replacement procedure was identical to that described above,
as was the sampling procedure for dead adults. No estimates were made of
larval population densities. Host populations were dstablished by a&ding
50 eggs/day to each cage for 6 weeks; parasitoi populations were

“initiated by adding 2 wasps per cage at the beginning of the fifth week.

The cages had been slightly modified by repiacing the coarse 0.5

mm mesh screening with 60 um mesh screening

Series‘L3 . ‘ * .
As a result of the extinctions which occurred in the L2 serles of
experiments, regardle/ss/of the level of protective cow;er, a number of
changes were made }4 the experimental proﬁtocol The basic change was in
the food replacement regime. The food was no longer contained in petri
dishes but was placed directly on the floor of the cage. The bottom
of the cage was divided into produce 32 rectangular areas (11 x 7.5 cm) or
food units, There were 8 food ages and 4 food units per food age. The
food units were located in such a manner that new food was placed adjacent
to .the youngest food units in the cage. . The cageg,were established by
adding food to & food units each week, so that at the end of eight weeks
food units ranged in age from 1 -to 8 weeks, The oldest (8 week) food
units were rgm’oved each week‘ to provide room for the addition of new food.
The rate of food replacement was 56 g/week, 14 g per food unit -
Protective cover was provided by covering 1, 2, or 3 units per age
with a' piec:(; of black non-corrugated cardboard, thereby providing 25%, 50%
or 75% cover. The cages were established by adding 50 host eggs/day for 6
weeks. Five wasp imagos were introduced at the start of #week 5. There
were 2 cageés of the host alone and 2 cages each of 0%, 25%, 50% and 75%
cover. The single-species cages were not provided With protective cover
Neitther host nor parasitoid imagos were provided with food or water. De'_ad

3

imagos were removed and counted at the time of food replacement.

Series S .-
This series of experiments uged the small size of cage. The protocol

for food replacement was similar td that described for the L3 series of

v
o
- .
’




T 148 W

2
Qe

experiments. Food was placed directly on the l;ot:tom of the cage and added
to the cage weekly but there were only 6 food ages and 2 food units per
age, a total of 12 food units (5 x 8 cm). Food units were removed at the
end of six wesks. The rate of food addition was 20 g/week, 10 g per food
unit. Protective cover was provided by covering 1 set (50%) of food units
(food ages 1-8) with a 1.5 ecm thick layer of expanded mica
(*vermiculite’). Weekly counts were made of the number of dead imagos in
each cage. Owing to the small size of these cages, imagos had to be
lightly anaesthetized with CO, in order to remove the cgead imaéés.

Moth populations were established by adding 10 host eggs/day for 6
weeks; 2 wasp imagos were added at the start of the fifth week. Five
cages of the host alone were established with no protective cover, food
nor water provided. Ten host-parasitoid cages with 50% ‘cover were
established In half of the cages the wasp and host imagos were without
food or water, while in the other ha}f food and water were prolvided in
the form of a 20% honey solution in water which was changed daily. N

-

RESULTS .

Figure 6.1 illustrates the number of G. cautélla ix;lagos dying per
week for two of the series L1 replicates for the host population in
isolation. While there was insufficient data for statistical analyses,
there does appear to be a distinct cyclical pattern in the number of
}.magos dying/week. When averaged over all replicates the period of these
oscillations is about 44 qayé. Figure 6.2 presents the sex ratio of the
imagos found dead each week. There was no trend in t:he,sex ratio with
time, nor was there a departure from a 1:1 sex ‘ratio. '

Figure 6.3 presents the estimated populagtion sizes for the different
host stages through time (this data corresponds to the data of Fig. & la).
As was seen in the graphs depicting the number of dead adults, there was a
distinct cyclical pattern in larval and pupal population sizes. Figure

6.4 presents the average stage structure of the host population estimated
Ty

£y

from the data of weeks 15-38.
Figure 6.5 illustrates the average distribution of eggs, larvae and
pupae -in relation to the age of the food units. Figure 6.5a depicts the

proportion of various food ages in the population cages. If egg, larval,

Al
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Figure: 6.1.
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*

Weekly counts of dead imagos in single-species

long-term population cages of Cadra gg_g;g_llg A. Data from
series L1, replicate 1. B. Data from replicate 2. .
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Figure .6.2. Changes in the. proportion of Imales in the weekly

I counts of dead imagos in single-species long-term population cages -
of Cadra cautella., A. Data from series L1, replicate l., B. Data . )

from replif:ate 2.
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Figure 6.3. Changes in the estimated population sizes of, larvae .
and pupae in a single-species population cage of Cadra cautella.
Changes iIin population numbers of lst instars A, 2nd instars B,
3rd instars C, 4th instars D, 5th instars E, and p;.tpae F. Data )

from series L1, replicate 1.
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Figure 6.4. Age-structure of Cadra cautella in a single-species

population cage.: DRepicts the average age-structure calculated ‘
using the data of weeks 15-38 from replicate 1, series L1. )
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~ Figure 6.5. Diséribution of Cadrd cautella stages among the
different ages of food units ih a single-species population cage.
A. Presents the proportion of total food units of different ages.
The distribution of stages among the various food unit .ages; eggs
B, larvae C, and pupae“ D. Depicts the gv;}age distributiﬁn

using the data of weeks 15-38 from ;eplicate 1, series L1.
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. d or pupal distribution was independent of the age of the food unit, the
0 proportion of the total population in-.each age of food unit should be t:p_e
same as proportion of . food  unit ages (expected frequency

37:34:29:25:21:17:13:9:5). The proportien of total eggs in each age of
food unit (Fig. 6.5b) was not significantly different from expected
(X% 4,=2.5, p>0.975). Larval distributions (Fig. 6 5c) were however
° significantly different from expected (X2 ,,=8359 1, p<0.0001), with
larvae occurring in the youngest food units (1 week old) with much greater -
fréquency than expected. Pupal distributions (Fig. 6.5d) were also
significantly different than expected (X? 4,=124 6, p,0 0001), withn pupae

being infrequent .in the 1 week old food units and more common than .

~ expected in the oldest food units. °
Figure 6.6 presents the results of 2 replicates of the

host-parasitoid systems from series L1 Extinction of the host and

parasitoid occurred within 22-25 weeks, in all 5 replicates, Larval

population sizes have not been presented due to the small size of the data

set. Thfe percentage of larvae infected (data corresponds to Fig. 6.6a)

for each "of the larval instars through time is presented in Table 6.1.
0 Infection 1evg‘1s of 1lst and 2nd instar host larvae were uniformly very
10w, while the infection l.evels in 3rd, 4th and 5th instars were high and
. reached 100% by the end of the experiment.

Figure 6.7 illustrates the distributions of host larvae’and hast
and parasitoid pupae axilong the various food unit ages. The distribution
of both larvae and pupae were significantly different from expected values
(larvae, Xz(a)-6059.1, p<0.0001; pupae, XZ(B)-82.2. p<0.0'001). The
distribution of larvae and pupae among the different age-food units was_‘
similar to the patterns' observed in the single species population cage.

Three - of the replicates of the host population became accidentally
‘infected by thea wasp, probably due to between cage movement of small
larvae, or oviposition by' wasps which occasionally escap?d through the
mesh of the cages. This problem was completely corrected bir replacing the
ventilation and sleeve screening with a much smaller mesh size (60 um).
Due to the extinction of the host population by the parasitoid, further
series of the large cages were established, which provided various levels

of protective cover for the larvae.
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. Figure 6.6 . Weekly counts of dead imagos in'long-term population

cages of Cadra’ cautella and Venturia _canescens where no host ;
- . reft;ges were provided. A. Data from”series L1, replicate 3. . B. . ’
‘ Data- from x:'eplicat:e 2. Black line denotes the host and the red O
.line the'parasitoid:
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The* p'ercentage of Cadra cautella larvae parasitized by’

Table 6.1.

Venturia capnescens in a long-térm population cage. Data from replicate 3

series Ll. . .

Percentage of Host Larval Instars Infected B

Time! 1st 2nd 3rd 4th 5th NZ, .

10 0% 0% 0% ©  12% 26% %4,8,59,84,104.

11 0% 0% 24% 958 76% 150,1,17,20,50

12 0% 8% 45% 954 90% 53,75,40,22,40

13 08 0% 423 65% 91% 38’41, 38,26,22

4 08 7% 15% 54% \\?3% 5,30,55,41,41

15 0% 0% - 658 84% 91% 8,7,43,32,11

16 . 0% 71% 100% 1008 0,12,21,20,12

17 0% . 77% 78% 86% 3,0,13,32,28

18 - - 40% 86% 9y 0,0,5,14,35

19 7% 9 673 67% 95% 29,11,3,12,19 . -

20 0% 0% 100% 1008 100% 9,3,4,3,7 '
v 21 0% 0% 89% 100% 100% 32,2,9,5,5

22 - - 100% 100% 100% 0,0,2,1,14

23 . . 100% 100% 1008 0,0,2,3,11

1. Age of the population cage, weeks

2  Number of larvae dissected ‘

. e T S & e



Figure 6.7. Distribution of.host and parasitoid stages among the

different ages of food units in. a population cage of Cadra

cautella and Venturia canescens. A. Distribution of host larvae .

among ‘the various food unit ages. B. Distributio?gof bost and

parasitoid pupae. Data of weeks 15-23, replicate 3, series L1,

1
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Figures 6.8 and 6.9 present the results of 1 replicate of eachaof
the various levels of protective cover employed in the L2 and L3
population cages respectively. In all experiments regard]jess of the level
of protective cover employed, the populations became extinct within 22-25
weeks. The differences in the initial pattern of parasitoid population -
growth among the three series of experiments (L2 vs Li and L3) are due to

the smaller number of parasitoid imagos (2 vs 5) used to establish the

- parasitoid populations resulting in a longer lag prior to the build-up

of parasitoid populations in L2 cages:
In: spite of extensive and exhaustive (as technically possible)

precautions invasions by the mite Blattisocius tarsalis (Berle;*.e)

(Acarina: Blattisociidae), an egg predator, caused the extinction .of all
host population cages. Examination of the dead imagos removed from the
cage at each census allowed fairly accurate track of the mite populations
to be %kept. Mites were first found (<1 per 200 host imagos) by 20-25
weeks following establishment of the cages. Mite populations increased
very rapidly, and within 5 weeks had greatly reduced the size of the host
larval populations or eliminated the host. The exper%ments were
terminated 3-5 weeks after mites were found in the system. It is unlikely’
that mite invasions were responsible or contributed to the.extinction of
the host-parasitoid populations. When 'cages were terminated, all food
units in the system were carefully examined. No uninfected host larvae
were found, suggesting that the timing of the mite invasions was such that

these populations had already reached the point of extinction (100% of
{

- host larvae infected).

A

In the course of carrying out the censuses on the populacionicages
provided with 50% and 75% protective cover (cardboard cover) there was
some (unquantified) host imago mortaiity due to the failure of newly
eclosed imagos to escape from beneath the cardboard. For this reason it
was decided to provide larval refuges by covering food units with a layer
of expanded mica (‘vermiculite’_) in the final set of e\xperimencs (sL).

Figure 6.10 presents the results from experiments using small cages

.of 1 replicate of the host population alone, and 1 replicate of the

hoslt-parasitoid populations where imagos were either with or without a
food source. Results are comparable to those of the larger cages. Low

initial host populations sizes are due to the low rate of egg inoculation

L1




Figure 6.8.° I:J”eekly counts of dead imagos in long-term population

cages of Cadra.cautella and Venturia canescens where host refuges
™

provided O%, 11%, 26% or 44% cover. Data from seriés L2. A. No
prote‘ctive cover provided, replicate 1. B. 11l% cover, replicate
2. C. 26% cover, replicate 1. D. 44% cover, replicate 1. Black
line denotes the host and the red line the parasitoid.
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Figure 6.9. Weekly 'c,ounﬁs of dead imagos in long-term population

cages of Cadra cautella and Venturia canescens where host refuges

provided 0%, 25%, 50% or 75% cover.. Data from series I.!
| ) feplicate 1. A. No protective cover provided. B. 25% cover. C. o
| ) . 50% cover. D. 75% cover. Black line denotes the host and the red

line the parésitoid. o ' ..
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Figure 6.10. Weekly counts of dead imagos in long-term population
experiments of Cadra cautella and Venturia canescens using the

smdll cages. A. Single-species popiillations of Cadra cautella,
replicate 3. Populations of the C. cautella and Venturia

canescens; 50% pro‘i:ective cover provided; B. No foodﬂ ‘nor water
provided for imagos, replicate 8. €. Imagos provided with food

and water, replicate 1. Black line denotes the host and the red-

line the parasitoid. *
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used to, establish the small population cages. Invasion by the predatory
mite B. tarsalis resulted in the premature termination of this entire
series of experiments. There was however.some indication that protecting
508 of the food units using a coverin.g' of vermiculite may have provided a

degree of host refuge sufficient to allow continued co-existence of host

and parasitoid.

DISCUSSION

" The results of the sfngle-species population cages (Figé 6.1 and
6.10) suggest that ¢. cautella populations do exhibit quasi-cyclic
behaviour where the_period of the cycles is approximately 40 days,) Very
similar results have been obtained for C. cautella by Takahashi (193%3) (40

days) and for Plodia interpunctella (39 days) by Gurney, Nisbet & Lawton
(1983), . i
' The distribution of (. cautella eggs among the various food units

(Fig 6.5b) shows that female imagos distributed eggs among the food units -
independent of the age of the unit. This suggests that eggs were

. scattered at random throughout the population cage.

Host larvae were found €ar.more frequently in the youngest food
units (Fig. §;5c) and rarely‘in the older food wunits. In the
single-species po\p}xlation cages, this pattern of larval distribution is in
part explained by the rapid depletion of food units, such that in food
units gre.ater than 2 weeks of age, no uneaten food remains. However, a
very similar pattern of larval distribution (Fig? 6.7a) occurs in the
host-parasitoid population cages where. larval densities are an order of
magnitude lower, and large amounts of unconsumed food a;:e found in even
the oldest food umits. ¢. cautella larvae apparently prefer feeding in
food uncontaminated by larval by-products (faeces) and actively seek out
these uncontaminated food sources. Tbe effect is quite dramatic, and
larvae can be observed moving into new food units immediately after
introduction. This results in many new food units being fully colonized in

less than a day. The effects of this behaviour are discussed more fully

“in Chaps. 3 and 4.

The distribution of host and parasitoid pupae (Fig. 6.5d and 6.7b)

is the opposite of th.at: observed for host larvae; pupae are found in the

L] .

"
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youngest food units less often than expected. The low numbers of i)upae in
1 week old food units might be due to cannibalismI by host larvae, as it is
in these wunits that larval densities are greatest, a similar pupai
distribution 1is also observed under %conditions of much lower larval
densities in the two-species population cages (Fig. 6.7b). Thede results
suggest that the distribution of pupzlle‘among food units is a result of
larvae seeking out regions of low host larval densiéy in order to pupate.
The migratory behaviour of C. cautella larvae among food units also
explains why large proportions of\\t;he food, units must be provided with
protective cover, in order to create a refuge for the host larvae from
the parasitoid. Results of population cage series L2, L3, and Sl indicate
that more than 50% of the food units must be provided with protective

cover in order to allow the long-term co-existence of host and parasitoid,

_‘;’l‘he effect of refuges 1is - generally to protect, a fraction of ‘u)o

susceptible host population from “infection by the parasitoid over the
duration of the stage of host susceptibility. The migrf;tory behaviour
of the host larvae has the following effect. While at one instant in time
a particular larva may be under an area of protective cover, when the
larva moves into a new food unit there is a probability that it will not
be under cover in the ney food unit. For example, assuming that the larva

moves at random, and that on average.a larva will move 3 times (food added

once per week, larval duration >21 days), in a ;opplatui-on 'cage with 50%
oJf the food units protected, the probability that a larva will be under
protective cover for its entire larval period could be as lgw as 0.125.

A number of other studies have investigated the- behaviour of
populations of V. canescens and stored-products moths: Flanders (1968),
White & Huffaker (1969a,b) worked with E. kuehniella; Takahashi (1973)

used C. cautella and Podoler (1974) used P. interpunctella. In all cases

they have shown that long-term, co-existence of host and parasitoid can be
achieved with 1little or no protective cover. The reasons for the
difference between the results of this study and those of other workers
regarding the stable co-existence of the two species are essentially
unknown and may simply be due to the different experimental conditions,
species differences or differ;nces among )the strains of' wasp used.
Podoler (1974) used a population cage about 5 times larger than was used

in this study. The searching_efficiency of the parasitoid appears to
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have been much lower under the experimental conditions employed “by
Takahashi (1968) compared with the searching efficiency of the wasp fn
these experiments (see Chap. 5). Both Flanders (1968) and White &
Huffaker (1969%a,b) made the observat;ion that there is wvery- little larval

movement between food wunits. This could potentially have produced

aggregated larval distributions, and hence could have contributed tc;.a
more stable host-parasitoid system (Hassell 1978). '

The results of this and previous studies (see Chap. 1) suggest chac[
most single-species laboratory populations of stored-products Lepidoptera -
tend to exhibit discrete generations. The one exception (to this
observation appears to be the work with A. kuehniella by White & Huffaker
(1969a).” The differen®es between C. cautella and A. kuehniella may be due
to the differences in larval behaviour. C._cautella migrates extensively

among the food units, while A. kuehniella does mnot. White & Huffaker
(1969a,b) suggested that the colonizatiop of a food unit depends upon the

,female host imagos depositing eggs in new food units. This and the' lack
!

of larval movement between food units would create a series of larval
sub-populations, behaving‘ essentially independently of one another. This
situation would greatly obscure any tendency for the total imago
population to exhibit discrete populations, even if larval competition was
expressed in a manner conducive to the creation of discrete generations.

The behaviour of €. cautella populations results in a much more

" homogeneous larval populatio%. It is not known if the larvae of P.

interpunctella exhibit similar movement patterns.
Providing host and parasitoid imagos with foogd resulted in no

difference in the total number of wasp imagos produced when compared to
the cages where imagos were unfed (Fig. 6.10). There was however "about: a
32% reduction in the numbers of host imagos produced when imagos were
provided with food. This result suggests that there may have been
increased host larval mortality due to parasite-inflicted oviposition
wounds . While wasp fecundity increases substantially when food is
provided, realized wasp reproductive success will be limited by host
availabilicy. As a result while there may be no difference between
popul‘at:}.on cages with or without food in the number of wasps produced,

in cages with food, average wasp population densities would in theory be



substantially higher, a situation which would produce a greater degree

of larval mortality due to oviposition wounds. ' .

As a result of repeated problems with predatory mite invasions these.
long-term population caée experiments failed to produce a completely
adequate set of datla with which a future population model could be
compared. Th’e experimental vresults of population cages with no host
refuges' are complete, and a substantial number of replicates are
available. In addition the results have provided some indication of the
degree of host refuge necessary to achieve the stable co-existence of
host and parasitoid. Furthermore the detailed data collected on larval
populations provide exFremely important insights toward the formulation
of future population models, '

The interrelation of the experiments presented in this and the

\
preceding chapters will be discussed in the next and closing chapter.
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OVERVIEW

This study of laboratory populations of the stored-products moth,
€ cautella and the parasitoid V g_é_nm has identified and quantified
the density- and age-dependent demographic characteristics of this
host-parasitoid system This chapter summarizes the results obtained,
and discusses their implications in terms of the population dynamics of
the 'single-species populations and host-parasitoid populations In
addition it presents areas in which further work is needed

The short-term € cautella cohort experiments showed ‘that there
are two primary density-dependent processes occurring in the host
pcl&ﬂ.ation The first is larval competition for food This is a
‘scramble’ form of competition which is expressed as decreased larval
survival and increased larval stage duration with increasing larval
density. In addition, larval competition decreases larval weight at
pupation resulting in reduced imago fecundity and longevity While
affecting the adult stage, larval competition does not appear to influence
pupal survival or pupal mortality. The second density-dependent effect is

the inter-stage interactions occurring as a result of egg, larval, and

pupal cannibalism by larvae. First instar larvae were found to be the

only larval instar vulnerable to cannibali«m -
Age-depenéency in a number of the i.re processes+was found and

included age-dependent imago survival and fecundity, as well as

age-dependent rates of egg and larval capnibalism by larvae, a dependency
which was likely a reflection of larval weight

The long-term single-species population expefiments confirmed the
importance of food limitation as a factor regulating population growth,
and provided important data on the way in which larvae are distributed
among the food units in the population cages The results suggested that
C cautella eggs are scattered at random throughout the cage, while
larvae are concentrated in the youngest food units. This pattern occurs
because of larval movement into recently added food units This movement
behaviour is independeﬁt of larval instar, and suggests that lst instar
cannibalism by older larvae maybe an important factor in the regulation of
host populations. The different distribution patterns of these two stages

result in a par/tial spatial separation of eggs and larvae, and therefore,
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depending on the actual age-distribution of the food units, the impact of
+ egg cannibalism by larvae will be substantially reduced. A similar
partial spat?al sepdration bf pupae and larvae was also observed. The
similarity of .pupal distributions between the single-species and
host-parasitoid population cages, even under very different larval
population densities, suggests that the observed distribution patterns are
not a product of pupal cannibalism, but a result of larval migration to
regions of low larval density just prior.to pupation
THe theoretical work of Gurney & Nisbet (1985) -predicted that when
larval competition is expressed as density-dependent larval mortality or
le\irval .stage duratlon, populations should show limit cycles with periods
~slightly in excess of the species maturation period, while if larval
competition is expressed as reduced adult fecundity, populations should
cycle with periods greater than twice the maturation delay Mertz (1969)
and Bellows (1982) showed that discrete-generation population cycles
(limit cycles with periods close to the maturation period) may be produced
when strongly asymmetric Iinter-stage cannibalism is present.
Thus, three density-dependent processes :)ccurring in single-species
,_popul;at:ions of € cautella are predicted to separate generations, and
therefore produce discrete generations: cannibalism, density-dependent
larval mortality and larval stage duration. It appears that only one
. delayed density-dependent process is occurring that would be predicted to
counter-act the appearance of discrete generations: reduced adult
fecundity and longevity as a result of larval competition for food. The
results of the long-term single-species population experiments suggest
that the dominant regulatoz:y factors are the direct density-dependent
processes of larval mortality, stage duration and cannibalism Assessment
of the relative importance of cannibalism versus larval mortality and
# stage duration, as well as the effects of larval competition on adult
fecundity, as determinants of the observed Dbehaviour of these
single-species populations requires further experimental and theoretical
work. Given the technical difficulties that would arise in undertaking
further erﬁbirical investigations, it would be more advantageous to

formulate a mathematical population model which incorporates the observed

density-dependént processes.

-

8
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The mathematical model formulaéed in Chap. 4 to describe the observed
effects of larval competition.r.epresents a major step in the construction
of such a population model. The cohort model of larval competition
succeeded in capturing the essential effects of larval density on the
rate of food utilization, 1arlva1 survival, stage duration and weight at
pupation Tor both sexes. The main features of the model were a food
ingestion rate that was independent of food density, but decreased as
a function of larval biomass density (mg larvac/mg food) and a devekopment
Vindex that was a linear function of larval weight and age  The dependency
of larval food ingestion rates on larval biomass density is thought to
reflect responses by the larvae to by-products released while foo(l‘ing. It
is wunknown whether these by-products are specific compounds released In
order to promote larval dispersal, as has been sugpested for the compounds
released from larval mandibular glands (Corbet 1971) ‘or are specific or
non-specific compounds released with the facces It is thought that the
same phenomena account for the' movement behaviour of ¢ “cautella larvae
observed in the long-term population cages.

One the most significant demographic characteristics of V. cnnes;onf;
is the dependence of parasitoid larval developmental rate on host larval
age. The arrested development of parasitoeid larvae in non-final instar
hosts is the most important fac.tor operating to synchronize parasitold
development with that of its host Parasitoid attack rates were found to
depend on host larval age, and probably reflect the way In which
parasitoid searching efficiency‘ depends on  host size Parasi told
oviposition was found to chuse substantial mortality of 2ud instar hosts,

this ttality is probably due to physical damage resulting from attempted

Bovipostitien by the wasp Further experimental work is needed to more

precisely ghantify thlis mortality. It is likely that all larval instars

" are susceptil?le to oviposition-induced mortality (Simmonds 1943) and that

the actual rates of mortaligy are a function of larval size (welght) and
the number of wounds received, where the probability of a larvae being
attacked increases as it grows, as ‘does the number of wounds required to
kill the larva. This parasitoid-induced host mortality may have a greater
impact on parasitoid populations than on host populations, representing an

important source of parasitoid larval mortality as a result of the deaths

K

of infected larvae. p . "“‘.)&
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The theoretical work of Auslander,,K Oster & Huffaker (1974) has~
sh'own how a parasitoid with the appraﬁr{ate characteristics may alter: the
age structure of the host pop\ylation to an extent sufficient to produce
total generation separation (discrete generatlons) of the host populatlon
~ This effect 1is caused and reinforced. by the parasitoid infecting elther

~ very early or very late larvae in a given host generation. While not in
any” way detracting from this important findiﬁg the applicability of the
model’s predictions “to host parasitoid systems involving a stored- products
~moth and V. capescens oannot "be adequately assessed. Although the model
was Oinspired by the A kuehnjella - V. canescens host-parasitoid system,
tt 1is a _ complicated simulation( model incorporating a number of
density-dqpendent factors such as deﬁ's’\ity-dependent host larval mortality,
stage &uration and )imago fecundity as well as" variable developmental
times. The model was formulated in :a very ad hoe manner, and is far more
complicated than 1is \justified’ from the very incomplete k}lowledge c;f
the host’s biolo%y. In addition while recognizing the dependence of
parasitoid larval develop.ment on host larval agé, it is‘'not at-all clear
that t:his age de?encfency was incorporated in a manner that would ;esult
in the sychroniZation of host and parasitoid llfe cycles 'that is known to
occur. ,

Given that iz has been shown that discrete generations may result
from events occurring within the host populat]‘on\ltself, independent of
any outside influences, it is impossible to determine the exact influence
of the .parasitoid on the behaviour of stored-products Lepidoptera
laboratory populatio;as.-' Further empirical and theoretical work _is
needed to clarify t:l;e impact of the parasitoid on the age structure of
host populations. Formulation of mathematical models describing this
host-parasitoid system could proceed in two directions. The first course
would be to follow convention and develop a similation model which Sssumes
that: the parasicoid is the only potential regulating factor present;
that is, in the absence of the parasitoid the host population grows
exponentially. The results of the long-term host-parasitoid experiments,
with their low larval densitlies, together with the predictions of the
g cohort model of 1larval competition, _éuggest: that this 'would be' a

reasonable first\ approximatioh. ‘Such a quel would ena'ble assessment

of- the impact of the parasitoid on the age structure of the host

r P
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population in the absence of the significant effects of host larval

competition ort the é.gg structure of the host populations. However, an

assumption of no ,densit:y dependence would be unrealistic for inopulations.

o

where host refuges are provided. The experimental results suggest that
large areas of host Ltge‘bfuge are required to achi\eve..stable host-parasitoid
co-existence, -and that the inclusion. of a refuge will result in higher
equilibrium lagpval population densitfes, thereby increasing the effects of
larval chpétitfon. . / ‘

e The second course would be the inclusion of the’parasitoid"ip a

population model of host population growth based on the cohort model of

“larval competzitio.n Such a model would allow the assessment dJf the

/

h .
relative contributions of larval competition and the parasitoid in -

.

modifying the age structure of the host population

While the empirical work presented' in this study has, provided the
base and Cillustrated the need for population -models of a more ‘tactical’
nature- (May ‘1974) it has also suggested two more general ‘strategic’
models | that appear to be worthy of - future investitgation. The first of
these ‘strategic’ models is illustrated by means of a flow chart in Fig,

7.1 and presented in slightly more detail in Appendix &',17.1. The model is

inspired by the observed dependency of parasitoid developmental rates on ,

host larval age, which serves to synchronize the 1life cycles of'host and
parasitoid. Such 1life cycle synchronizatien 1is .implicit in the
Nicholson-Bailey type discrete-time hest-parasitoid rr.podels (see Hassell
1978 for details of the N-B models and their properties). The model
illustrated ix; Fig. 7.1 captures the slynchroniza‘t:ion of host-parasitbi‘d

life cycles in a. continuous-time model formulated using, a

L3

. delay-differential equation‘approach and is very similar to the N-B model.

While this model 1is™ aﬁlenab,le to rr{ore formal ana\lysis', preliminary
numerical investigations suggest that the- model is capable of showing
stable 1imit-<;ycle behaviour (Fig. 7.2), a property entirely absent from
the Nicholson-Bailey model. \ . ’

The )second more general model was suggested by the interaction
between the refuge:effect and larval movement behaviour observed in the
long-term host-parasitoid population experi;lents. Most models concerning
the ‘host refuge’ phenc;men;&n have ini:estiga;ed the effect 9f protecting a

fixed fraction or a fixed ‘number of hosts in of the host population

v

P



Figure 7.1. A flow chart®i{llustrating a continuous-time, model of

a host-parasitoid .association with synchronous host and parasitoid

1ife cycles. Further detalls of the model are presented in App. . s
M7.1. . . ' ’ )
) * 4 4
R, = rate of recruitment of host’ larvae/ ) . -

. L
Ryp = rate .of recruitment of fgvelopiug parasitoids

Rgp = rate of recruitment of host pupae
Ry, = rate of recruitment of adult parasitoids

Ry = rate of recruitment of adult hosts 2.
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" following recovery from infection.
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. : y
(Hassel} 1978). The model {llustrated by means of a flow chart in Fig_.i
7.3 describes the refuge effect in a more dynamic manner, where
indiv-'i«dua»ls of _.t:he _susgeptible ‘host stage are pro'tected from infection
depenciing upon their movement behaviour. Using the C. cautella-y..
canescens systen; as an example, theré is a population cage where a
certain fraction of the fdod units are provided with protective cover
Host eggs; are laid in the refuge areas or non-refuge areas, with the
proportion of eggs (F) laid in these two areas being the same Eas the
fractiop of food units pr‘ovided with protective cover. These eggs hatch
and ' three class of' hostm larvae exist, gninfected larvae either in the

refuge (resistant larvae), or not in a refuge (susceptible larvae), and

infected larvde. The critical rates 'determining the numbers of larvae in

~each of these classes are the rate of parasitism (P,), and the rates of

»
diffusion of the larvae between susceptible and resistant classes (M, and

M- as determined by the movement behaviour of -the host larvae. While

this model has some similaritie® togthe microparasite models of Anderson
f »: - -

& May (1980), in their models susceptible hosts can only become resistant

In the model presented in Fig. 7.3

infected hosts never recover from ‘inféction, but ‘susceptible hosts can

become resistant by moving into a refuge area. .

In conclusion the experimental work and the cohort model of larval

- competition presented in this thesis provides a very sound empirical basis

it

for the development vf population models describing the single-species

dynamics and host-parasitoid dynamics of the C. cautella-V. canescens

«,

host-parasitoid association.
¢




- . Figure 7.3.> A flow chart illustrating a host:-pa»rasicoid|syst:em )
which incorporates a dynamic host-refuge effect. The critical T

. rates are those describing the movement of host larvae between ) -~
VAR the various elasses of la:ﬁfrae.‘ . These are the ratas of diffusion )
. between the susceptible and resistant classes (M, and M_) and the 0
’ ' rate %f larvalgparasitism (P,). : V;{)m
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APPENDIX D3.1
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C -
Egg hatching in Cadra cautella. Age-dependent egg hatching (A), and effect .
of imago age (B) and density (C) on proportion of viable C, cautella eggs

' ’ produced,
A AGE PROPORTION OF UNHATCHED EGGS!
) 0.00 - 1.000
0.19 1.000
, 0.69 1.000 .
1.19 ' 1.000 o
1.69 : . 1.000
2.19 1.000 °
2.72. 0.982
° 3.15 0.893
o 3.31 -0.689
3.45 0.424
. 3.56 0.212
3.82 0.033
4,17 0.000
o B AGE N2 PROPORTION HATCHING §.D.
L : 1 30 0.822 ©0.278
0- 2 106 0.797 0.214
‘ 3 87 0.734 0.237
‘ 4 61 0.627 0.333
¢ 5 52 _ - 0.561 0.298
6 33 0.594 0.317
- 7 24 0,438 0.273
8 11 0:250 Q.209
c DENSITY N2 PROPORTION HATCHING S.D.,
j , . =1 58 0.645 0.273
- 10 63 0.593 0.321
. : v 25 " 59 0.658 0.298
50 52 0.655 0.310
, 75 58 0.660 0.326
100 59 0.786 0.215
: "150 31 0.753 0.315L
200 31 - 0.634 0.328
!} N - 1676 eggs
2 Number of samples with 20 eggs per sample-
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Effect of initial egg density on Cadra-cautells age at imaginal emergence

v

202

W

(days) .
DENSITY! EEMALES MALES .
) N MEAN  S.D. N MEAN  S.D.
1 o1 33 2.2 115 354 2.3
10 195 44177 5.7 209 47.3 " 6.1
25 294" 50.4 6.8 Fs4 52.5 6.5
50 262 52.6 8.2 288 52.9  8-3
. 75 250 52.9 9.0 275 52.5 7.5
. 100 202 57.1 7.1 327 58,2 59
150 136 59.4 9.9 138 60.9 9.2
200 130 59.1 10.3 114 61.5 9.3
1 Number of eggs per 1.7 g food
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APPENDIX D3.3

G Effect of initial egg density on number of CadraM imagos emerging
DENSITY!? MALES FEMALES--
N MEAN  S.D. ‘] N MEAN 7s.D.
1 288 0.45 - " 288 0.40 i
N 10 60  3.15 \ 2.05 60  3.58  1.81
25 60  4.90 ;i76 60 5.90 . 2.98
50 90 2.90 2’86 ° 90 3.31  3.50
- 75 90 2.63  2.33 90 - 2.90  3.00
100 90- 2.27 2.21 90 3.67  3.62
150 149 0.89  1.44 149 0.9  1.66
200 135 0.96 1 43 135 0.87  1.40

! Number of eggs per 1.7 g food
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qPPtNDIX D3.5

M.Effect of initial egg density on stage duration of Cadra cautella.
Development of Cadra cautella from inicia‘lregg density of 1 egg per 1.7 g

food. o

AGE EGGS L, L, L, L, L PUPAE  ADULTS

1 57

5 S?N\: N

3 57 0

4 9, 48

5 0 57

6 56 "0 . f

7 54 1

8 15 38

9 1 55 0

10 1 47 5

11 0 9 48

12 1 '56 0 .

13 0 34 21~

14 - 9 47§

15 T~ 2 149 0

16 2 .33 18

17 ' 0 13 40

18 8 46

19 . 3 - 52 0

21 4 0 . 3% . 19

23 . 12 43 .

25 - ;¥ 0

27 2 50 2

29 ‘ : . 0 17" 38

31 8 46

33 ’ ! 56

35 0 55
\

continued ...



APPENDIX D3.5 (continued)

I
0 Deyelopment of Cadra cautella from initial egg density of 10 eggs per 1 7 g

food-.
AGE EGGS L, L, L, L, L,.' PUPAE .ADULTS
T O 93 -
_2 93 !
3 93 0
4 15 78 ‘
5 0 93 0 -
6 93 1
7 91 2
8 ) 47 36
. 9 .5 80 0 .
10 1 79 2
11 0 55 27 0
12 11 71 1 "
13 3 76 4
14 ) 42 40 ’
15 21 64 0
, 16 1 80 2
17 = 1 61 19
19 1 23 60
- 21 0 6 78 0
v 23 0 69 11
( - 25 61 27
. 27 . 20 61 0
29 9 72 3
31 - B— 6 68 13
33 2 42 39
. 35 0 27 53 .
37 4 75
- 39 0 80
4_ .
.. continued
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APPENDIX D3.5 (cont%nued)

Development of Cadra cautella from initial egg density of 25

206

eggs per 1.7,g

food.
AGE EGGS L, L, L, L, Ly PUPAE  ADULTS
1 221
2 221 "0 ’
3 219 2
4 30 186
5 0 222
6 : 224
7 218 0
8 83 140
9 5 206 °®
10 3 22 7 0
11 0 .50 170
12 4 202 ° 0 -
13 ‘ 0 191 14 ”
14 71 134
15 14 208 0
16 7 216 6
17 ) 1 167 50
18 0 89 126
20 . 8 208 )
22 2 221 o\
2%, ~ 1 203 8
26 1 122 58
28- ¢y 0 93 84 .0
30 ; 84 88 4
32 42 76 INA
34 28 53 ‘68
36 - . : 16 39 108
38 8 34 96,
40 0 35 130
42 3 134
A 16. 151
46 ¢ 7 - 159
48 - 6 158
50 4 161
52 0 165
continued ..
& - -
o .
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e - -
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APPENDIX D3.5 (continued)

Development of Cadra cautella fro

207

1

¢

m/(nitial egg density of 50 eggs per 1.7 g

food.

AGE EGGS™ - L, L, L, L, L PUPAE  ADULTS
1 231 v

2 231

3 229 2.

4 37 194

5 0 231

6 229 0.

7 205 2

8 124 92

9 32 161 .

10 ] 16 201 0 .
11 0 133 67

12 33 171 0

13 T 13 " 202 3 '
14 4 125 53

15 0 91 96

16 38 163

17 ' 12 179 "0 .
18 } 11 178 3 ¢
19 10 176 8-

20 6 141 41.

21 X 2 107 71 ~
24 . 1 50 132

25 . 0 36 139

27 26 153 0

29 18 109 13

i1 . 2 83 26

33 g 1 80 30

35 ° 0 60 35 2
37 25 41 4
39 16 43 13
41 YA IAA 21
43 7 35 29
45 . . 3 20 56
57 2 11 66
59 .1 8 61
51 0 7 60
53 6 60
55 5 61
57 1 62

\ -
continued .

o
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APPENDIX D3.5 (continued) .
0 Development of Cadra cautella from initial egg density of 75 eggs per 1.7 g
fooa. ' .
AGE EGGS . L, L L, . L L, PUPAE  ADULTS
<l 345,
? 2 345
3 341 4
, 4 51 296 . k i ”
5 0 345 0 » . -
, 6 345 1
7 332 2
8 104 195
9 -23° 295 .
10 .11 294 0.
11 0 185 131
12 . 66 253 0
13 © 18 272 4
14 - 7 262 40 S
#15 - ) - 0 152 -+ 142 | :
) 16 <127 199
17 : 72 215 0
18 - 59 234’ 4 .
19 477 254 8
" 20 31 229 31
Q 21 15 ° 204 54
- S22 14 196 66
23 13 189 75
24 - . 7 146 116
- 27 : 0 53 200
29 o 61 209
31 . . 23 198 0
33 12 154 7
35 7 128 20 >
37 ) 4 102 33 0
39 . T 0 80 37 3
41 62 33 .9
43 . . . 50." 30 11’
45 s 37 27 13
, 47 ' 16 29 36
] 49 1 5 264 51
’ 51 4 12 57
53 2 6 64
55 0 3 C 74
... tontinued ... -
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APPENDIX D3.5 (continued)

Developtﬁent of Cadra cautella from i

209

L3

L

nitial egg density of 100 eggs per. 1.7 g

food. A .
AGE EGGS L . L, L, L, L, PUPAE  ADULTS
1 450
2 450
3 446 4
T4 72 378 .
5 0 442
6 450 0
7 432" 1
8 174 232
9 v 22 419 ‘0
10 7 385 24
11 4 127 1259
12 0 44 361 ¢ 0
13 16 376 3 .
14 6 378 8
15 2 263 110
16 0 80 289
17 ) . 30 361 0
18 17 343 12. ,
19 5 326, 25
21 3 300 82
23 - ¥ 0 248 20 .
25 . 158 132
27 ) 113 170
29 L 67- 219
31 ‘ " 62 201
33 ¢ 51 190
35 9 232 0
37 . 5 155 2
39 3 114 3
41 0 128 5
43, - 94 ‘9 4 0
45 60 14 1
47’ 41 12 2
49 22 11 2
51 13. 13 9
53 4 14 17
55 -1 8 21
59 3 32
61 2 35
63 . - 1 36
\ ' }
v




APPENDIX D3.6 -

O Effect of inif:iall egg density on mortality of Cadra cautella pupae.
| . DENSITY!? A C MEAN MORTALITY? S.D.
C 2 27 0.0257 0.133
4 29 0.0239 0.1287
: 6 30 . 0.0000 ! 0:0000 _
8 30 o 0.0076 0.0607 \ A
10 30 0.0187 0.0576 '
12 30 - ‘ 0.0199 0.0455
14 30 0.0200 0.0461
18 30 0.0252 0.0433
22 0 " 0.033 0.0864
26 30 0.0460 0.0624
30 30 ‘ 0.0442 0.0790
w & 0.1193 0.1769
60 2 0.0416 _0.0491
' 80 23 0.0279 % 0.0558
Q | 100 24 ~ 0.0600 0.0730
1 Number of eggs per g food '
2 Number of vials N
3 K value
5 ) .
. \
) ﬂ'» 8
4 s ! *
. A
O ,
. . . .
. s .
]
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APPENDIX D3.7 ) .

Effect of initial egg density .on survival characteristics of Cedra cautellsa
imagos. '

Effect of initial density of Cédga cautelL:a eggs on imago longevity.

AGE PROPORTION OF MALE IMAGOS ALIVE '
DENSITY! : 1 10 . 25 50 75 100~ 150 200
0 1.00 1.00 1.00 1.00 1.00 1.00 100 1.00-
1 1.00 0,99 100 1.00 0.98 0.97 0.95 0.95
2 1.00 0.99 0.99 0.99 0.93 095 0.95 0.90
3 1.00 0.99 0.95 0.98 0.90 0.92 0.93 0.82
4 1.00 0.98 0.93 0.92 0.85 0.91 0.88 0.73
S. - 1.00 098 ®0.89 0.90 0.80 0.89 .0.85 0.67
6 0.99 0.95 0.87 0.85 0.75 0.85 076 0.57
7 0.96 0.94 0.83 0.77 0.64 0.72 .0.86 0.43
8 0.94 0,91 0.78' 0.68 0.56 0.64 O 54 0.27
9 0.81 0.88 0.71 0.58 0.41 049 0.39 0.17
10 0.65 0.83 0.61 0.47 0.3¢ 0139 0.29 0.13
11 0.49 0.74 0,53 0.3 0.26 0.25 0.19° 0.08
12 - 0.38 0.57 0.37 0.22 0.16 0.18 0.15 0.02
13 0.32 0.43 0.23 0.12 0.1 0.09 ©0.14 Q 02
14 0.2 0.22 0.15 0.05 006 0.05 0.05 0.00
15 0.13 0.07 0.06 0.02 0.06 0.03 0.03 O 00
16 0.05 0.03 0.03 0.01 04l ©O0O02 O0.00 0.00
17 0.046 0.01 0.001 0.00 0.001 0.01 0.00 0.00
18 0.00 0.00 0.00 0.00 0.00 0.01° 0.00 0.00
19 0.00 0.00 0,00 0.00 0.00 0.00- 0.00 0.00
PROPORTION OF mﬁ‘uﬂ IMAGOS ALIVE
0 1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
"1 1.00 0,99 0.98 1.00 0.97 1.00 0.98 0.97
2. 1,00 0.99 0.98 0.97 0.95 0.99 0.95 0.9
3 1,00 0.99 0.98 0.95 0.91 0.93 0.95 0.78
4 , 0.9 09 095 0.89 0.8 0.88 0.78 G.55
'S v 0.96 0.94 0.87 0.80 0.71 Q.73 0.59 0.35
6 0.86 0.87 0.79 0.72 0.55 0.57 0.46 0.20
7 0.62 0.76 0.63 0.59 .0.41 0.30 0.27 0.15
8 0.51 0.62 042 0.40 0.21 0.21 0.22 0.12
9 0.36 0.49 %0.27 0.246 0.14 0.12 0.17 0.05
10~ .,0.16 0.37 0.18 0.09 0.05 0.05 0.10 0.00
11 ,.0.11 0.25 0.06 0.046 0.03 0.02 0.10 0.00
12 0.06 0.12 0.05 0.03 0.02 ©0.02 0.07 0.00
13 0.06 0.05 ©0.03 '0.01 0.02 0.02 0.02 0.00
14 0,02 0.02 0.00 0.00 ©0.02 0.01 0.00 0.00
15 0.00 0.00 0.00 0.00 O0.00 0.00 0.00 0.00

—

Number of eggs per 1.7 g food
continued ...




212 - !

r
+ ©
APPENDIX D3.7 (continued) a
0 ’ Effect of initial density of Cadra cautella e’ggé on imago life span.
. SEX DENSITY! N2 , . AVERAGE LIFE SPAN (days)
MEAN S D.
MALE 1 79 11.99 2 80
7 ) 10 125 12 53 2.74
. 25 116 10.93 3 56
‘ "~ 50 118, 9.89 3.30
75 104 8.81 3.76
100 131 9.37 3.47
150 59 8.76 3.55
-7 : 200 60 6.75 3 12
. ¢ o A
) FEMALE 1 55 8.67 " 2.25
) 710 8% 9.44 2.65 .
- 25 62 8.21 2.44.
. . 50 ’ 75 7.73 2.63
O o 75 58 . 6.86 2.56
, 100 86 6.86 2.29
150 41 6.66 2.91
200 L 40 5.12 .2.16
1‘ Number of eggs per 1.7 g food-
2 Number of containers
R
o
' »

Yo i
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APPENDIX D3.8 —

Effect“ of initiaml egg density on reproductive characteristics of Cadra
cautella imagos. : ’
€

Effect of initial density of Cadra cautella eggs on avgrageﬂdaily rate of
egg production.

DENSITY!: 1 10 ' 25 50
AGE MEAN S.D. MEAN S.D - MEAN S.D MEAN S.D.
1 18.5 48.5 «  11.7 29.9 10.0 28.6 7.9 22.4
2 95.5 76.1 54.6 63.6 54.1 59.1 44 . 6 51.9
3 70.1 57.7 51.4 47.2 51.7 48.6  33.7 36.6 |
4 ¢ 53,9 46.3 46.1 40.6 50.7 47.5 17.1 20 0 “
5 31.1 36.2 24.7 25.6 27.6 28.7 6.1 26.8
"6 15.5 21.5 22.3 25.5 15.9 19.1 5.4 11.5"
7 15.6 20.9 13.9 17.2 11.0 12.7 5.8 11.3 , -
8 8.7 13.1 10.1 16.1 6.4 10.9 1.4 2.7
9 3.3 6.0 4.6 7.3 7.5 21.9 1.3 3.3
10 1.9 4.7 4.6 7.2 2,7 5.3 2.8 5.5
11 3.3 4.9 3.5 7.6 0.4 _ 1.2 13.7 19.5 ,
12 3.4 7.6 1.2 2.4 11.0 12.8 0.0 0.0
13 1.3 2.3 2.1 " 4.5 4.7 5,7 0.0 0.0°
14 0.0 0.0 0.0 0.0 0.0, - 0.0 0.0
.15 0.0 - 0.0 0.0 - - 0.0 -
DENSITY!: 75 - 100 150 200 :
AGE MEAN S.D. MEAN . S.D MEAN S.D.- MEAN S.D
1 2.7 13.9 17.0 . 36.2 5.7 18.1 5.6 18.5
2 27.3 35.3 39.0 41.3 27.6 38.0 24.5 31.9
3 30.6 35.3 ¢ 30.6 34.2 23.6 - 23.1 13.2 18.8 .
4 ~ 20.5 29.3 20.5 24.1 14.6 20.3 7.7 10.0
5 17.0 25.9 12 2 20.0 8.8 16.6 7.6 12.8
6 g.5 15.6 9.1 12.2 2.9 7.7 5.4 12.4
7 10.9 14.5 5.2 10.9 2.9 7.4° 0.4 1.3
8" 4.5 8.1 5.1 12.6 3.9 6.6 3.1 5.3
9 2.8 8.7 9.8 27.4 0.1 "0.3 0.2 0.4
10 5.9 8.8 0.7 1.1 1.9 5.3 1.0 - 1.7
11 13.3 23.1 5.0 10.6 2.2 4.9 0.0 -
12 0.0 0.0 0.0 0.0 3.6 8.0 0.0 . i
13 0.0. - . 2.0 2.8 0:8 1.5 0.0 -
14 0.0 : 6.0 8.5 0.0 0.0 . 0.0 -
15 . 0.0 . 56.0 - . - 0.0 -
1 Number of eggs per 1.7 g food T -
’ ) 7 s, continued .. ' o
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APPENDIX D3.8 (continued) _

Effect of initial density of Cadra cautella eggs on age at which 50% of eggs
have been laid.

DENSITY! N2 . AGE (days)
MEAN S.D. .
1 54 3.56 1.40 .
10 82 - 4.09 1.44 )
25 ‘ 63 3.74 1.15
‘ 50 66 3.01 ) 1.33
75 56 3.78 1.55 .
100 82 - 3735 1.71 7
150 37 ‘ 56“\, 1.
" 200 36 - fxys
. /
Ef\t:ict”dﬁ\%awal Cadra cautella density of imago lifetime fecundity.
DENSITY! N2 ®  TOTAL LIFETIME FECUNDITY ‘
' " MEAN S.D.
1 55 . 305.3 113.5
10 C82 N, 236.9 93.9 | '
25, e 222.2 927
-~
50 75 111.9 88.1
75 60 . 107.5 72.3 .
100 85 '131.2 80.7
150 41 ' '81.0 64 .6
200 41 “ 55.0 54.3
1 Number .of eggs per.l.7 g foad. ]
2 Number of containers §oné female per container) ’ -
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. )
Effact of imago density on survival characteristics of Cadra cautella
imagos.

Effect ofidensity of g_ggr_a cautella adults on proportion of imagos alive.

DENSITY!: 2 4 6 8 ) 10 12 20
AGE F M F M F M F M F M F M F M
0 1.00 1.00 1.00 1.00 1.00 1.00 1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.001.00 1.00 1.001.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1 00 1.00
2 1.001.00 1.00 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1 00 1.00
3 0.931.00 0.97 0.97 1.00 1,00 1.00 1.00 1.00 1.00 1.00 0.98 1 00 1.00
4 0.931.00 0.97 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 O 99 1.00
5 0.86 1.00 0.91 0.97 1.00 1.00 1.00 1.00 1 00 1.00 1.00°0 98 0.96 1.00
6 0.721.00 0.81 0.91 0.94 1.00 1.00 0.98 1.00 0.98 0.97 0 98 0.89 1 00
7 0.620.97 0.69 0.910.81 100 0.91 0.98 0.96 0.98 0 52 0.98 0.64 0 94
8 0.340.97 0.47 0.91 0.55 0.93 0.54 0.95 0.80 0.98 0.62 0.98 0.39 0.80
9 0.07 0.93 0.19 0.84 0.26 0.93 0.28 0.90 0.57 0.93 0.31 0.95 0.16 0 65 .
10 0.07 0.83 0.06 0.69 0.13 0.83 0.15 0.81 0.28 0.89 0.20 0.86 O 08 0.49%
11 0.03 0.67 0.06 0.05 0.03 0.72 0.09 0.71 0.13 0.71 0.12 0.75 O 05 0.29
12 0.00 0.53 0.03 0.38 0.03 0.55 0.07 0.50 0.00 0.51 .09 0.50 -0.02 0.10
.13 0.00 0.27 0.03 0.22 0.00 0.41 0.02 0.29 0.00 0.24 0.06 0.36 0.01 0.03
.14 ~0.00 0.07 0.00 0.00 0.00 0.28 Q.00 0.10 0.00 0.09 0.06 0 25 0. 01 0.02
15 0.00 0.03 0.00 0.00 0.00 0.10 0.00 0.02 0.00 0.06 0.05 0.12 0.0l 0.01
16 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.02 0.05 0.01 0 00
17 0.00 0.00 0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
18 0.00 0.00 0.00 0.3 0.00 0.00 0.00 0.00 .0.00 0.00 0.00 0.00 0.00 0.00

‘Effect of density of Cadra

cautella adults on imago life span.

SEX DENSITY!? N2 AVERAGE, LIFE SPAN (days)
) MEAN = S.D,
MALE 2 30 12.30  1.99
. 4 32 11.22 2.72
6 29 12.79 2.32
8 42 v 12.26  2.0%
10 , 58 12.36 1.86 )
12 56 12.73  2.45
20 103 10.32 1.87
FEMALE 2 28 7.75 1.86
o 4, 32 8.19 2.09
6 31 8.74 1.55
. 8 46 9.07 1.61
10 54 9.74 1.36
12 64 9.44 2.22 \-
20 . 110 8.21 1.75

)

irY

2

Lo |

Number of containers

Number of imagos per container

L]




" APPENDIX D3.10

Effect on average daily rate of egg production.

216’

[
—

Effect of imago density on reproductive characteristics of Cadra cautella.

’
‘

AGE ADULT DENSITY' 3
2 4 ) 8 10 12 20
1 13.2 28.7 16 .4 11.5 14.4 24 .2 17.9
2 108.3 104.1 125.4 77.0 46 .0 79.7 87.5
3 89.2 101.0. 88 3 127.5 88 .4 11.7 89 8
4 41.7 54.4 51.5 61.0 76.8 50 4 51 3
5 27.5 33.6 29.2 40.9 46 .7 46 4 26 0.
6 “17.6 - 25.8 19.9 23.7 31.9 2378 15 &
7 5.2 5.6 18.6 18.4 16.4 14 0 10.6
8 6.7 12.¢ 10.3 8.7 12.4 9.4 37
- 9 6.0 5 8 10.5 "2.0 4.6 3.2 3.9
10 10.0 2.0 43,.0 7.4 8.5 5 8 61
11 48.0 0.0 3.0 1.0 2.7 0.6 L0
12 o 0.0 0.0 0.0 0.0 7.5 0.0°
7{_ Effect on age at which 50% of eggs have been laid.
DENSITY! F? N - MEAN S.D.
o 2 28 28 3.22 1.02
4 32 - 16 3.20 048 °
6 31 10 , 3.25  _ 0.50<
8~ 46 11 3.57 0.32
10 54 11 4.03 0.30
12 66 10 3.53 0.34
- 20 110 10 . 3.21 0 44
‘ Effect on imago life-time fecundity.
DENSITY! F2 N3 " MEAN $.D.
o , 2 28 28 294 .4, 935 |
4 32 16 345.9 61.1
6 31 10 341.4 67.0
8 46 11 363.3 37.6 .
10 54, 11 333.6 59.5
12 64 10 362.5 47.3
20 110 10 318.1 37.6
! Number of imagos (female and male) per container
) ’ . 2 To¥al number of females in all containers —
o° 3 Number of containers )
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* APPENDIX D3.11

Effect of feeding on survival and reproductive characteristics of Cadra

¢autella imagos.™

Effect of feeding on proportion of imagos alive.

UNFED FED -
AGE MALES  FEMALES MALES  FEMALES
0 1.00 1.00 1.00 1.00
1 1 6C 1.00 1.00 1.00
2 1.00 1.00 1 00 1.00
3 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00
5 1.00 0.90 1.00 0.92
6 0.96 0.70 0.83 0.76
7 0.85 0.30 0.78 0.68
8 0.70 0 07 0 61 0.56
9 0.59 0.00 0 57 0.36
10 0.37 0.00 0.22 0.20
11 0.22 0.00 0.17 0.04
12 0.04 0.00 0.09 0.04
13 0.04 0.00 0.09 0.06
14 0,00 0.00 0.09 0.00
15 0.00 0.00 0.00 0.00
Effect of feeding on average daily egg production
UNFED FED
AGE N MEAN N MEAN
: sl 30 56.3 25 134.7
—_— 2 30 111.8 - 25 132.1-
3 « 30 82.5 25 87.0
4 30 _ 49.8 25 53.4
5 27 - 37.6 23 36.3
6 21 8.4 19 31.8
7 9 4.8 17 16.8
8 2 0.0 14 9.5
.9 0 - 9 2.1
10 o > - 5 6.6
& -
- o
e -
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APPENDIX D3.13

Egg cannibalism by larvae of Cadra cgﬁtellg.

Functional Form (Eq 3.1):

.

7

/

N.-Nt[lmexp(-a.LsT)]

Non-linear Least Squares Summary Statistics

L, on Egg

L, on Egg,

L, on Egg

L, on Egg

L, on Egg

-

Source

Regression
Residual

Uncorrected Total
Corrected Total

Parameter
ae

Source

Regression
Residual

Uncorrected Total
Corrected Total

Parameter
aO

Source

Regression
Residual

Uncorrected Total
Corrected Total

Parameter
aQ

Source

Regression
Residual

Uncorrected Total
Corrected Total

Parameter
ae

Source

Regression
Residual

Uncorrected Total
Corrected Total

Parameter

a

df SS

1 20601.A70889
58 10393.32911.
59 30995 000000
58 11626 169492
Estimate
0.0004547204

df SS

1 67458 .741549
59 4144 ,258451
60 71603 000000
59 19446 983333
Estimate
0.001558601
df SS

1 82788 .782130
59 N 6090.217870
60 88879 .000000
59 22678.183333
Estimate
0.0039671897
df ss

1 14062 .463853
50 2841 .536147
51 16904 .000000
50 5278.509804
Estimate
0.0047969061
df Ss

1 3137.6084552
49 2215.3915448
50 5353.0000000
49 2232.5000000
Estimate

0.0044149409

Me

20AC1.670889
179.195330

S.E.
0.000055131032
MS

67458.741549
70,241669

S.E.
0 000096975579
MS

82788.782130
103 224032

S.E
0.00028449488
MS
14062.463853

56.830723~ )

S.E.
0.00038294613

MS

3137.6084552
45.2120723

S.E.
0.00057631353
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APPENDIX D3.14

Cannibalism of lst instars by larvae of Cadra cautella.

Functional Ferm (Eq—3.2):
Non-linear Least Squares Summary Statistics .

219

N, .~N, exp(-a

2nd on 1st Source df ~ SS *MS
Regression 2 61837.325735 30918 662867
Regidual . 28. 1284 .674265 45.881224
’ Uncorrected Total 30 63122 .000000
Corrected Total 29 1830.800000
o Parameter Estimate S.E.
' a, 0.00492415 0 0014010944
Nc 51.69635537 2.2626685862
3rd on 1lst Source df SS MS
Regression 2 62093.566645 31046.783322
Residual 27 521.4331355 19.312346
Uncorrected Total 29 62615 000000
Corrected Total 28 974.689655
Parameter Estimate S.E.
a, 0.01059723 0.0022174562
) N, 51.92634441 1.4895206924
4th on lst Source “df SS , s '
Regression 2 68308.856079 34154 .428040
Residual 28 987.143921 35.255140
Uncorrected 'Total 30 69296.000000
‘ Corrected Total 29 1323.200000
Parameter Estimate S.E.
a, 0, 01405997 0.0045803044
N, . 55%21559318 2.1739295832
5th on lst Source df . SS MS
’ Regression 2 77196.410008 38598 205004
Residuagl 27 831.589992 30.799629
Uncorrected Total .29 78028.000000
Corrected Total 28 855.034483 .
- Parameter Estimate S.E.
a, 0.00480601 0.0055059651
N, 52.87140241 1.8042873635

123




APPENDIX D4.2

Effect of initial egg density on outcome of Qadgg cautella cohort

experiments. *
) Effect og initial egg density on 1é;v§l age at pupation and imago weight at
emergence :
EGG ' AGE AT EMERGENCE WEIGHT AT EMERGENCE
DENSITY MALE ‘ FEMALE MALE FEMALE
N MEAN SD N MEAN SD N MEAN  SD N MEAN SD
2 19 266 2.7 10 30.0- 2.8 6 306 025 7 4 84 0 29
4 267 25.0 14 30 280 2.6 4 282 032 7 5.28 058
6 3 25.4 21 33 280 2.7 6 313 036 8 5 38 045
8- 32 260 19 48 298 3.4 6 3.00 017 12 5.39 0 51
10 46 26 8 2.6 52 308 3.1 8 3.01 023 12 505 0 30
12 58 25.8 1.8 77 305 2.9 5 3.37 059 12 559 0 72
14 63 27.2 3.2 60 30 9 2.3 10 3.12 038 11 5 18 0 70
‘18 33 30.% 4.5 59 36 4 3.7 12 2.77 033 15 4.76 0.59
22 36 29.3 37 71 329 26 12 3.19 029 13 4.98 0.49
26 - 47 33.0° 4.4 56 33 4 3.1 16 2.67 0.27 14 & 73 0.50
30 30 43.2 7.4 31 47.0 4.9 14 2.53 0.28 11 3.75 1.17
40 27 40.4 5.3 54 43.5 4.7 15 2.19 0.47 18 3 29 0.78
50 25 48.7 101 38 55.1 81 13 2.09 0.60 19 2.89 0 61
60 ~ 32 45.6 8.7 46 49.2 8.5 %20 1.76 063 26 2.67 0 89
80 // / 18 40.8 9.4 26 47.3 9.2 13 1.47 ©0.55 17 1.96 0.92
-+ 100 10 447 11.1 12 50.6 7.6 *1.33% 0.45 7 1.05 0 24
" 150 4 37.8 8.5 3 43.2 8.1 4 1.55 0.68 2 132 0.39
) . ... continued ... '
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APPENDIX D4.2 (continued)

Effect of initial egg density on amount of food remaining, total number of
larvae pupating, and pupal mortality.

. \ el " FooD TOTAL KPUPAE!
-DENSITY MEAN S.D. MEAN S.D. MEAN  S.D.
2 0.892 0.066 1.41 0.50 0.032 0.148
4 0.691 0.099 3.57 0.65 + 0.000 0:000
0 6 $.577 0.171 4.47 1.41 - 0.000 0.000
8 0.407 0.152 5.53 1.25 0.057 0.124
10 0.242 0.141 6.80 1.61 0.051 0.095
12 0.107 0.095 9.07 1.53 “0.006 0.025
14 "0.085 0.120 8.27 1.39 0.012 0.047
18 0.081 0.143 6.47 1.81 0.071 0.135
22 0.007 0.026 7.33 1.92 0.028 0.058
26 0.000 0.000 7:20 1.93 0.04}, 0.077
30 0.000 0.000° 4.71 1.77 0.118 0.224
40 0.000 0.000 5.80 4.11 0.075 0.106
50  0.000 0.000 4.60 1.99 0.087 0.187.
60 0.000 0.000 5.53 2.03 0.091 0.184
T 80 0.000 0.000 3.33 2.47 0.024 0.058
100 0.000 0.000 1.53 1.64 0.000 0.000
150 0.000 0.000 0.53 0.74 0.000 0.000

1 K-values °
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APPENDIX D4.3 |

. Effect of food densiﬁy (fixed volume, varying percent food) on Cadra

cautella imago age. and weight at emergence.

% FOOD

AGE AT EMERGENGE WEIGHT AT EMERGENCE

MALE FEMALE MALE FEMALE.
N MEAN S.D. N MEAN S.D. N MEAN § D. N MEAN §S.D.
1 112 32.9 1.4 72 36.4 2.1° 12 3.26 0.36 9 5.66 0.63
2.5 80 322 0.9 72 326 1.8 10 324 0.30 9 611 0.56.
5 136. 31.8 1.0 64 33.1 1.5 17 3.71 0.3 8 6.08 0.58
7.5 88 31.6 0.8 112 33.5 1.8 11 3.65 0.24 14 6.19 0.63
10 72 31.4 0.7120 320 1.1 9 3,72 0.41 15 6.07 0.49
20 106 32.2 0.9104 350 2.5 13 3.80 021 13 6 29 0.65
30 96 31.8 0.9 112 32.9 1.5 12 3.65 0.38 14 631 0.74
40 88 31.6 1.1 104 33.1 2.4 11 3.26 0.39 13 600 0.72
50. 96 32.9 2.4 112 32.6 0.7 12 3.58 0.33 14 6.36 0.57
75 144 33.0 1.2 56 34.0 1.1 18 3.67 0.49 7 5.8 0,33
100 104- 34.7 1.7 80 36.0 1.4 13 3.62 0.65 10 6.0l 0.66

¥ o
) Cw
a .
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> ' APPENDIX D4 .4 & D&4.8

and amount of food remaining.

4

survival,

t O\ : Effect of dénsity of larval Cadra cautella ‘on larval growth and—
|
|
|

DENSITY AGE FOOD WEIGHT NUMBER
MEAN S.E. MEAN S.E. MEAN S.E.
5 12 1.00 0.04 0.22 0.10 4.0 2.0
14 0.99 0.03 1.08 0.34 4.2 1.0
16 0.98 0.05 0.95 0.31 2.5 1.3
18 1.03 0.03 2.90 0.44 2.5 1.9
20 0.94 0.05 3.70 1.82 2.0 1.6
22 0.90 0.06 9.90 1.59 3.8 0.5
24 0.82 0.03 16.97 &4.63 3.7 1.2
26 0.78 0.05 15.20 2.52 6.0 1.7
8 12 1.01 0.02 0.38 0.13 5.8 1.3
14 1.06 0.05 1.33 0.42 55 3.1
16 1.00 0.01 2.60 0.26 7.3 1.2
18 0.95 0.03 4.47 0.84 5.7 1.5
‘ 20 0.91 0.08 8.02 1.09 6.5 1.0 )
22 °  0.75 0.06 18.50 4.20 7.0 1.4
24 0.69 0.05 26.23 1.76 7.3 0.6
. 26 0.44 0.05 33.30 5.04 11.3 3.8
G 12 12 1.00 0.04 0.65 0.13 9.8 1.5
14 1.00 0.04 1.60 0.14 7.2 1.5
.16 0.97 0.02 4.20 0.42 9.8 1.0
18 0.91 0.03 6.12 0.79 9.8 2.8
20 0.93 0.17 10.98 2.12 9.0 1.2
22 0.66 0.21 22.42 4.46 8.0 1.4
24 0.60 0.08 30.13 1.55 7.3 1.2
26 0.42 0.26 38.03 20.17 15.0 4.6
18 12 0.97 0.03 0.92 0.13 12.5 1.9
14 0.96 0.05 3.15 1.24 14.2 2.2
16 0.95 0.07 5.00 0.37 13.8 0.5
] 18 0.88 0,07 8.32 2.81 ‘14.0 4.2
20 0.72 0.10 16.15 5.01 15.0 1.4
22 0.58 0.17 29.45 10.58 12.0 4.7
26 0.19 0.14 56.57 9.33 18.0 3.6
26 0.08 0.04 53.87 1.73 25.0 1.7
. continued ...
rs
\ .
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APPENDIX D&4.4 & D4.8 (continued)
DENSITY AGE FODD WEIGHT NUMBER
MEAN S.E. MEAN S.E. MEAN S.E.
26 12 0.96 0.05 1.05 0.31 19.8 1.3
14 0.96 0.03 3,78 0.57 &+ 1.0 39
16 0.97 0.04 5.18 0.77 20.2 3.4
18 0.81 0.08 11.48 2 98 21.0 22
20 0.66 0.05 20.18 5.14 19.5 0.6
22 0.46 0.11 34.70. 9.06 16.5 5.3
24 0.16 0.09 51.20 6 70 21 3 0.6
28 0.05 0.09 66 83 7.62 2077 5.5
40 12 0.98 0.02 1.88 0.24 28 8 2.5
14 0.96 0.04 4.20 0.08 30.5 5.9
16 0.86 0.02 9.12 2 42 29 8 4.6
18 .0.68 0.08 18.38 5 61 27.5 3.5
20 0.53 0.03 24.80 2 37 31.5 3.4
22 0.23 0.25 44.72 23.05 26.5 8.5
24 0.00.0.00 67.33 3.57 28.0 3.6
29 0.00 0.00 60.77 15.34 31.0 7.2
60 12 0.99.0.02 2.27 0.42 43.7 6.0
14 0.93 0.03 5.63 0 40 4.7 4.7
16 0.83 0.02 9.17 1.55 42.3 4.2
18 0.71 0.06 13.27 3.35 43.3 0.6
20 0.45 0.10 27.07 6 79 '45.0 1.7
22 0.22 0.12 41.17 3 98 42.3 3.2
24 0.00 0.00 54.53 7.50 44.7 3.2
26 0.00 0.00 56.80 6.16 43.7 4.6
29 0.00 0.00 45.72 24.79 46.2 1l4.4
73 - 12 0.92 0.02 3.67, 0.67 52.7 2.9
) 15 0.85 0.02 10.67 1.26 58.0 5.3
18 0.57 0.04 24.23 1.47 52.3 2.1
21 0.26 0.09 36.37 4.68 57.3 4.6
24 0.00 0.00 51.63 2.08 54.3 3.8
27 0.00 0.00 67.90 1.58 48.7 3.8
- 30 0.00 0.00 - 61.60 1.28 45.3 13.8
33 0.00 0.00 51.80 3.46 35.0 4.4
36 0.00 0.00 47 40 6.50 31.0 7.0
39 0.00 0.00 37.37 520 26.0 3.6
42 0.00 0.00 26.33 2.49 14.7 4.0
45 0.00 0.00 11.40 10.02 9.3 7.2

. continued .
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APPENDIX D4.4 & D4.8 (continued)
DENSITY AGE FOOD WEIGHT NUMBER

MEAN S.E MEAN ~ S.E. MEAN S.E.

87 12 0.94 0.03 3.60 0.00 7.0 2.6

15 0.81 0.01 11.60 0.78 68.0 5.3

18 0.60 0.02 21.47 0.42 71.0 2.6

21 021 0.08 36.87 5.69 65.3 3.5

24 0.00 0.00 48.03 6.65 64.3\ 2.9

27 0.00 0.00 58.70 2.82 62.7 2.3

30 0.00 0.00 64.90 5.16 59.3 4.5

- 33 0.00 0.00 52.70 6.79 50.0 5.2

4. 36 0.00 0.00 34.20 24.68  27.3 21.5

\ . 39 0.00 0.00 18.40 '24.18 22.1 18.2
42 0.00 0.00 22.20 16.39 18.3 12.5 .

45 0.60 0.00 - - 11.3 8.1

’ 100 12 0.88 0.01 5.03 1 05 76.0 12.3

15 0.74 0.07 14.00 1.66 89.0 25.1

18 0.50 0.07 22.67 3.49 70.3 4.0

. 21 0.17 0.10 41.00 9.17 76.3 5.1

. 24 0.00 0.00 49.57 1.27 63.3 7.8

27 0.00 0.00 57.47 3.99 66.7 3.1

. " 30 0.00 0.00 63.07 4.42 51.3 2.5
Gf 33 0.00 0.00 54.93 5.78 48.3 1.5
, 36 0.00 0.00 29.90 18.99 26.7 17.1
o 39 "0.00 0.00 39.07 4.52 30.0 7.9

) 0.00 0.00 19.30 12.95 15.3 8.1

45 0.00 0.00 19.13 1.42 13.7 4.0

150 12 0.90 0.03 6.90 0.30 119.0 11.3

15 0.71 0.09 14.90 1.30 112.3 7.1

18 0.39 0.08 26.13 2.55 101.3 6.4

21 0.08 0.07 41.17 3.52 112.3 6.1

. 24 0.00 0.00 47.57 7.30 90.7 5.5

. 27 0.00 0.00 53.57 6.31 75.7 1.5

. 30 0.00 0.00 53.03 3.10 71.0 1.0

) 33 0.00 0.00 34.47 19.63 40.0 21.3

: . 36 0.00 0.00 39.55 1.34 47.5 4.9

\ 39 0.00 0.00 33.77 1.19 36.3 3.2

42 0.00 0.00 21.87 12.36 21.3 9.6

N 45 0.00 0.00 20.53 1.51 20.7 4.7
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APPENDIX ba 5 . ' T -

Effect of egg density (constant food to egg ratio) on age and weight of male
and female Cadra cautella at emergence. ////f’ﬁ

—

A

FOOD - EGG AGE AT EMERGENCE S WEIGHT AT EMERGENCE
DENSITY MALE FEMALE . MALE FEMALE
RATIO N MEAN S.D. N MEAN §.D. N N MEAN S D N MEAN S D.
10:10 18 30.1 1.6 17 30.5 1.3 \\1 "3.60 0.64 14 6.19 0.61
15:15 27 28.9 1.5 29 29.9 1.5 14 3.27 0 48 18 6 11 0 65
20:20 40 28.9 1.0 40 30.0 1.5 17 \\;.aa 0.45 19 6.25 0.53
25:25 47 29.6 1.7 47 30.0 1.5 18 b4 0.38 19 6 10 0.59
30:30 56 29.1 1.1 65 29.8 0.9 17 ’3.5; 0.33 19 6.34 0.67
35:35 73 29.2 1.2 65 29.9 1.1 20 3.85 0 47 20 6.60 0.77
40:40 81 29.7 1.3 70 30.6 1.4 26 3.83 0.49 26 6 10 0.88
- 0%
3
4
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APPENDIX D5.1
0 Development of Venturia canescens in larvae of m cautella.
Course of Venturia capescens development: when Cadra caute LLQ larvae were
infected at 8.5 days of age.
AGE! PARASITOID STAGE TOTAL?
- " " EGG--INSTAR 1 INSTARS 2-5  PUPAE ‘IMAGOS :
1 25’ . . 25
o2 w27 o - 27
3 12 14 .26
4 2 26 28
5 1 25 ~ - 26
6 0 .25 0 . 25
7 23 1 v 24
8 17 6 23
9 15 14 .29
10 6 15 . 21 .
11 .10 ‘15 0 25
12 2 22 1 25.
13 1. 17 -3 21
14 © 0 13 6 19
15 ' 11 10 Co21
§ . 16 . 12 12+~ 24
> 17 7 19 26
« 18 ) 8 21 T29 .
19 6 24 - 30
20 ] . 0 27 27
21 27 27
22 25 - 25
23 - - 23 0 . 23
_ 24 . mer— 22 1- 23
25 ’ 22 5 27
‘26 .o 14 7 21
27 - : 5 _ 7 12 .
28 R AR - 10 . L4 24
29 . L . : .. 8 18 %
30. 1 17 18
31 . - 4 .22 26
32 . 0 24 24
33 . ' ©27. 27
34 24 24
35 , 25 25
36 . ’ , : 27 27
37 . 23 23
38 ' . , 24 24
! Age of parasitoid {(days) _
0 X ? Total number of V. ggnescens in sample
- . continued ... :
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APPENDIX D5.1 (continued) . .
Course of Venturja canescens development when Cadra cautella larvae were
infected at 18.5 days of age- .
AGE! PARASITOID STAGE TOTAL?

EGG INSTAR 1 , |INSTARS 2-5 PUPAE IMAGO

1 33 33
2 32 0 . 32
3 10 , 27 . 37
4 1 29 0 30
S 0 20 9 29
6 , 2 33 35

© 7 . 0 40 40
8 \\ .28 0 28
9 26 5 31
10 24 10 34
11 ‘ .15 22 .37
12 ) 8 | 22 . . 30
13 1 31 32
14 . 0- 33 33
15 1 36 i 37 <

.16 0 39 39

17 . . 31 © 31
18 } 27 27
19 ’ n 29 0 ®»
20 ' 2% - 8 - 32
21 : 16 15 31
22 : ) 6 28 34
23 2 31 33
24 0 35 35
25. a X ar 34 34
26 . ’ 31 31
27 ) 32 32

! Age of pgrasitoid (days)
2 Total numbet of V. canescens in sample o

i




APPENDIX D5.2

{

o

°Ef£ect of Cadra cautélla larval age (A) and density (B) at infection on_
the age of Venturia canescehs at imago emergence.

A. AGE? N EMERGENCE?
MEAN S.D
15 19 34.3 2.93
45 55 31.1 2.82
65 153 31.0 3.53
8.5 92 26.7 3.12
10.5 © 223 25.7 5.85 *
12.5 227 24 4 3.08 ,
14.5 237 23.1 3.00
" 17.5 134 22.7 2.67
20.5 229 21.7 1.46
23.5 120 22.6 1.94 7
26.5 13 21.4 0.65
29.5 12 22.7 1.42
! Host. larval age at infection (days)
2 Wasp age at imago emergence (days) )
B. DENSITY? N EMERGENCE?
MEAN S.D.
5.9 81 23.9 1.93
. 14.7 86 31.4 5.35
, 29.4 ﬁ . 31.6 6.03
44,1 32.3 4.36 .
58.8 228 33.7 4.47 >
88.2 42 41.2 7.14 ..
117.6 60 43.7 6.83
! Initial host egg density (eggs/g food)
2 Wasp age at imago emergence (days)
?
- A
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" APPENDIX D5.3 '
Age-specific sutvival of imagos of Venturia w under varying
conditions of food availability.
UNFED FED
AGE NUMBER ALIVE AGE NUMBER ALIVE
.00 585 1100
0.21 585 110
0.38 584 1.5 110 "
0.54 577 2.5 110
071 574 35 106 .
0,88 573 - 4 s 102
1.04 558 5.5 91 .
Y CoL21 538 6 S 88
1.38 . 517 7.5 " 88
1.54 487 8.5 . 80 .
1.71 403 9.5 77
1.88 339 10.5° 75
¢ 2.04 241 11.5 72
®2.21 141 12.5 67 e, "
2.38 99 13.5 54 ¢
. 2.54 67 14.5 42
2.71 39 15.5 24
2.88 18 16.5 5
3.04 7 17.5
3.21 18.5 0
3.30 0 i
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APPENDIX D5 .4 - J

Number of progeny produced per day thiough

canescens.
with a 20% honey solution (B).

the

lifetime

Venturia

Imagos were either deprived of+food and water (A) or provided

aGel N PROGENY?
MEAN S.D
A. 1 19 12.9 6.62
2 19 19.3 7.21
3 12 11 6 6.19
B. S| 15 18.1 7 43
‘ 2 15 20 3 6 01
3 15 17 3 . 6.63
4 15 .20.7 6 87
_ 5 15 20.7 6.15
6 14 —18.3 6.38
7 14 18.7 6.82
8 13 16.7 5 53
9 12 15.8 6.28
10 12 15.4 5.00
11 12 15.5 _ 6.19
12 A 1 14.2 8.54
13 11 9.1 7.02
14 10 7.4 5.66
15 9 7.7 6.16
16 8 5.4 4.60
17 8 3.6 4.24
18 8 2.7 2 55
- 19 7 2.3 . 2.21
20 7 0.4 0.79
21 6 0.5 1.22 -
22 6 0.2 0.41
23 5 0.0

t

1 Imago age (days)
2 Number of V. canescens produced per day

w

AU




.
1
w0
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APPENDIX D5.5

Effect of Cadra cautella larval age (A) and density (B) at Infectionn on

the weight at eclosion of Venturia canescens imagos. :
A. AGE! N WEIGHT?
'MEAN $.D. \
1.5 10 133 ©.236
4.5 10 1.50 0 266
6 5 10 1 38 0 162
8.5 10 139 - 0.152
10.5 10 1 30 0 163
- 12.5 10 1 58 0.169
. . 14 5 10 1 37 0.216
175 10 2 03 0 306
20.5 10 1 §0. 0.424
23.5 10 1. 0 353
26.5 10 1.63, 0221
29.5 10 . 1.52 365
! Larval age at infection (days) ) _ »
? Imago dry wgig{i\t: (mg)
- - \l\\ )
\ -\
B. DENSITY! N NS  WEIGHT?
' ) . MEAN S.D.
5.9 10 1.17 0.134
14.7 15 1.27 0.167
29.4 15 0.92 0.248
44 .1 15 , 1.10 0.217
58.8 15 1.08 0.142
88.2 .15 1.00 0.314
117.6 15 0.82 0.243

! Initial egg density (eggs/g food)

! Imago dry weight (mg)
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APPENDIX D5.6

-

Observed data and statistical analyses of Venturia canescens instar-specific
functional responses. , :

-

INSTAR AGE AT INFECTION (days)
1 2.5
‘ 2 6.5
3 8.5
b 12.5
5-mid 17.5 ’
5-late 20,5 .

-

Type I1 Response (Eq. 5.1):
N, =N, [1-exp{ -aTPb/(1+aThNt) }]

A [A]
Type III Response (Eq. 5.2):
. Ng=N¢[l:exp(-a’ TN Po/(l+a’T,N.2) )]
P, = 1 parasitoid T ‘ ;
T =1 day . oo
4 \‘

The non-linear cgrve fitting procedure was used to estimate the parameters
of both equations. These expressions were then re-estimated using a common
handling time (T,) for all instars. The common handling time (T,) was
estimated by averaging the individual estimates calculated For instars 3, 4,
and mid-5. These common handling time estimates were:

Type II T, = 0.0470043 @ ) -
Type 111 T, <« 0.0494072 :

+

.. continued .
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APPENDIX D5.6 (continued)

0 Data and parameter estimates for lst instar host larvae.
DENSITY! N PROGENY?

- MEAN 5.D.

. 3.7 6 0.0 -

7.4 6 0.3 0.82

14.8 6 0.7 0 82

22.3 6 1.2 1.17

29.7 6 1.0 0 89

44.5 6 1.7 121

59.4 6. 2.2 1.47

b4

! Host larval density (lar¥ae/g food)

2 Number of ¥V canescens progeny produced in 1 day

Non-1linear Least Squares Summary Statistics

FUNCTION SOURCE DF SS
Type II Regression 2 61.590422
. Residual , 40 36.409578
Type II! Regression 1 61.528169
D . Residual - 4l 36.474183
Type III Régression 2. 60.640590
Residual 40 37.359409
Type III? Regression 1 55.385587
Residual- 41 42.61441%

Uncorrected Total 42 98.,000000
Corxected Total 41 56.000000

PARAMETER ESTIMATE

MS

30 7952112
0.9102394

61.5281693
0,0889614

30.3202952
0.9339852

55.3855866

1.0393759 .

SE

0.02014546
0.20529352

0.00536455

0.00057893
1.23132505

0.00012282

| ' Type II a 0.04581338
T, 0.10419574
Type 11! a 0.04091863 v
Type III a’ - 0.00051923
T, S 0.00
Type 1112 a’ 0.00080769
T Handling time (T,) fixed at 0.0470043
O 2 Handling time (T,) fixed at 0.0494072
.. continued .

e




APPENDIX D5.6 (continued)

Data and parameter estimates for 2nd instar host larvae.

DENSITY® N PROGENY? . -,
MEAN $.D. g

6.5 6 2.3, 1.03
19.4 6 2.7 .2.50
48.8 6 6.5 4,23
65.0 6 16.0 6.36"

¢ 81.2 6 10.2 7..83 .
97.5 6 12.8 10.13
. 129.3 6 14.3 5.65

1 " Host larval density (larvae/g food)

2 Number of V.

canescens progeny produced in 1 day %

Non-linear Least Squares Summary Statistics

FUNCTION

- Type II

Type II!
Type III

Type II11?

Type II

Type 11!

Type III

Type 1112

SOURCE

Regression
Residual

Regression
Residual

Regressian
Residual

Regression
Residual

-

Uncorrected Total 4?2 5077

Corrected Total

PARAMETER

al

DF  SS
2 3752,
40 1324,
1 3721,
41 1355,
2 3734,
40 1342,
1 3729.
41 1347.
41 2110.
ESTIMATE
0.19302722
0.02455981
0.30090927
0.00518401
0.05518427
0.004629279

0759
9241

9760
0240

6986
3014

3133
3014

.0000

0000

MS

1876.03795
33.12310

3721.97600
; 33.04937

1867.34930
33,55754

3729.31328 ,
32.87041 ¢ . ®

_ SE

0.08894726 N
0.02475056
0.06723299

.00283656 o
.01389216 !

(o N o

0.00113111

rd

! Handling time (T,) fixed at 0.0470043
2 Handling time (Th) fixed at 0.0494072

4

.. continued ..,



APPENDIX D5.6 (continued)

Data and parameter estimates for 3rd instar host larvae.

J DENSITY?! N PROGENY?
o MEAN S.D.
¢ 0.2 6 3.5 1.64
A 0.4 6 7.2 5.81
0.7 6 16.3 9.67
1.0 6 18.8 11.44
. 1.5 6 ) 16.0 7.62
2.0° 6 16.0 10.64
3.0 6 20.0 3 69
e' 4.0 6 17.2 3.66

! Host larval density (larvae/g food)

2 Number of V. canescens progeny produced in 1 day

Non-linear Least Squares Summary Statistics

- FUNCTION  SOURCE DF  S§S . Ms g
Type 11, Rigression 2 11036.313 5518.1567
esidual © . 46 2609.687 56.7323
Type II' Regressi * 1 11036.045 11036.0450
Residual 47 2609.955 55.5310
Type III Regressiop 2 11133.179 5566.5895
.. Residual C? 46 2512.821 54.6265
Type III? Regression 1 11133.079 11133.079
Residual ‘47 © . 2512.921 . 53,4664
Uncorrected Total 48 13646.000
Corrected Total 47 3727.250
PARAMETER ESTIMATE SE
Type II a - 98.499575 87.759806
‘ T, : 0.046582 \ 0.006651
Type IIl a 102.591295 - 60.503197
Type III -a' ~ 208 .122559 169.733431
T, 0.049594 0.004547
Type III? a’ 205.915277 1 150.043243
) ' 0 ~
! Handling time (T,) fixed at 0.0470043
2 Handling time (T,) fixed at 0.0494072 ,
l ' continued .
N <
re 4"




APPENDIX D5.6 (continued)

Data and parameter estimates for 4th instar host larvae.

DENSITY! N PROGENY?
MEAN S.D.
0.1 6 1.8 2,23
0.2 6 5.2 3.71
' 0.4 6 11.8 3.97
0.7 6 14.2 6.59
1.0 6 17.7 7.00
1.5 6 19.3 6.80
2.0 6 16.2 3.3L
3.0 6 18.5 4.64

- 1 Host larval density (larvae/g food) N
2 Number of V. canescens progeny produced in 1 day

i

Non-linear Least Squares Summary Statistics

FUNCTION SOURCE

Type II  Regression
Residual

Type II! Regression
Residual

Type III Regression
Residual

Type II1I? Regression
Residual
Uncorrected Total

' Corrected Total

PARAMETER

Type II a
Ty

Type 17* a

Type III a'
Ty

Type III? a’' .

—

DF  SS
2 ' 9825.6243
66 1164.3757
1 9823.3427
47 - 1166.6573
2 9887.3296
46  1102.6704
1 9886.1507
47  1103.8493
48 10990.000
47 2773.667
ESTIMATE
136.293437
0.045607
162.050765
1403 .982551
# 0.048709
422 .861314

MS
4912.81216
25.31252

9823 . 34266
24, 82250

4943 .66481
23.97109

9886 .15066
23.48616

SE

102.155569
0.004897

AN

88.107640

265.069713
0.003182

261.849386

! Handling time (T,) fixed at 0.0470043
? Handling time (T,) fixed at 0.0494072

-

’

.» continued ..




APPENDIX D5.6 (continued)

Data and parameter estimates for mid-5th instar

host larvae.

- -

DENSITY! N PROGENY?

MEAN S.D.
0.1 6 2.0 2 10
0.2 6 5.2 3 66
0.4 6 14.7 3.56
0.7 6 13.0 3 63
1.0 6 18.3 5.89
1.5 6 17.3 7.03
2.0 6 17.8 9.00
3.0 6 17.2 8.13

s ! Host larval density (larvae/g food)
2 Number of V. canescens progeny produced in 1 day

Non-Iinear Least Squares Summary Statistics

FUNCTION SOURCE

Type

Type

Type

Type

II
IT!

I1I

Regression
Residual

Regression
Residual

Regression
Residual

I1I? Regression

Residual

Uncorrected Total
Corrected Total

PARAMETER
Type II a
Tw
Type II' a
Type II1 a’
Ty
. Type I11% a'

DF S5
2 9785.6689
46 1573.3311
1 9782.0347
47 1576.9653
2 9837.2398
46  1521.7601
1 9836.5881
47 1522.4119
48 11359.000
47 3011. 312
ESTIMATE
286.010459
0.048824
197.990745
608.803501
0.049918 _
A
588.176738

" 9782,

A

MS

4892.
34

83445
20285

03474
33.55245
4918.

33.

61992
08174

9836.
32.

58814
39174

SE

486.898722
0.005749

147.044825

578.734232
0.003775

504.737735

! Handling time (T,) fixed at 0.0470043

2 Handling time (T;) fixed at 0.0494072

. y continued ...
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APPENDIX D5.6 (continued)

3

-

Data and parameter estimates for late-5th instar host larvae.

DENSITY!? N PROGENY?

MEAN S.D.
0.1 6 1.2 2.04
0.2 6 3.5 2.35
0.4 6 4.8 3.13
0.7 6 7.8 3.25
1.0 6 13.0 5.83
1.5 6 11.0 6.32
2.0 6 14.7 4.68
3.0 6 16.3 3.50

1 Host larval density (larvae/g food)
2 Number of V. canescens progeny produced in 1 day

Non-linear Least Squares Summary Statistics

FUNCTION SOURCE

Type

Type

Type

Type

Type

Type

Type

Type

II
¢
III1

11712

II

11}

I1I

1112

Regression
Residual

Regression
Residual

Regression
Residual

Regression
Residual

Uncorrected Total 48
Corrected Total

PARAMETER

a'

DF  SS
2 5153,
46 *  758.
1 5150.
47 761.
2 5135,
46 776.
1 5064,
47 847.
5912.

47 1987.

» ESTIMATE

23.6154818
0.0435625
26.3739650
55.9293436
0.0599573
31.9128166

2316
7684

0595
9405

8181
1819

2934
7066

0000

9167

MS

2576.61584
16.49496

5150.05947
16.21151

2567.90903
16.87352

.5064.,29337
18.03631

SE

7.14694927
0..00801708

4.54241500

21.8911936
0.005%158

7.7992613

! Handling time (T,) fixed at 0.0470043
2 Handling time (T,) fixed at 0.0494072



APPENDIX D5.8 ,

Data and parameter estimates for the determination of the dégree of
mortality of 2nd instar Cadra cagutella due to oviposition wounds inflicted
by Venturia canescens. ’

[

The number of (. cautella imagos emerging and the proportion of hosts
surviving in the conbrol containers (no wasps present).

DENSITY! N EMERGENCE? HATCH?3
MEAN $.D. MEAN S.D. . :

10 6 6.5 1.87 0.650  0.1871
30 6 18.2 2.14 0.606 0.0712 f
60 6 40.8 12 43 0.681 0 2072 .
100 6 59.8 12 30 0.598 0 1230 _ :
150 6  101.3 6.11 0.676  0.0367 —
200 6  128.3 2.86 0.644  0.0143

T Initial host density (eggs/g food) .
2 Total number of hosts emerging per container
3 Fraction of host eggs surviving to adult emergence

The number of V. canescens and E. cautella imagos emerging- from the

containers where one wasp was present.

DENSITY! N WASP? MOTH? TOTAL*
MEAN  S.D. MEAN S.D. MEAN S.D.
10 6 0.8 0.75 3.3 1.37 4.2 1.60
30 6 4.0 2.10 7.0 4.90 11.0 4.98 o
60 6 7.2 4.40 15.2 6.18 22.3~  7.20 ,
100 6 i1.2  s5.85 22.5 18.40 ©  33.7 14.26 . o
150 6 13.4 5.73 60.6 19.82 74.0 19.07 )
200 6 14.5 8.85 93.5 21 08 108.0 13 43 T

AR
1 Initial egg density (eggs/g food).
2 Number of V. canescens emerging per container.
3 Number of C. cautella emerging per container.
4 Number of insects emerging per container (wasps + moths).

[

R ... continued ...




APPENDIX D5.8 (continued)

G ’ The estimated number of C. gautella '‘larave killed due to oviposition wounds

and total number of hosts attacked. ,

Ne > N, 2 N,? PROPORTION®
- MEAN  S.D. MEAN  S.D. MEAN $.D.
6.4 2.3 1.60 3.1 1.37 0.717  0.2378
19.3 8.3  4.98 12.3 490 0.638  0.1892
¥ 38.6 16.3  7.20 23.4  6.18 0.687  0.189
© o 66.3 30.7  14.26 41.8 ° 18.40 0.733  0.0802 H
- 96.5 22.5  19.07 35.9  19.82 0.517  0.4101 A
- 128, 7 20.7  13.43 35.2  21.08 0.449  0.4071

1 Number, of host larvae available per container.
2 Number of host larave killed (N,

Number of host larave attacked (Np + N, ) per container
v ® Fraction of host attacked that died (N /N,)

- Total) per centainer (Np)

- Non-linear Least Squares Summary Statistics

G Source

. Regression
| Residual

Uncorrected Total
Corrected Total

Parameter

a -
Th

df

2
33

35
39

Estimate

1.5136602
0.0175012

SS

' 26148 .817

8266.653

34415.470
12577.005

S.

0.
0.

MS

13074.408
250.505

4

E.

51400254
00682554




APPENDIX D6.1 & D6.2

9

Weekly counts of dead imagos in single-species long-term population cages
of Cadra cautella (Series L1}, .
‘REP 1 REP 2 REP.3 REP 4 REP 5
TIME MALE FEMALE TOTAL! MALE FEMALE TOTAL TOTAL TOTAL TOTAL
5 0 0 0 0 0 0 0 0 0
6 138 272 119 214 356
7 116 133 175 247 202
8 ° 37 40, 117 84 64 172 167 271 153
9 44 53 152 55 —30 148 88 115 79
10 : 107 111 235 76 60 157 188 119 99
11 145 135 360 68 112 191 685 150 268
12 217 188 415, 215 227 464 311 261 370
13 148 108 269 181 90 271 134 83 159
14 31 36 70 137 151 309 119 106 293
15 98 124 250 148 140 328 127 112 305
16 ) 59 61 122 122 98 . 214 46 55 181
17 54 60 119 56 . 64, 120 75 98 109
18 74 83 163 *53 37 93 59 95 ° 80
19 67 49 120 26 12 44 49 7 69 48
20 33 40° 81 21 57 86 70 121 133
21 112 119 267 106 106 225 178 130 146
22 - ) 86 56 187 87 68 180 69 72 -
23 .39 35 109 62 85 180
24 - 47 72 160 73 92 189 N
25 79 61 ___210 75 88 187
26 102 94 253 115 106 255 N
27 162 132 357 155 196 405
28 . 119 121 313 194 171 399
29 105 85 224 110 122 298
30 39 64 132 57 94 187
31 . 43 49 128 52 59 148
32 49 42 132, 82 60 179
33 ’ 43 37 116 46 62 132
34 126 125 2877 105 130 264
35 179 120 364 199 191 446
36 120 154 318 152 128 357
37 - 79 67 186 132 126 272
38 92 63 175 106 83 209,
X Some imagos could not be sexed. Thus the TOTAL column may not be the

sum of males plus females.



APPENDIX Dé6.3

-

~

‘Changes through time in the estimated population sizes of larvae and. pupae,

and "in the actual numbers of adults in a single-species population cage of

Cadra cautella (Series L1, replicate 1).-

.

- WEEK- L1 L2 L3 L4 L5 PUPAE ADULTS
9 2569 772 2232 2087 1617 - 471 201
10 1928 572 704 1499 1124 528 235
11 13773 968 446 Y04 718 337 0
12 11255 3245 1547 27 896 55,5 245
13 2243 2087 2065 833 787 254 42 'y
14 1334 69 2317 1045 605 255 142 o
15 . 1686 218 771 1159 820 265 78 v
16 1837 180 378 655 642 196 110 )
17 2496 734 187 485 739 96 by
18 2582 1563 1049 464 1019 89
19 1104 658 1128 333 526 55
20 3433 705 1073 425 502 219
21 4372 1689 1109 722 771 141
22 1791 2835 1577 658 812 52
23 1044 1380 1886 565 574 39
24 1156 879 1523 1070 761 159
‘25 1402 767 825 1304 1328 89
26 867 439 503 1395 767 109
27 1354 532 674 389 801 168
28 3616 907 521 380 757 111
29 3582 2769 1334 760 834 86
30 1042 1351 1981 960 790 55
31 928 646 1837 997 714 92
32 673 493 1263 1122 1164 49
33 328 493 662 676 1254 51
34 604 367 899 435  1129- .49
35 1459 529 850 637 1219 148 ’
36 1377 1256 744 388 844 118
37 1680 1132 1162 715 752 79
38 516 1453 1545 687 773 58

-~



/
APPENDIX D6 5

-

Distribution of Cadra cautella stages among the different agés of food\

units in a single-species population cage (series L1, replicate 1)

14

Host Population Larvae |

3

WEEK FOOD UNIT AGE
1 2 3 4 A 6 7 8 9
e .

9 5263 660 718 656// 305 421 449 450 354 -
10 4653 264 116 ° 206 263 153 85 63 25
11 13126 2442 145 231 158 77 91 72 68
12 10055 6031 790 88 116 34 36 47 23
13 5707 1914 87 144 37 51 46 18 - 11
14 ‘4977 710 102 75 53 43 20 14 4

15 3487 561 196 69 131 102 42 50 15
16 2831 536 87 69 100 34 3 20 13
17 3543 743 174 106 32 13 26 2 3
18 4246 1964 181 119 68 13 46 32 &
19 3099 413 152 25 26 17 13 2 1
20 3654 2203 203 25 16 30 0 2 5
21 5291 2269 696 200 105 55 13 27 8
22 5384 1493 558 138 53 34 10 2 1
23 3617 1262 312 - 94 121 21 0 14 8
24 . 4505 256 283 156 68 60 49 9 3
25 4440 545 232 119 79 77 98 34 4
26 3302 347, 83 88 42 34 23 38 14
27 . - 3108 297 94 31 21 128 33 18 20

' 28 5448 545 65 ' 25 42 26 13 11 5
29 7086 2030 102 25 11 4 16 7 0
30 4745 1056 247 . 25 37 0 7 7 1
31 3571 965 464 88 21 4 7 2 1
32 3691 594 363 44 11 4 -3 5 i1
33 2627 495 145 63 21 30 16 11 5
3 ¢ 2673 446 145 75 58 26 7 5 0
35 4126 404 73 0 . 47 9 29 2 3
36 3626 866 51 44 11 4 3 0 4
37 4153 1096 . 58 88 21 17 3 5 0
38 3117 1229 522 81 16 4 0 2 1

\\ &
... continued .



APPENDIX D6.5 (continued)

Host Population Pupae

WEEK FOOD UNIT AGE
o

1 2 3 4 5 6 7 8 9
9 9 182 87 94 37 38 3 11 10

10 0 132 116 125 47 30 26 32 11 ,

11 19 74 51 38 © 84 21 26 5" 20 ¢
12 0 33 7 0 0 4 0 9 1
13 19 17 145 19 26 9 16 0 4
14 9 91 94 6 16 9 3+ 25 3
15 19 107 44 25 11 13 29 14 5
16 19 58 65 6 26 4 10 5 4
17 9 99 22 13 11 13 3 5 6
18 0 83 29 6 26 21 0 2 A
19 0 107 10y 63 21 9 7 0 0
20 0 58 73 44 21 13 23 11 8
21 0 25 44 6 5 4 3 5 0
22 0 33 36 25 5 0 0 0 0
23 28 66 51 6 0 21 7 2 3
24 9 74 152 50 16 17 13 11 4
25 9 99 94 69 52 13 29 7 5
26 46 107 . 102 50 26 26 10 34 11
27 9 173 87 38 26 13 20 32 16
28 28 83 65 25 53 26 23 16 9
29 9 99 36 19 21 9 36 5 A
30 19 99 65 19 11 13 10 7 3
31 0 74 65 19 11 0 3 0 0
32 0 66 22 75 5 4 10 11 . 5
33 19 58 167 50 26 . 26 16 9 1
34 9 91 138 50 74 38 3 14 5
35 9 190 181 38 58 60 52 ., 7 9
36 37 206 181 31 32 9 0 11 1
37 0 43 7 56 5 17 ‘10 7 0
38 37 41 87 19 16 21 7 0 0

Rac,



APPENDIX D6.6

/ Weekly counts of dead imagos in long-term population cages of Cadra cautella

’

and Venturia canescens when no host’ ‘Eiuges were provided (Series L1)

REP 1 REP 2 REP 3 REP & REP 5

TIME H P H P H p¢ H P H P

5 0 0 0 0 0 0 0 .0 Q. 0

6 166 0o 173 0 264 0 215 0 247 0

7 27 0 190 0 139 0 174 0 13 0

8 189 51 131 85 96 29 91 59 119 53

9 76 56 68 57 39 22 59 2% 25 22
10 43 33 29 17 32 5 24 14 40 10
11 38 185 28 130 89 - 188 61 295 53 193
12 23 274 45 ° 309 327 289 91 326 109 239
13 38 176 29 164 64 47 18 138 55 100
16 ¢ o4 76 7 203 5 89 4 68 5 190
15 2 .50 3179 0- 71 1 60 1 196
16 1 122 2 84 1 46 1 39 0 59 .
17 1 90 1 26 0 37 0 20 0 25
18 0 48 1 18 3 16 1 25 .8 16
19 0 24 8 8 6 39 3 36 0 17
20 0 62 4 18 1 149 1 89 -0 43
21 0 37 1 15 1 106 1 1 0 33
22 0 14 0 5 1 16 0 9 0 5
23 0 0 0 9 0 15 0 2 0 5
24 0 18 0 13- 0 11
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APPENDIX D6.7 o | ‘ ,

Distribution of host and parasitbid stages among different ages of food in’
a population cage of Cadra cautella and Venturia canescens. ' '

Numbers of host larvae and host and.parasitoid pupae through time.

4

LARVAE , ‘ FOOD. UNIT AGE \
WEEK 1 2 3 4 5 - 6 7 8 9 . .
9 4366 1394 485 694 493 1232 1469 1219 449
10 2765 396 298 . 106 226 149 169 70 63
11 5735 569 216 88 121  .148 62 45 28
12 8140 5264 58 81 63 60 ' .55 24 10
13 3598 718 , 58 19 5 7. 7 7 1
14 2729 569 152 56 11 13 0 5 6
15 1018 355 87 25 0 .9 7 2.1
16 749 58 15 0 o 4 -3 0 1
17 435 198 51 19 5 21 3 0 4
18 213 ' 149 80 13 0 0 0 ~2 1
19 231 124 51 13 0 0 0 2 0
20 83 41 15 0 0 0 3 5 0
21 111 - 25 44 13 . 0° 0 0 0 0
22 37 25 15 6 0 0 0 0 0 )
23 19 33 0 6 0 4 0 0 0
24 0 8 7 6 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0
[
PUPAE ¢ - N . FOOD UNIT AGE
v 2 '3 4 5 6 . 7 8 9
9 0 75 146 25 48 26 7 10 3
10 19 190 225 194 115 42 88 88 27
11 0’ , 67 130 50 63 52 46 18 25
12 0 - 91 29- 25 16 17 7- 10 4
13- 0 . 25 65 0 5 13 3 0 0
14 9 17 7 13 0 0 3 7 0
15 9 . 25 51 31 21 4 3 0 1
16 9 0 22 6 . 5 0 0 0 0
17 0 8 7 0 0 0 0 0 0
18 19 124 .22 0 .5 0 0 2 1
19 0 50 152 13 .5 0 3 0" 0
20 o - ' 8 22 0 5 0 3 0 0
21 0 17 15 0 0 0 0 0 0
22 0 0 0o _ 0 0 0 0 0 0 '
23 9 0 15 0 0 0 0 0 0
24 ~ 0 0 .58 6 0 0 0 0 0
25 " 0 0 0 0 0 0 0 0 0
... \continued .
.
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APPENDIX D6.7 (continued)

Changes through time in numbers of host' population in each stage.

WEEK L L2 L3 L4 LS  PUPAE .ADULTS

9 1638 1439 3266 3162 2299 158 28
10 132 127 620 1397 1966 367 0
11 5485 493 250 186 660 144 0
12 10306 2566 358 189 337 7 73
13 646 1911 1481 210 182 3 2
14 76 514 1409 1059 488 0 1
15 49 152 75 435 104 0 1
16 9 36 227 412 147 0 0
17 49 22 130 298 236 1 3
18 17 7 28 108 297 0 7
19 170 43 32 75 100 0 0
20 | 0 38 63 17 29 0 1
21 0 7 39 21 14 0 0
22 0 0 16 7 23 0 0
23 0o .0 0 8 54 0 0
24 0 0 0 0 22 0 0
25 0 0 0 0 0 0 0

. }
S

»




APPENDIX D6.8

Weekly counts of dead imagos in long-term population cages of Cadra cautella

249

and Vepturia capescens where host refuges provided 0%, 11%, 26% or 44%

cover (Series L2).

»

CONTROL 0% COVER 11% COVER
REP 1 REP 2 REP 1 REP 2 REP 1 _REP'2

TIME H H ! H P H P H )3 H P
5 0 0 0’ 0 0 0 0 0 0 0
6 38 11 38 0 42 0 56 0 24 0
7 171 107 140 0 143 0 139 ) 162 0
8 137 86 83 9 93 10 97 10 102 9
9 46 60 -+ 46 9 56 8 27 9 42 10
10 30 22 2], 0 22 2 7 0 16 0
11 37 52 43 10 52 10 9 0 34 6
12 244 669 340 25 367 12«53 2 278 9
13 309 135 258 8 226 1 649 6 188 3
14 298 67 138 180 107 78 581 2 174 87
15 250 119 46 141 65 74 185 17 103 83
16 126 105 5 18 28 18 53 33 23 23
17 113 109 0 30 18 155 30 15 8 59
18 137 208 0 8 " 20 166 23 45 1 . 20
19 205 261 .0 22 9 56 17 71 0 14
20 430 155 1 47 0 25 22 72 0. 20
21 354 188 0 39 0 23 20 160 1 33
22 286 129 0 32 0 11 11 185 0 43
23 263 67 0 15 0 14 1 84 0 19
24 168 35 1 6 0 6 1 22 0 12
25 78 44 0 . 6 0 5 0 13 0 A

26 95 0 1 0 6 0 4

« . continued ...
)
4
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APPENDIX D6.8 (continued)
‘ f +
, 25% COVER 44 COVER
REP 1 REP 2 REP 1 REP 2

TIME H P H P H P H P
5 - 0 0 0 0 0 0 0 0

6 75 0 6 0 27 ¢ 0 20 0

7 184 0 153 0 156 0 138 0

8 90 8 112 8 74 9 117 8

9 48 9 40 12 86 10 65 11

10 17 1 18 0 22 1 18 0

11 45 © 10 37 6 116 13 .88 11

12 271 26 360 13 283 6 379 24

13 219 6 211 0 252 4 217 8

14. 118 99 89 64 162 96 112 101

15 98 133 76 73 149 ° 51 76 104

16 18 46 17 20 41 54 19 67

17 2 5§ 15 50 19 115 10 98

18 2 13 &4 83 14 164 4 100

19 0 9 0 56 5 105 L2 42

20 0 18 0 48 1 40 ) 30

21 1 30, 0 42 4 53 0 47

22 0 43 © 0 52 "0 39 0 23
23 1 20 0 11 1 19 0 18 °

24 0 15 0 6 0 . 16 0 4

25 0 5 0- 9 0 24 1 4
26 0 3 0 10 :

Y

Qv




APPENDIX D6.9 ) _
Weekly counts of dedd imagos in long-term population cages of Cadra cautella

and Yenturia canescens where host refuges provide 0%, 25%, 50% or 75% cover
(Series L3). ; ‘

'25% COVER

CONTROL 0% COVER
REP 1 REP 2 REP 1 REP 2 REP 1 REP 2
TIME H H H . P H P H P H P
5 0 0 0 o 0 0 0 0 0 0
6 42 35 37 o 38 0 17 0 41 0
7 85 60 103 18 74 30. 100 23 65 62
8 104 112 106 5 68 2 52 3 28 5
9 92 91 ' 10 2 2 2 11 10 2 36
10 121 97 2 84 , 10 % 5 36 2 67
11 31 17 6 3 4 6 10 5 -3 9
12 76 57 5 16 7 17 23 105 4 38
13 509 337 31 286 28 322 155 467 56 458
14 333 361 102 442 99 197 110 421 132 105
15 127 285 11 105 17 161 6 62 18 169
16 72 289 1 143 2 244 2 45 3 49
17 83 313 0 117 1 127 1 38 0 18
18 167 386 0 24 1 46 3 89 4 29
19 418 245 0 1 1 92 20 29 5 57 -
20 354 560 0 2 0 153 1 97’ 0 10
21 50 216 0 0 0 52 0 10 0 0
22 3 20 0 0. 0 5 0 .0 0 0
23 0 0 0 0 0 0 0 0 0 Q.
N
50% COVER 75% COVER o
- REP 1 REP 2 REP 1 REP 2
TIME H P H P H P H P
5 0 0 0 0 0 0 0 0
6 24 0 46 0 19 0 83 0
7 59 68 66 49 58 66 201 13
8 83 12 95 6 24 2 48 0
9 b, 46 7 19 6 55 19 0
10 4 39 5 31 7 29 1 5
11 4 1 6 15 8 2 3 0
12 4 34 18 36 34 72 106 11
13 140 305 156 283 131 304 385 22
. 14 18 287 161 267 79 239 149 12 »
15 23 225 17 129 6 118 21 - - 100
16 16 180 7154 2 58 9 41
17 16 89 7 62 0 25 30 36
18 9 62 1 12 0 20 43 7123 o
19 10 253 0 7 0 6 13 63
20 28 273 0 3 0 1 2 8
21 8 138 0 0 0 1 1 1
22 3 29 0 0 0 0 1 1
23 0 0 0 0 0 0 0 0




APPENDIX D6.10

0 Weekly counts of dead imagos in long-term population experiments.of Cadra
_ cautella and Venturia canescens using the small cages .(Series 8).

Single-species cages of hpst population alone.

. TIME REP 1 REP 2 REP 3 REP 4 REP 5
7 0 0 0 0 0
8 12 13 22 20 4
9 16 22 16 22 15
10 10 7 28 11 17
11 6 0 8 3 21
12 8 3 0 ‘1 7
13 10 3 9 0 4
14 76, 35 - 77 16 8
15 177 160 284 91 21
’ 16 69 76 106 51 61
17 45 . 25 55 24 149
18 88 23 45 3 85
« 19 98 8 56 10 37
20 128 83 84 135 17
21 159 144 274 222 40
22 1123 80 103 89 86
23 120 82 115 7 189
0 . 24 88 101 31 . 5 225
25 197 9% ¥ 0 60

26 121 35, 1 0 7
27 4 2 0 0 0

. continued - ..
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APPENDIX D6.10 (continued)

Host-parasitoid populations not provided with food.

1

REP 1 REP 2 REP 3 REP &4 REP 5
TIMEH “ P H P H P H P ‘H P
7 0 0 0 0 0 0 0 0 0 )
8 7 3 13 20 16 9 9 9 10 6
9 13 0 7 4 9 2 20 4 16 3
10 12 5 11 2 10 -1 6 2 10 2
11 3 3 6 3 4 7 6 6 5 3
12 20 5 6 4 A 6 5 7 1 2
13 6 2 1 6 3 10 4 10 1 2
14 46 12 41 40 51 49 27 47 59 22
15 72 35 84 22 99 59 53 76 180 38
16 58 28 38 19 21 43 49 53 55 26
17 34 23 47 45 3 22 17 31 2 14
18 17 26 27 39 5 6 14 24 3 3
19 38 35 10 59 27 55 20 69 - 30 58
‘20 41 53 11 183 96 79 33 116 74 54
21 26 40 27 . 50 57 49 21 102 37 38
22 25 21 11 30 26 72 3 26 34 58
23 8 19 40 41 7 25 6 13 36 37
6 27 20 31 41 4 3 0 6 5 13
25 11 21 16 15 3 3 0 0 2 6
26 2 6 6 5 1 2 0 1
27 1 0 1 0 1 0
.. continued ..
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APPENDIX D6.10 (continued)
0 Host-parasitoid populations provided with food. ’
REP 1 REP 2 REP 3 REP & REP 5

TIME H P H P- H P ‘H P H P

7 0 0 0 0 0 0 0 0 0 0

8 7 0 0 0 2 1 4 0 1 2

9 6 0 2 0 5 1 2 0 2 0
10 3 - 0 7 1 9 0 5 1 10 3
1 2 /2 10 8 7 20 10 227 W 7
12 11 20 13 18 7 14 3 77 7 7 <
13 6 9 6 11 8 9 1 10 7 7
14 9 3% 33 66 30 35 30 57 11 23
15 27 96 51 89, 44 21 29 50 56 150

, 16 18 29 16 25 31 26 4 21 32 128
17 4 6 14 21 26 9 11 12 4 51
18 + 15 3 33 31 33 8 17 20 0 11 ’
19 35 74 42 30 32 30 111 54 2 15
20 62 60 43 84 37 53 73 172 31 37
21 18 38 32 61 51 65 4 34 22 68 .
22 5 21 10 20 7 "7 2 17 3 11
23 20 31 18 28 0o * 9 1 4. 4 21
24 20 5 22 22 2 6 .2 4 0 9
25 4 9 10 44 0 1 0 0 0 1
a[:,, 26 3 8 1 1 0 0
. 27 1 0 0 0 0 3
. Lo L
1
.
X K
. ~

X4



APPENDIX M5.1

Different attack equations are needed to describe the functional’
responses of parasitoids and predators. This is because parasitized hosts
remain avajlable for further encounters by searching parasitoids and as a
tesult the number of hosts availlable remains constant over the course of an
experiment. In contrast a searching predator completely consumes
encountered prey which results in prey density decreasing over the course of

én"experiment. The Type II functional response equations used to describe

these are:
Parasitoids: Np-Nt[1-exp(-aTPt/(1+aThNt)}] Eq. 5.1
Predators: N =N, (1-exp{-aP, (T-T,N,/P.)}] Eq. 5.3

The situation regarding 2nd instar C. cautella mortai}ty due to
ovipositor wounds by V. canescens may be an intermediate case. We assume
that a proportion of ovipositipn events results in the death of the host as
opposed to successful iﬁ%&ction and we further assume that these wounded
larvae die quickly and are as such unavailable for further encounters with
searching parasitoids. Thesé assumptions lead to the situation of a series
of encounters some of which lead to a decrease in host density while others
do not, This requires a different form for the attack equation. The *
appropriate attack ‘equation has been developed following the techniques
presented by Hassell (1978, Appendix 1).

For a Type 11 predator response the instaneous prey encounter rate is:
“u(t)=a'P, /(l+a T, ‘N(t)) Eq. AM5.1

where N(ﬁ) is the number of prey net attacked up to time t. If p(t) is the
probability of a prey not being attacked up to time t, then

N(t)=N,p(t) . a Eq. AMS.2

~

Incorporaging those encounters that do not result 'in host (prey) death but

in parasisism leads to



‘w

A}

¥ N(t)=N, p(t)+N, (1-p(t))(l-q) o

Eq. AM5.3

where q is the probability that an encounter results in host death rather

than infection.
Substituting equation AM5.3 into equation AM5.1 gives

u(t)=aP, /(1+aT, N, (1-q-qp(t)))

Eq. AM5.4

The basic equation relating p(t) and u(t) is given by Hassell (1978) as

; dp(t)/p(€)=-u(t)dt

Substituting (Eq. A9.4) into (Eq. A9.5) and rearranging gives
$ "

*‘\"\_. %
( ‘ 1+aTy N, (1-q-qp)dp(t)/p(t)=-aP dt

On integrating

[1+aT,N, (1-q-q)/p(t) Jdp(t)= aP,dt
gives
p(t)=exp(-aP,T-aT N, q{l-p(t)}/L+aT, N, (1-q)]

By definition

.

N, =N, (1-p(t))

Combining this with (Eq. AM5.8) gives the desired equation

e

N, =N, [1l-exp(-aP, (T-T,N,q/P, )/(1+aT, N, (1-q))}]

Eq. AM5.5

Eq. AM5.6

Eq. AM5.7

Eq. AMS5.8

Eg. AM5 9

E§q.AMS.10

Note that when q = 0 equation 5.3 is recovered, while eciuation 5.1 1is

obtained if q = 1.



APPENDIX M7.1

G A continubus-time host-parasitoid model,
-~
1. Model Life Histories:
rd - "
Poraeticed Herl Lorves A Pureiionss - héeht Por
% or .
Unperasitired Hoot Larvae Fy]  towt e o aewrt Hosts
R A,
Variables: L(t) = density of host larvae

P(t) = density of adult parasitoids
H(t) = density of adult hosts
RL(C) = rate of reqfuitment of host larvae
2 . Ryp(t) = rate of recruitment of developing parasitoids
Ryp(t) = rate of recruitment of host pupae
Rp(t) = rate of recruitment of adult parasitoids
Bo Rg(t) = rate of recrditment of unparasitized hosts

C&’ Parameters:

§, = per capita death rate éoi host laryie (parasitized and unparasitized);
10.0/day? '

6p -, per capita death rate for adult parasitoids; O.S/dax

6y = per capita death rate for adult hosts; 0.l/day

Sp = survival probability for developing parasitoids; 1.0/day

Spﬁi survival probability for host pupae; 1.0/day

a = attach coefficient - adult parasitoids on host larvae; 0.3/day

B = ‘'net’ fecundity of adult hosts (larval recruits per adult per unit
‘time); 84/day

= larval development time (hosts); 26 days
L develoJ;ent time (parasitoids) [r, + r, = time from host egg to adult

parasitoid]; 14 days

rp = stage duration for hest pupae; 8 days .
i
fy = egg duration; 4 days
)
1 Parameter values used in the numerical solution illustrated in Fig. 7.2
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The two adult stages are described by the equations:

H(t)=Rg (t)-§4H(T)

o P(t)=Rp (£)-8,P(t)
where
t-1p
Rﬁ(t)-R'L (t-fL -TP)exp(-JP(t' )dt')exp(-SLrL)SP
t-TL‘fP
" ~
" t‘rp ¢
Rp(t)-RL(C"L"p)(f'eXP('a P(t')dgl))e*p(.erL)SD
- t-TL-fp
and

R, (£)=BH(t-75)+1
Equations aM7.1, 2% 3 and 4 fully specify +the model

A simplified model: ~

Eq.

Eq.

aM7.1

. AM7 2

. AM7.3

Set §;, =0, Sp=S,~1, rE-fP-rD-O and define r=ry+r , so that equations AM7.3-4

simplify to:

l:-rP
Ry (t)=R; (t-r)exp(-af P(t')dt’)

-\B t-7

and
T t-7p
Rp(t)-RL(c-r)(l-exp(-i/-P(c')dt')),
. €-7-.
and .
R, (t)=pH(t)+I,

Eq AM7:2B

Eq.AM7.3a

Eq. AM7.4a

>
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“ where

differencer
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Steady States for the Simplified Model:

Sy H =Ry =(BH*+I  exp (-aP*r )
o P* =Ry = (BH*+1, ) -exp(-aP*r ))
P*=(ar; )" 1n(p)
H*—(arL)'1(6P/§5)1n(f2/(P-1X

P'ﬂ/sgv

\

\
Note similarity to Nicholdén-Bailey Model. The factor (,/6,) is-the only

€

Equations AM7.1 and AM7.2a, 3a and 4a now specify ‘the simplified model

Eq.
Eq.
Eq.

Eq.

AM7.5

AM7 .6

AM7.7

AM7.7




