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AB S TRACT 

An experimental study of laboratory populations OL the stored-produc-
, ~ 

ts moth, Cadra cautella Walker (Lepidoptera: Phycitidae) am! Hs larval 
... ., ' 

paf:sitoid, Venturia canescffns Gravenhorst (Hymenoptera: Ichneumot;lidae) 

identified and quantif.ie,d density- and age-dependent demographic 'charllcl0-

ris tics of the hooSft-parasitoid system. ,Host imago l011gevi~and fecundi~~ 

depenaed on l~rval weight at pupa.tion.! J Observeq effects of, ç. cnutel,l,ll 

l~rval competition for food on' lar~al ~ortal't1:y J stage duration, and 
1 ' 

weight at pupation were successfully captured in a mdthematical mod('l. 

Host larval age significantly influenced Lntèr-stage cannibalism an(J 

s~sceptibility to mortality resulting from parasitoid oviposition wounds. . \ 

Both larval parasitoid developmental rates and adult parasitoid attack iJ 

rates deI?ende4 on hos-t larval age. Long: term population experiments oi 
, -

host and host-parasi toid - populations, revealed - that host' populations 

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

. that parasitoid populations were ln synchrony with host, populrtions ". 
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ABREGE 

.. 

,,' 

Une étude expérimentale ç0l\.duite en laborat:oire sur d'es pop\llathms 

·d'une pyrale des prod~its entreposés, Cadra cautella Walker (Lepid~ tera:,' 

Phycitidae) èt de son parasitoi"de, Venturi a canescens 
<::::') ;:> • 

(H)rmenoptera: 

d'identifier 

IchneuplOni<iae) , s' attaquar:t à la la~rve r perme 

et de~ quantifier' pour ce complêxe hôte-parasitoide, des 
" . 

c·aractéristiques démog"'raphiqués, dépe?dantes de la den~ité et de 1: âge. La 

longévité et la', ~,écondité de l 'hôte adulte dépendaient du. poids larvaire à 

la pupaison. Un modèle mathématique des effets dë- la é~mpétition larvaire 

,de ç .. çautella po'ur la nourriture en foriction ,de la mortalité et de la'" 

durée du stade l'àrvaire, et du poids à la pupaison a pu ~être développé. 

, . L'âge- larvaire de l' hôte influençait significativement le caNnibalisme 

entra"'" les stades et le risque de .succomber aux blessures de ponte du 

parasitoide. Les taux de c,roissance de la larve et de prédation de 

l'adulte du parasi,toide sont tous les deux dép~ndants de l'âge du stade 
, 

larvaire de l' hôte. Des études de populations de 1 'hôte et du complexe 

hôte-parasitoide démontraient que le temps de développement Cles 
• -1 • 

populations de l'hôte Jexcédait légèrement le temps de génération ,de 1 'hôte ~ 
,et que le? ... populations du parasitoide 

populations de 1 'hôte. 
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CLAIM TO ORIGINALITY 

Qu 

This study represents one of the most comprehensive studies , 
concerning the demqgraphy of a host-parasitoid system .. 

The maj ority of the demographic characterist ies 1 including 

density-dépendent and age-specifie phenomena, have been quantified for the 
4 

first time for this host-parasitoid system. 

The growth model is original and represents a major advanee in our 

understanding and ability to deseribe the dynamie behaviour of -populations 

of stored-product"s Lepidoptera. " 

The experimental manipulation of· demographic charaeteri'stics . 
(fecundi ty and ~ongevity) of a species in long'- term. popu:ation 

experiments, 1s, to the bast of the author's knowlegge,.eompletely novel,

The -two strategi~ population models outlined in the final chapter 1 

have not previously been proposed .. 
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INTRODUCTION AND'LITERATURE RE~tE~ 
~ r ,,/ 

The consensus among eco10gists concerning the dcgree to which ""' 
, 

ins~ct populations are regu1ated by densi.ty-dependent processes appears 
'1 •• 

to fluctua te to the sarne extent as )nsect populations, A recent pnper l';y 
, . 

pempster (1983) represents the 1atest resurrection of this debatc (lIownrc\ 

& Friske 1911; Nicholson 1933;, Andrewartha & Birch 1954; Vurley & Gradwp11 

1970) , If nothing e1se, the apparent' iITUl\ort~lity of ,this con~rov('rsy 

under1ines the need for further resel1rch, a nee,cl Chat, has b('C'n 

dramatically i11ustrated by the re.,cent work of Hassell (1985), Only 

through a thorough Integration of theory and empir iCll1 work, both i Il the' 
\' ) 

1aboratory and field, will significant progress be· mnde towl1rh~, 
1 

understanding insect population dynamics, One cri tienl llrpu wlwrc n mon' 
~ \-' 

comprehensive integrati.on of theory a~d experimenta1 work it; n('('(\('d i!; 

that o,f age structure and age'-structured effects on in,>ect' popu1nti on 

dynaniics, . 
The importance of age structure on the behaviour and stnbU iLy of 

natura1 populations is weIL recognized 'land in recent years has been the 

subject of an increasing number ,of theoretical studies (Oster & Takahnshi 

1974; Gurtin & Levine 1979;' Cushing 1980; Gurney & Nisbet 1980; Hastings 

1983: 1984a,b; Gurney '& Nisbet 1985; Nunney 1985a,b,c; Hurdoch,· Ni"bet, 

Blythe, Gurney & Rlbeve in pres s) , 
.. r 

, Severa1 studies co·ncerned with age-struct.ured effects have fOCUS!.icd 

,on the mechanisrns responsible for crea,ting 1àrge amplitude fluctuations i Il 

population humbers with periods approximately equal to the egg to adult 

,maturation timE". (Auslander,' Ostel;' & < Huffaker 197/.; Gurney, & Nisbc t 

1985), There havé been' a number of examples " of labpratory Insee t 

populations that display'large population fluctuations with periods close 
& • f t> t 

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

Nisbet & Lawton 1983), 

.~ populations exhibitirig 

field and laboratory. 

lndeed entomological folk~ore would have It that 

discrete genera~ions are rather common in both 

Populations cycles' of this' nature, tha1: 1s GYclcs . 
, that, a~pear as discrete generati~ns. are unpreqic~td; most age-structurcd 

population models predict a rapid broaden1ng of ~ge distributions.into Il 

• pattern of overlapping continuous generations, 

o 
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Thé phenomenon of insect popull'.tion fluctuation and the mechanisms 

responsible for producing population cycles of this nature provided the 
'2'i' 

underlying impe~us for the work describ~d in this study. 

The recent and rapidly expanding literature concerned with the 

effects of age structure has, however, prod,uced y~t another example" of the 

cycUcal relat;ioI)ship between theory and empirical evidence so common .in 

Ipopulation biology. Many of the theoret~ical studies' élre, at' bes~, . only 

weakly tied to exp'erimental observations. In particular the theoretical 

studies concerned with the mechanisms that produce discrete generations in 

. insect 'popu~ations have be~n inspired by a number of long-tenn laboratory 

studies invol ving stored-products moths of the, family Phycitidae and a 

predator or parasitoid of the moth in free-runni~g population cages 

(Flanders & Badgley 1963; Flanders 1968; White' & Huffaker 1969a,b; 

Takahashi 1973; -Sens on 1974; Podoler 1974a; Gumey. Nisbet 6ç Law'ton 1983). 

In these long-term studie~, a range of populat~on behaviours and stability 

propert}es have been observed and a nUrnber of hypotheses have been 
, , , " 

formulatèd to account;:, for these patterns. The hypotheses have invoked 

mechanisms 

resulting 

• '0-
either ,dccurring entirely within the math populatiûn or 

from the actkm of' the preda tor or ~arasi toid ~ the age 

structure of the population. 

The development df population models that attempt to describe _ a 

particular system or restricted rset of systems requires that a balance ne 
, ~ 

achieved between realism and tractability. Increased real:i,jm often leafs 

to the inabifity to identify those .factors that are c'ritical in producing , 
\ 

a particular pattern, of population behaviour, although, !! priori 

.simplific"ation of Ii-'populatf(;m model runs' the risk of neglecting i,mportant 

• factors. Furtqermore, valid tests of a model can on~y be achieved when 
\ 

the parameter values of the model--a.re measured independently from the data 

against which the model is tested. 

It tis clear from the theoretica~ 
- • t' 

liter~ture on age-structured 

effRcts on single-~pecies and predator-prey or host-parasitoid population 

dynamics, and from the literature concerned with the biology and long-term 

population dynamics of stored-products Lepldoptera that population 

processe~ occurring in these laboratory populations are complex. This 

complexity necessitates a' very thorough qualitative and quantitative 
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understanding gf the demo~rap,hic.' characteristics specifie to an indivfdunl 

species, if re~sonably reàlistic population models are to be formulated. 

Furthermore, although a ,consid~rable amount of work has been donc on 
, - . Il 

the biology of st<?red-products Lepidoptera, these studies have -used 'mllny 

çlifferent strains and species' of moth, and environmentlll condition'> llntl 
\ . 

typ~ of food have varied markedly. Therefore. there is a lack of sol id 

data for any one species. In addition, although a number of d('t1sity-

dependent or age - dependent phenbmena have -been shown to OCClll~, 

effects have been only crud~ly quantified. 

These insights made it very apparent that the first tequircment of 

an investigation into the phenomenon of disèrete ver!.us over]nppillij 

generations in stored-products moths was an intensive ('xperimental study 

of those aspects of tlle biology related 'to their population dynnllllcs. 

This the.üs b'egins with a, brief introdue tion to the importance of 

age sttucture on the dynamie ~haviour of single-~ecies and predator-prey 
- . 

syste,ms and is followed by an introduction 'to_ the host-parasitoid syst!em 

seketed fc;>r - this study: the stored-products moth, encira cnutèllll 
1 

(Walker) (tepidoptera: Phycitidae) and the 'thelyto~ous larval parasitoid, 

Venturia eanescens (Gravenhorst) (Hymenoptera: Ichneumonidae).'~ Previotts 

work with laboratory pop~lations of stored-products Lèpidoptera is then 

rèview~d. The results of experiments undertaken to' identl(y and quantlfy 

the demographic ~haracteristics of host and parasltoid are presl'nted 

together with a mathematical model formulhted to describe the growth, 

duratiôn and survi va~ of the larval stage of ~. caute 1 hl. .The re~ul t5 of 

a se~ies of long- term experiménts based ~>n free - running populations of the 
. 

host alone. and host and parasi toid together, are presented. The thes is 
~ , 

finishes with ~ general discuss'ion of sorne of the implications of the 

experimental results and presents areas where future work Is nceded, 

POPULATION DYNAMICS AND AGE STRUCTURE 

The passing of time is a phenomenon that afree ts all organi'sms. 

lricreasing age affects individuals and eonsequently populations. Tois 1~ 

nowhere more apparent than in human popula,tions, Age dictatcs to a great 

extent, fo~ example, our legal rights, and our social status. Age plays 

a's important a role in non-human species, where ~he probability chat ~n 
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individual reproduces, 

strongly age-dependent. 

.. 

'.,. 4 

dies or emigrates from a population Is often 
9 

The 
. 

enormous dlverslty in animal and plant 

'life histories' is in part {l result of the interaction between the 

passing of time (aging) and the maximization of ii-ldividual reproductive 

success. Stearns (198Gt-and Charlesworth (1980) provided reviews of the 

evolution of agç structure and life -hi~tory patterns. As the de~ographic 

1 characteristics of a particular species are a function of evolutionary , , 

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

behaviour· 

The impact of ,age structure' on the ?ynamic behaviour of single· 

species, ,population models has been investigated using a variety of .. ,., 
approaches based 'On botl:t discrete. and continuous - time ,formalisms. . Thé . 

. earliest efforts usit1g a continuous - t~me approach were by, Sharpe & Lotka 

(1911) and von. Foerster (1959)" a1though~ LesUe (1945, 1948) approached 

the problem using a discrete-t~me formalism. Subsequent work has expanded 

these models to include density dependence,. variable envirorunents, and 

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

(1982) have presented discussions of the various formalisms and have 
\ , 

provideœ extensive references to the work that has been done in~this area. 

The studies have been based on complex and intimldating mathematics. With 
\ 

the exception of the discrete-time approaches of Leslie (1945, 1948) they 

have been primarily of theoretical interest and have not been a 

commonly-used approach to practical population modelling. 
, 

Most of these model~ predict a broadening of population age 

distribution until a stable age distribution is achieved,. 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 

incorporat~on 'of age, structure has been' found to influence the 

quantitative, rather than tlhe qualitative aspects of dynamic behaviour of 
'\ . 
single-species populations. Exceptions ~o ,these conclusions do occur and 

age-structured populations may oscillate in response to external stimuli 

sucn as anqual climatic- changes (Oster & Takahashi 1974; Gurney & Nisbet 

1980). 

Recently, the mathematical rigor of the continuous-time:~tormalism of 
1 • 

von Foerster (1959) for age-structured populations has been' modified to . 
produce an approa'ch, 'based on t;he use of analytically and n~er::sally 

,\ 
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simple time-delay mathematical models (Gurney, Nisbet & Lawton, 1983). ~ 

assum~ions are based on the description of the life history of a spacies 

as a sequence of arbitrary stages, defined such thnt individua1s in n 

given stage are functionally identica1; that is, a 11, individua1s of n 

givdn stage have the same per capita death and reproductive rates. This 

approach, al though applicable ta a wide range of animal spec i('s. i s 

particu1arly appropr:i,.ate for the description of insect life histori('s. 

where t~se stages are not only functi8nally but bio10gicl1l1y 1'('111 

entities. This approach is heing continually modified (Nisbet & Gurney 

1983; B1ythe, Nisbet & Gurney 1984) and is now a very p.Plerful tool for 

. use in the mathematical representation of insecç populations. 
J 

Using .üthese techniques, Gurney Nishet & La~ton (1983) and Gurney & 

Nisbet (1985) have explored phenomëna .directly re1evll11t to the theme of 

this study. In insects where the critical factol; limiting population 

growth is 1arva1 food supply, they found that the manner ih which the , 
effect of larval competition for food is incorporated into the models can 

have profQund effects on the dynamic be'haviour of the population. If the 

effects of larva1 food limi.~~tion are manifest in the vital rates of a 

subsequent stage, for example reduced adult fecundity, the ~esultin8 

population cycles typica11y have periods slight1y in excess -of twice the 
1 

egg-to-adult maturation period. If the effects of larval competitio~are 

exptessed direct1y on the 1arva~ (usua1ly iri the form of increased 
. \ 

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

~and larval competition will produce discrete generations. These authors 

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

critically qependent on the form of adu1t survivorship. 

Mathematica1 models predicting self-sus ta'iningdiscret~ gcnerations-
~ 

have also been formulated by Bellows (1982). In an excellent study 

combining theory and experimental work, .. he"-'produced a qiscrete-time 

" simu1at,ion model describing laboratory populations' of the weevi1s 

Callosobruchus chinensis and ~. maculatus. Bel10ws argued that the 

discrete generations resu1ted from high1y asymmetric inter-instar 

competition. r , . 
Single-species population mode1s incorporating age structure hllve 

, '" ' 

been. shown to generally differ only quantÙatively from sing1e-species 

m9de1s without age structure. The same situation does not occur when age' 

.. 
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structtir~ i8 ihcorporated 'into modeis of predator-~rey or host-parasitoid . 
systéms., In particular age-specifie predation i~troduc~s a range of 

Possib1~stabi1ity properties and behaviours for these two-species systems 

- (Oster &,)Takah~shi 1974;' Curtin & Levine 1979; Hastings 1983, 198L;a,b; 

Nunney 1985a,b,c; Murdoch, Nisbet, Blythe, Curney & Reeve 1987). The 

behaviour and stability properties depend on, for example, the relative 

dui~tt~ns of adult and Juvenile predator and prel stages, or the existence . 
of i,nvulnerable prey stages .. Auslander, Oste'r & Huffaker (1974) have 

shown,' using a complic{lted continuous-time model that a parasitoid can 

sufUciently affect the age structure of the host population to shift it 

from a continuous generat~on mode to a discrete generation mode. 

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

sorne of the basic biologic,/ll attributes of the species chosen as the 

animal model for thi~ study. 

INTRODUCTION TO THE ANIMAL MODEL 
() 

A great many of the bio.logical attributes of ,Ç. cautella and y . . 
çanescen~ relevant to the aim of the present work have,been investigated 

e~perimentally as part of this study. Comparisons of the observed 

experimental~results with those previously reported, and t~e presentation 

of publi~hed data 

experimèntally, will 
.. ' 

appropriate chapters. 

pertinent to this study but not inves'tigated 

be found in the discussion sections of the 

The purpose of this section is to provide a general 

,ov:rview and introduction to the biology of the host and parasitoid. l. 
,will be followed by a review of the previous studies that have examined 

the population dynamics of sto~ed-products Lepidoptera. \ 

.. ) 
Thé Host .J' 

Cadra cautella Walker (Lepidoptera: Phycitidae) is an economically 
1 

important'pest of stored grains, cocoa, dried fruit and nuts (Munro 1966). 

lts extensive geographic distribution is ~enerally restricted to tropical 

and sub- tropi,cal regions where it is found in association with stored-

products (Benson 1973). 

Thomson 1932). 

Natural populations also occur (~ichards & 
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Adults tend to emerge, from pupae in the 1ate afternoon (Stee1e 1970) 

and peak flight activity occurs in the late evening (Graham 1970), 

Pheromone levels in feinales inctrease to a peak about 3 h after the moth}.. 

emerges and rapidly decline following mating" (Kuwahara, Kitamura, 

Takahashi lx Fukami 1968). Stêele (1970) reported that the peak in mating 

act~vity occurs Just after dusk. Females 'calling' males adopt fi 

characteristic posture, wher'e the abdomen is extruded' and flexed upwards, 

Males respond- to cal1ing females by rapidly vibrating their wlngs, 

a1:though erraticp.l1y walking or flying ttbout the female and re l(>llS ing 

pheromones to stimu1ate cop,ulation in the fjemale (Benson 1973). l'Il(> 

morpho1ogy of the sex p~eromone glands of bath sexes has been described by 

Oickins '(1936)., The male and fema1e reproductive systems hnvc bC'cn 

des~ribed by Joubert (1967, ~969). 

B~rges lx, Haskins (1964) investigated the development and survival of 

~. cautella undar different temperatu~e and humidity conditions. At 70% 

relative humidity they found that the limiting tcmperatures for 

development were 15 and 36°G, with the optimum tempe ra turc being ,3l°C._ 
'<> 

They found that tempe rature influenced the duration of all developmental 

stages but that- humidity had a signlficant influens;:e only on the lllrvll~ 

stage. Larvae live wlthin the food and construct gallerie8 ~ofnposed of 

silk frass and food. The dietary requirements of the larvne hnve been. 
~ 

investigated by 'Fraenkel &. Blewett '(1946). Feeding larvae and larvae 

co'ming into contact with other' larvae produce a secretion, originllting in 

the, mandibular gland, which causes the 1arvqe t.o disp~rse (Corbet 1971; 

Mudd & Corbet J973). H~gstrum &. Sharp (1975) reported the occurrence of 

~, cautella larvae i!l diapause as par,t of a ,study on this species carried • 

out in a citrus pulp warehouse. Hagstrum &. Silhacek (1980) reported thllt 

larval diapaus~ induction ls a function of the internction between 

\ genotype and the degree of 1arval crowding. 

In addition to ~. cautella there are a numbe~ of other Lepidopter!1 

commonly assoctated with 

(~elechiidae), as w~11 as 

stored- produc;ts: Sitotroga cereale lIae (01.) 

Ephestia elutella (Hubner), Anllgasta kuehniella . , 

(Zeller), ~." caliq~lla.\.. Guen., ~. figu1ile-i11a Gregs.,' and Plodia . , 
interpunctella (Hubner), aIl members of, the Phycitidae. .. Richards &. 

Thomson (1932) and Benson (1973) have reviewed the literature concerning 
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the biology of many of these sto'red-products moths. References to, and 

- comp~risons with these species will be'made in the present work. 

The Parasitoid 

Venturi a canescens (Gravenhorst) (Hymenoptera: Ichneumon~~ae) has a 
\1 .. 

virtually cosmopolitan distribution (Richards &,Thomson 1932). Twenty-two 

-g'Jfecies of Lepidoptera have been, reported to serve as hosts for this 

parasito~d. Natural hosts include members of the Pyralidae, rinaeidae and . 
Yponomeutidae, although species of Oecophoridae 

served as laboratory hosts (Salt 1976). 

and Gelechiidae have 

~. , 
The 'parasitoid -has a thelytokous regroductive mechanism, whereby 

dip~oid.females produce only diploid female offspring .. Males are extremely 

rare and functionless (Slobodchikoff & Daly 1971). Slobodchikoff (1982), 

in a study of morphological wing charac~eristics, was able to distingu~sh 

between individua1s from wild and laboratory str~ins. He was unable to 

distinguish between clones initiated from a single laboratory strain, and 

he ~ttrib';lted this to a high degree of genetic heterozygosity among the 

wasps. 

,y. canescen~ is an endoparasite of the host's larval stage. 

Parasitoid lttrvaé an' found in host pupae, but oviposition in the pupal 

stage is uncommon (Dlamo~d ly?9; Ahmad 1936). -' Imagos feed on nectar, 

sugar or honey solutions but are not thought 

(Rogel"s 1970). 

to feed on hos t f1uids , 

,A number of studies have used y. canescens as an animal model to 

investigate, foraging behaviour and patch time allocation, in the context 
, -

of. opt~mal ,foraging theory (Taylor 1974; 

Cook 1978; Waage 1979; Cook & Hubbard 

1986). 

Cook & Hubbard 1977; Hubbard & 
o ' 

1980; Marris, Hubbard & Hughes 

Volatile components released from the host, host silk and faeces 
\ serve as stimuli (Thorpe & Jon~s 1937; Thorpe 1938; Williams 1951; 

Matsumoto & Huffàker .1973a) that function to attract the wasp to areas , ~ 

where hosts are present. Once in these are as , contact with non-volatile 

compo'nents 'of the host' s mandibu1ar gland secretions 1) stimu1ates the 

parasit~id to tap the food medium with its antennae and to probe the fo09, 

with the ovipositor (Corbât 1971; Corbet 1973; Mudd & Corbet 1973)" and 2) - . 

/ 

---~-----~ 
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~licits specific orthokinetic and klinotactic behaviours that serve to 

keep the wasp in areas where hosts are present (Waage 1978). 

Once a host is located, oviposition takes seconds. Followinr, 

oviposition a cha'r~cteristic cocking motion mo~es an egg from the ovaries 

to th~t,p of the ovipositor; this must occur before nnother h~st can ~)<' 

parasitized. Ovipositor mqrphology and the cocking motion w<,re dC'scrlbC'c\ 

by ~ogers (1972a). Only one egg is laid per host encounter and thcirC' L9 

incomplete avoidance of superparasitism (Simmonds 19!'); Fl~,hcr f9(JllI; 

Roger~ 1975)( The morphol~~ical characteristJcs of eggs, the [ive Larval 

instars, and pupae have been described by. Corbet & Rother,un (196). 

Only one parasitoid is able to complete developmeut ln n ho"t lllld wlwTl 

superparasi tism occurs i t is the old~s t larvae thot !'urvl VC'!i If both 

parasitoid larvae are in their first instar, t~e older larva destroys the 

younger by direct physical attack (Fisher 1961b). Greater age 

differentials between the parasites result in the physiologicaL 

suppression of egg and Ist instar development due to the low oxygen ~ 

tension in the host haemocoele (Fisher 1963). Eggs or larvae damnged Of 

killed by direct attack OD physiologi~al suppression arc subjected to a 

haemocytic response by the nost (Fisher 1961b): Rogers (1970) f<'portlld 

that the final larval stage of f. caut~lla.was able to mount a succcss(uL 

de'fense reaction to a primary infection of the paras i te. Ile [clt that 

this response was the result of .damage to the egg. during oviposition. 
-

,Eggs and youn'g, first instar larva~ of y. canesccns are thought to have a 

cpating on ~he~r surface -that prevents/ recognition by host def~nse 

mechanisms (Salt 1968). 

~YNAMIC BEHAVIOUR OF LABORATORY POPULATIONS 
"-

OF STORED-ERODUCTS LEPIDOPTERA 

Since the exper1ments of Utida (1941), Cr~mbie 
/" , -' 

(1945, 1946) and 

1aboratory animal Parl< (1948), stored-products insects have Abeen popular , '" 
model~. f~r the study of insect population dYnamics. In addition to the 

wode involving stored-products bee't1es, weevi1s (Bellows 1982) and 

Lepidoptera have been used by investigators wishing to study the long-term 

behaviour 'Of ~aboratory populations. The very fact that these are 

stored-produçts insects has been the reason ·that they are so oft"en 

.& 
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selected for these studies. First their bebitr of living in st-ored 

. -
agricultural products results in their being considerE;d pests in ,many 

parts of the world and, as such, knowledge of ,their biology is of ap?lied 

importance. Furthermore,· stored products are an inviabl-e food source 
f~ 

freeing the cult~r~ng 
1 

easily obtained, manipulated and quantified, 

of the insects from the a;vailabil'i ty of a living food source. 
\ There have been a yumber of studies that have investigated the 

dynamic behaviour of laboratory of stored-products 

Lepidoptera, bo~h in .the context of single'-species populations and two
J 

species populations.' involvi~g parasitic bacteria, predators and 

parasitoids. The results' of studies involving single-species and 
" 

host-parasitoid populatiqns will be \briefly summarized. The studies 

employ a basic expërimental protocol whereby food is added to a cage at a 

fixed rate per unit time and rem;:nns in the cage for sorne fixed period of 

time. Populations are censused by rcmo~ing and counting dead imagos in 

the cage at sorne fixed time interval. 

Cadra caute] la 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 single species populatiDn cages 

and one of the host-parasitoid population.cages are presented in Fig. 1.1. 

These experiments were run in smaH cages (0.0156 .m3 ) at 30D e, using 

rice bran, added at the rate of 20 g/week. Single-species populations 

were~ food-limi ted and showed a dis tinc ~> cyc'lical behaviour, wi th 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 abo"ut 36 days. 

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

cages increased, thereby decreasing the searching efficiency bf the 
6 

parasitoid, populatio~s were less likely to (,come extinct 

amplitude of the fluctuations in the host populatïon decreased. 

and the~ 

In a long series of experiments (Flanders & Badgley 1963; Flandert-f\./" 

& Hall 1965; Flanders 1968), Anagasta kuehniella was used in conjunction 

with the deliberate or accidentaI introduction of Bacillus thuringiensis, 

Tribolium confusum, the predatory mite Blattisoci.us tarsal1s, and/or y. 

can'escens. The experiments were conducted at 27°C in cages with a volume 

the, rate n replacement v.ried 

, 
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 

Ventur ia canescens . in . long - term .. l-~ 
Data from popu1Bf~on cages. , . 

-!l'akahashi (1973, Flog. 3). A. S~ngle-species population cage. B. 

Host-parasitoi.d population cage. The black Hne denotes the host 

canescens) . 
j 

a ~ the _red line depicts the parasitoid (y. 
-------- -' J 

.. 
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g/week. A large number of cages were established and 'the ,shape and s izc 
, 

of the cpntainers in which 

addition the food in sorne 

the food was p laced varied among cages. 
, 1 

cages was covercd with different depths 

In 

of 

expande'd mica ('vermiculite'). The vast majority of the' population cnf,l'!; 

were ) or more speciës systems 'and as a result of d~ffere;lt. treatment'l 

theI'e was virtually no replication, Observations made in this set of 

studies inc1ude a d~stinct periodicity in the population' fluctuatiorw 01 

the- host, with cycle periods ,being slightly in extess ,of l!tp' ho']! 

developmental period. It was suggested that this pcriodicity W;IS Ùll(' lo 

intense competition (cannibalism and territoriality) arnonE~t lst instm 

1 1
, • 

arvae. Ile amplitude of host population ,cycles dependC'd on thp ~;.i7(· of 

the container in which food was placed and on the depth of expan~leù mi Cil 
fi', ( 

over the food, witn amp11tudcs dcc~asing with incrcaspù mnollllts 01 

vermiculite. Parasitoid numbers. were found to flucLlIlIU.' ill ~yllchr<HlY wi th 

the host population, regardless of whether or not the plirasiLoid WllS 

regulating the host populat ion; al though the stability of the systC'Jn, as 

measured by the freq~ency of extinctions, . " 
decreased as the lIrea for hosL 

, \ 

refuge increased. \ 

'\ ~l 
White & lIuffaker (1969a,b) performcd a series of long- tel"ln 

:lCxperiments using !':!,. kuchniella, !!. tarsalis And y. ClHlP<;cenc;. The 

experiments were conducted at 26°C in cages with_ a volume of 0.12 m3 ; li\{, 

rate of food addition was 8 g/week. Example's of the results [rom their 

single-species cages and host-parasitoid cages' are p,rescnted in Fig,:, 1.2, 
<Jo, 

, They concluded that in the absence of Lhe paras i toid, host populations 

fluctuate l'andomly about an equilibrium" show no indication of perlodicity 

or disc~ete generations, and are regulated by food ava il abU i ty ,coup leù 

with competition among ~arly larval stages. 1I0st-pll,n1.S i taid populnt ions 

were found' to exhibit distinc t hos t genera"tions with parasitoid 

populations fluctuating- .in synchrony with the hosto Thesc 8cnerntions 

were separated by.a period 

developmental period, of thé 

of 54 days, 12 ù!!.ys more thlln t.he minimum 
. 

host .(42 days). Overtaid on population 

fluctuations due, to the discreteness of host generations wcre population 

'cycles with a period of, four generations. Whi te and Huffaker (l969b) 

concluded that the ac:tion of _tpe parasito'ld: on ,the ag; structure of the 

host .populati~m wns responsible for producing discrete generations in the 

host population. '''The discretenass arises from. the effective 

... 
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Figure 1.2. , Three and a haU day .c~)Unts of de ad imagos of 
, , ~ 

• ADagasta kuehniella and Venturia canescens in lorlg-term population 
g 

cages. A. Single-species populat,ion cage. Data from White_ &, 

Huffaker (1%9à, Fig. 3) B. HO'st-parasitoid popùlatlon cage. ' 

Data -from \\Ihite & Huffaker (1969b, '_ Fig. 2). The black' line 

-denotes the host (A. kuehniella) although the red line depicts ,the 

parasitoid (y. canescens). 
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1~test-deve1oping parasi tization of aIl the earliest and immature host 

larvae in a given generation, therl'lby synchronizing the eJllergence of 

adults" (White ~ Huffaker 1969b)'-
~ r 

. Conclusions reached by \ the ab ove 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 
, ' 

hypo~,heses. Following the develo~ment of techniques for the analysis of 
, '. 

insect life-table data '(Varley & Gradwell 1960) a number of workers 

applied these techniques to the analysis of long- term hos~parasitoid 

populations involving stored-products Lepidoptera. . ' 

Hassell ,& Huf[aker::, (1969) analysed a series of data collected from 

long-term populations of A. kuehniella and y. canescens carried out in 

very large population cages ~ 13'. 8 m3 ) at 25,° C at a food replacement rate 

of 24 gjweek or 144 gjweek. ' Host and parasitoid populations exhibited 

largely discrete gcner~tions allowing the use, of life·tabl~ analysis. The 
\ . ~ 

authors conc1uded that. parasitism and early'larval mortality were the 

important mortalitie,s' determining host and. pnrasitoid population 

densities. E''lrly larval morta'1ity was thought to' be due to çompe tition of 
, 

early instars '-for space and food and/or due to the delayed effects of 
1 

larval food limi'tation dn adult host fecundity. Early larval mortali ty 

was a1so thougpt to be due to wounds inflicted by the parasite during 

oviposition. 

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

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

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

carded out at 30°C in a' 0.73 m3 <?age. Podoler concluded that parasitism 

contributes most to the changes in total mortality, but that 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 

1 sychroni.zation in male and female imago emergence. podoler also 
o 

identified significant density dependence in pupal mortality that he 

attributed to canniba1ism by 5th instar larvae. Figure 1.3a presents data 

from Gurney, Nisbet &. Lawton 
1 

(1983). '·and has been included to show 

\ 
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Figure 1. 3. Host (Plodia interpuncteIla) and parasitoid (Venturia [ , 
l' ,", 

canescéns) imago popuI4tion b d~nsities in long-term population 

cages. A. Seven day totais' in a single-species population 

cage. Da.ta from, Gurney 1 Nisbet & Lawton (1983. Fig. 5). B. 

Population densities in a host-parasitoid population cage. Data 

from podoler (1974a, Fig._l). The black Une denotes the host 
, 

• Cf. interpunctella) and the red li,ne dep!cts the parasitoid 

(y. canescens). 
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• comparable data on the single - spe~ies dynamics of .f. interpunctellil (cage 

volume 0.005 m3 , rate of food replacement 7 g/week). 

Benson (1974) conducted 'lpng-term experiments on the dynamics of 

ç. cautella' and ~racon hebetor, a gregarious ectoparasite of the laryac. 

Benson suggested t!tat the kcy factors cflusing -change in the host 

population were egg and early larval mortal'ity. caused ei ther by larvnl 

competi tion for food and spa ce , or by' variation in imago _ fecundi ty. Hp 

also presented data suggesting delayed density-dependent ~ortRlity of 3rd 

and 4th instar lnrvae caused mainly by the action of the pnrllsit('. 

- Although these studies employing life-table annlyses lIrp .lI! 

improv~ment ovèr the earlier stud'ies conc-ernit1e' the dyrl<lmic bchnviout of 
, " 

these host- parasitoid, populations, lifc- table analyses can contdbutp 
. , 

little ta the understanding of processes occurring within a generatioll. 

rhi~ point has been demons.t1"ated in r~c~nt work by Hassell (1985), who 

il1tstrated the problems in detec'ting density dt'pcndence from typicnl 

life-table data.- Fl1rthermore, life-table analySis~ llnd the distrelè-tirnp 
" . . population models resulting f1;'om such analyses are inherently unnble to 

, Cr. • 
describe the ,dynm.lics of populations with pverlapping generntions /lnd as Il 

result do not form à, generally suitable approach to the study of 

single-spedes populations of these stored-products insects . . 
This review' has described. the importance of age structure in 

pc.>pulation dynam~cs and has emphasf,zed the need for a thorough qualitative 

and quantHat~v~ ùnderstanding of' the ,demographi-e characteristics of a 

, species, if one wishes ta unders 't";n{J what factors lire important in 

determining stability and behaviour even in rela-t;,ively simple laboratory 

populations. For example: previous experimental work has shown that, in 

stored-products Lepidoptera, 

resource may 0 express itself 

through-' increased mortality 

larval ~ompetition for fi limited food 

either directly on the. larvlll population 

or' in~irectly through 1~s effect on the 

sUI;V~val or (ecundity of subsequent· st;:ages. 'Theoretical work has' shown .. "--. 
that ~he pattern of population cycling may be critically dependent on '. 

which of these two results of larval competition ls dominant: in- a 

population. 

\ 
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GENERAL HATERIALS AND HETHODS 

The origir\al cultures of,Q. cautella and y. çanescens were obtained 

in 1982 from the Stored-Product Insects Research and Development 

Laboratory. United ,States Department of Agriculture. Savannah, Georgia, 

and were maintained ~ Ma:donald College thr~ugh the course of this 

research. ' 

~ Environmental conditions for basic culture maintenance and a11'· 

experimental work were 27tlOC, 85t5% R.H. (mean t range), and 12:12 L:D. 

Food for the moth ~ larvae consisted of commercially obtained wheat flakes, 

prepared by briefly heating (about half a minute) whole wheat kerne1s to a 

temperature of about 60Q C and then passing the kernels through a roller 
, 

mill. This process ruptures the' seed coating and produces round flakes 

1-2 mm thick and 5-10 mm in,diameter. HandHng results in breakage of 

these flakes into smaller pieces. but relatively .li~tle flour clust is . ~ 

produced. 'Prior to use, wheat flake,s were steaul-sterUized iIi 'lirl '1 

containers for 30 mil}utes . Normally. moth and wasp imagos were not ' 

provided with food or water. Howev;er sorne experiments did examine the 

eff~cts of providing imagos with 2 g honey dissolved r~ 10 cc distilled 

water; this solution was ohanged daily. 

HQst 'eggs were obtained by light1y ~naesthetizing imagos with CO2 gas 

and trat}sferring the ~ults to a 2 1 round container. This container was 

~nverted over a sieve (0.6 mm mesh) resting above a 150 mm petri dish.' 

Eggs laid QY the adults passed through the sieve into the petri dish. If 
1 

egis were collected from more th an 'One container of J{ldui ts at' a time, eggs 

from aIl containers were pooled. This technique aiiowed the collection of 

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

required for experiments. Parti·ally collapsed or discolotQ:"ed eggs were 

rejected. 

Host cultures were started with 1000-2000 eggs and 400-500 g wheat 

flakes in 2.5 1 gîass containers with a wire mesh I:{.d (1 mm mesh size) 

l.ined, with #1 filter paper. The parasitoid was cu1tured by adding ~asp 
imagos to host cultures containing larvae at,least 10 days old, Cultpres 

were maintained until the maj orlty of. :l:.magos had emet'ged, 

Experiments concerned w;i.th the. longevity of host and parasitoid .' . 
imago.s an'd &. coutella fecundity used clos,ed' gl'ass oil-1amp chimneys. 

o 
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Ventilation oecurred through a foam stopper. Trans,parent, poly'S tyrene 

'contàiners used in the other experiments were covered with' fine mesh . 
screening (60 J.'m) held in place by opaque snap-on polyethylene lids ",ith 

7 

at least 50% of the surface area eut away. Container dimensions will be 
<> 

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

DATA,FRESENTATION AND STATISTICAL ANALYSES 

1.-

In general individual insects are .-considered to represent an 

experime~t_al unit. Thus sample size is the number of insects counted and 

not the number of vials. Èxceptions to this will be note,d in the text. 

Unless otherwise stated values presented in the text will 'represent 

the meant l standard error of the mean (S. E.). Figures generally 

illustrate the meant95% confidence interval; if a confi~ence interval does 

not appeàr it i5 'l'ecause tète interval is smaller th~n the "siz~ of the 

symbol used to répresent the data point. Figures presenting proportion as 

t~e dependent variable do not include the appropr.iate binomial confidence 

'limits if the purpose is to simply show p!tt ... rns. Further information 

(J concerning experimental results i1lustrat~d in figures are presented in a 

series of 'bata Appendices numbered ,in correspon~ence with the figure-

number. In an attempt ta keep the numb~'r of figures ",:lthin reasonable 
... ~ ----9 \ ~ 

bounds, on1y d~ta ~ets depi~ting the~: ~ange ~f ~esul ts obtain~d from an 
experiment a.re presented; the data not",i1lo/lt),Jed in ffgures have been 

/ ,. 
presented in the Data Appendiêes. 

Cohort age is defined as the number of. days elapsed from- the birth of 

the egg, while stage age is defined a~ the number of days from the start 

of a stage. 

The level of sîgnificance was set at alpha-O,.Ol.- Exact probability 

levels are present.èd for a11 statistical analyses. P~rameter estimation 

inv?lving non-linear 

Method) (SAS', 1982). 

functions was by non-1inear re'g~ession (Secant 

The cubic spline tect:nique used from S1'ATGRAPHICS 

(l985)~ is a procedùre that connects a series of data points with a smooth 

curve using a cubic func.tion. The resu1ting curve i8 a strie tly empiriQal( 

representation. 
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DEMOGRAPHIC' CHARACTERISTICS OF CADRA CAUTELLA 

~ The purpose of thi!'! chapter is to pre~ent results of a series of 

, . 

• 1 

6 experiments designed to determine the effec ts. of egg and larval density 
• ., 1 

on larval and pupal development, and on imago survi val and fecundi ty. In 

aCidi~i'On" inter-stage competition was investigated .. 

MATERIALS AND HETHODS 

E88 to Imago Deve lopmen t 

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 frem 6 petri' dishes. The 

containers were examined at thtervals and aIl hatched larvae were counted 

and removed. 

The nurnber of larval instars and sex differences in instar and pupal 

duration were determined by placing single eggs i11'" 30 mm petri dishes 

conta,ining 0.1, .0.3 t 0.5 or 0.8 g wheat fla!<es. The dishes were examined 

daily and the stage 'and instar of the mot,h recorded. Larval molts were 

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

molted head cap~ule from the previous instar. Molted head capsules were 

.remove,d. Only those individuals which completed development were used in 
~ . 
the analyses. This experiment was not designed to obtain accurate 

estim~tes of instar duration, or to examine the effeG!t of food density on 

, ~arval development. lt was' BJSsumed that while the daily disturbance of 

thé.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, a.s the daily checks resulted in almost no 

disturbar:ce of pupae. 

. Information on the efte.c t' of dens i ty on total developmental time and , 
mortal'ity was obtained by establishing groups or vials with, varying' 

ini thl numbers of eggs and recording the age and number of imagos 
r 

emerging. Eggs (12 h old) were added to vials (3.0·x 6.0 èm) ~ontaining 

1.7 g food at egg densities of 0.58 eggsjg (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 

from a single ,pool. were used for each density up to and inc~uding 29'.4 
" 
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eggs/g. The large number of eggs required and the time' involved in 

preparing 't!te v~als for the higher densities required t:hat three pools of 

eggs be used for each, dens i ty. The vials were examined daily once adul ts 

started ta emerge and, the age and 'sex of eac\:l emerged imago was recorderl. 

'More de,t:ailed information concerning the effect of larval det;sity on 

duration and mortality of the individual stages was obtained by adding 

varying n~ber of eggs (12 \ ,old) ta 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 (14.71), SO~(29.4), 75 (44.1), and 100 (58.8). The vials 

for a particular density were established from a single pool of known- age 

egg~. Each density was establisheçl on a different day'. At regular 

intervals, dai1y for earlier ages and every other day as the cohort aged. 

a number of vials were examined for e«ch density: 0.58 eggsjg (60 

via,1s/sarnple), 5.9 and 14.7 (10), 29.4 and 44.1 (6), and 58.8 (5). The 

number of moths in each stage wàs recorded and the vials were discarded. 

Th'e duratioh and surviva1 of the larval instars and pupal 

determ~ned us ing the method of Ives & Gordon (in prep.). 1 

sta~~ were 

Additional data concerning 'pupal mortality were obtained by adding 

eggs (12 h old) to vials (3.0 x 6.0 cm) containing 1.0 g food. Thirty 

vials were prepar~d per density and the initial egg densities were: l, 2, 

4, 6, 8, 10, 12, 14, 18, 22, 26, 30, .40, 60, 80, 100. All densities were 

initiatecl usi.ng the sarne pool of eggs. The total number of moths emerging 

per vial was recorded and o.nce a11 insec ts had emerged, the food in the ..., 
vials was examined and the number of dead pupae recorded. 1 

Imago Survlvorshfp t}lnd Fecundity 

A number of experiments were undertaken to determine the facto~s 

which may influence the life span and fecundity of ,Ç. cautella. The basic 

experimental procedure consisted of placing new1y emérged imagos (12 .h' . 
old) in chimneys (8.3 x 17.5 cm) resting in 10 cm petri dishes. The petri 

dishes were cl}anged daily ancd the numbers of eggs laid were recorded. In 

general moth eggs did not stick to the sides of the chimney, but any eggs 

1 The paper presenting this technique for· estimating stage durations 
and through stage survivals is i~ preparation. The lDethod ia broadly 
similar to the one qeveloped by Bellows & B1r1ey (1981). but 1ncorporates 
a number of 1mprovell}e~ts. • 
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which did stick, were counted and removed. Imago a,ge at death was 

recorded-o In order to summarize the data collected on age- specific , 
~ecundity into a single statistic, the age at which a female imago laid 

50% of her eggs was calculated by multiplying 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 life~me egg production. 

The effect 2f larval density on fecundity and' life span of resulting 

imagos was deter:mined..1>Y placing 1 fema~e and 2 males raised at the ~ame 

de~sity in a chimney. Imagos for this/experiment were selected from those 

emerging from the last experiment described in the previous section. In 

order to determine what proportion of the eggs laid by females were 
G 

viable, aamples 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 dïfferent ages, The eggs were placed in vials 

(1. 0 x 4.0 cm) wi th 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 fecundi ty and survival was . -" 

de~ermined by. isolating varying numbers of adults 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 

w.ere: 2 (28),4 (16),6 (10), 8 (11), 10 (11),12 (10), 20 (10). 

Attempts were made to keep al: 1 sex ratio, but sorne mistakes in sexing 

did occt~r. The number of eggs per female was calculated as the total 

number of eggs produced per chimney divided by the number of females p~r 

chimney. As a resul t chimneys were considered to represent the 

experimental unit for fecundity, Individuals were considered the 

exper,imental unit for testing treatment effects on imago life span. 

Adul.t:;> 'raiaed at an initial egg density of 10 eggs!!. 7 g food were 

used to assess the effect of providing imag,os with a food source (honey 

solution). Six chimneys containing 5 males and 5 females served as 

controis 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 ~topper. Theo 
'-> 

same criteria as described above were used for testing treatment effects 

in this experiment. 

r ! \ 
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Imagos emerging from the experiment concerning pupal mortn1ity w('rc 

used to determine the int'er-relationsj1ip between imago wcight and .imngo 

fecundity and life span, as we11 as the effect of initial cgg d('nsity on 

imago weight at emergence. Newly emêrged fcmales were light ly 

anaesthetized with CO2 , weighed and placed in a clllmney togetlwr with ï " 

males. The total number of eggs produce5i and the age of the [clllaie <lt 

death were recorded. 

Inter-stage Interactions 

1 A series of ,experiments were undertaken to determine if cannibal iSIII 

occurr~ between- the various stages of ç. cRuterla, It wns llssumed that 

older instars would feed on younger stages;-""tlHlt is, whilc 5th inc;t.lrs 

might prey on lst instars the reverse would not oecur. Cannibalibm hy . 
larval stages on pupae was a1so examined. The basic expcrimental pl'OLoco] 

consis ted of adding varying numbers of the older stage (' preda tor') lo n 

fixed number of the younger stage (' prey' ), in a fixcd mllounl o[ [ood. 

After a period of 2 days 70% ethanol was added to Lhe vials The vI aIs 

were then examined and the number of aIder and youngcr stnp,ps detennirlf'd. 

Based on the results from other experiments the following vnlucs W('l'P 

chosen to be the ni~st')ppropriate ages (cohort age) La use for lhp va ri ou'; 

stages at the start of the experiment; egg stage, 0.5 day"', lsl ill!, ltll-, c); 

2nd instar, 9; 3rd instar, 11; 4th instar, 15; 5th instar 20; pupnJ sLagp, 

27 d. Preliminary analyses of these data consistcd of regressillg the 

number of 'prey' (y) recovered at the end of Lhe ('xpcrirncllt against LI\(' 
, 

natural log of the number of 'predators' recovered (x) + ]. Slope!> nul 

significantly different -from 0 were assumed ta indica te the absence of 

cannibalism. 

In order to determine if &. cautella larvae prey on ~he eeg stage, 60 

moth eggs (12 h old) were added to vials (1.5 x 5.0 cm) conLaining"cithcr 
> 

0.1 g (lst, ~d, 3rd instars) or 0.2 g food (4th and 5th instars). A 

varying number of known-age larvae, raised at a density of 10 eggs/g' food, 

were removed from the food and p1aced into the v~als prior ta the addition o of the eggs. After 2 days the vials 'were examined ~e 'number
o 

of 

~ intact eggs and 1arvae determined. 

.. -
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Inter-Iarval cannibalism was investigated in the following mflnner. 

The basic experimental protocol, consisted of pr~paring a series of vials 

(3.0 x 6.0 cm) aontaining various numbers of eggs (12 h old). When the 

larvae were of the appropriate age, the ~o~tents (food and larvae) of the 

vials containing the older larvae were added to the vials containing the 

younger larvae. For each instar combination, there were 6L densities of 

the older larvae and 5 vials per density. Table 3.1 outlines the various 

initial egg densi~ies used for the different instar combination~ 

Cannibalism of pupae by larvae was investigated by preparing 60 vials 
, \ 

(3.6 x 6.0 cm) containing 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), 7~ eggs (3rd) , 50 eggs (4th) and 20' eggs (5th) to 
~. 

each of ten vials (3 .0 x 6.0 cm) containing l. 7 g food. At tl'î'e 

appropriate ages the contents of the vials containing the larvae \·lere 

added to the vials containing the pupae. Ten vials served as contr6ls and 

had i. 7 g of foop added to them but no larvae. L~ 

RESULTS 

, Egg to Imago Development 

The duration of the egg stage was found to be 3. St 0.2 days. The 

proportion of unhatched viable eggs is' p~es;nted ln Fig. 3 .la. Egg 

viability was found to be a function of female age but not a function of 

,the d,~nsity at whlch imagos were raised (age effect, FCll.347)-7.36, 

p<O.OOOl; denslty effect, F(7.347)-1.99, p>0.056). Figure 3.lb 

illustrates the observed decline in egg viability with increasing' imago 

age (densities ,pooled).' The 'data of Fig. 3.lb, together with results 

presented on age-specific fecundity (Fig." 3.8) were used to caiculate ,the . 
average, proportion .of viable eggs over the Iifetime of an imago. The 

number of eggs produced per day wa's weighted by the proportion viable for 

a(l' femaie of that age. On average 68.4% of the eggs. produced by a femaie 

hatched. 
, 

The experiment which followed the cou~se, of development of single 

hosts showed that there were 5 larvai Instars. Table 3. -2 presents a 

summary of the results of this experiment. No differences were detected 

between sexe~ in the durations of lst; 2nd and 3rd instars. Females spent . 

.. 
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Figure 3.1. Egg hatching in Cadra cautella, A. The duration of 
" 

thè egg stage. B. Changes in egg viability as a functi.on of th~~.li,; 
age of the imago when the eggs were laid. ) 
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significant;ly more- time as 4th and 5th instars, l;>ut less time as pupae, 

resulting in there being no difference between male ând female 

pre;imagin~l periods. 

Initial egg density was found ta have a significant effect on the 

pre-im,aginal period of ,Ç. cautella (males, F(7,1592)-174.1, p<O.OOOI, 

females, FC7.1812)-192.3, p<O.OOOl). Both sexes responded in a similar 

manner ta the effectl of larval density (Fig. 3.2). At low larval 

densities males tended to emerge slighçly earlier th an female~, but once 
\. 1 

Iarval densities exceeded 29 eggsjg there were no differences in 

pre-imagina1 periods between the sexes. The proportion of imagos'emerging 

was also found to depend on larval density (F(7,667)-489.34, p<O 0001) 

The average number of imagos em~rging per vial is, presented ,in Fig. 3. 3a,~ . 
while Fig. 3. 3b presents the relationship be tween mortaU ty and' larval 

density expressed as k-values (log # Eggs -log' # Imagos). Density was 

found ta have no effect on the sex ratio of the emerged im~go~ 

(F(7. 483)-2.21, p>O 04): the prdportion of males emerging per vial was 

O.48tO.09. 

Two examples of the effects of l:arval density on the development of 

,Ç. cautella are illustrated in Fig. 3.4, while Table 3.3 presents the 
. 

stage dura tians and average daily probability of stage survival for aIl of 

the densities examined. Total developmental period; and probabilitie~ of 

surviving through a stage are shown iri Fig. 3.5. These'data show that the 

pre - imaginaI period is s trongly _ determined by initial egg dens.1. ty The 

effect of increasing density is first apparent in the 5th instar, but as 

densities increase further, 4th and then 3rd instiir'" durations are 

lengthened. These data suggest that pupal duration is not influenced by 

initial egg densi ty. Survival of 2nd, 3rd and 4th instars is high and 

does not appear to depend on initial density. First instars suffer higher 

levels of mortality than 2nd,' 3rd or 4th instars but the mortal1ty does 

not appear ta be a function of denslty. Increases in ini,tial egg density 

had a detrimental effect on the survival of 5th instars, with survivaJ 

rapidly decreasing with'increasing density. Pupal survival in this series 

of experiments was high and dict not appear ta be affected by initial egg 

density. 

Further data on the magnitude of pupal mortal1ty and the effect of , 
initial density are presented in Fig. 3.6. Mortality, expressed as 
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Figure 3.2. Effect oJ initial egg density on Cadra cautèlla age at 

imaginaI emergence. Chhnges in age at emergence with initial egg 

densi~ for males (A) and females (B). 
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Figure 3.3. Effect of initial egg density on levei of preilmaginal 

mortality it!. ~ cautella. A. Number of" imagos' emerging' per 

vial as a function of'initial egg density. B. Chângè in mortality 

1e.els as a function 'of initial ~g~ty.. • • 
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Figure 3.4. Two examples illustrating effect of initial~egg 

density on stage durat~ons in ~ cautella. Changes with time 

in proportion of indf.viduals in a stage. A. Initial number of 

8ggS: l/vial (0.58 eggs/g), B. Initial number of eggs: lOO/vial 

(58.8 eggs/g). Stages ~re identified'on the graphs; oE, egg stage; 

1-5-~ lst through 5i:h larval instars; p. pupal $tage; l, imago 
stage . 
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() Table 3.3. Effect of inItial egg dens,i tl on stage' dur a tian 

and prgbabi1ity of surviva1 in Çad~a cau~ella. 

1 DURATION (days) 
DENSITYl " STAGE MEAN VARIANCE SURVIVAL2 • 3 

0.58 Ist 4.1 0,2 0.98 
2nd 2.8 0.2 1.03 0 

3rd 2.7 0.3 0.99 
4th 3.0 0.4 0.99 
5th 5.3 l.4 1.01 

--Pûp~ 6.9 0.9 1.00 

."':) 5.88 lst 4.5 0.2 0.98 '. 
2nd 1- 3.3 0.3 1.00 n 

3rd 2.8 0·7 1.00 \ 4th 3 .. 8 1:8 1.00 
5th' 5.4 0.2 1.00 
Pupa 7.7 4.2 l.OO 'i 

14.7 Ist 4.3 0.2 l.00 
2nd 2.8 0.1 l.00 
~rd 3.1 0.3 0.99 
4th 3.8 0.8 1 .. 02 
5th 9.4 10.2 0.95 

C. Pupa 6.8 2.0 ... 0.99 

29.4 1st 4.6 0.6 0.97 .., 2nd 3.3 0.1 ' , 
l.01 

3rd 3.4 1.3 0.98 
., ~ (\\1-

1: " 4th 6.0 1.6 1.03 \P 

/\ 5th 10.9 21.7 0.86 
,J 

Pupa 8.6 0.2 l.06 
" 

44.1 1st 4.2 0.2 " 0.97 
2nd ~.4 {).6 l.02 
3rd 4.0 2.7 0.99 
4th 9.3 14.0 l.01 
5th 14.4 11.7 o .8S'" 
Pupa 7.1 16.6 l.03 .. 

58.8 1st 4.3 0.2- 0.99' Q \ 
r 

2nd 2.8 0.1 0.98 
3rd 4.6 ~ 0.2 l 0.99 
4th 10.7 45.4 1 1.00 .. :- , .. 
5th 18.7 0.7 . 0.83 

1 Pupa 9.7 6.1 1.00 

• 
1 Initial egg density (eggs g food). 
2 Average stage-specifie pr b~bility of surviva1. 

.. 0 3 Probabilities may be esti ted as >1 as the data was gathered 
using a destructive samp~i g method. 
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Figure 3.5. Effect of initial egg density on \tage dur~tion an~ 
survival of Cadra cautella. A. Effect of" density on the durat10n 

of 1arval. and pupa1 stages. B. Effecè of density on probabi1ity 

of surviving through a stage., "(Surviva1 probabilities have been 

. truncated to be <- 1'.). 

A . Effect of. dertsity on stage durationS:. 

lst instar l22ZI (. , " 
2nd instar &\~ 

3rd instar ~ , 

4th instar ~~ 
5th instar !QS(SQ 

~ 
Pupa ~ '. 

B. Eff'ect of dens i ty on stage survival. 
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Figure 3.6. Effect of in~tial egg density on mortality of ~ 

cautella pupae.-
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egg/g density. 
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f 
found ta be significantly influenced \ by density 

) 
p<O.OOOl), but the significance of the analysis was 

the higher k-values for pupal mortality observed in the 40 

The average k-value for aIl densities was 0.034tO.004. 

The impact of i~itial egg density on the survival ,and ~ecundity of ~. 

"" cautella can be summarized by the classic demographic statistics, 

reproductive value and generation time. The statistics are presented in 

Table ~.4 and were calculated hy ·standard methods (Krebs 1985) uslng the 

observed results presented in Figs 3 .lb, 3.2, 3.3, 3.7, and 3.8, and 

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

~mag~ Survivorship and Fecundity 

The density, at which imagos were reared had a significant influence 

on imago life spaI? (males, F(7,784)-37.18, p<O.OOOl; females, 

F(7,499)-78.64, p<0.0001). 
\; . 

This is illustràted in Fig. '3.7, where Figs 

3. 7a, b i1lustrate two examples of the proportion of imagos surviving ~n 

,relation to imag\ age. The relationship betweeh observed life span 

and initial density is presented in Fi~~~9.7c. 

- Initial egg density also had a s~ificant effect on the pat~rn of 

. age-'specific fecundity,. with average female age at 50% egg production 

c 

ranging from 3.0 to 4.1 days (F(7,468)-3.72, p<O.OOl). Figures 3 8a,p 

present ,two examples of the proportion of total eggs laid with respect to, 

imago age. A decline in lifetime fecundity with increasing density (Fig. 

3.8c) was also observed (F(7,495)-57.86, p<O.OOOI). 

The number of imagos per oviposition container was found to influence 

imago life span (males,- Fc6 ,340)/-12.68, p<O.OOOl; females, F(6,358)-8.13, 

p<O. 0001). Figures ~3. 9a, b present 'two examples of' the proportion of 

imagos surv~ving with inçreasing imago age, whlle Fig.' 3. 9c Ulustrates 

the relationship between imago life span and imago' density'. 

There was no effect of'adult ç. cautella density on l~ago fecundity, 

w>ith respect to either t;he average ~ at 50% egg production (Figs 

3 .10a, b) (F(6, 89)-2.70, p~. 018), or lifetime egg production (Fig. 3.l0c) 

(Fca , 89)-2.33, 'p>0.03S). 

Providing imagos wi th food increased the li~e span of female imagos 

fr0ll! 7.0tO.2 ta 8.6tO.4 ~ays (F(1,53)-12.60, p<0.0009), but had no effect 

on male life span (unfed, '9 .4tO. 5 days; fed, 9. StO. 4 days) (F( 1, 411)-0.35. 

.. 



, 

) 

/ 

i 

44 

Table 3.4. Effect of initial egg density on 

basic life-table statistics for Cadra cautella. 

INITIAL 
DENSITY 

0.6 

5.9 

14.7 

29.4 

44.1 

58.8 

88.2 

117.6 

.. 

REPRODUCTIVE 
VALUE 

.... 
105.4 

76.8 

50,0 

8.3 

4.0 

4.8 

0.5 

0.2 

GENERATION 
TIME 

37.1 

49.5 

54.~ 

54.9 

55.4 

59.9 

62.3 

63.6 
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Figure 3.7. Effect of initial egg density on survival 

characteristics of Cadra cautella imagos. Proportion of' imagos 

survivlng 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. .ma'le 

and • female imagos. 
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Figure 3.'8. Effect of initial egg density on reproductive 

characteristics of' Cadra cautella imago·s,. Fraction, of total eggs 

laid per day when imagos .were reared at an initial density o!:.. 5.88 
, 

eggs/g (A) or 29.4 eggsjg (B). C. Effect of initial egg density 

on lifetime egg production of females. ' 
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Flgure 3.9. Effect of imago dènsity on survival characteristics of 
1 

Cadra cautella imagos. Proportion of imagos surviving as a 
'. ,\ 

function of imago age, when imago d1ns~ty Was 2/container (A) or 

20jcpntainer. (B). C. The effect of imago density on average 

lifespan. • male and .. female -imagos . 
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~igure 3.10 .. Effect of imago density, on reproductive 

cha.racteristics of Cadra cautel1a imagotl. Fraction of total eggs 

j laid per day at an imago density of 4/container (A) or 

lO/-eontainer (B). C. Effect of imago density on lifetime egg 
~ 

production of fema1es. , 
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~.S5). The proportions of unfed a~d fed imagos surviving with imago age 

are presented in Figs 3.lla,b. 

The presence of food increased lifetime fecundi ty from 341. 5t 23.0 to 

483.5t18.6 eggsjfemale (F(l.9)-21.72, p<O.002) , but had no effect on the 

_,age at 50% egg production (unfed, 2."S:!:0.2 d, fed 2.7tO.l d) (F(l,9)-0.06, 
" 

p>O.81). The age-specifie fecundity for fed anô unfed imagos is presented \ 

in, Figs 3. Hc , d. 
'" Figure 3 .12 illustrates t~e relationship between imago weight at. 

emergence and imago recundity And life span. It also presents the 

r~lationship between initial egg density and imago weight at èrnergence. 

A linear relatiot'l~l:tip was 1 the bast description of .the e'ffect of imago 

weight;: on total fecundity (R2 -0. 76), white a power curvè providM a 

reasonablè description oh the relationship between femal'e life span and 

The p'arameter estimates for the regressions are 

presented in the figure description. 

Inter-stfge Interac~lons 

The results of the preliminary statistical analyses for .interactions 

between eggs and instars and among instars are preseFlted in Table 3,5 

All larval instars were found to cause significant' redu~tions in, the 

number of eggs present. Reductions in the numbers of lst instars were 

a1so found when they were maintained in the presence of 2nd and 3rd instar 

larvae. No reduction was found in ,the number of pupaejvial when they 

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

p>O.996); the numbers of pupae/viàl were: control, 7.5tO.3; lst instar, 

7.7tO.3; 2nd instar, 7.6tO.3; 3rd instar, 7.5tO.3; 4th instar, 7.7tO.4; 

5th instar, 7.StO.3. 

Further analyses were carried out on the observe~ egg cannibalism a~ 

on 1st instar cannibalism by the aIder larval ~instars. AIl instars were 

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

found to be significant in the preliminary analyses. 

equation was used to describe egg cannibalism, 

.. -

The following 

Eq. 3.1 

.' 
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Figure 3. 11. Effect of feeding 'on '\ survi val and reproduc ti ve 

characteristics of ~ cautella imagos. Proportion of imagos 
1 

su:trViving with respect to imago age wh~? J.magos are unfed (A) or 

when imagos were .provided. witp honey dissolved in Water (B) .• 

male and 

-:-ge when 

" J 

.. 
, ., 

Âfemale imagos. 'Fraction of total eggs laid às females 

imagos are unfed (G) or fed (D). 
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• Figure 3.12. -Relationship between Cadra ca~tella imago weight at 

emèrgence and female fecundity and life span. A. Relationship 

between female fecundity and imago weight at emergence. 

, Parameters of the regression line .are ~ntercept - -61.8t75.7 and 

slope 25: 3t 1.65. B. Relationship between fema1e life span and 

imago weight at emergence. Parameters of the curve a~e intercept 

- 0.5021"0.271, exponent - 0.586:!'O.056. oC. Effect 'of initial egg 

density on female imago weigh't at emergence. 
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Table 3.5. Test" statistics for preliminary ana1ysis for 

interactions between the· stages of Cadra cautella. 

'PREY' lst 2nd 
J 

Egg 25.951 186.43 

<0.00012 <0.0001 

1st 17.61 ' 

<0.0002 

?nd 

3rd' 

4th 

'PREDATOR' 

3rd 4th 

194;3, 81. 61 

<0.0001 <0.0001 

11. 38 6.23. 

<0.0024 <0.019 

1.38 , 0.01 

>0.2494 >0.98,71 

0.01 

>0.9433, 

• 

5th 

15.94 

<0.0002 

1.14 

<0.2955 

2.50 

>0.1250 

9. 16 

>0.6942 

' 0.87 

>0.3595 

\ 
\ 

.~ 

Ca1culated F-statistic. ..( 

~ r:~-. 

Probability of > F-statistic. 
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where N. number of 'prey' attacked (eggs) 

Nt, number of 'prey' available 

Ls number of 'predators' (larvae) per g food 

T time available for .search, days 

and a. instantaneous search rate for eggs, g/(Ls 'T) . 

{ , 

In estimating the relationship between eggs attacked and instar density, 

the search rate (a.) was the only unknown parame ter as the initial number 

of eggs aval1able was known (60), 

In the case of cannibalism of lst instars Nt was also an unknown 

parame ter and it was more appropriate to estimate the parameters using , 

where 

and 

Nn • ,- num~er of 'prey' not attacked (lst instar) 

instantaneous search rate for lst instars, g/(Ls 'T). 

Eq. 3.2 

The time available for search was ~ days for both the egg and lst instar 

data. Figure 3.13 illustrates the relationship between the number of eggs 

consumed and instar density for theO five larva1 instars together with thé 

'* predictions of Eq. 3.1. Figure 3.14 presents the preâictions of Eq. 3.2 

together with the observed data on number of lst instars surviving in the 

presence of 2nd, 3rd, 4th and 5th instars. - The parame ter es timates are 

présented in Table 3.6. Figure 3.15 illustrates the relationship between 

search rates and larval instar. 

DISCUSSION 

The observed duration of the egg stage ( 3 . St 0.2 days) is 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 réasons for the decline in egg viabi1ity wl~h increasing imago 

age (Fig. 3.lb) are unknown, but may relate to declinlng energy reserves 

.,A _ 
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Table 3.6. Estimates of search rates (a. antl al) for 

cannibalism of eggs and lst instar larvae by larvae 

of Cadra cautel1a. 

PREDATOR STAGE ATTACKED 

INSTAR EGG Ist INSTAR 

a. S.E. al S.E. 

lst 0.00045 0.000055 

2nd 0.00155 0.000097 0.00492 0.00140 

3rd 0.00397 0.000284 0.01060 0.00222 

4th 0.00480 0.000383 0.01406- 0.00458 

5th 0.00441 0.000576 0.01 

Parame ter estimate not significantly different from 0 

, 1 

.. 
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• 1 Figure 3.13,..- Egg canniba'lism by larvae of ~ ~al,1tella. 

Observed ~lta togethei: with the predictions of Eq. 3,,1. Parameter 

values fo~_. the funct~onal response are pr=.:ented iri T~.6. 
,Number of eggs consumed by Ist instar larvae (A) 2nd ipstars (B) 

1 
3rd instars (C) 4th instars (D) and 5th instars (E) 

1 
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Figure 3.14. Cannibalism of lst 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. Parame ter values for the functional response are 

\presented in'Table 3.6. Number of lst instar larvae not attacked 

. ~y 2nd instars (A) 3rd instars (8) 4th instars (C~ and 5th instars 

(D). 
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Figur,e 3.15. S~age-SP~-Cij;.C instantaneous attack rates for egg and 

Ist instar cannibalism by laryae of ~ cautella. Sipgle-hatched 

bars denote the attack rates (a. ) for egg cannibalismJ'and 

double-hatched bars the attack rates (al) for lst instar cannibalism. 
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in the fema1e or sperm limitation. Eggs laid la te in an imago' s ,life 

often have an abnormal exte'rna1 morphology, and are usually laid in 

"""" strings as opposed to singly as is usual for eggs laid earlier in lif~ 

(persona1 obsérvation). There is a gr1at deal of variability in published 

values for egg viability, both "kithin and between species of 

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

reported that the proportion of viable eggs in f inte,rpunctellq varied 

from 0.28-0.75. Ahmad (1936) found that fi kuehniella egg viability 

depended on conditions of humidity and temperature during the.oviposition 

period, where spermatogenesi.s was retarded and sperm motility reduced with 

increasing tempe ratures (Raichoudhury 1936): The resu1ts of this study 

and the work cited above suggest that the observed differences in egg 

viability are not significantly determined by imago deve10pmental history 

but were determined by environmenta1 effects during the imaginaI stage 

" However, imago 1arva1 history may play a role as demonscrdted by Lum &. 

Flaherty (1969, 1970) who found that sperm quaU ty and quanti1ty f. 

interpunctella was reduced .when males were reared under conditions of 

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

condi tions . 

Takahar;hi (1961) found that the number of larval instars increased as 

1arval density (eggs/g food) increased. The re~~tts from the experiment 

where lar.-vae were raised individually showed that there wer~ only five 

1arval 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 a molt for . 
a particular instar declinE;d, but there was no suggestion of addi tional 

larval mol ts. The reasons for the differences observed between this study 

and Takahashi (1961) are not known. Benson (1973) reported th,at variation 

in the number of larval instars wi thin and among species is common. 

Increases in the initial number of eggs per g food pro1onged the 

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

'reported a similar phenomenon for,Ç. cautel1.1 raised on rice bran, but . , '} 

over a comparable range of. initial egg densit 1('5 he only observed about a 

10 day increase 

, wi th increasing 

in deve lopmental time. 

larval density has 

Increased developmental per,iod 

also been reported for f. 

Interpunctella by Podoler (1974b), and for fi. kuehnielll! by Ullyett &. 

• 
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" Merwe (1947). Mortality leveis also rose rapidly above densities of abou~ 

25 eggs/s food (Fig. 3. 3a). Similar patterns in the relationship between 

mortality (k-va1ues) and larval density (Fig. 3b) have been rep6rted for 

~. cauteIIa by Takahashi (1956b) and Rogers (1970). These authors found 

that there was a rapid increase in mortality at initial eg'g densities 

between 25 - 30 eggs/g. 

The cohort" experiments (Fi,g. 3. Sa and Table 3.3) proYi·ded more 

detailed information on the effects of density on the developmen~ <?f ç. 
cautella. As the initial density increased 5th instars were tlhe first 

stage to be affeèted, with 5th instar duration increasing wtth ,each 
/ 

As larval densities ~hcre sed, 
\ 

progressively younger instars showed decreases in their ':'1;ate of 

subsequent in density. inc:rease 

development. The duration of the pupai stage appears to be 
, . 

initial egg densi ty and the average pupal duration over all 

days) is in close' agreement with the results presented in 

days, sexes pooled). 

independenf of 

densities (\7.8 
, ' 

Table 3.2 ( .0 

The results illustrat'ed in Fig. 3. Sb suggest that the pattern \ n , 
numbers surviving (Fig. 3a) can be attributed to the effects of larv 1 

'"density on the survival of 5th instars, the only stage to show an 
systematic ,résponse to initial egg density. Survival of 2nd, 3rd, and 4t', 

, \ 
Iarval inscars and pupae was uniform~y high and indépendent of initial eg~ 

density. The survivai of lst instars tended to be lower than 2nd-4th \ 

instars, but showed no consistent trend with density. Increasing larval '\ 

density seemed to have a primary influence on developmental period and a 

1ess dramatic effect on larval mortal1ty. There was a substantial \\ 
, " 

~:C:::·:n~:.:t:u~:~:: ~~::ti:~ 5~~!g· ~: 5::0:::!~~ t;.o:;e:::::::g d:::;::: \ . 
the 5th instar decl1red witli increasing larval density, primarily as a il 

result of the effects of density on stage duration as opposed to an I\\~ 
increase in the instantaneous larval death rate. The daily probability of , 
survival decreased ftom 1.0 to 0.95 between densities of 5.88 and 14,7 

eggs/g and th~n decl1ned to 0.86 and remained virtua1ly constant over the 

remaining densi:ties (TB;bIe 3.3). The additional data on pupa1 mortality 

presented in Fig. 3.6 conf1rmed the resul ts of the" cohort exper iment; 

pupal mortality is low and although there appears to be a slight increase 

in mortaltty with initial egg density it is not significant. 
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The initial egg densities from which imagos 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- specifie fecundi ty 

curve (Fig 3. 8a, b); the averàge age at which 50% of the eggs had been 
g 

laid ranged from 4.1 days (5.88 eggsjg) to 3.0 d (29 4 eggs/g) Takahashi 

(1956a,c) described reduced imago survival and fecundity as initial 

density increased in ,Ç. cautella, but reported female fecunditles 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 larva1 density on imago 

survival and fecundity have been shown for f1 kuehniella by Ullyett & 

Merwe (1947), for ~. elutella by Richards & Wa10ff (1946) and for ,E. 

interpunctella by Snyman (1949) and Pod~ler (1974b). 

• 

Although imago life span was influenced by the number of imagp~ 

present per oviposition container, the results were not very consistent 

(Fig. 3.9). The life span of male imagos remained constant over most 

densities and only declined at the highest imago density (Fig. 3 9c).' The 
, 

1ife span of female imagos showed a CO"1vex re 1ationship wi th imago 

density, increasing initially with increased 1arval density and then 
• 

declining, with the average life span of fema1es being longer at the 

highest density than at the 10west imago density. No effect of imago 

density on 1ifetime fecundi ty or imago age at 50'3 egg produc tion was 

detected. Similar1y Ullyett (1945) working with 11. kuehniella found that 

the number of eggs/fema1e increased to a maximum and then dec 1 ined wi th 

increasing imago density whereas Snyman ('r.949) showed that the njJmber of 
~. 

eggs laid in the first 2 days of life in f. interpunccella decllned as the 

nÙmber of imagos/container increased. Although similar numbers of imagos 

were used, the species dift:erences and disparate s ize of the oviposi tion 

containers used by Ûllyett (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 physica1 

damage in the form of lost sc ales and appendages as well as very reduced 

life spans (personal observation). 

.t _ 

\ 
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, 
Provldlng imagos with honey diss'olved in water increased the Ilife 

span of- female imagos and increased lifetime fecundity by an averagè of 

142 eggs/female (Fig. 3.11). Male life span was unaffected. Nords 

(1934) found that the life span and fecundity of adult ç. cautella were 

ha1ved if deprived of water. Norris found that providing sugar increased 

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

study Agree with those of Nords 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 weIl as other stored-products Lepidoptera 

(Ullyett & Merwe 1947; Snyman 1949). 

A significant degree of egg and lst instar canilibalism by larv~e was 

found to occur (Figs. 3.13 and 3.14). The level\of egg cannibalisrn 

increased to a plateau as the larvae aged, while the level of lst inst~r 

cannibalism consistently increased with larval stage unt!l the 5th instar, 

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

instars, there was a ,greater degree of lst instar cannibalism than egg 
, 

cannibalism by the larvae. This May be a reflection 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 but apparently stop attacking lst instars, May he due to relative 

immobility of 5th instars which seem to spend less time moving through the 

food medium th an the younger instars. In addition the silk feeding tubes 

constructed by 5th instars are generally more elahorate th an those spun by 

younger Iarvae (personal observation) and May exclude lst instars. These b 

factors may reduce the amount of contact between lst and 5th instars. The 

egg has no power of escape or avoidance, and if an egg lies in the path of 

a feeding 5th instar it will likely be eaten. The lack ~f any other 

instar-instar interactions may be due to the increased rnohility and 

robustness of oider larvae, better enabling them to avoid attack by larvae 

older th an themselves. 

A number of important demographic charact.eristics have been 

identifi'ed and quantified for Q. cautella populations living under the 

experimental con.9..i.tions used in this study. The more important of these 

chO!t."acteristics are related to density dependent events occ.urring in the 

larva1 stage. These effects are sufficiently strong that on average, 
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individuals raised at high larval densities ha~e reproductive values 1ess 

than unit y (Table 3.4~. The effects of increased 1arval\ dcnsity ar(' 

expressed. in several ways. Thore is increased larw!l mortality (Fig. 

3. Sb) and a J decreased rate of larval development (Fig 3. Sa), while tlll? 

survival and fecundity of the resulUng imagos declines (Figs.3.7, 3.8) 

Increased larval density results in lower larva1 growlh rates and lOW('l' 

imago weights not only in ç. cautella but also in other storc'd-products 

Lepidoptera (personal observation; Richards & Wa10ff 19',6, Ullyel t & ~t('rw(' 

1947; Snyman 1949; Takahashi 1961; Podo1er 1974b). A number of mcchnniSlll<, 

have been postulated to account for the effects of Incrcascd 11lrvnl 

density. Canniballsm and s tarvalion due to food exhnus t iOï\ have bel?l\ 

suggested by Takahashi (1955, 1956b), Rogers (1970) and Podoler (197 /"». 
Corbet (1971) demonstrated increased dispersal and delayed pupation in 

late final instars of.A. kuehniella with increasing larval density, as il 

result of larval responses to l~rval ma.ldibular gland secrelions. 

• Hagstrurn & Silhacek (1980) found that,' when 1arvae of ç. cé\ut'd 111 

originating from inbred diapause lines were rearcd individua] Iy 1 n 

small quantities of food (0.18 g), adult emergence was de layed from l, to 

10 weeks. They also found that larval diapause was induccd when Iarvélc 

, were reared on a mixture of frcsh food and residual food (larval fnoces) 

and observed that the diapause-inducing cffect of the rcsidual fraction 

could be removed by chloroform-methanol solvent. Takallil<,hi (1957) workillE, 

with 'unselected' populations ,Ç. cautella rcported a similar cfLect, 

where pre-imaginaI duration increascd as the fraction' of residual food 

(faeces) increased. Time to 50% imago emergence ranged from 30- 55 days, 
" 

when the ratio of food:faeces ranged ~rom 20:0 to 20:40. 

It appears that rnany. of the effects de'gcribed are functions of larva1 

growth and intra-Iarval interactions related to larval densitY. Any 

population model that claimed to describe the dynamics of ,g. cautcd 1 n 

would need to incorporate such factors as food util ization, the dynamic 

effects of larval density on Iarval mortality and stage duration, as weIl 

as larval size and its subsequent impact on imago survivai and 

reproduction. If a modei of individual growth couid be developed that 

predicted Iarval growth, stage duration and survival, substantial progress 

could be made towards the development' of a population model of th!s 

single-species syste~. The fo1lowin,g chapter presents a. series of 
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experiments designed 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 characteristics of.,Ç. cautella 

populations have 'been quantified. The majority of the dynamic processes 

have been shown to occur in, or be a consequence of, factors influencing 

larval development. The demogrllphic charac teristics of the pupal and 

imaginaI stages are subjected to little or 11.0 dynamic control. Egg S 
survival i9 dynamically related to larval density due' to egg cannibalism 

by larvae, while lst instar cannibalism hy older :t,arvae is an add,itional 
r'~ 

dynamic factor operating on the larval stage. The consequences of these) 

demographic characteristics and dynami-c processes will he discussed in ~ 
" subsequent section. " J 

" 
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A MODEL OF CADRA CAUTELLA LARVAL GROWTH AND COHORT SURVIVAL 

In the previous chapter it was shawn that a number of the demog'raphic 

characteristics of Cadra cautella depend on the initlal egg density (1 

(eggs/g food) from which cohorts of the moth were reared Increased egg 

densi ty resul ted in increas.ed la~,val s ta'ge duration and mor ta lit y , but 

decreased imago life span and' fecundity 'l'hese results were thought to be .

entirely due ta larval campe tition for food, where effec ts on larval stage 

durat'ion and survival were a direct consequence of larval competition, and 
J, 

.,3~ffects on imago lifespan and fecundity wel;"e the indi rect expression of 

the effects of larval competition on larval weight. In the context of 
·,f 

cohort experimen1:s, the duration and through stage survi val of the egg and 

pupal 'stages are assumed to be simple constants, independent of larval 

density. 

assump tians. 

Data presented in the previous chapter support these 

While many of the observed consequences of larval densi ty could be 

incorporated into a mathematical population model of ç cautella in an 

empirical ad hoc fashion, a more realistic and potentially more useful 

model would b-e obtained by describing larval competition as the outcome of 

the interactions of a number of biological processes. The purpose of this 

chapter is, ~o present a mathematical model which captures the essentull 

effects of larval density on larval growth, stage dura tian and cohort 

survival In order to achieve this objective a serie~ ,of experiments were 

carried out to pro,:ide information on the larval growth process. ta allow 

preliminary es~imat.es of the required parameters, and to provide a se t of 

ohserved data with whj ch the model predic tians could be compared 

-"t MATERIALS AND METHOnS 

AlI insect weights reported are dry weights. rnsects were briefly 

immersed in 70% ethanol and dried for 48 h at 600 G prior to weighing. 

Wheat flakes were stored at 27°C and 85% R.H. for 7 days prior ta use. 

Mois ture content of the food s tored in this way was ,10.3% and was ( 

determined by drying the wheat flakes for 72 h at 600 C. Experiments were 

initiated based on wet weights of food, but dry weights calculated by 

adjusting for moisture content will be repo4"ted. Amount of remain~ng food 

.. 
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following an experiment was, determined by carefully separating uneaten 

food from faeces and frass and drying the food for 72 h at 600 e prior to 
-

w~ighing Each experiment was 'E!:-s-tablished from a single pool of eggs (3±3 . 
h old, :!: range). 

~IPre1iminary data on larval growth were obtained by establishing a 

ser1es 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 

w?ighed. Smaller larvae were weigh~d in groups, while 5th instars, pupae 

and imagos were weighed individually. Imagos were weighed on the day that 
~ 

the y emerged. 

The effect of larval density on larval growth was investigated by 

adding 0.9 g food to a series of vials (3. ° x 6. ° cm). There were II 

/irlitial egg d~nsities (eggsjvial): 5,8, 12,18, 2t1, 40,60, 73,87,100 

and 150. 'At intervals vials w~re examined (4 vials/sample for densities < 

60, and 3 vials/sample for the remaining densities), larvae were removed, 

counted and weighed, and the 'l"emaining food was weighed. AU> larvae from 

a vial were weighed as a group. 

The effect of food density on imago welght and age at emergence was 

inves tigated by preparing a series of vials (3.0 x 6 0 cm) containing 10 

cm3 of a mixture of wheat flakes and expanded mica ('vermiculite') 
\ 

p.roportion of wheat flakes, by volume, varied from 0.1 to l. 0, 
, 

The 

which 

resul ted in food densities ranging from 0.04 - 3.54 g/cm3 . There were 12 

food densities and 30 vials containing 1 egg for each density. The age 

and weight of the imagos at emergence was recorded. 

In order to de termine whether imago age at emergence was affected by 

1arval numbers per container as opposed to larval density (larvae/g food), 

a set of containers (9.2 x 3.8 cm) was prepared containing 10, 15, 20. 25. 
/1 

30, 35, and 40 g (wet weight) wheat flakes. Eggs were added to these 

containers (5jtreatment) such that the egg: food ratio was 1.1 (10 eggs : 

10 g foo~). The age, weight and number of imagos emerging were recorded. 

Imagos were weighed in groups of the equivalent sex, age,' treatment and 

container. 
, 1 
Data on the effect of initial larval density. o,n the number of imagos 

emerging and their age and weight at emergence were obtained by preparing 

a series of vials (3.0 x 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 eggsjvial) and 15 ~ials per density. Vials were 

examined daily and the sex" age at emerge,pce and number emergin~ per vial 

were determined. Imagos were not weighed indi vidually, but pooled 

according~ to initial egg dens i ty, sex and Qge at emerge~ce Once aIl 

imagos had emerged from a vial, dead pupB;e were removed and eounted and 

the r~maining food weighed. 

Numerieal analysis of the model was performed u~ing the program 

SOLVER (Maas, Nisbet & Gurney 1982.). 

, , 
REWLTS 

Figure 4.1 presents the change in Q'. cautella weight through time 

based on data obtained from rearing 25 eggs in 3.1 g food. Larval weight 

at hatehing was O. OOSt 0.001 mg. 
1 

ins tar larvae could be sexed. 

At a eohort age 0 f abQut 20 days 5th 

Inspection of size frequency histograms 

revealed nç differences between male and female weights 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 we ight of female 

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

Duè ta technieal' constraints it was not feasible ta'" obtain direet 

measures of actùal initial larval density (as opposed tci initial egg 

density) , or larval survival ta pupation or larval age and weight at 

pupation. However each of these param,eters ean be estimated from the 

data eollected in this experiment. 

Estimat'lon of initial larval density involved assumptions' about the 

proportion of eggs that hatch and the survival of larvae. ' Results 

presented in Chap. 3 show that egg hatching 1s independent of dens i ty and . 
that at low densities larval survival is very high Mortality that does 

occur, does sa soon after egg hatching. At densities betIJeen 2-12 

eggsjvial (Appendix D4. 2) no signifieant differenees were de teeted in the 
u 

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' de ad pupae. At higher densitles, however, lt 

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

initial larval densities were estimated by, ~ultiplying the initial number 

, 1 
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Figure 4.1,. Growth of ~ cautella when raised at a densi\y of 

8.1 eggs/g fOod. * weight of unsexed larvae; ~weight of ~le 

lar'lae; Â weight of female 1arvae; Oweight of male pupae; 0 
weight of fema1e pupae. • 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 det'ermined ustng 

the data from densities 2-12. 

The number of larvae surviving to pupation was aga in estimated by 

add~ng the number of imagos emerging per vial to the number of dead pupae 

per vial. The assumptions concernlng the estimates of number of larvae 

survi ving until pupation requires that pupal mortali ty b~' independent of 

larval density. No significant differences in. pupal mortality (k-values) 

were detectedamong d~nsities (F(16.225)-1.38, p>0:15). " 

It has been previously shown (Chap. 3) thcit density did not influence 

the duration of the egg or pupal stages, and that on average the combined 

duration of these stages were Il.2, days for males ,and Il. 7 days for . 
famales. In order to estimate larval stage durations, these values were 

subtracted from imago age at emergence. 
, 1 

Larva::" weight at pupation was estimated using a correction factor 

obtained from the preliminary growth experipient (Fig. 4 1). At each day 

of emergence, for each sex, an estimate was made of the age at pup~tion 

(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 
1 

represent larval weight at pupation. On average mfles lost 40. 8't0 .8% of 
\ 

cheir . body welght and femal!!s lost 40. 7± 1.0% from pupation ta emergence. 

The weight loss estimates are in reasonable agreement with those 

calculated from the data reporte9- by Imura & Sinha (1986) for Plodia 

interpuncteUa (,30.5%) and for Anagasta kuehniella (-42.8%) by Brind1ey 

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

order to convert imago weigilts 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 10ss 

during metamorphosis is inciependent of larval weight at pupation, there is 

no data to confi~m of refute this assumption. 

Figure 4.2 illustrates the effects of larval density on imago age and 

weight at emergence ~s well as the number of larvae surviving to pupate. , 
These data show that there is an initial range of larval dans i ties, over 

which ~urvi val is high and dens i ty has little effec t on imago age or 

weight at emergence. Beyond initial larval densities of about ll/g, there 

is a rapid increase in mortality and declîne in imago weight at emergence, 

while age at emergence quick1y increases to new plateau over a very small 
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Figw::e 4.2. E'ffect of initial larval densi ty on Cadra cautella 

• i~B:go' age, and wetght at emergence and on cohort survival ta 

pupation. ,'A~ Male imago àge at emergence. B. FeJDale imago age 

at emergence. C. Male :f:mago weight at emergence. D. Female imago 

waight at emergence. E. Number of larvae surviving to pupation. 
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range of initial larval densit-ies. This adjusted data set titi 11
01 

be used in 
.., 

any further parame ter' estimations or comparlsons with model.(,opredictio~s. 
---

The aim 15 ta develop a model which reproduces these patte.rns and the 

following section presents resul ts of the balance of the experimèntal data 
~ ; ,.' 

and steps taken in deve-lopi:ng the model of larval growth and cohort 

survival. -

Tbe 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 ~easonable nurnber of parameters. The 

first assumption involved in s impl~fying larval growth and survival 

was that larvel 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) it was decided to consider the sexes separately. The model describes 

the changes through cime in the following basic variables' 

F(t) . - amount of food available et 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 

• larval sex; m male, f female. 

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

aIso measures the age of the cohort. 

Th~ inter-rela tionship between these variables resul ts, in part, from 

the variable describ.ing the rate of food ingestion by à larva, 

la ~t) rate of food ingestion, mg/larva per day. 

Functional responses for invertebrates typically consider the amount 
'!II 

of food or number of prey consumed per unit ,cime as a function of food , 
(prey) density (Hassell :\.978). . The conceptual underpinn'ing,-to these 

responses 1s that la • Predator' ~earches the environment at so~e rate and 

,-~ 
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encounters, at random, 'point' sources of food occurring 'at a pd;t"ticular 

density. Different assumptions conterning 'handling time' or the 

depen~ence of search rate on food density, give rise e to thè various forms 

of functional responses (Type l, II etc ). Whi le this conceptual 'basis Is 

s9und for the foraging behaviour of parasitoids and predators, it becomes 
-~ 

less 50 when us_ed as a basis to describe th'2 feeding b~viour of insects 

like ç. cautella,: where their envirohment 15 their food source and where 

food 'density' therefore approaches infinity. .1, 

• ~ata illustrated in Fig, 4.3 presents sorne evldence ~n the nature 

of the funèfional response of ç. cautella larvae under conventionsl 
1 

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 imago we ight ht eme rgence 

among food densities for aither sex (males, F(lO.140)- 2 37, p>O 01. 

females, F(lQ,126)-1 O~, p>O 395). Age at emergence was found to depend 

on food density (males, F(lO,142)-6.46, p<O.OOl; females Foo 126)-8.24, 

p<O .X)OOl); in both sexes age at emergence was higher at low and high food 

densities than at intermediate food densities __ T_hfl reasons for this 

partiéular pattern. in age at emergence are unknown, bu~ 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 inges tion wo'ù1d be 

linearly proportional to 1ar'{al weight and independent of the sex of the 

larvae. Imura & Sinha' (1986). working with f. interpunctella found no sex 

differences in larval rates of .food c9nsumption lt 5eems reasonable to / 

assume that" as larvae ,grow and head capsule size and hence mandib1e size 

increases, the aInQunt of food ingested per unit time increases, al though 

the assumption of linearity i5 a crude first approxfmati?n. As a result 

of these assumptions the preliminary form of the rate of food ingestion 

becomes, 

1. Ct) 

1. (t) 

o if F(t) - 0 

if F(t)r> 0 

where w - basic feeding rate, mg food per mg .larval we ight .• 

, 

a 

. , . -

Eq. 4.1 
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Figure 4.41 illust:ates. the . o~sel,"Ved, changes in larval ~eight and in 

the amount of ~OOd remaining per vial throu~~ time: . If Eq. 4. 1 was a 

,complete ~escrlPtion of the r~te .. of food \:onsumptl.on, the following, 

patterns would occur. First, larvae wqul-d grow at the same rate', 
q. 

regardless of larval density, and "Second, a doubling of 
-~ 

larval density .' , 
should half the time to food exhaustion. 

. " 4.4 neither of thçse patterns occur. 

As can be seen by. examining -Fig. 
'\. 

When larval densiti'es _ are 

suffictently~ high ~o result in food exhaustion, the time at whie 
~J ~ 

"occurs is quite uniform (20 days) , Dut substantial differences 
. ~ . - 1 

observed' in the growth ratès o.f the larvae weIl before the time 

.exhaùstion. These data suggest that the rate of food ingestion 
il , 

on 

,!arval dens i ty .. 

lt has be~n an implicit assumption of the material presented to thi 

po!mt that the cbrrect description of larval density is number of larvae 
, , 

per g of food.'. Figure 4.5 presents the ag~ and "le ign.ts of imagos at 

emefgence, when the number of larvae \ per container was increased, but 
, . 

l: 1 ratio of initial number of egg: 'g wheat flakes. 
l , 

dénsJ. ties were at a . 
No differences in female weight at emergence were detected amopg 

, 
treatments ~F(lI,128)-1.37, p>231) , but differences in m~le weights among • 

treatments {Jere 'found (FCI!,l,19)-3.35, .p<O.OOS). ·For both males and 

,females agé at emergence differed among treatments (males, F(6.335)-A .• 28,' 

p<O.0005; females •• !ClI,J26)-3.n, p<0.004),. While the r~nge in m'alE\ 

weight "las O. sr mg, the range in age at emergence wa~ only 1.2 'days, and 
?te. 9 _ 

in neither 1Jfale weight nor' age at emergence "la:; there any obvious trend 

with the number of larvae per container. The 'results, of this experiment 

indlcate that the approp~iate measure of larval density is the number of 

larvae/g food. 

There ar~ a nwÏlber of mectuinls~s which may be, invoked to explain the 
• lt......... ~, 

dependency of l'arval g:t;owth (and thus food ingestion rate) on larval 
.\-

densiçy. Mutual interferen~e among searching larvae, as has been show to" 
( 

occur among searching parasitoids -(,Hassell 1978) • May occur whereby 

The act 
- • 

larvae cease to feed as a result of cont::act,with another larva·. 

of feeding.itself mav' inhioit 'food ingestion rates. Corbet (1971) showed 

that in late final 
.... ... .. 

or1ginating in the 

feeding or when in 

. , 

instar larvae of ADuasta kuehniella, secretions 

mandibular glands- and rele!~ed by the larva while 

conuact with 'another larvae resulted in increased 

j 
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larval growth and the amount of food 

different initial larval densities4 tA. 

indicâte the average ~nltial 

S. Larval weight. The lett!>ers 

number of larvae pell d. 9 g food: 
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Figure 4.5. 
, 

Effec t of numQer of larvae/container on Cadra 
, . 

cautella imago age and. weig1,lt at: emergence when initial egg 

de'nB1ty 18 1 egg/g f~od. A. Male age and weight B,it emergence. 
~ . \ 

B. Female age and we.ight àt emergence, • age At: ... emergence. 
, . 

.. weight st emergence. 
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larval activity ('wandering'), delay~d cime to pupat10n 'and decreased .' , -
we~ght \t pupat:ion. These mandibular gland secretion8 are also produced by 

~ 

the~. cautella larvae (Mudd .& Corbet 1973). Takahashi (1957) working , 
with Ç,. cautella found tha't age at emergen~e increas'ed and imago size 

decreased in an experiment where increasing amounts of larval faeces were 

added to 20 g of fre~h food contain~ng 100 eggs. Whether the compound(s) 

present in mandibular secretions are also pr~sént in larval fàe.,ces, and 
, . 

thusQresponsible for th~ effects observed by Takahashi (1957), is unknown 

Which of these potenda1 mechanisms might be respoQsib'le for d~creased 

food ingestion rates' is not known. However ~11 of these mechanisms wi Il 

potentially behave in a simitar manner. Their inhib'ftory effect will 

increase with increas lng larval we ight al d increas ing larval numbers, and 

the consequences will become more severe lS the am~uni: of food remaining 
,./' 

decreases. These arguments give rise to tbe final form of the express ion 

for the rate of food ingestion, 

I.(t) - wW./(l+oN(t)W.(t)/F(t) Eq. 4.2· 

where a '- Interference coe~ficient. 

. 
/ 

The param~ters w and a were estimated by non-linear least squJ~s 
regression from the data ,of Fig 4.4. When the parameters were astimated 

using the data of each of the ini tial larva,l densities, no trend wi th 

larval density was found in the values of the parameters. "J;:he Unal 

parameter estimates were obtained by pool ing the data of aH initia 1· 

larval densities and are presented in Table 4.1 , 
This now leads to the need for a description of larval gtowth .. 

Beddingto'n, HasseU & Lawton (1976) have shoWn that arthropod growth rates 

are typically ,linearly related to the amount of food consumed ln excess of 

that nèeded for basic metabolic requirements. In the absence of any 
q1 

\
detailed bioenergetics data for~. cautella it h~s" beén assumed that a" 

. t/ 
constant fraction of t;,he food consumed by a larvSi is conve·rted to larval 

biomass. The expression for the rate of weighc change.l:)eing. 

Eq. 4.1 

where t - food conversion efficlency. 

Ct. 

. " .. • 
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Table 4.l. Parame ter estimate.' and fixed initial conditions used in 

numerlcal so~utions of the ~ cautella m?del: ,J 
\ " 

Parame ter 

w , 

r.r 

l! 

am 

'YfIl' ) 

~f 

"'ff 

-6 

Estimate t S. E. 

3. 83tO. 07 

2. 62t'O. Yi 

8.0~ 
,.~ 

0.013151; 0.0001 

o .1238t 0 :0034 
~ 

O. 01298t 0.0001. 

O. 07368t 0.0016 

o . 0894t 0 .0062 

Initial Conditions, at t - 0 

Q. (t) -1..0 

W. ('t) - 0.005 mg 

F(t) - 897 mg 

Sex-Ratio, 1:1 

1 Deve l opmen t 1 t;ldex . 

Description 

oasic feeding rate 

Interference coefficient .. 
food conversion efficiency 

D. 1. l coefficient, Q/day 

D. I. coefficient, Q/mg 

t>. I. coefficient, Q/day 

D. 1 .. coefficient , Q/mg 

1arval death ratEt 

, 
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Figure 4,6 presents the food conyersion efficiencies for each i,pittal 

larval density'i estimated from the data of Fig 4,4 by dividing the to~al 
weight of larvae per vial by the Mount of food consumed for each visl and 

" . 
each larval density, Conversion efficiency depended on larval denslty 

(FOO,1l7l-6,24, p<O,0001) and showed a declining trend with Increasing ~ . , 
larval density, stabilizing at about 5~ at the higher larval densities, 

Imura & Sinha (1986) in a study of the bioenergetics of f, Lnterpunctella 

presented data that, w~en ca1culated in a similar manner, suggest a gross 

production efficiency for 1arvae of about 9% ' Gi ven the crude nature 

of the es timates for convers ion efficiency lt was dec ided not~' to 

incorporate this phenomenon as part of the growth model. 1'tfe -value for 

food -conversion efficiency w 
" 

males and temales, 

assymption of no sex 
1 pro'duction efficiencies: 

arbitrarily chosen to be 8% for both 
• 

of I~ura & S inha (1986') supports the 

in conversion efficienc les (gross 

11.8% females). 

T~e necessary equations for a description of larval growth thr.otjgh 

time have been developed, However larvae do not t:ontLnue to grow 

indefinltely and sorne measure of larval development is required in ord~r 

ta decide when pupation shOllld occur, The larval developrnent index 19 a 

dimènsionless measure of the f developrnent of an individua\ as la 

function of one or more other (eg, ternperature) and is n concept 

that has been defined by Gurney, Isbet and Blythe (1986). For ~xample 

the development index might be related to larval age ("r to larval we ight. 

The former case may be viewed as an example of a larva Chat pupates when 

Lt attains a certain fixed age r- while the latter would be an example of an 

insect that pupates on1y after reaching sorne predetermined weight. Figure 

" 4,7 presents the re1ationship between larval age at !Jupation and larval 

welght at pupation for males and felbales. The data for thls figure , \ 

were obtained by calculating the average larval weight at pupat!lon for 

each of the observed: ages at pupation, regardless of larval dens ity. 

Inspection 

eithe~ a 
t'Jo 

development 

.such that 

of Fig.. 4,7 suggests that, a:J larvae do not appear to pupate at 

fixed weig~.t or. age, .the most appropriate fornf for th1! 

index i5 one that i5 a function of both larval age and weight, 
L. 

., Eq. 4.4 
. . 
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Figure 4 6. Larval food conversion efficiency in Cadra cautella 

as a function of initial larval density. 
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Q. - coeffici~~ for the change in the development 

index ~ith age, Q/day 

1. - coefficient for the change in the development 

index with weight, Q/(mg larval weight per day) 
i, ',.. 

By definition the value of Q i5 0 at egg hatching and 1 at pupation, with 

the result, 

Eq. 4.5 

'" 

where, Q(p) - the value of the larval development index at pupation ,. 

'" A~p) - larval age at pupation, days 

W(p) - Iarvai weight at pupation, mg 

The parameters as and 1. were estimated from the data of Fig. 4.7 using a 

non-linear least-squares procedure and are pr~sented in Table 4.1. 

The next component reqt\ired for the model lis aL description of the 

change in larval numbers with time. Figure 4.8 presents the total number 

of insects aUve through time for each of the initiat" larval dèns'tties ft 

• 1 

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

number or larvae per vial in those sample"s where food exhaustion hao not 

yet occurred. For the den5:t,ties for 0 whf:ch there were 5uffici~nt dat'7 

afte~ food exhaustion (73 - 150 eggs) , no significant differences could be 
~ \ 

deteéted in the 'slopes of the regresston relating number of larvae 

suniving (log.) with time (F(l,92)·1.60, p>0.2). These data suggest t?hat 

only when food quantity falls to relatively low leveis (about 50 mg) do 

~ la~ae begin ta die and that the death rate 15 unrelated 'ta the influences~ 
of larval dens~ty, such that the ch~nge larval numbers with time i5 ~ 

where 

~. (t)/dt 0 

dN.(t)/dt': -6N.(t) 

if F(t) > 50 mg 
if F ( t) < 50 mg 

6 - instantaneous de~~h rate, /larvae/day. 

" 

1$ 

Eq. 4.6 ' 

J 
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Figure 4-.7. Relationship . between larval age and weight at 

pup~tion in ~ cautella A. Male age ahd' weight at pupation 
, 

B. Female age and weight at pupation, 
~ -- ~ 

Regression 1 in~s depict 

"development indices .(Eq. 4.4), as a function of larval age and 

weight at pupation. Paraméters of the re$ress~on Unes are 

.. presented in Table 4.1. 
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Figure 4.8. ~ ""'cautell@ larval survival through Ume at 

different initial .larvs.l den~ities. Letters indicate the average 

inft1~1 number of larvae per 0.9 g food: a. 3.2; b. 6.4; c. 8.7; 

d. 14; e. 20; f. 29; . g. 44; h. 57; i. 71; 'j. 83; k. 122, 
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The estimate ~or S was obtained by averagi~g the 'instantaneous death 

rates calc~lated using the data oi initial egg densities 73, 87, .100 and 

150. A sex ratio of 1:1 has been assumed. This assumpti?n is supported by 

data' presentest in Chap: ,3. Owi!lg to the. differences ,in the rate of change 

between the sexes in df\,velopment i~ex, male larvae will tend to pupate at 

an earlier age than female larvae~ "rhe assumption'has been made that the . , 
death rate of pupae is the sam~ as the deat~ rate of larvae. The validity 

of this assumption will be discussed later, 
\ ' 

The final co'mponent needed for the model is a description of the 

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

if Ont> 1 

Equations, 4'.2, 4.3, 4.4, 4.6, & 4.7 const~tuçe the model. The 

resu1ts of numerical ~ ·solution of th~se' equations using the parame ter 

estimates a~d initial conditions presented in . Table 4.1 are illustrated , - " 

~ogebher with the observed,d&ta in 'Figs. 4.9 & 4~O. , 

~ , DISCUSSION (r -
\ " .... 

Comparison 'of model predictions with observed da~ovides a 

rigorous test- of the validity of a mOde,I, provided that the ~ameter 

'valu~ are estimated indepèndently o.f the data used, to test the modet, 0 The 

comparisons 'made in Figs 4.9 & 4.10 do not completely fulfill these 

t;equirements, as the' parameters of the de;velopment index were est;:imated 

from ~he data set with' which the predictions are compa~ed, However, these 
, , 

comparisons still provide a very rigorous test of the ~odel, o~tng to the 

number of variables which the model is describing. Furthermore the 

~stimates involving the development indices were made independent of any 

consideratLons of larval density. 

The model adequate.ly mimics the observed patterns of ,~arval growth 

and survival, as weIl as the pattern of food. utilizati9n, predicting the 

" observed t",mifo~ity in iarval age at fo~d_ exhaustion.~_ Th~- moctel wel~ 

describes the total food utilization', in relation to initial l.arval 
1 

denslty. The model reproduces the effects of larval denslty on }arval . 
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Figure 4.9. 
7T~ 

Observed data'and model prediction~ of çhe amount of 

fo~d remaining, l.arval ~ cautella, weight and larva~ num~ers 

th~ough eime at different initial larval densities. A. Observed 
, 

amount .of food remaining through time. ~B. Predicted amount of 

,food re~~ining. C. Observed larval weight. D'. Predicted larval 

weight. !. Observed number'of' larvae alive. F. Predicted number 

,'alive " Initial larval densities are present in the captions of 

. ' , 

, J 

Flgs 4.4 and 4. 8 . The sarne initial larval numbers were used to 

generate the 'Predicted"curves. 
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-Figura 4.10. Observe~data and model predictions of·the amount of 

food not conswned (A), larval age (B') and" welght at pupation 
,,- .. 

CC) # ,and thè number 'of l~rvae surviving to pupation (0) at 

different inItial larval densltles. SoUd curves ,depict the model 

predictions. C. O. • male and .. female larvae. 
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durat10n, weight and surv1val. le describes the, effect of a ~ . range of . . 
larval densitie~"'where no change in larval weight, duration or mortality 

Qcéurs, followed by lirval densities where larval duration and mortality 

suddenly increase, and larval weights rapidly decline. 

However the model fails to adéquately describe the observed data, 

at those larval densities at which total food utilization dpes occur, and 

overestimates the effects of larval density on larval weight and stage 

duration and larval mortal! ty.· 'The reasons for the failure' over these 
t> 

is easily understood. 
• The model includes larval densities the quite 

reasonable assumption thllt when 0 food exhaustion occurs, food ingestion 

ceases and the larvae stop growing. However under experimental conditions 

once 'food' exhaustion occurs, larvae start to feed on faeces and 

cannibalism occurs. As a resul t survi,ving larvae will continue to feed 

and grow, t~ough at- a much slower rate. Coprophagy and cannibalism will 

al,so maintain food ingestion at levels sufficient to avoid or at least 

delay ~tarvation. Continued larval' feeding will act to decrease age at 

pupation by increas~ng the value of th~ development index faster th an the 

model predicts due to further larval~rowth .• As weIl, decreasing the age 

at pupation will also reduce the total amount of larval mortality. 

Observations made while carrying eut these experiments suggest that larval 

starvati~n accounts fot the majority of larvàl deaths. Intact moribund or 
, 

dei}d larvae were often observed weIl before any pupation occ,urred. For 

example, in Fig: 4.6 which presents the total number of insects! pe~ vial, . , 
at the 4 highest:' larval densi ties, less than 10%" of the larvae had pupated 

by day 39. Partially' e~ten moribund or dead larvae ~ere never observed 

and cannibalism appears to have been restricted to those larvae in 

late pre-pupal period (larvae which had constructed the pupal cocoon, 

not yet molted) and to young pupae, prior to the complete hardening of 
, .. 

pupal _cas~. These observations may refute the statement made in 
~ , 

prev~ous chapter and earlier in this ''Section that pupal rnortality 

the 

but 

the 

the 

15 

independent of l8rval density. This conclusion was actually based on 

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

.process to account for Any relationship betyeen larval density and pupal 

mortality. As a 'r!'!sult the counts reflect 'natural' pupal mortality 

(excluding cannibal1sm). However these results do suggest given the 

variation, in 18rv81, wei~t at pupat,ion as a result of the effects of 
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larval denslty, pupal mortallty ls independent of larval welght at 

pupatlon·, 

While--the, model that has been deve loped does not provide a comp1ete,ly 

satisfactory descriptfon of the growth and survival of cohorts of larva~ 

~t different initial densities, the ultimate purpost' of the model is to 

form the basls of a population model' of Ç. cautella, There is sorne 

evidence that will be briefly presented here and more fully ln a 

sub:e~ent chapter 1 that suggests that in a large pa~t the apparent 

failures of the model are due ~o artifacts of the experimental conditions 

used rathër than basic conceptual failures, 

In lon,~- terro population cag~s food is added at a fixed rate per 

week, and ,populations are Umited by food availability. Larvae have baen 

'shawn to move very quiekly from old food to the fresh food that 1s added. 
" a phenomenon that occurs even when larval densities are very low, This 

would result in the la~ae b~ing forced to feed on faeees for only limited 

periods of time, as opposed to as much as half of their life. as occurred 

in many of the cohort experimen.ts., Therefore in population cages the 

&mount of larval growth due to coprophagy would be minimal. This pattern 

of, larval m'ovement would also serve to reduce the degree of pupa-i 

cannibalis~, by reducing 'the amount of time that pupae are at risk. Once 

the pre-pupal period occurs larvae ai,d the subsequent pupae are immobile 

and remain where they are while the larvee will move onto fresh food 

sources when they' bec0'!le available., Ip addi tian larvae often move co 

areas of exhausted food prior to pupatlon, regions completely avoided by 

larvae, 
, 

Experiments 'where food was added at different rates to' vials 

containing ,8 ~ixed number of larvae and where additional pupation ~..ltes 

were provided would provide a very powerful test of this model. 

In summary a model )1~s been developed to describe larval growth, 

stage duration, and cohort survival. The model succeeds in captur~ng the 

es~ential" effects of larval. density, and ev,ldence is present-ed that 

sugge'sts '" that the failures '"of the model are a f1,lnction of artifacts of . 
experimental design and do n~t affect its appropriateness as a ba81s for à 

population model of ~, cautella, 
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DEMOGRAPHIC CH1~CTERISTICS OF VENTURIA -CANES CENS 

IN RELATION TO ITS HOST CADRA CAUTELLA" 

In this chapter survival and r.eproducti ve characteristics of tbe 

wasp Venturia canescens ,will be presented wi th particular reference ta 

effects of host larval age and density at infection, hast and wasp imago 

density, and availability of food. ' \ 

1 

MATERIAL AND METHOnS ) 

All y. canescens used in thes~ experiments were reared on ~. cautella 

larvae raised at a density of 10 egg~ig wheat flakes and infected ~12-l6 

days of age r In a-11 infection exJeriments the depth of food (wheat 

flakes) was <5 mm, allowing a11 hos.t larvae ta be wi thin re~h of the 

imago's oviposito~. Host larval age ls defined as the number of days from 

egg hatching. 

Egg ta Imago Development 
of 

The development of y. canescens was moni tored in cohorts of host 

larvae infected at either 8.5 or 18 5 days. o'f age. Fourteen cont'ainers 

(30 x 16 x 8 cm) with 50.0 g food and 450 - 550 host eggs were prep.ared 

and 20 adult wasps were added for 12 h ta each'of 7 containers. Each day, 

50 insects per treatment were 'removed at random from a container selected 

at random. In drawing the sample, hos t larvae, pupae and empty pupal 

cases of hast and parasitoid contributed to -the :ample of 50 insects. The 

numbers of parasitized and uninfected hosts, the numbers of host and 
.' " 

parasitoid pupae, and the developmental stage of host and parasitoid were 

recorded. Empty pupal cases were considered to represent emerged adults . ., 
On1y foùr instances of superparasitism were noted and these individuals 

were deleted from the analyses. 

In arder ta more precisely quantify the effec t of host age---at---

,~Lnfection on the duration of wasp development the following experiment wa~ 

undercaken. A series of vials (3. d x 6.0 cm) containing .1. 7 'g food and 10 

host eggs was prepared. A single wasp was added to each vial for 1 day at 

hast 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), 

, , 

( 



o 

... d 

o 
" , 

o 

/ 

108 

26.5 (40), and 29.5 (117). The total numbers and the ages of hosts and . 
parasitoids emerging were recàrded and samples .of adult wasps were dried 

and We ighep. 

The effect of hast density on the duration of parasitoid deve10pment 

,( was a1so examined. There .were 7 densities (n-30) éonsisting of 10, 25, 

\' 50,75, 100,150,200 host eggs in vials (3.6 x 6 O"cm) containing 1.7 g 

food. One wasp was a.dtled per vial for 1 day when the host larvae \ltere 12 

days b1d. the total numbers of hosts' and parasit~J.ds emerging and theit 

ages. at emergence were recorded an.d samples of wasp imagos were dried 

and weighed. 

Imago Survivorship 

The survival pattern of imagos was determined by monitoring cohorts . 
as they aged. Newly emerged a~ults 1 (r3 h old) 

chimneys (8.3 x 17.5 cm) resting in petri dishes 

g food and 100-200 hast 1arvae 12-16 days old. 

were p laced in glas s 

(10 cm) containing 5 

The petri dishes were 

changed daily, thus providing a new supply of naive host larvae 

Survlvorship estimates determined for imagos provided with neither food 
':) ,,~ " 

nor water were based on 11 cohorts of- 15-124 imagos (0.016-0.131 

waspsjcc) , 

wasps and, 
1 

monitored 

h~ney 

tal of 585 individuals -- "-.......--~/ 
Four cohorts totalling 110 

f-rom 15 to 50 adults (0.016-0.053 wasps/cc) were 

ta estimate the surviva1 of the wasp when food was 

FOod for the wasps was provided daily and cons isted of 2 g 

cc of distil'l~d water. The solution was kept in a 

small cotton~'stopped vial suspended from the top of the container. 

Imago Fecundity 

Estimates of the age-specifie· fecund1 ty of adu'lts were made by 

providing is01ated individuals with uninfected hast larvae daily, and 

, d' recor lng the number of offspring produced 
/ 

per day as the imago ~ged. 
,/ 

Wasps (:~3 h old) were iso1ated in containers (8.3 x 17.5 cm) with 35.5tO. 4 . 
hast larvae (12-16 days old) in 3.0 g food The food ari"d host 1arvae 

'were removed daily and transferred to vials containing 5.0 g food. The 

.1arvae were maintained until aIl host: and parasitoid iniagos 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 dat~ from the last day of life 
• >' 

were not used a's the exact time of death WIlS unknown. 

Functional Response 

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

determined using naive :t 12 h old imagos that had been provided with food. 

Wasp density was 1 per infection arena with a 24 h exposure- period. 

The procedure for host larvae 8 days of age or older was as fo11ows'. 

Larvae were raised at a density of 10 hèst eggs in 1.7 g food,' removed 

from' the food, added to infection arenas (30.5 x 16 rO X 18 2 cm) containing 

50 g food and exposed 1 day la ter. For each larval age there were 6 

replicates per density and host numbers per arena were' ID, 20, 35, 50, 

75, 100, 150, 200 for 8.5 day o~d larvae. and 5, 10,20, 35, 50,75, 100, 

150 for 12.5, 17.5 and 20.5 day old larvae. The hast larvae were 

maintained in the infection arenas for 5 -10 days following exposure to the 

wasp, removed, fixed in 70% ethanol an~ubsequel;lt;ly dissected. 

Estimation of functional responses with respect to younger larvae 
f 

required a different method, because of the large numbers of larvae 

invo1ved and the high morta1ity associated with handling. For larvae '2,5 

days old, containers (9.2 x 3.8 cm) with 10.0 g food and 7 initial egg 

del1sities were prepared. There were 6 replicates of 50, 100, 200, 300, 

400., 600, 800 eggs per arena. Six containers with 50 eggs served as 

,controls and were not exposed to wasps. Following the infec tian period, , ~ 

bath food and larvae wer{ transferred to larger contai:ners (-250 ml) and 

additional food added untfl a larval density of about Sig food resulted. 

A similar procedure was used for 6.5 dày old larvae. The differences lay 

in the size of the; infection arenas (4.3 x 7.0 cm) and the initial 

amount of food (1.0 g). T/;lere were 6 replicates of 10, 30, 75, 100, 1.25, dl 

150, 200. Six additional 50 egg/g arenas served as controis. The 

containers containing the lst and 2nd instars were maintained until, a11 
'li 

insects had emerged. Under these culture conditions there i$ minimal 

host and parasitoid mortality and the results obtained for the two 
t7 

larval age groups are completely comparable. 

These experiments suggested that substantial mo.rtality was oècurrint 
, ~ 

due to, oviposition wounds inflicted by the parasi toid when the host,s were,'. 

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

, -
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numbe,rs of' eggs .wer~ prepared. Yhen th~arvae were 6.5 d4ys old, half of 

the vials were exposed to a 'w4sP and the others left as contr<>!s. 
" 

Following ,exposure, ~ larvar densities were adjus ted . to 5/g food and 

mai.ntained until a11 hosts and parasitoids had 'emerged. 

Parameter . estimation was by non-linear regression (Sécant Methoci) 

(SAS 1982), 

RESULTS 

Egg to Imago Development 

Figure S,la presents data on the course of development of Y..... 

canescens when host larvae àre inf~'C ted at an age of 8,5 days, Table S,:Ir 

gives the duration of the stage? as estimated by the technique of Ives anQ 

Gordon (in I>rep) There was no trend detected in the number ot hosts , 
infected per sample as the larvae aged (F(l,36)-O.91. p>O.3472, ~2_0 025), 

there were 24. 4i' 0.6 infected hasts per sample. Figure 5. Lb illustrates v f • 

wasp development when hast larvae were \-nfec ted at an age of 16.5 days; 

stage durations are presented in Table 5.1 The numbe r of hos ts 

parasitized per sample was 33.0tO.6; no trend with larval age was detected 

" (FO •2S )-O.03, p>O.86, R2 -0 001). 

A more detailed examination of the effect of larval age at infection , ~ . \ 
on total developmental duration of the parasitoid is shown in 4Fig. 5.2a. 

~ ~ , 
Time to imago emergence depended on ho~t age (Fm ,1502)-U6.0, p<O.OOOl). 

'Figure·S.2b. tHustrates the effect of host larval density on the age 

of y. canescens at emergence (Fc6.s88)-11l.69, p<O:OOOI). 

" Imago Survivorship 
, 

No effect of adult Unfed wasps had a lHe span of 2.11tO.02 days . 
\' density on average life span was detected (F(g.~8'J-2.14, p>O.025) . 

• 
Figùre 5. 3a presents the propor.tions of imagos survi ving as the C'ohort 

aged. The life span of wasps provided w!th a honey solution was 12. 4t 0.4 

days (F~g, 'S.3b), No effect. of density on average life span was detected 

(F(2,lOQJ-3.87, p>O.024}. 

, . 
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Table 5.1. Stage durations in Venturi a canescens when Cadra cautella 

larval ages at infection were 8.5 and 16.5 days old. 

Host Ag~ > -Stage Duration 

Mean Variance /-

8.5 Egg 2.55 0,383 

Ist 'Inst;ar 6.25 .3.849 

2nd - 5th Instar 6 • .09 2.669 
~ 

Pupa 11.61 2~ 187 

~ 16.5 Egg 2.67 0.336 

lst Instar - 2.64 0.221 

2nd 5th Instar 5.77 2.828 .. 
,Pu~a 10.67 0.218 

.. 
. ,. 

.) 1 -

, 
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Figure" 5,1. Deve10pment of Venturia canescens in 1arvae of ~ 

cautellll.' A. Deve10pment when host 1arval age at infection was 

8.5 days .. B. Development when host larval age at infèction was 

18.5 . days, E corresponds to the egg stage. 1 ls tins tar , 2 - 5 

instar~ 2 to S, P pupal stage, l adult wasp. , 
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Figure 5.2. Age of Venturi a canescens, at imago emergenc~ . wLth 

\ 

'respect to age and density of Cadra cautella larvae, 
\ 

qadra ~~, larvae at infection. B. Density of 

larvaé during parasitoid d~ve'lopment . 
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Figure ~. 3. Age- specifie survival of imagos, of Venturia canesc.ens 

under ~rying conditions ,of food availàbiHty. _, Survi\Tal of 

wasp~ when provi~ed wièh a honey solution. ... Su.rViival of wasps 

when no rood is provided. '" 
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. Imago Fecundity 

The number of progeny produced per day by unfed was-ps 19 presented in 

- Fig, 5.4a. Imago fecundity varied with age (F(t.47)-6.24, p<O.OOS), The 

total number of progeny produced through the lifetime of an unfed wasp was 

42,,' 4t 3.2. The number of progeny produced -pér day by wasps provided wlth a 

honey solution 15 i1lustrated in Fig. 5. 4b'. \.lasp fecundity varied with 
• 

age (F(30,238)-15.38. 1'<0.0001)', 

215. 7t 21. 5 offspring, 

The fed wasps produced an average of 

'l The maximwn number of progeny produced in a day was simil~r for unfed 

(19.3tl.6J and fed (20.hl.7) imagos. Seve'n of the parasitoids with 

access to food lived between land 12 days after producing their last 

offspr,ing; this subset of wasps had 249 ,Ot 38.4 progeny. 

Imago Ya Igh t /. «!J 

Figure S. Sa pr;sents data on thLeffects of hos t larval !lge at 

infection on the weight of imagos at emergen.çe. Adult weight varied with 
\ 

larval alPe 8,t: iylfecti~n (F(11,lO)-6.6I,-g;t0.OOÔl)".l)n5pection of Fig. 5.s'a 

s~gge'sts a d~slcontinuity in the eff~çz_ of (Mal age, where wasps 

resulting from infections occurring in larvae 1ess than 15 days 0 Id have a 

~ower weight }han t;hose resulting from infections of larVae more than lS 

days old (F(l,118)-23.65, p<O.OOOl). Imagos resulting from infection of' 

younger hosts weigheg 1.4ltO.04 mg, while those emerging from oider 
" 

larvae weighed l,nto.li mg, Furthermore withïn rthe former group no 

'effect of larv81 age on weight at emergence was' detected (Fe 1 68)-0.43, ' .. ' , 

,p>O'. Si45 , R2_0. 006), while in the latter group wasp weight decreased wi th " 

increasing larval age (F(l,48)-12.65, p<O.0009, R2_0.209) , 

Figure S. Sb q.lustrates the presen<!e of a smal1 negative effec~ of 

host larval density on, imago "!1eight at'emergence (F Cl ,98)-20,39, p<O,OOOl, 

Funct~onal Respo~se 

In the coritrol arenas for larvae infected-at age 2.5 days, 74.l%tS'.1 

of the initial number of host eggs survived to become host imagos. No 

difference in survival was detected between control' and treatment arenas 

p>O, 914'8) . The pooled value from control and treatment . . .. 
arenas (74.2%±-l, 6) 'was 'used to estimate the" number of larv'ae available for .. 

'- . 
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Figure 5.4. Age· spec ifie fecundi t:y of Ven~uria canesceQ§ unde r 

varying conditions of food availability. A. No food present. B. 

Honey solution provided. 
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Figure 5.5. ~~eight of Venturia canescens imagos at emergence wi th 

'respect to age and, density of Cadra cautella larvae. A. Age 

of ~ cautella larvae at infection. Linear regression 

intercept-2.8 mg. slope--O.04±O.Ol. B. Densi ty of host larvae 
". during parasitoid development. Linear regresslon intercept-l.2 mg. 

slo~e--O.003tO.001. 
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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 ditference in the prop6rtion 

sUrViving was found between control and treatment arenas (Fn . 46 )-246.58, .. 
p<O. 0001) . The value from the control arenas was used to de termine the 

number of larva~ availab1e to attack. Among the older larvae (>7 days)no 

differences were found in the proportion of larvae recovered among 

densities within an age or among ages (F(31,160)-0.52, p>0.9.§.38). The 

proportion of larvae recovered was 97.9%tO.3. 

Two forms of functiona1 response were used to describè the 

relationship between the number of hosts attackeo and host 1arval density, 

a Type. II re~ponse. (Rogers 1972b): 

and a Type III response, modified from Hassell (1978). 

where Na 

Nt 

Na 

Pa 

T 

a 

. 
number of hosts attacked 

number of hosts available 

number of hosts availab1e per g foo.d 

number of parasitoids per g food 

- time avai1able for search, days . , 
inst~nta~eous search rate, g/P,'T 

parasitoid han41ing time, Pa . TIN, 

instantaneous search rate, g2/T'Na ·P,. 

Eq. 5.1 

... 

Eq. 5.2 

r Table 5.2 presents th~ estim~tes for the attack .rates (a, a') and 

handling time~ (T~) for' each 1arval age .as determined by non- linear 

least-squares technique. The estimated values of Th for 1arva~ ages 8.5" 

12.5 and '17.5 were very similar (Table 5.2). As a result, a comrnon 

__ • ___ ~~~~ling time (Th) was assumed for a11 instars and the search rates (a, 

o 
a') re-estimat&d (Table 5.2). Figure 5.6 presents the observed data 

~ 

- together with the Type II and Type In responses estimated assuming' a 

common handlin~ time·. 
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0 Table 5.2. Parame ter estimates for --the functiona1 responses of 

V~nt;!.![1S!: caD~§çemz with respect to ~ çSl!.!~~llSi larval age. . . -. 
AGEl a S.E: Th S E R.S.S 2 

Type II ~esponse 

2'.5 0.0458 0.0201 0.1042 0.2053 36.41 
cf' ~ . J).5 0.,1930 0.0889 0.0246 o 0248 1324.92 

8. S· 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 0;0057 1573 3J 

20.5 23.6155 7, .1469 0.0436 -0.0080 758,77 

Type III Response 

2.5 0.0005 0.0054 0.0000 1.2313 37 36 

6.5 0.0052 0.0028 0.0552 0.0139 1342 30 

8,5 208.1225 169.1334 o 0496 . 9 0046 \ 2512.82 

12.5 403.9826 265 0697 0 .. 0487 0./00'32 \ 1102.67 

17.5 608.8035 578.7342 0.0499 o 003& 1521.76 

0 20.5 '55.9293 21. 8912' 0.0?96 0.0052 776.18 

. Type II Re~ponse 
'SY 2.5 0.0458 0.0054 36.47 

6.5 0.3009 0.0672 1355.02 

• 'S.5 102.5913 60.5032 <1.0470) 2609.9-6 
- (Th fixed at 

12.5 162.0508 88.1076' 116,6.66 

17.5 197 . 99<r7 147.0448 1576.97i 
.-

f 20.5 -26.3740 j.5424 761. 94 
<' 

1 . 
Type tIr Response 

2.5 0.0008 0.'0001 ... 42.6,1 

6.5 0.0043 0.0011 1.347.30 

8.5 205.9153 150.0432 
(T,h fixed at 0.0494) 2512.92 

1·2.5 422.8613 261. 8494 , 1103,85 , . ' 

17.5 588.1767 504.7377 \522.41 

20.5 31. 9128 7.7993 847.71 , 
1 

~~4 

1 Host 1arval age at infection (days) 

0 
2 Residual sum of squa'res 

'" 

--

: 

t.n ___ ~~ 
t ' 
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Figure 5.6. Functional responses of Venturia canescens to Cadra . 
cautella larVae of differing age~. A. Host age-2.5 days, Type II 

response. B-. Host age-6. 5, Type II. C. Hos t age-8. 5., Type III. 
> ~ 

D. Host age-12. 5, Type, 111.. E. Host age-17. 5, Type III. F. Host 

age-20,. 5, Type II. Solid lines represent 'the predictio.n' of the 
r Type II or Type 111, response assuming,..,.a fixed handling ti~e, (see 

Table 5.2 for parameter values) . 
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Table 5.3 Parame ter estimates" for the functional responses of 

Venturis canescens with' litspect to the larva1, instars of Cadra 

cautella. 
\ 

Instar Search Rate 

Type II Type III 

~. 1 0.024 , 0.005 

2 Il. 839 21. 872 

3 112.614 244.384 \ 

4 165.438 459.028 ' , 

.-
5 114.435 331. 311 

Larval Stage 88.436 237.683 , , 

{) Th 0.0470 0.0494 

.. 

. 0 

l" 
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Figure 5.7. ,Relationship betw~en instantaneous .attack rate of 

Venturi' canescens and:Çadra cautella larval age assuming a fixed 

handling time. A. Inst~ntaneous attack rate (a)' assuming a Type 

II functional response. B. Attack rate (a') assuming a Type III 

response. Symbols represent estimated parameter values from Table 

5.~. Solid cUrVes represents the observed values fitted using a. 

cubic spline method.' 
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estimat~d astack rates. assuming a common handling time. wete 
"> 

plotted against latval age at infectiqn and a smooth curve fitted to the . . 
points 'using a cubi~.!spline technique (Fig. 5.7). The area' undet; this 

cu~e ,Sives an est~Il1ate of the a\Te~age inst:antaneous. attack rate for the 

lar:val stage. For a Type II response. a-88. 4. whi le for.' a" Type III 

response a'-237.7 

The degree of parasite-induced mort~l;Z:ty e ~~en~:d when hosto larvae 

were 6.5 days 'of age wàs quantified. In th contro.1 a:renas no differences . . 
àmong dens4ies were detected in the fr,oportion of eggs sur:viving to 

become imagos (F(5.29)-O.4l, P>O.8399)-r -!he pool~d va hIe of perce~t. 
'survival (64.2%tl3.l) was used,to determ~ the number of larvae available 

for ~ttack (Nt). ~e number of larvae, R~led (Nk ) in each arena wa1 
estimated by' subtracting the total numberl of hos ts and paras i toids 

emerging per. container from the number eXP1c ted (Nt.)' The number of 

larvae attacked per container ,(Na) was' asstÙb~~ to be the number killed 

(NIc') pl1,ls the number of parasitoid progeny produe'èd (Np)' No differenee 

was detected in the proportion Nk/N. among densities (FO,29l-1.04., 

p:>O.4l53). The average proportion, of. larvae ki.l1ed was 0.631"027. For 
., 

parasitoids the appropriate attack' equation for a Type II response 1s 

Eq. 5.1, while for predators tt is (Rogers 1972b) , 

Eq. 5.3 

) \ 
The difference between the two equations is that paras1~ized hasts remain 

, ava11able for subsequent encountérs. while eonsumed pre"y do not .. If lt 1s 

- assumed that la~ae wound:ed by the ovipositor die quiekly i a situation . 
·results that i5 j.ntermediate, bet,,!een a predator and parasitoid. Larvae 

'. . 
that are attacked may be suc~essfully parasitized and remain available for 

further encounters or they may .be killed and be unavallable. The 

following Type II attaek equation has beep formulatred i'n order to describe 

this si~~at:'ion. 

" .,1 

Eq. 5.4 

where q 1's the fractiçn of larvae ki.lled (N)c IN. ) . The derivation of Eq. 

5.4 1s preseneed 1n Append1x M.l. The parameter q was taken directly ~rom 

It& _ 
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F1t~re 5.8. Mor~lity .of ~ cautella larvae (age-6. 5 days) 
, . . 

resulttng from oviposition w~ds inflicted bi Venturia çane~cens ' 

as est~mated by the difference between the numbers of larvae 

attacked and the numbets of p.arasito1ds emerging. • reprësents 

'the. est1mated 'mean number of host larvae attacked ±S.E.; .• 

observed mean number of 

soUd Une. ·represents 

Th-O.018, q-O.6~6. 

'. 

,~ .. \ 

parasito1d progeny produced ±S.E. The 

the pre,di:t~ ~q, 5:4; .-1.514., 
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the data (q-o.63±0.27),. while parameters. a and Th were estimated using 

non·llne~r regression (a-1.514'1'O.5140 and Th-O-.0175.t0.0068). Fig<ure 5.8 

presents the observed data together with the predictions ai Eq. 5.4. 

DISCUSSION 
\ 

Many species of parasitic Hymenoptera show arrested development as 

1st instar • 189"8e • where further deve10pment is depandent' on the hast 

8chieving 8 particular stage of growth (Salt 1963). Corbet (1968) has 

shown this ta be a ~eature of the larval development of Venturi a Canescens 

" in lts host A~a&asta k~ehnie·lla. where the parasite will remain as a lst 

instar larva until the hast achleves 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 age at infection (Ta'91e 5 n. Corbet 

(1968) showed' that parasite development resumed due to increases in 

the feeding rate of the parasites in response ta changes occurring in 

hast haemolymph amin~ acid concentrations when hosts reached their final 

instar. The individual stage durations as well as the total de~elopmental . 
times observed are in close agI.'eement with those previously reported 

(~ad 1936; Simmonds 1943; Corbet & Rotheram 1965). 

the pre-imaginal_period of the parasitoid was found to increase with 

increasing hast density (Fig. 5. 2b); this is a reflection of increased 

host larval durati.on" with increasing larval density (Benson 1973). 

Simmonds (1943) reported increases in the pre-imaginaI period of y. 

çAnesc~ns iJ~». kuehniella when levels of superp~rasitism were high (>11 

eggs/host) . 

The' 2 day life span Qf unfed~. canescens imagos was found ~ be weIl 
1 

~ithin the 1-3 day range reported by Ahmad (1936). but longer than the 
, . 

maximum 1 day life span reported by Podoler (1974a). Imagos provlded with 

a honey solution had a life span of 12 days, while average life spans of 

6·72 days have been ~eporeed (Diamond 1929; Ahmad 1936). Ahmad (1936) has 

shown that the Ufe span of fed ; imagos depends on the presenc~ of hast 

larvae, where the 10ngevJ.. ty ia increased in the absence of hos t larvae. 
, . 

This factor, together with the unknown effectà of differences in food 

r 
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composition and quality between studLes, 1ikely accounts for the variation 

in 'repqrte<! life spans. 

parasitoid density. 

Imago nfe span was found to be independent of 

Th!,! experimenta1 conditions under which imago fecundi ty was s tudied 

minimize the amount of superparasitism occurring (Rogers 1975) and as such 

the number of proge'hy produced should only slightly underestimate the 

number of eggs produced by a wasp. Total lifetime fecundity of unfed 

imagos (42.4 pr~geny) was well within the ranges reported by Ahmad (1936) 

and Podo1er (1974b), but less than the 60 eggs/wasp reported by Simmonds 

(1943). The observed total fecundity of fed imagos (215.7) was much 

grester than that reported by Ahmad (1936), who found no incr!ase in 

fecu~dity when wasps were provided with food, but wel~ within the 158-227 

range reported by Narayanan (1945). An average of 24fJ" progeny were 

produced by parasitoids living beyond their last day of ovipos i tion 

P0481er (1974b) reported a positive association between imago weight at 

emergence and lifetime progeny production. However Podoler also found a 

positive relationship betweèn imago weight at emergence and life span of 

,unfed parasitoids which would be suffi:cient ta explain the relations1lip 

between ~mago weight and fecundity 

The maximum rtumber of progeny produced per day is similar for fed and 

unfed wasps. The pattern of daily progeny production varied with age In 

unfed wasps th~umber of eggs laid was greatest in 2 day old wasps, while 

land 3 day old wa'sp:; laid similar numbers of eggs The decline in egg 

production in 3 day 'old wasps is lik;ely due either to declining energy , 
resprves and the effect of this on the amount of time spent foraging, o,r 

to the rate of egg maturation. The lower level of egg production in day 
, 

old imagos may be due to the time.newly emerged wasps spend searching for 

food prior to initiating host finding behaviour (Anmad 1939). This 

suppositioq is supported by the lack o~ a similar effect when imagos were 

providéd with food. Oaily progeny production in fed wasps remained 

relatively constant ,for the first 8 days and thèn gradually declined until 

the wasps died. 

A positive relationship between imago weight at emergence and total . ... 
egg production ls a common phenomenon in insects. While not'8p~cifica11y 

investigated, the data of Fig. 5.5 suggest t~at imago fecundity may be 

dependent on both the age of the host larvae ac infection and host larva1 

f, 
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density, because these both influence imago weight fit emergence. The 

energetic relations of host and parasitoid larvae ar'e very closely linked 

(Howell Ex Fisher 1978) and imago weight will be affected by those factors 

which influence host larval weight. The dec1ine in imago weight as the 

age at infEiction of final instars increases is likely due to the 

observation made. in Chap." 3 that host )arval weight declines with larval 

age in those larvae that spent an abo~ average length of time as 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 avai1l.ble 

for feeding is unknown, but' either would ,exp1ain~t::he observation that 

when larvde 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 lts final instar. chere 

will have been a longer period of uninhiblted host growth, during the 

development of the parasitoid egg and lst instar. The decline in imago' 

weight with increasing host density (Fig. 5 .. 5b) 1s a result of the 

negative relationship between host larval density and host larval weight 

(Benson 1973). 

The increased searching efficiency of the wasp with increasing hosto 

age (Fig. 5.6), is largely a functidn of increasing host size. The effect 

of host size operates in two ways. First the probability OI 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 effec t as host size decreases The 

decline observéd in imago searching efficiency in the presence ,of late 
" 

final instar larvae (Fig. 5. 6f), 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 i~, the level of mandibular gland seclretion and as a 

consequ8_nce 1 reductions if parasi toid probing behaviour. A Type II 

funëtional response provided a better description of the data for 2.5, 6.5 

and 20.5 day o1d larvae than did che Type III response equation. In the 

case of 8.5, 12.5 and 17.5 day old 1arvàe, 0 the opposite was true. with the 

.,1 
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Type III response providing a sligh.t1y better description of the data. 

primari1y at 10w hast densities. The form and ~he' shape of the ft:mctional 

responseS ta 3rd. 4th and mid-5th instars are characterized by very high 

searching efficiencies. 

The attack rates observed in this study are comparable to those 

estimated using the data of Matsurnoto & 'Huffaker (1974). once 
, 

exper1menta1 conditions have been standardized by cbnverting 1arval , 
densities ta number/cm2 . The numbers of hast larvae in both studies 

ranged from 10--200, wasp densA.ty was l pe'r arena and the infeçtion period 
1. ' 

was 1 day. The surface' are a of the arenas used in this study was 4i!8 cm2 • 

whi1e those used by Matsumoto & Huffaker' (1974) were 9604 cm2 • The 

es'timated attack rates assumi~ng a Type II response were 8201 (this study. 

Fig 5 6e)'. 7055 (M & H. Fig. 2), and 8727 (M & H, Fig 3) for the data of 

3atsurnoto & Huffaker (1974) ~. 
However substantia1 differences exist between the resu1t;s of this 

'study . and tho~e of Takahashi (1968) working with y.. canescens and ~ 

cautella. Tak.p.hashi (1968. Fr(l) added l wasp imago for 24 hours to a 

container 4.5 cm in diameter containing 2.5 g rice ~r~n and varying 

numbers of host
JJI 

1a~vae. After 'conve~ting his data to 'th(~tlits a~ 
used in this study, inspection of the data suggesteq t~~.;.rJpe, III 

,functiona1 response wou1d provide the most appropriate description of 

Takahashi' s results. Non-)inear curv.e fit'ting produced the following 

results for his 2nd instar data; a'-0.019±0.002, Th-O.OOtO 017; 3rd 

instars. a'-O .084tO .007., Th ,:,,0 . 032tO. 003; 4th instars. a' -Q .1l9t 0.006 • . } 

Th -O. 020tO. 001. Comparison of the estimates based on Takahashi' s d1ta 

with, those of this study (Table 5.2), show that while hand1ing times (Th) 

are broadly comparable, with the exception of 2nd instars. the search 

rates (a') are substantially 10wer . The reasons for the differences 

. between the· data of this study :mn that of ;rakahashi (1968) are unknown.· 

The estbnat~d v~1ues of handling time (Th) (Table 5.2) do not r.epect 

combined time required not only for a parasitoid to oviposit once a host 

i:s located but also for it to be able to recommence searching. This has 

• 

been estimated by direct observation to be about 45 seconds (Cook & • 

Hubbard 1980) and 21 seconds (Hassell & Rogers 197?). The restimated 

maximum numbers af hosts attacked per day for 1arVae older than 6 days 
, 

(T/Th ) were 21. 3 (Type Il) and 20.2 (Type. III). Taylor (1974) and 
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Huffaker & Matsumoto (1982a) reported that the maximum- number of eggs -laid 
" by y. canescens in a 24 h period :was about 25, while Matsumotd & Huffaker 

1 

.. (1973b, 1974) and Stinner (1976) .found that 'Y.. canescens laid a maximum of 

--- .. 'about 40-50 eggs per day. Dissection of the ovaries of newly emerged 

. , 

imagos' reveals tha~ the nUlJlber of mature eggs is a fraction of the total 

number of eggs present (Diamond 1929; Taylor 19'74). Taylor (1'974) 
-

reported a dec1ine in the oviposition rate of y. canescens over a p'eriod 

of 7 h and conc1uded that this decline was due to the effects of egg 

l.imitation. lt appears that under experimentl,ll conditions the number of 

eggs laid or, the n~ber of hosts attacked per day by the parasitoid is 

determined by the llUf/lber of mature eggs., avaHable and the rate of egg 

maturation and this explains the discrepancy between the handling times 

estimated from the functiona1 [r~sponse equlltions and actuai hand1ing 

times. . 
Oviposi tion wounds accounted for. substantial mortati ty (63%) of young , . 

(6.5 days old) host larvae. This was undoubtedly related to the small 
D 

size the host (Fig 5.8). Younger hosts are probab1y even more 

suscep~ible to thîs mortality; however owing to the very iow probabili ty 

of the parasitoid encountaring these very young (2.5 days) Iarvae, no 

mortality was ,detected. Nor wa:> any morta1ity due to oviposition wounds 

detected in aIder 'h~st larvae (> 8 days '.old).: These resu1ts are in 

'agreémént with those repo'rted by Simmonds (1943) and Williams (1951) 
o , 

wor~ing with y, canescens and ~. kueh~iella. 
ltogers ,(l9~O) ~Çp?rted that the 5th and ta a 1esser extent the 4th 

instar Iarvae of g. caute11a were able to mount a strong h~emocytic 

'response and eliminate the egg~ of y. canescens, while 3rd instars were 

unable to Inount an effective response. The present study does not support' 
t, ' 

this observatic)n. -No-ehange in the fraction of hosts infected over the 

cou~'se of wasp ldeveloprnent waS" detected ~hen hos ts were infected at 18.5 

days of age (5th instar; data from·Fig.:S.1b). The lack bf any 

subst:antial differences in the funationa1 response curves for larva1 ages 

8.5, 12.5 and 17.5 (Figs 5.6c,d,e) ~lso suggests ,that there is no effect 

of age on ability ta 'mount ~n effectiv~ detense r~sponse.. While the 

fun«tlonal, response èurv:e with 
. 

old fina,l instar hasts (FIg . r~spect to 
1 

5.6f) was different, the diff~re~ce's are not i~ accordance with the 

presence bf an effective \ hast defense re~ponse. Rogers (1970) suggested 
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that hosts were able ta recognize the parasitoid egg as a foreign body 

(Salt 196d) because the egg <:apsule was often damaged wh en the host moved 

in response to being stabbed by the ovipositor. Perhaps the food medium 

(wh,,:at flakes) used in th~s study restricts the movement of the host in 

response to ,an ovipositional attempt by the wasp. EncapSlllatian of , 
supèrnumary eggs alnd larvae was observed during this 5 tudy . 

• ' The results of the pa.rasitoid development eltper'iments suggest tha\: 

very Uttle mortality occurred in established infections and that any 

pre-imaginal mortality was due to hast mortality. 

The de oendence of parasitoid larval developmental rates on the dge of 

the host larvae results in a synchronization of the lHe cycles of y. 

C5!neSCeD~ and Cadra cautEflla. For example. under the experimental 
~ 

conditions used to obtain the data illustrated in Fig. 5 2, a cohort of 

female host eggs will emergè as host imagos- in about 37 days, while 

parasitoid infection of 'Che host cohort will resul t in wasp imagos 

emerging on average in 42 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 

hosto In addition to t,his there appears to be another period of arrested 

development shown by the parasitoid. Pupal stage duration is 10-12 days, 

howeV'er, apparently fully deve19ped imagos are present within the pu.pal 

case 3-4 days prior to imago emergence (this study; Corbet & Rotheram 

1965) . 

While not a subject of experimental investiga~i.on in this study, two 

more phenomena, related to the biology of the wasp need to be discussed' 

mutual interference and superparasi tism. 

Mutual interference be tween searching wasps may arise ,in two ways 

The first results from physical interference between searchit wasp};. 

where a foraging wasp stops seé}~ching 'due to contact with or the close 
\ 

proximity of another wasp. Interferénce a1so' arises when' the parasitoid 

attempts to avoid 'superparasit1sm, re.su1ting in time being spent.: 

de~ermining ~hetheI' a host has previously been infected. The time spent 

in these sorts of encounters reduces. t'he total search~ng time available to 
'(; 

the wasp. Mutual Interference be tween searching y. canescens has been 

documented (Hass.ell 1971~ and has been estimated t;o resu1t in about 2S 

seconds' being wasted per encounter (Hassell & Rogers 1972; Rogers & 

" 



... C; 

II' 

-o 
" 

138. 

Hassel 1974), while Cook & Hubbard (1980) haye estimated the time wasted 
"-

in avoiding superparasitism to be ahout 25 seconds. However, opinions .. ' 

concerning the importance of this phenomenon under other experimental 

conditions are varied. Simmonds (1943) and Stinner ~l976) found no effect 

of y. canescens density on the numb'er of eggs laid per parasitoid. while 

Huffaker & Matsumoto (1982) found a more than a 50% reduct;ion in the 

number of eggs laid per female when wasp density was 10 as compared to 1. 

There are considerable differences in the expêr!mental p'rotocols of the 

studies cited Aboye, in terms of parasitoid:host ratios, arena volume and 

host spatial. distribution and these differences make interpreta"tion of the 

results difficult. 

y. canescéns has been found to be up to 80% efficient in ~voiding . . 
superparasitism, with the degree of. avoidance' increa5ing with the" age of 

~he primary infection (Rogers 1972a). However the tendency to avoid 

superparasitism i5 t'ost when the ratio of parasitÇ>ids~ to hosts is high 

(Simmonds 1943; Rogers 1975; Stinner 1'976). 

A possible exp1anation for the breakdown in avoidance of 

superparas i tism and the apparent lack of anL~l!t~al interference when 

parasitoid:host ratios are high is proposed. Superparasitism in y. 

canescens results in egg wastage as only one parasitoid can successfully Q 

dévelop in one host, wi th the older' parasiJ:oid' killing the eggs and 

younger 'lst instars pre~ent. However,' this i5 not; a strictly 

deterministic procesoS, but a s.tochastic one particularly when the . , 
parasitoids are siroilar in age. Stochasticity results in two ways,' due to 
1 

variability in the time to egg hatching, and due to, chance effects 

determining the winner of 1arval-1arval encounters, where the probability 

of winning appro'aèhes SO\--when the larvae are the same age (weight). When 

parasitoi<l:host ratios are hi'h, the probability that an individua1 wasp ." 

will encoun..,.t:et an already infected' host will increase very rapidly given 
, 

the high searching efficienchs of these parasitoids. Under experimental 
Il 

conditions where the wa.sp ls~ unable to search out sources of uninfected 

l~rvae ,the bes.t 'tactlc' 
1 

for an individual wasp may be to 1ay eggs as 

rapld1y as' possible. Under these conditions Any time spent' avoiding 

superparasitism or responding to the presence of other wasps wou1d not 1 
, . 

only detract from the time it could spend ovipositing, .but would also 

Increase the age differential bet'Ween the eggs it lays. and the eggs 

l' 
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already present in the host population. The element of 'chance' i'nvolved 

in winning a- host, also suggests that Any individual who 'cheats' ln a 

population Chat avoids superp~rasitism, will increase its reproductive 

fitness relative to the 'non-cheacers', a situation that will result in 

the trait completely invading the popuhtion. lt would be interesting to . 
contrast the degree to which superparasitism is avoided in 'wild' 

populations of y. canescens, semi-ferai populations -assocfated with stored 

products ànd laboratory populations. 

When superparasitism occurs, th~ number of wasp progeny produced will 

depet;d on the frequency distribution of parasite eggs pel' hosto It 1s 

genera~ly assumed that when parasi toids search at random the number of 

encounters pel' host will also be random (Rogers 1972b; Hassell 1978); if 

- an egg 'i5 laid at- each encounter the resulting frequency d·istribution of 

eggs pel' host will a1s<> be random. Figure 5.9 presents two sets of data 

on the frequency dis tribution of y'. 

kuehniella (Simmonds 1943; Stinner 1976). 

canescens eggs in its host 6. 

The' maj ority of the data sh~ws 

that observed frequency distributions are aggregated (variance/mean. ratio 

> ~). While a random distribution of eggs per host is an appropria te null 

hy'pothesis many, factors will contribu!;~ to creating observed egg 

distributions (Anderson & GQrdon 1982). ~ avoidance of super~asi.j:ism 
\ofi11 tend to generate uni,forro egg distributions, while the mos t like ly 

factor responsible for generating aggregated egg dis tribut ions is 

heterogeneity in host susceptibility (Anderson & Gordon 1982) Many , 
factors may ....cx.eate-dUferences . in host susceptibility. and it is noe' 

e 
possible at p~esent to identify a11 the factors responsible for creating 

the heterogeneity between hosts that accounts for the egg distribution 

patterns observed. in Fig. 5 .. 9. 

A considerable numçer of demographic factQrs and interactions have 

been identif,ie.d in ,Y. canescens in relation to i ts hos C. 'These are 

summarized in r'elation to a number of processes whLch contribute' to' the 

parasitoid' s intrinsic: rate of 'increase. 

,The rate ae which imagos encounter h~larvae i5 strongly dependent 

on host larval age (Fig, 5\7). As larvae age the searching efficie'ncy 

increa,ses as a r'èsult of larval growth, and the form of the functional 
. ~ 

response becomes increasingly le's5 dependent on the attack rate (a, a')' 
, . , 

and more dependent on handîing time, a reflection of' .parasitoid egg 

.. -
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Figure 5.9. Variânce-mean relationships for the frequency 

distributions of eggs of Venturia Canescens in Anagasta kuehniella 

larvae (SilJUllonds 1943; Stinner 1976). The soUd diagonal Une 

represents random distribution (variance-mean), poi~ts above this 

line represent aggregated distributions while points below the 

. 11ne represQnt utiiform distributions .. -A. Data from Simmonds 

(1943). B. 'Data from Stinner (1976). 
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limi tation. 
\ . 

Instantaneous search rates may; also depend on host density 

(Figs 5.6c,d,e). One ,of the factors determining 'host density will be the 

amount of mortality occurring due to oviposition wounds (Fig. 5.,8)'; which 

will be .a function of host age and host encourlter rates. Parasitoid 

density may also play an important role in determining the encounter rate, 

as a result of the effects of mutual Interference (Hassell 1971). while 
l 

it has not been disc'fssed, non-random parasitoid search, resulting from 

patchily distributed hosts, will. also have important effects on net host 

\ encounter rates (Hassell 1978). 

The dpmlnant factor influencing the potential fecundity of imagos is 

the availability of food (Fig. 5.4)., The increase in potentia) fecundity 

18 primarily a result of the increased life span of fed wasps (Fig. 5.3), 

,rather than any cJ;lange in the daily egg pr'oduction of fed and unfed 

imagos. Imago' weight at emergence also influences the potential fecundity 

of imagos. Imago weight is influenced by the age of the hast larva at 

infection, and by host larval densities during parasitoid development. 
\ 

Imago weight may influence imago fecundity through its effeêts on the 

death rate of unfed imagos, or through its effect~ on the total number of 

eggs present in the ovaries of fed imag?s. 

Realized imago fecundity or the number of progeny praduced by an 

imago will depend on potential imago t'ecundity as weIl as host density and 

par~~itoid density. Host density will determine the absolute number of 

hosts available for infection, while the interaction between hast density 

and imago density will de termine the degree ta which superparasitism ls 

avoided. The form of the frequency distribution of parasitoid eggs/hosts 

(.Fig. 5.9) will be an important factor in ~determining the nuwber of 

parasitoid progeny. One of the crit!'ical factors shaping the, frequency 

distribution of eggsfhost wHl be the level of superparasi tism. Once 

supernumary larvae are eliminated rates oÎ- parasitoid larval mortality 

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

to host mortality. 

Parasitoid pre-imaginaI period depends - on host larval age at 

infection (Fig. 5.2a) ,and" host density (Fig. 5.2b). The dependence of 

paras1coid development on host çievelopment 'serves ta synchronize the 

lHe cycle of the par-asi!toid with the Hfe cycle of its hosto y. 

çanescens 15 a la.rval parasitoid . As' a' resul t a substantial portion of 

. , 
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the host life cycle 1s Invulnerable ta parasitism: elggs. lst instar 

.l.a~ae. pupae and adults. Therefore for only 44% of the total 1 ife span, 

ot the hast 1s lt susceptible to attack by the parasitoid, 

Any at,tempt to formulate a population model which iRcorporates the , . 

relationships summariz'ed above wou1d. result in a very complex model, 

Altho}1gh it may be difficult ta identify' those' factors which are most 

important in determining th~ behaviour of, this host-parasi~oid syste~. the 

experimental evidence does aHow for sorne simplification and il R.X.12I 
o 

elimination of effects that are thought to be of 1esser importancè, , 

, " 
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LONG-TERM POPULATION CAG~S 

-, This . ~hapter presents the results of 'long- term' experiments dealing 

with .~ingle-species population~ of the moth Çadra cautella and two-species 

populations of the host and its parasitoip Venturia canesceu~ carried ~ut 

in large cages where the host or host-parasita-id PQPulations were ailowed 

to reproduce, die and interact with minimal Interference. 

The purpose of' these experiments was two foid. First the results 

p~esented in previous chapters were based on short-term ~eriments 

designed to identify and quantify the demographic characteristics of 

uniform-aged 

In other 

hdst agd parasitoid 

experiments, such as 

cohort:s under 

inter-stage 

restricted conditions. 

cannibalism, implicit 

assumptions concerning the spatial and temporal ove_r~ap of the stages 

were involved . Results from 'free-running' population experiments will 

. provide data allowing the validity o.f the results and El-ssumptions of the 

short-~erm experiments to ~e assessed. 
ti 

The second purpose of the population-cage experiments was to provide J 

a set ,of dat~ ,with which the predictions of a mathematical popt11at~on 

model could he compared. When the predictions of a population model.are 

based on pa~amete~s estimated independently of the ,data with wh~ch the 

model i5 co.mpared, such a comparison provides an excellent test of the 

power of the model. An even more powerful test of the model Is ohtained 

when long-term population cages are experimentally manipulated in order to 

produce a quantifiable change in the biologicsl attributes of the 

specie(s) involved. 

This ,is the reason that experiments, conc,erned with the survival' and 

fecundity of host and parasitoid have been carried out under conditions 

of varying ~ood availaQility, conditions that produce predictahle changes 

in imaH;o fecundity and s'urvival which may be easily incorporated into à 

population mo4el. 

o , HATERIALS AND METHODS 

. ' 
Iwo fs 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 ~ck of 

the. cage and 40 cm hi.gh at the front (volume 0.13 m3 ). The bottom, . 
\~ 
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LONG-TERH POPULATION CAGES 
t 

This chapter presents the res.uIts of 'Iong-term' experlments dealing 

with aingle,species populations of the moth Cadra cautella and two-species 

E~pulatlons of the host and lts parasitoid·Venturia canescens carried ou~ 
, ... 

in large cages where the host o~ host-parasltoid populations were allowed 
i 

to r~produce, die and interaet with minimal Interference, 
C> 

The purpose of these experiments was two foid. First the results 

presented in previous chapters were based on short-term experimcnts 

• designed to identify and quantify the demographic characterlstics of 

uniform-aged. host and 'parasitoid cohorts under restricted conditions. 

In ~ther experiments, such as inter-stage eannibalism, implicit assumptio

ns concerning the spatial and temporal overlap of .the stll~es wctn invo}v~'-
") 

d. Results from 'free-running' population experiments will provide data 

a1lowing the validity of the results and assumptions of the short - torm 

e~periments to q,e asse·ssed. 

The second purpose of the population-cage experiments was ~(l providc , . . 
a set of data with which the predictions of Il mathematical population 

'model could be compared. When the predictions of a popu,lation mode 1 are 

based on parameters estimated independently of the data wi th which the , . 
mpdel is compared, such a comparison provides an exceillc,pt test of the 

" w 

power of the model: An cVen more powerful test of the model is obtained 

when long-term popula~ion cages are,experimentally manipulnted,in order to 
1 

produce a quantifiable change in the biological attributes of the species' 

involved. . 
This is the reason that experiments c;oncerned with the survival ànd· 

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

of varylng food availability, conditions that produce predictable changes 

in imago fecundity and survival which may be easi'ly incorporated into a 

, population model. 

HATERIALS AND HETHODS 

Two s izes of cag~ were used for the long - term exper iments . The 

larger cages were 43 cm wide,. 61 cm de~, ana 61 cm high '8 t _ the back of 

the cage and 40 cm high .at the front (volume - 0.13 m3
). The bottom, 
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.. 
week. . Nelther host nor parasitoid imagos were provided with food or 

water. 

Once a week. at the time of food addition, a11 dead moth a~p. 

parasltoid imagos were removed from the cages and counted. The amount of 

work involved in determining larval population sizes only a'l1owed 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 

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

present in eàch food unit determined. In cages containing both hast and 

parasitoid a sample of the larvae was removed and dissected in arder", to 

de termine the level of parasitism for each host larval instar. In 

addition, at the time of food replacement, counts were made of the number' 

of imagos allve in the p~"pulation cage. 

In the hast population cage seleeted for detailed sarnpling, egg 
, 

distribution in relation to the age of the food units was detenmined. 

One day prior ta the replacement of the food units a small pie'~e of 
~ 

screening ,(60 pm mes1!) 5upported by. a thin plastic' ring was placed in 

each of the 37 food units ta be removed. The circle of screening fit 
1 

within the petri dishes and rested directly on the food. 

unit's were removed the number of eggs per dish was 

procedure was done every 4 weeks starting on we~k 12. 

'Series L2 

This 

In the series Ll cages, host-parasitoid populations becarne- extinct 

:after about 25 weeks. In these cages no protecd.ve cover was provided 

for the host larvae; as a resul,t a11 host la;"ae were susceptible to . . 
infection by the. parasi toid. In . the L2 series of cages refuges were 

provided for the hast larvae. Thè refuges\consisted of round glas_s cover 

slips 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 11%. 25% and 44% of the surface area in each food unit. It was 
/ . 
faIt that the effects of providing host refuges in this way could be more 

easl1y quantified. th an would be the caS'e if a refuge effect was created 

by increasing the depth of the food. Two host population cages and 8 " 

h~st-pari1sitoid cages were established. 2 each of 0%, 11%, 25% and 44% 

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

.. 
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Neither hast nor parasitoid imagos, were provided with 

food or water, 

The food replacement procedure ~as identical ,ta tha t desc ribed above, 

as was the sampling procedure for de ad adults, No ~tmates were 1lI~ of 

larval population densities. Host popul-ati"Ons were tablished bi adding 

50 eggs/day ta each cage for 6 weeks; paras itoi populations were 

, in!tiated by adding 2 wasps per cage at the beginning of the fifth week. 
:. 

The cages had been slightly modified by replacing the coarse 0.5 

mm mesh screening with 60 ~m mesh screening 

Series L3 

As a result of the extinctions which occurred in the L2 series of 
./ experiments, regardle;;:s of the level of protective cover, a number of 

changes we,re made ,.r:( the experimental prococol The basic change was in 

the food replacement regime. Thé food 'was no longer contained in petr! 

dishes but was placed directly on the floor of the cage, The bottom 

of the cage was df.vided into produce 32 rectangûlar areas (11 x 7.5 cm) or 

food units. There were 8 food ages and 4 food uni ts pe r food age. The 

food units were 1:ocated in such a manner chat new food was placed adjacent 

ta .the youngest food units in the cage. . The caget> were establ ished by 

adçling food to 4 food units each we}!k, 50 that at the end of eight weeks 

food units t::anged in age fr<;m l ,to 8 weeks. The oldest (8 week) food 

units were removed each week to provide room for the addition of new food. 

The rate of food replacement was 56 g/week, 14 g per food uni't....,.---

Protective caver was provided by covering l, 2, or 3 units per age 

with aC piece of black non-corrugated cardboard, thereby providing 25%, 50% 

or 75% cover. The cages were established by adding 50 hos t eggs/day Eor 6 

weeks. Five wasp imagos were introdûced at the start of"'lYeek 5. There 

were 2 cagès of the host alone and 2 cages each of 0%, 25%, 50% and 75% 

cavet. The single-species cages were not provided "\.7ith protective cover 

Neither host,nor parasitoid imagos were provided with food or water. Dead 
'-

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

Series S 

This series ,of experiments. u~ed the small size of cage, The protocol 

for food replacement was similar to that described for the L3 series of 
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experiments. Food was placed directly on the bottom of the cage aad added 

to the cage weekly but there were only 6 food ages and 2 food un'its per 

age, a total of 12 food units (5 x 8 cm). Food units -were removed at the 

end of six we6k~. The rate of food addition was 20 gjweek, 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 cm thick layer of expanàed 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 'II 

1ightly anaesthetized ~ith CO2 in order to remove the dead imagos. 
o 

Moth populations were establ:l.shed by adding 10 host eegs/day for 6 

weeks; 2 wasp imagos were added at the start of the fifth week. Five 

oages of the host ~one were estab1ished with no prot~ctive 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 withou\ 

food or water 1 whUe in the other ha).f food and water we,re pro~ided in 

the form of a 20% honey soltltion in water WhlCh was changed daily. 

RESULTS 

Figure 6.1 illustrates the number of.Ç. cautélla imagos dying p~r 

week for two of the series 11 replicates for the host population in 

isolation. While there was insufficient data for statistical analyses 1 

there does appear ta be a distinct cyclical pattern in the number of 

imagos dying/~eek. When averaged over aIl replicates tne period of these 

oscillations 15 about 44 ~ays. Figure 6.2 presents the sex ratio of the 

imagos found dead each week. There was no trend in the sex rai:io wi th 

time, nor was there a departure from a 1:1 sex ratio . . 
Figure 6.3 presents the estimated popuhtion sizes for the different /' 

host stages through time (this data corresponds to the data of Fig. 6 la). 

As was seen in the graphs depicting the number ot 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 
t..c:; 

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. Sa depicts the 

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

, . ' 
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Figure' 6.1. Weekly counts of dead imagos in 
long-term population cages of Cadra '~",yte llS! . 
series LI, rep1icate 1. B. Data from replicate 2. 
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Figure ,6.2. Changes in the .. proportion of males in the weekly 

counts of dead imagos in single-species long-term populètion cages,: 

Qf Cadra cautella. A. Data from series Li, replicate ,1. B. Data 
J 

from repli~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 in population numbers of lst instars A, 2nd instars 8', 

3rd instars C, 4th instars' D,5th instars E, and pupae F. Data 

from series Li, replicate 1. 
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Figure 6.4. Age-structure of Cadra cautella in a single-spe~ies 

population cage.· Oepicts the average age-structure calculated 

using the data of weeks 15-38 from replicate l, series Ll. 
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Figure 6.5. Distrib.utton of ~ 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 ~verage distribution 

using the data of weeks 15-38 from ~ep1icate 1, ,series Ll. 
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or pupal distribution was i}ldependent of the age of the food unit, the 

proportion of the total population in ·each age of food unit should be the 
t" 

saroe as proportion of, food unit ages (expec~ed frequency 

37:34:29:25:21:17:13:9:5). The proportion of total eggs in each «ge of 

food unit (Fig. 6.5b) was not significantly different from expected 

(X2 (s)-2.5, p>0.975). Larval distributions (Fig. 6 Sc) were however 

significantly different from expected (X2 (6)-8359 l, p<O.OOOl), with 

larvae occurring in the youngest food units (1 week old) with much greater· 
.r 

frequency than expected. Pupal distributions (Fig. 6. 5d) were a1so 

significantly different tha~ expected (X2 (6)-l24 6, p,O 0001), with pupae 

being infrequent .in the l week old food units and more conttn"on than 

exp~cted in the oldest food units. 0 

Figure 6.6 presents the results of 2 repl1cates of the 

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

parasitoid occurred within 22 - 25 weeks, in an ? repl1cates. Larval 

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

set. The percentage of Iarvae infected (data corresponds to Fig. 6.6a) 

for each "tif, the larval instars through time is presented in Tablè 6.1. 
It 

Infection leveis of Ist and 2nd instar host larvae were uniformly very 

~, while the infection 1fve1s 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 host 

and paras~toid pupae among the various food unit ages: The distribution 

of both larvae and pupae were significantly different from expected values 

(larvae, Xl (6) -6059 .1, p<O. 0001; pupae, X2 
(8) -82.2, p<O. 0001) . The 

distribution of larvae and pupae among the differen~ age' food uni ts was 

similar to the patterns observed in the single species population cage. 

Three . of the replicates of the host population became accidentally 

'infected by the wasp, probably due to between cage movement of small 

larvae, or oviposition by wasps which occasionally escapeà through the 
.CI 

mesh of the cages. This problem was completely corrected by replacing the 

ventilation and sleeve screening with a much smaller mesh size (60 IAm). 

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 cou!lts of dead imagos in long· term population 

cages of Cadra' cautella and VentUfia, cimescens where no host , , , , 
refuges were provided. Â. Data ftrom; series LI, replicate 3 .. B. 

~ata- from replicate 2. Black line denotes the host and the red 

,line the parasitoid. 
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Table 6.1. The' percentage of ca#ra cauteUa larvae parasiti2:ed by 

Venturia ,eaneScens in a long- tEmn population cage. Data from replicate 3 

series Ll. 

• • 
Percentage of Host La'rval Instars Infected 

Time1 lst 

ïO 0% 

11 0% 

12 0% 

13 0% 

14 0% 
) 

15 0% 

16 

17 0% 

18 

19 7% 

20 0% 

21 0% 

22 

23 '. 

2nd 

o%-
0% 

8% 

0% 

7% 

0% 

0% 

. " 

3rd 

0% 

24% 

45% 

42% 

15% 

65% 

71% 

77% 

40% 

67% 

100% 

89% 

100% 

100% 

. 
l'Age of the population cage, weeks 
2 Number of larvae dlssected 

, t 

\ 

o 

\ . 
\ 0 

P , 
• 

~th 

12% 

95% 

9~% 

65% 

54% 

84% 

100% 

78% 

86% 

67% 

100% 

100% 

100% 

100% 

5th 

26% 

76% 

90% 

'\ 
91% 

\93% 
"-
9111 

100% 

86% 
1'" 

194% 

95% 

100% 

100% 

100% 

100% 

l~ , 8 , 59 ,84,104. 

150,1,17,20,50 

53,75,40,22,40 

38 " 41,38,26,22 

5,30,55,41,41 

8,7,43,32,11 

0,12,21,20,12 

3,0,13,32,28 

0~0,5,14,35 

29,11,3,12,19 

9,3,4,3,7 

'2,2,9,5,5 
t 

0,0,2,1,14 

0,0,2,3,11 

.. -. -- ''jt .. .g:-

." 
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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 varioua food unit ages. B. Distributio~ of post and 

parasitoid pupae. 
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Data of weeks 15 - 23. replicate 3. series L1. 
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Figures 6.8 and 6.9 present the results of 1 replicate of each of 

the various levels of protective cover employed in the L2 and L3 

population cages respectively. In all experiments regardless of the level 

of protective cover employed, the populations became eKtinct wi thin 22 - 25 

weeks. The differences in the initial pattern of paras i toid 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 estab1ish the 

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

of parasitoid populations in L2 cages. 

In' spite of extensiv~ and exhaustive (as technically possible) 
, 

precautions invasions by the mite Blattisocius tarsalis (Berlese) 

(Acarina: Blatt1sociidae), an egg predator, caused the exçinction .of aIl 

hast population cages. Examination of the dead imagos removed from the 

cage .at each census allowed fairly accurate track of the mite populations 

ta 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 experiments were 

terminated 3-5 weeks after mites were found in the system. lt is unli!cely' 

that mite invasions were responsible or contributed to the. extinction of 

the host-parasitoid populations. When cages were terminated, all food 

4,n1ts in the system were carefully examined. No uninfec ted hos t 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 
1 

host larvae infected). 

In the course of carrying. out the censuses on the population. cages' 

provided with 50% and 75% protective cover (cardboard cover) thcre WBS 

sorne (unquantified) host imago mortality due to the failure of newly 

eclosed imagos to escape from beneath the cardboard. For this reason i t 

was decided to provide larval refuges by covering food uni ts with a layer 

of expanded mica ('vermiculite ') in the final set of !periments (S1). 

Figure 6.10 presents the results from experiments us ing small cages 

_ of 1 replicate of the hast population alone, and 1 replicate of the 

host-parasitoid populations where imagos were either with or without a 

food source. Results are comparable to those of the larger cages. Law 

initial host populations sizes are due to the 10'101 rate of egg i~oculatlon 
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Figure 6,8 .• Weekly counts of dead imagos in long-term population 

,f!' 

cages of 

provi,ded 

~.cautella and Venturia 
'" 0%, 11%, 26% or 44% cover. 

. f ... caD§scens where host re uges 

Datà from seriès L2. A. No 

protective cover provided, rep1 icate l. B. 11% cover, replicate 

2. C. 26% cover, replicate 1. D. 44% cover, replicate 1. Black 

Hne denotes the host and the red line the parasitoid. 
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Figure '6.9. Weekly qounts of ùend imngo~ ill lOllg-t<>nn population 

cages of Cadra cautella and Venturia canescens where host refuges 

provided 0%, 25%, 50% or 75% cover.. Data from seriee; 1.. 1 

replicate 1. A. No protecttve cover provide~. B. 25% cover. C. 

50% cover. D. 75'% cover. Black line denote~ the hos't and the red 

line the parasitoid. 
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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 

smâll cages. A. Single-species populations of Cadra cautella, 

replicat~ 3. Populations of the ç. cautel1a and Venturia 

canescens ;' 
,1 

50% protective cover provided; "'. B. No food nor water 

provided for' imagos, replicate 8. C. Imagos provided with fC?od 

and water, replicate 1. Black 1ine denotes the host and the red. 

Une the parasitoid. \ 
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used to, establish the small population cages. Invasion by the predatory 

mite ]1. tarsalis resulted in the premature ,termination of this entire 

series of experimehts. There was however.some indication that protecting 

50% of the food units using a covering of vermiculite may have provided a 

,~egree of host refuge suffieient to allow eontinued co-existence of host 

and parasitoid. 

DISCUSSION 

The results of the single-speeies population cages (Figs 6.1 and 

6.10) suggest that ~. cautella populations do exhibit quasi-cyeUe 

behaviour where the" period of the cycles is approximat;ely 40 days, Very , 
similar results have been obtained for ~. cautella by Takahashi (19*3) (40 

days) and for Plodia interpunctella (39 days) by Gurney, Nisbet & Lllwton 

(1983). i " 
The distribution of,Ç. cautella eggs ~ong the various food units 

(Fig 6.Sb) ~hows that female imagos distributed eggs amon~ the food units 

indepex;dent of the age of the unit. This suggests that eggs were 

scattered at random throughout the population cage. 

Host larvae were found far. more frequently in the youngest food 

units (Fig. 6.Sc) and rarely in the older food units. In the - ~, 
single-species pop~lation cages, this pattern of larval distribution is in 

part explained by the rapid depletion of food units, such that in food 

units greater 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. larva1 densities are an order of 
c 

magnitude lower, and large amounts of unconsumed food are found in even 

the oldest food units. ,Ç,. cautella larvae apparently pr~fer feeding in 

food uncontaminated by larval by-produets (faeces) and aetively seek out 

chese uncontaminated food sources. The effect is quite dramatic, and 

larvae ean be observed moving into new food units immediately after 

introduction. This results in many new food units being fully colonized in 

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

.' in Chaps. 3 and 4. 

The distribution of ho,st and parasH:oid pupae (Fig. 6.5d and 6.7b) 

is the op'posite of that observed for host larvae; pupae are found in the 

. 
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y.ounge~t food units less often than expected. The low numbers of pupao in 
1 

1 week old food units might be due to cannibalism by host larvae, as lt is 

in these units that 1arva1 densities are greatest, a similllr puplll 

distribution ls a1so observed under tlconditlons of mueh lower lllrvnl 

densities in the two-species population cages (Fig. 6.7b). Thege results 

suggest that the distribution of pupae among food units 15 li result of 
, 

larvae seeking out regions of low host larval density in order to pupate. 

The migratory behaviour of ç. caute lIa larvae among food uni ts lilso 

explains why large proportions of'~he food, units must he provided with 

protective caver, in order to create a refuge for the host larvne [rom 

the parasitoid. ~esults of population cage series L2, L3, and SI indicnt~, 

that more than 50% of the food units must be provided wi th protee live 

caver in arder to allow the long-~erm co-existenc~ of hast and parnsitoid, 
;, 

• The effect of refuges is' generally to protect. ,n fraction of tilt' 

susceptible hast population from' infection by the parasitoid ovcr. tll(' 

duration of the stage of bost susceptibility. The migr~tory behllviour 

'of the host larvae has the following effect. Whi1e at one instant in tim~ 

a particûlar larva mày be under an area of proteetive cover, when the 

larva moves into a new food unit there is a probability that it will not 

be under caver in the ne\'1 food unit. For example, assuming that the la,rva 

moves at random, and that on average.a larva wi1r ~ove 3 times (food addcd 
."-, 

onc::e per week, larva1 duration >21 days) , in a pop';IlatJon eage with 50% 

o,f the food units pro~ected, the probability trhat Il larva will be under 

l • protective cover for its entir.e larval period could be as lQw as 0.125. 

A number of other studies have investigated the behaviour of 

populations of Y,. canescens and stored-products moths: Flanders (1968), 

White & Huffaker (1969a,b) worked with ,go Kuehnielln; Takahashi (1973') 

used g. cautella and Podoler (1974) used r.: interpunctella. ln aU cases 

they have shown that long-term, co-existen~e of hast and parasitoid can be 

achieved with little 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 ar.e essential1y 

unknown and may simply be due to the different experimental conditions, 

species differences or differences among the strains of' wasp used. 

Podoler (1974) used a population cag~ about 5' times larger thàn WB!l used 

in this study. The searchillg efficiency of the parasitoid appears ta 



Cl 

C· 

o 

174 

have been much lower under the experimenta1 condi tions employed by 

Takahashi (1968) compared with ehe searching efficiency of the wasp in 

these experiments (see Chap. 5). Both Flanders (1968) and White & 

Huffaker (l969a,b) made the observation that there is very' Little larval 

movement between food units. This cou~d potentia11y have produced 

aggregated larval distributions,' and hence could have contributed t:o a 

more stable host~parasitoid system (Hasse11 1978). 

The resu1es {Jf this and previous studies' (see Chap. 1) suggest that 

most singh'- species labot;atory populations of stored-products Lepidoptera , \ 

tend to exhibit discrete generations. The one exception to this 

observation appears to be the work with ft. kuehniella by White & Huffaker 

(1969a).' The differen~es between~. cautella and ~. kuehniella may be due 

to the differences in 1arval behaviour. ~. cautella migrates extensively 

among the food units, '1hile 6,. kuehniella does not. White & Huffaker 

(1969a, b) suggested that the colonization of a food unit dep,ends upon the 
\ . 

female hast imagos depositing eggs in new food units. This and the' lack 
• 6 

of .larva1 movement between food ut}its would crea te a series of larva1 

sub~populations, behaving esse~tia11y independently of one another. This 

situation would greatly obscure any tendency for the total imago 

population to exhibit discrece populations r ev en if larval competition was 

expressed in a manner conducive to the creation of discrete generations. 

The behaviour of Q. cautella populations results in a much more 

homogen~ous larval populatioh. It is not known if the larvae of .f. 

interpunctella exhibi t simila-r movement patt~rns. 

Providing hast and parasitoid imagos with foo~ resulted in na 

difference in the Lotal n~ber of wasp imagos produced when compared ta 

the cages w}1ere imagos were unfed (Fig. 6.10). There was however about a 

32% reduction in the numbers of host imagos produced when imagos were 

provided wi th food. This result suggests that there may have been 

increased hast larval mortality due to parasite-inflicted oviposition 

wounds. While wasp fecundity increases substantially when food is 

provicied, realized wasp reproductive success will be limit~d by host 

availability. As a resul t while there may be no difference between 

popuiad.on cages with or without food in the number of wasps produced, 

in cages with food, average wasp population densities would in theory be 

'. 
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substantially higher 1 a situation which W'ould pro'duce a greater degree 

Qf larval mortality due to oviposit~on W'ounds. 

As a re~ult of repeated problems with predatory mite invasions these. 

long-term population cage experitnents failed to produce a completely 

adequa'te set of data with which a future population model could be 
~ 

compared. The experimental results of population cages W'ith no host 

refuges - are complete, and a substantial number of replicates are 

available. In addition the res;'llts have provided sorne indication of the 

\ degree of host refuge necessary to achieve the stable co-existence of 

host and parasito;ld. Furthermore the detailed data collected on larval 

populations ,provide extremely important insights toward the formulation 

of future population models. 

The interrelation of the experiments presented in this and the 
1 

pteceding chapters will be discussed in the next and closing chapter. 

\ 
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OVERVIEV 

This study of laboratory populations of the stored-produc ts moth, 

ç cautella and the parasitoid y canescens has identified and quantified 

the density- and age-dependent dernographi,c character~stics of this 

host-parasitoid system This chapter summarizes the results obtained. 

and discusses their implications in terms of the population dynarnics of 

the 'single-species populations and host-parasitoid populations In 

addition it presents areas in which further work i5 needed 

The short - tenn §. cautella cohort experiments showed 'tha t there 

are two primary density-dependent proce5ses occurrf.ng in the host 

population The first is larval competition for food This is a 

• scramb le' form of compe ti tion which is expressed as decr-ellsed larva l 

survival and increased larval stage duratlon with increasing larval 

density. 

pupation 

In addition, larval 

resul ting in reduced 

competition decreases larval we ight at 

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 resulc of egg, larval, and 

pupal cannibalism by larvae. First instar larvae were found ta be the 

only larval ins Car vulnerable to cannibal1 .... /I' 

Age-dependency in a number of the I-,Ire processes .. was found and 

included age-dependent imago surviva). ,1l1d fecundity, as well as 

age -dependent; rates of egg and larval ca~llbd 1 ism by larvae, a dependency 

wlüch was Hkely a reflection of larval weight 

The long.- terrn single-species popul.1rion experiments confirmed the 

importance of food limitation as a factor regulating population growth, 

and provided important data on the way in WhlCh larvae are dis tributt;.d 

among the food unlts in the population cages The results sug-gested that 

ç cautella eggs are scattered at randùm throughout the cage. while 

larvae are concentrated in the younges t food units. This pattern occurs 

because of larval movement into recently added food units This movement 

behaviour is independe~t of larval instar, and suggests that 15 t instar 

cannibalisrn by older larvae maybe an important factor in the regula tion of 

hast populations. The different distribution patterns of these two stages 

result in a parfial spattal separation of eggs and larvae. and therefore. 
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dep.ending on the actual age -distribution of the food uni ts" the impact of 

egg cannibalism by larvae wip be substantially reduced. A similar 

partial spatial sepàration t>f pUpae and larvae was also observed. The 
• 

similari ty of pupal dis tribut ions between the single - spec ies 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 _ t;.o pupation 

TIie theoretical work of Gurney & Nisbet (1985) 'predicted that when 

larval competition is expressed as density-dependent larval mortallty or 

l~rval ,stage duration, populations should show limit cycles with periods 

~sl1ghtly in excess of the species maturation per~od, whlle if larval 

competi tion is expressed as reduced adul t fecundi ty, populations should 

cycle with periods greater than twice the maturation delay Mertz (1969) 

and Be llows (1982) showed that discrete - generation population cyc les 

(limit cycles wi th periods close to the maturation period) may be produced 

when strongly asymmetric inter- stage cannibalism is present . . 
Thus, three dens i ty-dependent processes occurring in single - species 

._ popul~tions of ,Ç cautella are predicted to separate generations, and 

therefore produce discrete generations: cannibal ism, density-dependent 

larval mortal i ty and larval s tage d~ration _ l t appears tha t only one 

delayed density-dependent process is occurring that would be predicted to 

counter- act the appearance of discrete generations: reduced adul t 

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 regulato~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 

fecùndity, as detenninants of the observed behaviour of these 

single-species populations requires further experimental and theofetical 

work. Given the technical diffictllties that would arise in un&ertaking 

further e~pirical investigations, it would be more advantageous to 

formulate a mathematical population model which incorporates the observed 

density-dependent processes. 
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The mathematical model formulat~ in Chap. 4 to describe the observed 

e(fects of ~arval competi tion represents a maj or step in the construction 

of such a population model, The cohort model of larvnl compeotition 

succeeded in capturing the essential effects of larvnl d(>tlsity on th(' 

rate of food utilization, larval survival, stage duration and wf'ieht at 

pupation lor bath sexes. The main features o[ the> mode l were il [00(\ 

ingestion rate that was independent of food dem,ity) but de>Cl'(,llscd a!. 

a function of larval biomass rlf'nsity (mG Inrvac.lmij food) <IJ)t! fi (\pVl'10pl1l!'1l1 
v 

index that was a linear function of ~arv"al weieht and [1/je 

of larval food ingestion rates on larval biomnss density i~ thoueht lo 

reflect responses by the larvae to by-products relea!>cd while ff'('dillf,. Il 

is unknown whether these by-ptoducts are specifie compounds releascd III 

order to promote larval dispersal, as has been sugr.est(>d for tllf' compound,; 

released from larval mandibular glands (Corbet 1971) or are specifie or 

non-specific compounds released with the [aeces l t i 5 though t tha t lllP 

same phenomena account for the' movemcnt behaviour of ç célut('lla lllrV<1(l 

observed in the long- term population cages, .. 
One the mast significant demographic characterist.ics of ,y, cnncs('('I)'j 

is the dependence of paras i toid larval developmental 

age. The arrested development of paras itoid larvae 

rate on host lllrval 

in non- final instar 

hosts i5 the most important factor operaling to synchronizc parlls~tol(! 

development with that of its host Parasitoid attack ratc:<; Wf>fe round ln 

depend on 

parasitoid 

host larval age, and probably reflect 

searching efficiency de pends on hosl 

the way in whirh 

51/.(' Pnra"Itold 

oviposition was found to ehuse substantial mortality of 211d in~lar hosts, 

this ~ortali ty is probably due ta, physical damaee resul tin~ [rom atlempted 

80ViPOS\..tri'G\ by the wasp Further expe r imenta 1 work i <; IIppded lu more 

preeisely qr.antify th'is mortality. It is like ly th~t all 1arval lns tars 

"are susceptil:'le to oviposition-induced mortality (Simmonds 1943) and that 

the aetual rates of mortality at;'e a function of larvnl <;iz~ (weight) llnd 

the nUmber of wounds received, cwhere the probability of a larvae beine 

attacked inereases as it grow$, as 'does the nurnber of wounds required lo 

kill the larva, This parasitoid- induced host mortality may have il grenter 

impact on parasitoid populations than on hast populations, representing an 

important source of p'Brasitoid larval mortality as a result of the deaths 

of j.nfected larvae. 
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The theoretical work of. Auslande·r,. Oster & Huffaker (1974) h~s-

shown how a parasitoid w;i.th the apprOl'riate characteristics may a1te'r' the 
1 

age structure oi' th~ hc;>st' pop'fation to an extent ~ufficient to prod~ce 

total generation separation (discrete generations) of the host population . .- , 
This effect is c~used and reintorced, by the parasitoid infecting ei ther 

very e/rlr or' very 1ate larvae in a given host generation. While not in 
, . 

anyo way detracting from this important findi~, the applicability of the 
. . 

mode1' s prèdictions to host-parasitoid systems involving a stored-products 
... ...., ' 

- moth and y. CSlnescens oannot be adequate1y assessed. Altbough the model 

was inspired by the A kuehniella - y. canescens host-parasitoid system, 

h is a _ complicated simulation model incorporating a number of 

density-clependent factors such as density-dependent host larval mortaliJ:y, 
\ . .) , 

stage duration and imago }ecundity as ,wel1 a1;' variable developmental 

times. The model was formu1ated in a very ad hoe manner, and is far more 

complicated than i.s ,justified from the very incomplete knowledge of 
" 

the host' s biolo~. Itl addition while recognizing the depen?ence of 

parasito,id larva1 develop.m~nt on host larval agI:!, it is' not: at- a11 cle~r , 

that this àge dep:èncfency was' incorporated in a manner tHat wQuld t~sult 
, '-< ' in the sychronization of host and parasitoid life cycles 'that is k;nown to 

occur. 
-Given that i ~ has been shown that discre te generations may result 

from events occurring within the host populat:i.,on itself, independent of 

any outs:l.de influences, i t is impossible to determine the exact influence 

of the, parasiÏ:oid Ol) the behaviour of stored-products Lepidopte..rao 

laboratory populations," Further empirical and theoretical work is 

needed to clarify the impact of the parasitoid on the age structure of 
!? 

hos t popula t ions. Formu+ation of mathematical models describing this 

host-parasitoid system could proceed in two directions. The first course 

would be to follow convention and Jevelop a sim~{lation model which âssumes 

,S.hat the parasitoid is the ,on1y potential regulating {.!tetor present; 
, 

that is, in the absence of the pl!!.asi toid the host population grows 

exponentially. 

with their low 

~ cohort mode 1 

T-he resu1ts of the long-term host-'parasito~d experiments, 

larval densities, together with the predictions of the 
(\ . 

of larval competition, .sugges~ that this 'would' be' a . 
reasonable first aPPJ='0ximation. Such a model wou1d enable assessment 

of· the impact of the parasitoid on the age structure of the host 
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population in the ,absence of the Significat effects of host larva1 , 

competition ort the ag~ structure of; the host populations. Ho~ever, an 

assumptioq of. no 'density dependence would be u~rea1istic for populations, 
, 1 .J.'-- -....... 

where host refuges arEt provide'd. Tqe experimenta1 results suggest that -
~~ . 

large areas of hdst refuge are required to achi~ve. stable host-parasitoid 

co-existence, .. and that the inclusion, of a rerug'e will result in higher 

equilibrium IBf"Val population densit/ifes , thereby}ncreasing the effects of 

1arval c~mp~tit~on, (1 
The second course would be the inclusion of~ the' parasitoièt'"'" in a 

• 
population model of host population growth based on the cohort mO,de 1 of 

'larval competzition Such a model would a110w the assessmenJ: 6E the 
~ 
relative contributions of larval competition and the parasitoid in 

modifying the age structure of the host population 

Whi le the empirical work presented' in this s tudy has, provided the . 
base and illustrated the need for population -models of B, .more' tactical' . 
nature" (May '1974) it has also suggested two more general 'strategie' 

mode~s 1 t-hat appear to be worthy of' future investigation. The first of 
• r:r 

these 'strategie' models is illustrated by means of a flow chart in Fig; 

7.1 and presented in slightly more detail in Appendix 1;17.1, The model is 

inspired by the observed dependency of parasitoid developmental rates on 

host 1arval age, which serves to synchronize the liA:e cycles of host and 
1 

cycle synchronizac!<,n is implici t in the parasitoid. Such life 
~ , 

Nicholson-Bailey type discrete-time host-parasitoid rr..odels (see .. Hassel! 

1978 for details of the N-B models and their pr'opertiEls). The model 
1 , 

illustrated, in Fig. 7. 1 captures the synchroniza'tion of host-parasitoid' 

life cycles in a_ 
" 

continuous - time model formulated usinS\ a 

de1ay-differential equation approach and is very simi1ar to the N-B model. 

formaI analysis', preliminary White this model is'"' amenab,le to more 
\ 

numerical investiga~ions suggest that the- model is capable of showing 

stable limit-cycle behaviour (Fig. 7.2), a property entirel],' abse.nt 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-terro host-pârasito~d population eKperiments. Most models concerning 
, . 

the 'host refuge.' phenomen~ have investigated the effect of protecting a 

fixed fraction or a fixea "number of hosts in of the host po,pulation 
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Figure 7.1. A fl.ow chart:"'illustrating a continuous- time. model of 

a host-parasitoid .association with synchronous hos~ and parasitoid 

Hfe cycles. Further details of the model are presented in App'. 
" M7.1. 
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Fi~re 7.2. An' example of a numerical sQlution .of the, model 

presented in Fig. 7.1.· Parame.~er ;values ale, presente'd in A.pp. 

1'fl.~: Soli-d line repr~sents the host population and dotted line 

rep'rèsents the pllrasitoid ,populat.1on. 
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(Hassel~ 1978). The model 'illustrated by means of a flow chart in Fig,. 

7.3 describes the refuge effect in a more dynamic manner, where . , 
in4iv44tla-ls of the suspeptible host stage are protee ted from infection , .' 
depending Clpon their movement behàviour. Using the ~. cautella-Y. 

canescens system as an example, there is a population cage where a 

certain fraction of the food units are provided with protectiye cover 

Host eggs. are laid in the refuge areas or non-refuge are as , with the 
.' l proportion of eggs (F) ,laid in these two are as being the same as the 

, , 

fracti0t:' of food units provided with protective cover. These eggs hatch 
f!1O 

and' three cl~ss of host larvae exist, uninfected larvae ei ther in the 

refuge (resistant larvae), or not in a refuge (susceptible l.arvae), and 
~ 

infected larvae. The critical rates deterytining the numbers of larvae in 

éach of these classes are the ratli! of parasitism (Ps )' and the rates of 
.". 

diffusion of the larvae between suscepti~le and resistant classes (Ms and 

Mr+- as determined by the movement behaviour of the host l:arvae. While 

this model has som.e similarititi, to"the microparasite models of Anderson 
, ,., . -

• Oc May (1980), in cheir models susceptible hosts can only become resistant 

following recovery from infection. In th'e model pres'ented in Fig. 7.-3 
. . 

infected hosts never recover from -infécfion, but 'susceptible hosts can 

become resistant by moving into a rt'lfuge area. 

In conclusion the experimental work and the cohort model of larvàl 

competition presented in this ches is provides a very sound emf>irical basis 

for the development bf population models describing the single-species 

dynamics and. host-parasitoid ,dynamics of the Ç,. cautella-Y. canes.çens 

host-parasitoid association. ~ 
j1 

.. 

o • 

'. 

CI 

-
m 

., 



" 

-

( 

CI 

. ' 
186 

• 

. ~ 
,. 

Q' 

• 

, . 
Figure 'f.3.' f. flow chart illustrating a host-pa.rasitoid system 

1 

which incorporates a dynamic host-refuge effect, The' c'titical 
, 

rates are those describin~ the movement of host 1arvae between 

the various .lasses of 1ahae, These are the rates' of diffusion . \ 

betwee{l the susceptible and resistant classes (M. and Mr ) and the 

rate "if larval.parasitism (p.) . . ' 
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APPENOIX 03. 1 
L 

Egg h~tch1ng in ~ caute11a. 
of imago age (B) and de~sity (C) 
produced, 

Age-dependent egg hatching (A), and effect 
on proportion of viable ~ caat~lla eggs 

A AGE PROPORTION OF UNHATCHEQ EGGS 1 

0.00 - 1.000 
0.19 1.000 
0.69 1.000 
1.19 1.000 
1.69 1.000 
2.19 , 1. 000 . 
2.72. 0.982 

4) 3.15 ~ 0'.893 
3.31 '0.689 
3.45 0.424 
3.56 0.212 
3.82 0.033 
4.17 0.000 

B AGE N2, PROPORTI~N ~CHING S.D. , 

1 , JO 0.822 - 0.278 
2 10'6 0.797 0.214 
3 8.7- 0.734 0.2.37 t, 
4 61 0.627 0.333 
5 52 0.5-61 0.298 
6 33 0.594 0.317 
7 24 0.438 0.273 
8 11 0;250, 0.209 

C OENSITY N2 PROPORTloN HATCHING S.D. 

~ 1 58 0.645 0.273 
1,0 63 0.593 0.421 C· 

25 59 0.658 0.298 
50 52 0.655 0.310 
75 58 0.660 0.326 

100 59 0.786 0.215 
'ISO 31 0.753' 0.315~ 
200 31 0.634 0.328 

, 

1 N - 1676~ ~ggs 

2 Number of samples with 20 eggs pe~ sample' 

--
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APPENDIX D3. 2 

Effect of initial egg density on ~'caute11a age st imagina1 emergence 
(days) . 

OENSITY1 ~~ES 'MALES 

N MEAN S.D. N MEAN S.O. 

1 Il 131 34.3 2.2 ' 115 35 4 2.3 ,> 

10 195 
" 

44,,1 , 5.7 209 47.3 ' 6,1 

25 294 50.4 6'.8 j54 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 5 9 

150 136 59.4 9.9 138 60.9 9.2 
~ 

200 130 59.1 10.3 114 6l.5 9.3 

1 NUmber of eggs per l. 7 g food 

. 
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APPENDIX D3.3 

Ci Effect of initial egg density on number of Caora cautella imagos .emerging 

DENSITY1 
... 

MALES FEMALES ... · 

N MEAN S.D. 1 N MEAN S.D. 
It 

1 288 0.45 288 0.40 , , 

10 60 3.15 ',,- 2.05 60 3.58 l. 81 ... 
" 

25 60 4.90 { 2y6 60- 5.90 y 2.98 

50 gO 2.90 2.86 90 3.31 3.50 

75 90 2.63 2.33 90 2.90 3.00 

100 9(}- 2.27 2.2a. 90 3.67 3.62 

150 149 0.89 l.44 149 0.94 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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~PPENDIX D3. 5 

" E:ffec~ oL initial egg density on stage duration of Cadra cautella. 
_ 0 

Deve10pment of Cadra cautella from ini tial egg densi ty of 1. egg per 1. 7 g 
'-. food. 

d 

~ " 
AGE EGGS Ll ~ L3 L4 L5 PUPAE .ADULTS 

1 57 
2 5r~ 
3 57 0 
4 9, 48 
5 a 57 
6 56 0 

, 
7 54 1 
8 15 38 
9 1 55 0 

la 1 47 5 
11 0 9 48 
12 1 156 0 

yJ> 
13 0 34 21 AI 

14 - 9 47 ( 

15 ~- 2 \49 0 
16 2 33 18 
17 0 13 40 

() 18 8 46 
19 3 52 0 
21 0 36 19 
23 12 (J 43 
25 2 53 0 
27 2 50 2 
2g 

.; 0 17 38 
31 8 46 
33 1 56 
35 0 55 

'\ continued 
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APPENDIX D3. 5 (continued) 

Ct Deve10pment of ~ caute11a from initial egg density of 10 eggs per l 7 g 
j 

food". 

AGE EGGS L1 ~ L3 L4 Ls~ PUPAE .ADULTS 

1 .... 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 0 42 40 
15 21 64 a 
16 1 80 2 
17 1 61 19 
19 1 23 60 
21 0 6 78 0 

~ 23 0 69 11 

(]- 25 61 27 
27 20 61 0 
29 9 72 3 
31 6 6e 13 
33 2 42 39 
35 0 27 53 
37 4 75 
39 0 80 

• 
continued ... 
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APPENDIX 03. S (continued) , 

0 Deve10pment of Cadra caut.ella from ini cial egg dens i ty of 25 eg&s per 1.7 J g 
food. 

, 
AGE EGGS Ll ~ L4 L5 PUPAE ADULTS 

l 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 3 222 T 0 
11 0 .50 170 
12 4 202 " 0 ('-- . 
13 ~ 

0 191 14 -' 

14 71 134 
lS 14 208 0 
16 7 216 6 
17 1 167 '50 
18 0 89 126 
20 .. 8 208 , 

\ 22 2 221 0 

0 24 ~ 1 203 8 
• 4 

"> Il 

26 1 122 58 
28- 0 93 84 ,0 
30 

., 
84 88 4 

,n 42 76 4-4-, 34 28 53 . 68 
36 :. 16 39 1,08 
38 8 34 96. 
40 , . 0 35 130 
42 \ 31 \' 

134 
44 16, 151 
46 7 159 
48 6 158 
50 4 161 

!' 52 0 165 

continued 

• .,. .. 

~ ~ 

- 1 
~ 

~ 

0 
,,,) 

.-

.. 
-

. " • .. -. 



~ 
, 207 

APPENDIX D3,5 (continued) 

·0 Development of ~ cauçella from/nitial egg density of 5~ eggs per 1.7 g 
food, 

II: 

AGE EGGS- Ll ~ ~ L4 Ls PUPAE ADULTS 
si 

1 231 " '" 
2- 231 
3 229 2 , 

," 4 37 194 
5 0 231 
6 ' 229 0 
7 205 2 . 
8 124 92 

. 
9 32 161 

io 16 201 0 
11 0 133 67 [, 

12 33 171 0 
, . 13 13 e02 :3 

14 4 125 53 
15 . 

0 • 91 9'6 
16 38 163 
17 12 179 "0 
18 11 118 3 • 19 10 176 8· 

'~ 
20 6 14'1 41· 
21 2 107 71 .. 
24. 1 50 132 
25 0 36 139 

. --- 27 26 153 0 
29 18 109 13 
31 2 83 26 .. 
33 1 80 30 
35 

, 
0 60 35 2 

37 25 41 4 
39 16 43 'i3 
41 ,14 44 21 
'43 7 35 29. 
45 3 20 56 
57 2 11 6'6 
59 1 8 61 

) 

51 0 '7 60 .... 
53 6 60 , 55 5 61 
57 '1 62 

" ~ 
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APPENDIX 03. 5 (continued) 

O~ . 
Deve10pment of ~ caute11a from initial egg ,!ensity. of 100 eggs per.l.7 g 
food. .. 

A. -
AGE EGGS L1, ~ ~ L~ L3 PUPAE ADULTS 

1 450 
2 450 
3 446 4 

" 
4 72 378 
5 0 442 
6 450 0 

... 

7 432 ' 1 
8 174 232 
9 22 419 '0 

10 7 385 24 
11 4 127 '259 
12 0 44 361 . 0 

~ " 13 16 37~ 3 
14 6 378 8 
15 . 2 263 110 
16 0 80 289 
17 30 3'61 0 
18 17 343 12_ 
19 5 32~ 25 

0' 
21 3 300 82 

, , 23 s- 0 248 ",0 
1 25 158 13l 

27 113 170 
29 67· 219 
31 62 201 
33 , l' 51 190 
35 9 232 0, 
37 5 155 2 
39 3 ,114 3 
41 0 128 5 V 43, 94 -9 0 
45' 60 14 1 
47 41 12 2 \ 
49 . ' 22 Il 2 
51 13- 13 9 
53 4 14 17 
5S M 1 8 21 , 
57 0 4 26 
59 3 32 
61 2 35 
63 1 36 

\, 
0, 

'L' 

• 

• 
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APP~NDIX 03.6 

o Effect of initial egg dens-ity on mortal.ity of ~ sai!.!tdlê pupaè. 

OENSITY1 NZ M'EAN MORTALITY3 S .0. 

2 27 0.0257 0.1334 

4 29 0.0239 0.1287 

6 30 0.0000 0: 0000 

.' 8 30 0.0,074 0.0407 \ ~ 

10 30 0.0187 0.0576 

12 ~O 0,0199 0.0455 

14 30 0.0200 0.0461 

18 30 0.0252 0.0433 

22 30 
, 

0.0334 0.0864 
< 

26 30 0.0460 .0.0.624 

30 30 0.0442 0.0790 

40 
1 

29 q.1193 0.1769 

60 24 0.0416 0.049l 

8Q 23 0.0279 
,'" 

0.0558 

o 100 24 0.0600 0.0730 

1 Number of eggs per g food 

2 Number of vials 
" 

3 K value 
1 

l ' 

, . 
Q 

o 
• 

, 
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\ APPE-NDIX D3. 7 "" .. 
Ct Effect of initial egg density \on 'Surviva1 characteristics of Cadra cautelÏ'a. 

imagos. 

Effect of initial density of C4dra caute11~ eggs on imago long/evi ty. 

AGE PROPORTION OF MALE IMAGOS ALIVE 

DENSlrY1 : 
0 

1 la , 2S 50 75 100 150 20Q 

0 1.00 l.00 1.00 1.00 1.00 1.00 1 00 1.00, 
1 1.00 0,99 1.00 1.00 0.ge 0.97 0.95 0.95 
2 1.00 0.99 0.99 0.99 0.93 o 95 0.95 0.90 
~ 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 
5. - 1.00 0.98 • 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 o 76 0.57 ". 

7 0.96 0.94 0.83 0.77 0.64 0.72 _ 0.66 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 o 49 0.39 0.17 

10 0.65 0.83 0.61 0.47 0.34 o 39 0.29 0.13 
Il 0.49 0.74 0.53 0.34 0.26 0.25 0.19 . -0.08 
12 0.38 0.57 0.37 0.22 0.16 o .L8 0.15 0.02 
13 0.32 0.43 0.23 0.12 0.11 0.09 0.14 Q 02 
14 0.24 0.22 0.,-\5 0.05 a 06 0.05 0.05 0.00 

(r'. 
15' 0.13 0.07 0.06 0.02 0.04 0.03 0.03 o 00 
16 0.05 0.03 0.03 0.01 O.In o 02 0.00 0.00 
17 0.04 0.01 0.01 0.00 0.01 0.01 0.00 0.00 
18 0.00 0.00 0.00 0.00 0.00 0.01 ' 0.00 o. 00 
19 0.00 0.00 0.00 0.00 0.00 0.00 ' 0.00 0.00 

PROPORTION OF FEl!'LE IMAGOS ALIVE 

0 . 1.eo 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 0.9.8 
3 1.00 0.99 0.98 0.95 0.91 0.93 0.95 0.78 
4 0.98 b.99 0.95 0.89 0.88 0.88 0.78 0.55 

"5 t'" ~ 

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 o 42 0,40 0.21 0_ 21 0.22 0.12 
9 0.36 0.49 ·0.27 0.24 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 
Il O.ll 0.25 0.06 0.04 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 0.04 0.05 0.03 '0.01 0.02 0.02 0.02 0.00 
14 ~02 0.02 0.00 0.00 0.02 0.01 0.00 0.00 
15 0.00 0.00 0.00 0.00 o.on 0.00 0.00 0.00 

1 Number of eggs per 1. 7 g food 
1 

C' " . continued 

0-
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APPENDIX 03. 7 (continued) .. 
0 Effect of ~initia1 density of~ caute11a e-ggs on ,imago 1ife s,pan. 

, SEX DENSITY1 N2 AVERAGE LIFE SPAN (days) 

MEAN S D. 

MALE 1 79 11.99 2 80 
..; 

, 
10 125 12 53 2.74 

1 
o , 

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 

200 60 6.75 3 12 

. , 
FEMALE 1 55 8.67 . 2.25 

10 84 9.44 2.65 

25 62 8.21 2.44-

5.0 75 7.73 2.63 -Q 

0 ,~- - 75 58 6.86 2.56 

100 86 6.86 2.29 

150 41 6,.66 2.91 

200 .40 . 5.12 ,2.16 

1 - NUmber of eggs per 1. 7 g foo.d-
2 'Number of containers 

, 
~. 

0 

t 

.. 
" .. 

"" 

0 
. 
\ .. 

'{' .. .. 
\" .1 

.. --~ - --
D 
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.' 
APPENOIX 03.8 

O· (1 . 
Effect of initial egg density on reproductive characteristics of Cadt:S! 
cautel1a imagos. -... \ 

Effect of initial density of Cadra cautella eggs 'on average. daily rate of 
egg production. 

1t 

" 
DENSITY1 : 1 10 25 50 

AGE MEAN S.O. MEAN S.D - MEAN S.O. MEAN 5.0. 

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 :! 

53.9 46.3 46.1 40.6 50.7 47.5 
." 17.1 20 0 4 • '" 

5 31.1 36.2 24.7 25.6 27.6 28.7 14.1 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. <) l.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 p.7 19.5. 
12 3.4 7.6 1.2 2.4 1l.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 

Ot OENSITYl :' . 75 100 150 200 

AGE MEAN S.D. MEAN S.D MEAN S.O,' 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 t. 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 ft. 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 
S' 4.5 8.1 5.1 12.6 3.~ 6.6 3.1 5.3 
9 2.8 S.7 9.8 27.4 0.1 ~0.3 0.2 0.4 

tO 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 
13 0.0" ' 2.0 2.8 > 0: 8 1.S 0.0 
14 0.0 : 6.-0 8.5 0.0 0.0 0.0 
1S " 0.0 56.0 0.0 

""" . 
- " 

1 Humber of eggs 1. 7 g food per -
continued 

O. '~, 
, . 

". 
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APPENOIX 03.8 (continued) 

Effect of -initial density of ~ cautella eggs on age at which 50% of eggs 
have been laid. 

OENSITYl N2 AGE (days) 

MEAN S.O. "1. 

l 54 3.56 1.40 

10 82 4.09 1.44 

25 63 3.74 1.15 

5Ù 66 

§: 
1. 33 

75 56 3.78 1. 55 

100 82 v 3. 5 1.71 '.., 
, 

150 37 "~' 1. 65 
\ 

~~~5 
~ 

200 ~6 e: 1 
) 

0 

Effec~ôf---Jarva1 ~ c~ytdlê density of imago lifetime fecundity. 
'-~ \ 

OENSIrt1 N2 .. 
TOTAL LIFETIME FECUNDITY 

MEAN S.D. 

1 55 305.3 113.5 

10 82 " 236.9 93.9 (' 

, 25, 64 222.2 92.7 - -50 15 111.9 88.1 

75 60 107.5 72.3 

100 85 '131. 2 80.7 

150 41 81. 0 64r6 ''1 
200 41 .. 55.0 54.3 

l Number .of eggs par '~1. 7 g food. 

2 Number of containers ~one female per container) . 

0' 

. "; 

\ 

.. - \ 

• 
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APPENDIX 03.9 '. Effect of imago density on surviv~l characteristics of Cadra cautella 
imagos. 

, 
Effece oflden~ity of ~ cautella adults on proportion o~ imagos alive. 

DENSITY1 : 2 4 6 8 la 12 20 

AGE F M F M F M F M F M F M F M 

o h 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 l. 00 
1 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 
2 1. 00 1. 00 1. 00 0.97 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 l. 00 1. 00 1 00 l. 00 
'3 0.93 1.00 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 0.93 1.00 0.970.971.00 1.00 1.001.00 1.00 l.00 l.00 0.98 0 991..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 0.72 1.00 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 0.62 0.97 0.690.91 0.81 1000.910.98 0.96 0.9S 0 92 0.980.640 94 
8 0.34 0.97 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 0.190.840.26 0.93 0.280.90 0.57 0 ... 930.31 0.95 0.160 65 

10 0.07 0.83 0.06 '0.69 0.13 0.830.15 0.81 0.28 0.89 0.20 0.86 0 08 0.49"" 
Il 0.03 0'.67 0.06 0.05 0.03 0.720.09 0.71 0.13 0.71 0.12 0.75 0 05 0.29 
12 0.00 0.53 0.03 0.38 0.03 0.55 0:07 0.50 0.00 0.51 0.09 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.OO 0.10 0.00 0.09 0.06 0 25 O· 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 0.01 0.01 
16 0.00 0.03 0.00 O.DO 0.00 0.03 0.,00 0:00 0.00 0.00 O.Oë 0.05 0.01 0 00 
17 0.00 0.00 0.00 0 00 0.00 0.00 o. 00 0.00 0.00 0.00 0.02 0.00 0.00 O. 00 
18 0.00 0.00 0 :ob 0'.'W> 0.00 0.00 0.00 0.00 .0.00 0.00 0.00 0.00 0.00 O. 00 

'Effect of density of Cadra cautella adults on imago life span. 

1 

SEX 

MALE 

FEMALE 

• 1 

DENSITY~ 

2 
4 
6' 
8 

10 
12 
20 

2 
4. 
6 
8 

10 
12 
20 ' 

30 
32 
29 
42 

, 5S 
56 

103 

28 
3j 
31 
46 
54 
64 

110 Il 

Number of imagos- per contairier 

Number of cont~iners 

= 

~ 

AVERAG~ LIFE SPAN (days) 

MEAN S .0 . 

12.30 
11".22 
12.79 
1.2.24 
12.36 
12.73 
10.32 

7.75 
8.19 
8.74 
9.07 
9.74 
9'.44 
8.21 

1. 99 
2.72 
2.32 
2.0~ 
1. 8.6 
2.45 
1. 87 

1. 86 
2.09 
1. 55 
1.61 
1. 36 
2.22 
1. 75 
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kPPENDIX D3. 10 

Q Effect of imago density O'Q. reproductive characteristics of Wu cautella. 

Effect on average daily rate of egg production. 

AGE ADULT DENS ITY1 t 
2 4 6 8 10 12 20 

1 13.2 28.7 16.4 ~1.5 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. O. 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 24 O. 
6 "17.6 25.8 19.9 23.7 31. 9 23/8 15 4 
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 3 7 
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 6 1 
11 48.0 0.0 3.0 l.0 2.7 0.6 h'O 
12 009 0.0 0 .. 0 0.0 0.0 7.5 0.0' 

-f 
Effect on age at whlch 50% of eggs have been laid. 

DENSITYl F2 N3 MEAN S.D. 

0 2 28 28 3.22 l.02 
4 32 16 3.20 o 48 
6.~ 31 10 '. 3.25 - O.S(),. 
8 '.> 46 11 3.57 0.32 

10 54 1l 4.03 0.30 
12 64 10 3.53 0.34 
20 110 10 , 3.21 o 44 

Effect on imago life - time fecundity. 

DENSITY l F2 N3 MEAN S.D. 

2 28 28 294.4 r 
93.~ \ 

4' 32 16 345.9 6l.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 

'ftl Number of imagos (femal,e and male) par container , 
--

2 To€al number of females in all containers ~ .... , 
3 Number of containers ".i~'-

-0 .' . • 

..... -



: APPENDIX D3. 11 

0 Effect of feeding on surviva1 and reproductive characteristics of Cadra 
cautella Imagos~-----

• ~ 

Effect of feeding on proportion of imagos alive. 

UNFED FED ____ 

AGE MALES FEMALES MALES ,F~ES .. 
a 1. 00 1.00 1. 00 1.00 
1 1 00 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 a 07 o 61 0.56 
9 0.59 0.00 a 57 0.36 

10 0.37 0.00 0.22 0.20 
Il 0.22 0.00 0.17 0.04 
12 0.04 0.00 0.09 0.04 

" 
13 0.04 0.00 0.09 0.04 
14 0,00 0.00 0.09 0.00 
15 0.00 0.00 0.00 0.00 

'0 , 

Effect of feeding on average daily egg production 

UNFED FED 
.' 

AGE N MEAN N MEAN , 
<-

·r ,/ 1 30 56.3 25 134.7 , 
1:" , 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 n.8 
7 9 4.8 17 16.8 
8 2 0.0 14 9.5 

. 9 0 9 2.1 
~O 0 .J.- 5 6.6 

,-
~.'" 

() J , 

" 
~ 

( . , 1 
m . 
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APPENDIX 03. 13 

Egg cannibalism by larvae of Cadra cautellê. 

Functional' Form (Eq 3.1): • 

Ll on Egg 

L2 on Egg, 

L3 on Egg 

L4 on Egg 

LS on Egg 

Non-1inear Least Squares Summary Stat"istics 

Source 

Regression 
Residua1 

df 

1 
58 

ss 
20601. t; 70889 
10393.32911 L 

Uncorrected Total 59 30995 000000 
Corrected Total 58 11626 169492 

20f.0i.670889 
179.195330 

Parameter Estimate S.E. 

Source 

Regression 
Residual 

0.0004547204 

df SS 

1 
59 

67458.741549 
4144.258451 

UncQrrected Total 60 71603 000000 
Corrected Total 59 }9446 983333 

0.000055131032 

MS 

67458.741549 
70,241669 

Parame ter Estimate S.E. 

Source 

Regression 
Residua1 

0.001558601 

df 

1 
59 

SS 

82788.782130 
'> 6Q90.217870 

Uncorrected Total 60 88879.000000 
Corrected Total 59 22678.181133 

o 000096975579 

MS 

82788.782130 
103 224032 

Parameter Estimate S.E 

0,0039671897 

Source df 

Regression 1 
Residua1 50 

Uncorrected Total 51 
Corrected Total 50 

Parameter Estimate 

SS 

14062.463853 
2841.536147 

16904.000000 
5278.509804 

0.0047969061 

Source 

, Regression 
Residua1 

df 
1 

49 

SS 

3137.6084552 
2215. 3915448 

U~corrected Total 50 
Corrected Total 49 

5353.0000000 
2232.5000000 

Parame ter Estimate ~..e 

0.00441.49409 

. -

0.00028449488 

MS 

14062.463853 
56.830723"---

S.E. 

0.00038294613 

MS 

3137. 6084~52 
45.2120723 

S.E. 

0.00057631353 
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APPENDIX D3.14 

Canniba1ism of lst instars by 1arvae of Cad~a caute11a. 

Functional Form (-Eq-:--3. 2): ' 

Non-1inear Least Squares Summary Statistics , 

2nd on lst Source 
Regression 
Residua1 • 

Uncorrected Total 
Gorrected Total 

Parame ter 

al 
Nt 

3rd on lst Source 

Regression 
Residua1 

Uncorrec ted Tota'l 
Corrected' Total 

Pa1iameter 

al 
Nt 

4th on lst Source 

Regression 
Residua1 

Uncorrected"Tota1 
Corrected Total 

Parameter 

al 
Nt 

5th on lst Source 

Regression 
Residu~ 

Uncorrected Total 
Corrected Total , . 
Parameter 

al 
Nt. 

m 

df . SS 
2 61837.325735 

28" 1284.6742"65 
• c 

30 63122.000000 
29 1830.800000 

EstimatE\ 

0.00492415 
51.69635537 

df SS 

2 62093.566645 
21 521.433355 

29 62615 000000 
28 974.689655 

Estimate 

0.01059723 
51.92634441 

-df SS 

2 68308.856079 
28 987.143921 

30 69296.000000 
29 1323.200000 

Estf.mate 

o 01405997 
S?'2155~31s 
df SS 

2 77196.410008 
27 831. 589992 

.29 78028.000000 
28 855.034483 

Esti{l1ate 

0.00480601 
52.87140241 

\ 

• 

'MS 
30918 662867 

45.881224 

S.E. 

o 0014010944 
2.2626685862 

MS 

31046.783322 ~ 

19.312346 

S.E. 
-0.0022l74562 

1.4895206924 

MS 

34154.428040 
35.255140 

S.E. 

0.0045803044 
2.1139295832 

MS 

38598 205004 
30.799629 

S.E. 

0.0055059651 
l. 8042873635 

L. 
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APPENOIX 04. 2 

" 

Effect of initial egg density on outcome of ~ cautella cohort 
experiments. 

<f' • 

Effect of initial e~g density on 1a~val age at pupstion and imago weight st 
emergence 

EGG 

DENSIT)' 

2 

4 

6 

8' 

10 

12 

14 

18 

22 

26 

30 

40 

50 

60 .-
1 

80 1 

/ 

AÇE AT EMERGENCE 

MALE FEMALE 

N MEAN SO N MEAN SO 

• 

19 26 6 2.7 la 30.0' 2.8 

24 25.0 1 4 30 '28 0 2.6 

34 25.4 2 l 33 28 0 2.7 

32 

46 

58 

63 

33 

36 

47 

30 

27 

25 

.32 

/ 18 

D 

WEIGHT AT EMERGENCE 

MALE FEMALE 

N MEAN SD 

6 3 06 0 25 

4 2 82 0 32 

6 3 13' 0 36 
6 3.00 0 17 

8 3.01 0 23 

5 3.37' 0 59 

10 3.12 0 38 

12 2.77 0 33 . . 
12 3.19 .0 29 

16 2.67 

14 2.53 

15 2.19 

13 2.09 

20 l. 76 

0.27 

0.28 

0.47 

0.60 

o 63 

N MEAN SO, 

7 4 B4 0 29 

7 5.28 0 5B 

8 5 38 0 45 

12 5.39 0 51 

12 5 05 0 30 

12 5 59 0 72 

11 5 18 0 70 

15 4.76 0.59 

13 4 .. 98 0.49 

14 4 73 0.50 

11 3.75 l.17 

18 329 0.7B, 

19 2.89 0 61 

26 2.67 0 89 

17 1. 96 0.92 

100 

.' 150 

10 

4 

26 Q 1 9 

26 8 2.6 

25.8 1. 8 

27.2 3.2 

30.~ 4.5 
29.3 3 7 

33.0' 4.4 

43.2 7.4 

40.4 5.3 

48.7 10 1 

45.6 8.7 

40.8 9.4 

44/7 11.1 

37.8 8.5 

48 29 8 3.4 

52 30 8 3.1 

77 30 5 2.9 

60 30 9" 2:3 

59 36 4 3.7 

71 32 9 2 6 

56 33 4 3.1 

31 47.0 4.9 

54 43.5 4.7 

38 55-.1 8 J 

46 49.2 8.5 

26 41.3 9.2 

12 50.6 7.6 

3 43.2 8.1 

13 1.47 0.55 

9 . 1.33. 0.'45 

4 l.55 0.68 

7 l. 05 0 24 

'2 1 32 0.39 

... continued 
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APPENDIX 04.2 ( continued) 

~ ~ffect of initia~ egg density on amount of food remaining, total rtumber of 
larvae pupating, and pupal mortality. 

• . 
EGG FOOD TOTAL KPUPAE 1 

-9ENSITY MEAN S.D. MEAN S.D. MEAN S.D. 

2 0.899 0.066 1.41 0.50 0.032 0.148 

4 0.691 0.099 3.57 0.6S' 0 0.000 0:000 

6 ~.577 0.171 4.47 l.41 0.000 0.000 

8 0.407 0.152 5.53 l. 25 0.057 0.124 
\ 

la 0.242 0.141 6.80 1. 61 0.051 0.095 

12 0.107 0.095 9.07 l. 53 .. 0.006 0.025 
1 

14 0.085 0.120 8.27 1. 39 0.012 0.047 
~ 

18 0.081 0.143 6.47 l. 81 0.071 0.135 

22 {O.007 0.026 7.33 l. 92 0.028 0.058 
.... 

26 0.000 0.000 7'.20 l. 93 0.044> 0.077 

30 0.000 0.000 - 4.71 1.77 0.,118 0.22,4 

(~ 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 ... 
80 0.000 0.000 3.33 2.47 0.024 0.058 A 

100 0.000 0.000 1.53 l. 64 0.000 0.000-

150 0.000 0.000 0.53 0.74 0.000 0.000 , 

1 K-values 

! ' 

• 

1 

.. . 
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AfPENDIX 04. 3 

0 .., " 

Effect of food density (fixed volume, varying percent food) on~ 
cautel1a imago age, and weight at emergence. 

% FOOD AGE AT EMERGENCE WEIGHT AT EMERGENCE 

MALE FEMALE MALE FEMALE. 
/ 

N MEAN S.D. N MEAN S.D. N MEAN 5 D. N MEAN S'. D. 

il' 1 112 32.9 1.4 72 36.4 2.1 . , 12 3.26 0.36 9 5.66 0,63 

2.5 80 32 2 0.9 72 32 6 1.8 10 3 24 0.30 9 6 11 O. 56~ 

5 136. 31. 8 1.0 64 33.1 1.5 17 3.71 0.34 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 0.7 120 32 0 1.1 9 3.72 0.41 15 6.07 0.49 

\ 20 104 32.2 0.9 104 35 0 2.5 13 3.80 o 21 13 6 29 0.65 

30 96 31.8 0.9 112 32.9 l.S 12 3.65 0.38 14 6 31 0.74 

40 88 31.6 .1.1 104 33.1 2.4 11 3.26 0.39 13 6 00 0.72 
"-

500 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 5.84 0.33 

100 104· 34.7 1.7 80 36.0 1.4 13 3.62 0.65 10 6.01 0.66 

0 .. 

... 

-
.... 

\ 

o j 

"-.... \ 
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APP,ENDIX 04.4 & 04.8 (continuedr 

0 
'" OENSITY AGE FOOD WEIGHT NUMBER 

MEAN S. E. MEAp 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 \ '21.0 3 9 

~ 16 0.97 0.04 5.18 0.77 20.2 3,4 
18 0.81 0.08 11.48 2 98 21.0 2 2 , 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 20 :7 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 0.99.6.02 2.27 0.42 43.7 6.0 

0 
14 0.93 0.03 5.63 o 40 44.7 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 0.4S 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 14.4 

73 12 0.92 0.02 3.6 'l. 0.67 52.7 2.9 
15 0.85 0.02 10.67 l. 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 

l' 24 0.00 0.00 51. 63 2.08 54.3 -3.8 
27 0.00 0.00 67.90 l. 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 5 20 24.0 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 .,. 

o 

.. 
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APPENQ~X 04.4 & 04.8 (continùed) 

Ci 
OENSITY AGE FOOD WEIGHT NUMBER 

MEAN S. E. MEAN .' S.E. MEAN S.E. 

87 12 0.94 O. 03 3.60 0.00 67.0 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 0:21 0.08 36 :87 5.69 65.3 3.5 
24 0.00 0.00 4B.03 6.65 64.3" 2.9 
27 0.00 0.00 5B.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 : .' 36 0.00 0.00 34.2'0 24.68 27.3 21.~ 
39 0.00 0.00 1B.40 24.18 22.1 L8. 2 
42 0.00 0.00 22.20 16.39 18.3 12.5 _ 
45 0.00 0.00 11. 3 8.1 

1 
100 12 0.88 0.01 5.03 1 05 12.3 76.0 

15 0.740.07 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 O. 00 49.57 1. 27 63.3 7.8 ... 
27 0.00 0.00 57.47 3.99 66.7 3.1 

'Cf 
30 0.00 0.00 63.07 4.42 5l. 3 2.5 
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 . 39 0.00 0.00 39.07 4.52 30.0 7.9 
42 0.00 0.00 19.30 12.95 15.3 8.1 
45 0.00 0.00 19.13 l.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 l. 30 112.3 7.1 
18 0.39 0.08 26.13 2.55 10~.3 6.4 
21 0.08 0.07 4l.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 

\. 45 , 0.00 0.00 20.53 1. 51 - 0 20.7 4.7 

o 

\ 
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A'PPENDIX 04. 5 

0 Effect of egg density' (constant food to egg ratio) on age and weight of male 

po and ~emal,e Cadra caute.~~S! a: emer~ence. ~'~ 

FOOD - EGG AGE AT EMERGENC"E ( WEIGHT AT EMERGENCE 

OENSITY MALE FEMALE MALE FEMALE 

P.ATIO N MEAN S.O. N MEAN S.D. N MEAN S 0 .. N MEAN S D. 
\. 

10:10 18 30.1 1.6 17 30.5 l.3 'l~. 3.60 0.64 14 6.19 0.61 

15:15 27 28.9 1.5 29 29.9 1.5 1~ 3.27 o 48 18 6 11 o 65 

, 20: 20 40 28.9 1.0 40 30.0 1.5 17 ~.44 0.45 19 6.25 0.53 

25:25 47 29.6 1.7 47 30.0 l.5 18 ..§4 0.38 19 6 10 0.59 

30: 30 56 29.1 1.1 65 29.8 0.9 17 '3. 5~ O.3~ 19 6.34 0.67 

35:35 73 29.2 1.2 65 29.9 1.1 20 3.85 o 47 20 6.60 0.77 

40:40 81 29.7 1.3 70 30.6 l.4 26 3.83 0.49 26 6 10 0.88 

. . 

.. . 
. -.. 

.J 

o .. 

.. 
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APPENDIX Q5.1 . 

Ct D~ve1opment of Venturia canescens in larvae of ~ cautella. ---
Course of Ventu[h ç",n!i!~ç~nlil dev.e1opment when Cadni cêytellê 1arvae were 
Infe~ted at 8.5 days of age. 

.\ .. 
AGEl TOTAL2 PARASITOID STAGE 

EGG - -INSTAR 1 INSTARS 2-5 PUPAE 'IMAGOS , 

1 25 25 . 
2 27 0 27 
3 li 14 26 
4 2 26 28 
5 1 25 "\ 26 
6 0 ·2S 0 25 
7 -23 1 V 24 
8 17 6 23 
9 i5 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 21 

C~ 16 12 12 , .. 24 
17 7 19 26 
18 8 21 29 
19 6 24 ,~ 30 
20 0 27 27 
21 27 27 
22 25 25 
23 23 0 23 
24 - 22 1 

. 
23 

25 22 5 27 
'26, 14 7 21 
27 5 7 12 
28 10 

1-
14 24 

29 8 18 f6 
30. l 17 18 
31 1. 22 26 
32 0 24 24 
33 27, 27 
34 24 24 
35 25 25 
36. 27 27 
37 23 23 
38 24 24 

1 Age 'of parâsitoid ~~ys)_ 

0 2 Total number of Ji: ~IDII~IDI in,sample 

... éondnued 

, 'J 
" 
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APPENDIX D5.1 (continued) 

0 
... 

Course of VentuJ:Ï§ ç~nUç~D§ deve10pment when ~ !ôiê!.!~dlê 1arvae were 
infected at 18.5 days of age'. 

" ( 

AGEl 
, 

TOTAL2 PARASI]OID STAGE 

EGG INSTAR 1 INSTARS 2-5 PUPAE IMAGO 

1 33 33 '. 
2 32 0 32 
3 10 27 37 
4 1 29 0 30 
5 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 O~ 33 33 
15 1 36 37 <-

16 0 39 39 
17 

" 
31 31 

,\0 18 27 27 
19 29 .0 219 
20 24 8 32 
21 16 lS 31 

. 22 ,6 28 34 
23 2 31 33 

.,24 0 35 35 
25. OF 34 34 
26 31 31 
27 32 32 

1 Age- of 
".,.'" ' 

~rasitàid (day~) 
2 Total numbe't of y. canescens in' samp1ê / 

, ,-

J , . 

o 
c 
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APPENDIX 05.2 

:Ef~ect of Cadra cautélla larval age (A) and density (B) at infection OR 
the age of Ventur1a cane3cens at imago emergence. 

A. AGEl N 
j 

EMERGENCE2 

MEAN S.D. 

1 5 19 34.3 2.93 
4 5 55 31.1 2.82 
6 5 153 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 
2.0.5 229 21. 7 1.46 
23.5 120 22.6 1. 94 
26.5 13 2L4 0.65 
29.5 12 22.7 1.42 

Host. larval age at infection (day5) 
.. 

2 ~asp age at imago emergence (days) 

B. N EMERGENCE2 

MEAN S.D. 

5.9 81 23.9 1. 93 
14.7 86 31.4 5.35 
29.4 ~ 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 

1 Initial host egg density (eggs/g food) 

2 Wasp age st imago emergence (days) 

. ' 

, 
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APPENOIX 05.3 

0- Age-specifie su~iva1 of imagos of VeDt!,!);: ii ÇêDuç~Da under varying 
conditions of food ava11ability. 

- 1 

UNFED FED 

AGE NUMBER ALIVE AGE NUMBER ALIv'E 

Ir. 00 585 0 0 11'0'-

0.21 585 0 5 110 

0.38 584 1.5 110 

0.54 577 2.5 110 

o 71 574 3 5 106 
~ 

0,88 573 4 5 102 

1.04 558 5.5 91 

\ .. 1,.21 538 6 5 88 

1.'38 
'" 

517 7.5 88 

1. 54 487 8.5 80 

1. 71 403 9.5 77 

0 1. 88 339 10.5 75 
• 2.04 241 11.5 72 

" 2.21 141 12.5 67 " , 

2.38 99 13.5 54 c 

2.54 67 14.5 42 " }'t ) ~ 

2.71 39 15.5 24 

2.88 18 16.5 5 

3.04 7 17.5 1 

3.21 1 18.5 0 

3.30 0 
" J 

~ , 

r 

o 

• 
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AP~ENOIX 05.4 1 

Nurnber of progeny produced per day thi'ough the lifetime of Venturia 
canescens. Imagos were ei ther deprived of;~ood and water (A) or provided 
with a 20% honey solution (B). 

A. 

B. 

1 Imago age ( days) 

1 ' 
2 
3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
lS 
16 
17 
18 
19 
20 
21 
22 
23 

/1 

N 

19 
19 
12 

15 
15 
15 
15 
15 
14 
14 
13 
12 
12 
12 
11 
11 
10 

9 
8 
8 
8 
7 
7 
6 
6 
5 

2 Number of y. canescens .produced per 

T 

day 

PROGENY2 

MEAN S.O 

12.9",.. 
19.3 
11 6 

18.1 
20 3 
17 3 

"20.7 
20.7 

6.62 
7.21 
6.19 

7 43 
6 01 
6.63 
6 87 
6.15 

-18.3 6.38 
18.7 .. 6.82 
16.7 5 53 
15.8 6.28 
15.4 5.00 
15.5 6.19 
14.2 8.54 
9.1 7.02 
7.4 5.66 
7.7 6.16 
S .4 4.60 
3.6 4.24 
2.7 2 S5 
2.3 2.21 
0.4 .- 0.79 
0.5 1. 22 
0.2 0.41 
0.0 

# 

(> ... 

'" L 

... ( \1 
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APPENDIX Q5, 5 

Effect of Cadra" caute11a larval age (A) and densLty (8) at ,infection on 
the welght at eclosion of Venturia canescens imagos, 

A. 

1 Larva1 

2 Imago 

B. 

l.5 
4.5 
6 5 
8.5 

10.5 
12.5 
14 5 

17 5 
20.5 
23.5 
26.5 
2J.5 

age at infection 

dry 'Wl\!i&t= (mg) 

"' ..... 
'. ~ 

DENSITYl 

5.9 
14.7 
29.4 
44.1 
58.8 
88.2 

117.6 

\ 

N 

10 
la 
la 
la 
la 
10 
la 

la 
10 
io 
la 
10 

(days) 

'" N 

10 
15 
15 
15 
15 

,15 
15 

) 

1 Initial egg den;üty (eggs/g food) 

2 Imago dry weight (mg) 

, 

" MEAN 

1 33 
1. 50 
l 38 
1 39 

1 

1 30 
1 SB 
1 37 

WEIGHT2 

S .D. ~ 

e.236 
o 26(1 
a 162 
0.152 
o 163 
0.169 
0.216 

2 03 0 306 
1 ta. 0.424 
l.~ 0 353 
1.63, ~221 , 
1.52 ~ 365 

MEAN 

1. 17 
1. 27 
0.92 
1.10 
1. 08 
1. 00 
0.82 

-

... -

S.D. 

0.134 
0.167 
0,'248 
0.217 
0.142 
0.314 
0.243 

" 

.. ' 

D 
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APPENDIX D5. 6 

, ' 

Observed, data and statistieal analyses of Venturia eanescens instar-specifie 
functiona1 responses. 

INSTAR 

1 
2 
3 

-4 
5-mid 
5 -late 

"' 
Type II Response (Eq. 5.1) : 

.. 

Type III Response (Eq. 5.2): 

Pt 4 1 parasitoid 
T -\ 1 day 

AGE AT INFECTION (days) 

2.5 
6.5 
8.5 

12.5 
17.,5 
20.5 

\ 

r 

The non-linear ~(rve fitting procedure was used to estimate the parameters 
of both equations. These expressions were then re-estimated using a common 
handling time (Th) for all instars. The common handUng time (Th) ~as 
estimated by averaging the indiv,idual estitnates éalculated for irtstars 3, 4, 
and mid-S. These common handling time estimates were: 

'. 
Type II Tb - 0.0470043 Go 

Type III Th ... O.Û494072 

conti:nu~d 

\ 

'. 

\ \ 

" 

, 
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APPENDIX 05.6 (continued) 
, 

Data and paranieter estimates for Ist instar host 1arvae. 

DENSITy1 N PROGENY2 

--~ MEAN 

3.7 6 0.0 
7.4 6 0.3 

14.8 6 0.7 
22.3 6 1.2 
29.7 6 1.0 
44.5 6 1.7 
59.4 6. 2.2 

l Host larval densi ty (ladrae/g food) 
2 1 

Number of y canescen§ progeny produced in 1 day 

Non-linear Least Squares SUIlImary Statistics 

F1JNCTION SOURCE 

Type II Regression 
Residual 

Type III Regress ion 
Residual 

Type III Regression 
Residual 

OF 

2 
40 

1 
41 

2 
40 

SS 

61.590422 
36.409578 

6L 528169 
36.474183 

60.640590 
37.359409 

Type 1112 Regression 1 55.385587 
42.6144111 Residual' 41 

. 
Uncorrected Total 42 98.000000 

56.000000' Corr~cted Total 41 

PARAliETER 

Type Il a 
Th 

Type III a 

Type III a' 
Th " 

ESTIMATE 

0.04581338 
0.l041gS74 

0.04091863 

0.00051923 
0.00 

MS 

30 7952112 
0.9102394 

61.5281693 
0,0889614 

30,3202952 
0.9339852 

SS.3855866 
1.0393759 

SE 

0.02014546 
0.20529352 

0.00536455 

0.00057893 
1 :23132505 

S.D. 

0.82 
o 82 
1. 17 
o 89 
l 21 
1. 47 

Type IIl2 a' 0.00,080769 0.00012.282 , 

1 Handling time (Th) fbed st 0.0470043 
2 Handling time (Th) fixed at 0,0494072 

... continued 

. - - -
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APPENDIX 05.6 (continued) 

Data and parame ter estimates for 2nd instar hast 1arvae. 

DEN5IT'f't N PROGENY2 

6.5 
19.4 
48.8 
65.0 
81. 2 
97.5 

129.3 

6 
6 
6 
6 
6 
6 
6 

MEAN 

2.3' 
2.7 
6.5' 

19.0 
10.2 
12.8 
14.3 

1 Host 1arva1 density (larvae/g food) 

S.D. 

1.03 
·2.50 
'4.23 
6.36' 
7'.83 

10.13 
5.65 

2 Number of y. eanescens progeny produced in 1 day ; 

Non-1inear Least Squares Summary Statistics 

FUNCTION SOURCE 

. Type II Regression 
ReSidual 

OF 

2 
40 

S5 

3752.0759 
1324.9241 

MS 

1876.03795 
33.12310 

Type III Regression 
Residual 

1 
41 

3721.9760 3721.97600 
13~5.0240 _ 33.04937 

Type III Regression 
Residua1 

2 
40 

3734.6986 1867.34930 
1342.3014 33.55754 

!l' Type 111.2 Regression 1 3729.3133 
1347.3014 Residua1 \.....--:1 

Uncorrected Total 4,~ 
Correct~d Total ·41 

PARAMETER 

Type II a 
Th 

type III a 

Type III a' 
Th 

Type 1112 a' 

5077 .0000 
2110.0000 . 

ES'l'ÎMATE 

0.19302722 
0.02455981 

0.30090927 

0.00518401 
0.05518427 

0.00429279 

1 Hand1ing time (Th) fixe dt at 0.0470043 
2 Hand1ing timè (Th) fixed at 0.0494072 

continued 

3729 .. 31328 
32.87041 ( 

SE 

0.08894726 , 
0.02475056 

0.06723299 

0.00283656 
0.01389216 

0.00113111 
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APPENDIX 05.6 (continued) 

Data and parameter estimates for 3rd instar host larvae. 

OENSITYl N 

0.2 
O.A 
0.7 
1.0 
1.5 

.2.0 
3.0 
4.0 

6 
6 
6 
6 
6 
6 
6 
6 

MEAN 

3.5 
7.2 

16.3 
18.8 
16.0 
16.0 
20.0 
17.2 

} Host 1arval density (1arvae/g food) 

PROGENY2 

S.O. 

1.64 
5.81 
9.67 

11.44 
7.62 

10.64 
3 69 
3.66 

2 Number of~. canescens progeny produced in 1 day 

Non-Jinear Least Squares Summat;y StatiS'tics 

- FUNCTION CE OF 5S MS JI 
Type }l ression 2 11036.3"13 5518.156; - . 

es d~a1 . 46 2609.687 56.7323 

Regr~ Type n l 1 11036.045 11036.0450 
Residual 47 2609.955 55.5310 . 

Type III RegressioB Ô~ 2 11133.179 5566.5895 
Res)..dual 46 2512.821 54.6265 

Type !Il2 Ï{egres~i?n 1 11133.079 11133,0794 
Residua1 '47 2512.921 53.4664 

Uncorrected Total 48 13646.000 
Corrected Total 47 3727 :250 

PARAl1ETER ÈSTlMATE SE 

Type II a 98.499575 87.759806 
'-...., 

Th 0.046582 0.006651 

\ 
III 102.59129'5 'J.'ype a 60.503197 , . 

-=-
Type III 'a' 208.122559 169.733431 

Th 0.049594 0.004547 

Type III 2 a' 205.9l5277 ' 150.043243 ----
\ 

1 HandUng time (Th) fixed .at 0.0470043 
2 Handling' time (Th) fixed at 0.0494072 , ' • 

.. . contlnued ... 

.. 

" 
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APPENDLX D5.6 (continued) 

Data and par~meter estimates for 4th instar host 1arvae. 

DENSITY1 

0.1 
0.2 
0.4 
0.7 
1.0 
1.5 
2.0 
3.0 

N 

6 
6 
6 
6 
6 
6 
6 
6 

MEAN 

1.8 
5.2 

11.8 
14.2 
17.7 
19.3 
16.2 
18.5 

S.D. 

2.23 
3.71 
3.97 
6.59 
7.00 
6.80 
3.3l 
4.64 

1 Host 1arva1 density (larvae/g food) '~ 
2 Number of~. canescens progeny produced in l clay 

Non-linear Least Squares Summary Statistics 

FUNCTION SOURCE 

Type II Regression 
Residual 

Type III Regression 
Residual 

-
Type III Regression 

Residual 

Type 1112 Regression 
Residual 

1 
47 

2 
46 

1 
47 

SS 

9825.6243 
1164.3757 

982~.3427 

1166.6573 

9887.3296 
1102.6704 

9886.1507 
1103.8493 

Uncorrected Total 48 
Corrected Total 47 

10990.000 
2773.667 

PARAMETER 

Type II 

Type III a' 
Th 

Type Ut2 a' . 

ESTlMATE 

136.293437 
0.045607 

162.050765 

,403.982551 
tf. 0.048709 

422.861314 

Handling time (Tb) fixed at 0.0470043 
2 Handling time (Th) fixed at 0.0494072 

..• continued 

! 
, 

MS 

4912.81216 
25.3,1252 

9823.34266 
24.82250 

4943.66481 
23.97109 

9886.15066 
23.48616 

SE 

102.155569 
0.004897 

88.107640 

265.069713 
0.003182 

261.849386 
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APPENDIX D5.6 (continued) 

Data and parameter estimates for mid-5th instar host 1arvae. 

DENSITYl N PROGENY2 

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 

1 2.0 6 17.8 9.00 
3.0 6 17.2 8.13 

l- l Host 1arva1 density (larvae/g food) 
2 Number of y... canescens progeny produced in 1 day 

Non- finear Least Squares Summary $tatist:i:cs 
~ 

FUNCTION SOURCE DF S8 MS 

Type II Regression 2 9785.6689 4892.83445 
Residua1 46 1573.3311 34 20285 

0 Type III Regression 1 9782.0347 9782.03474 
Residua1 47 1576.9653 33.55245 

.Type III Regression 2 9837.2398 4918.61992 
Residua1 46 1521.7601 33.08174 

Type 1II2 Regression 1 9836.5881 9836.58814 
Residua1 47 1522.4119 32.39174 

Uncorrected Total 48 11359.000 
Corrected Total 47 3011.312 

PARAMETER ESTIMATE SE 

Type II a 286.010459 486.898722 

Th 0.048824 0.005749 

Type III a 197.990745 147.044825 

Type III a' 608.803501 578.734232 

Th 0.049918 0.0'03775 
~\ 

Type II1z a' 588.176738 504.737735 

1 Hand1ing tlm~' (Tb) fixed at 0.0470043 

0, 2 Handling time (Th) fixed at 0.0494072 
l>C, 

'Q .,. continued 
"'.., 
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APPENDIX'D5.6 (contlnued) 

Data and parameter estimates for late-5th instar host 1arvae. 

DENSITY1 

0.1 
0.2 
0.4 
0.7 
1.0 
1.5 
2.0 
3.0 

N 

6 
6 
6 
6 
6 
6 
6 
6 

MEAN 

1.2 
3.5 
4.8 
7.8 

13.0 
11.0 
14.7 
16.3 

Host 1arva1 density (larvae/g food) 

PR,OGENYZ 

S.D. 

2.04 
2.35 
3.13 
3.25 
5.83 
6.32 
4.68 
3.50 

2 Number of y. canescens progeny produced in 1 day 

Non-1inear Least Squares Summary Statistics 

FUNCTION SOURCE 

Type II Regression 
Residua1 

Type ~Il Regression 
Residual 

Type l II Regression 
Residua1 

Type 1112 Regression 
Residua1 

OF 

2 
46 

1 
47 

2 
46 

1 
47 

5S 

5153.2316 
758.7684 

5150.0595 
761.9405 

5135.8181 
776.1819 

5064.2934 
847.7066 

Uncorrected Total 48 
Corrected Total 47 

5912.0000 
1987.9167 

PARAMETER 

Type II a 
Th 

Type III a 

Type III a' 
Th 

Type IIIz a' 

,. EsflMATE 

23.6154818 
0.0435625 

26.3739650 

- 55.9293436 
0.0599.573 

31. 9128166 

i Hand1ing time (Th) fixed at 0.0470043 
2 Handling time (Tb) fixed at 6.0494072 

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 
0.0052158 

7.799261-3 
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APPÈNOIX 05.8 

Datà and parameter .estimates for the determinatipn ...Q.f the dé'gree of 
mortaU ty' of 2nd instat ~ ~ltella due to oviposition wounds infl icted 
by Venturia canescens. 

o 

The number of 
surviving in the 

g. cau!;ella imagos 
conbrol containers 

emerging and the proportion of hosts 
(no wasps present;). 

OENSITYl N EMERGENCE2 

MEAN S.D. 

10 6 6.5 1. 87 
30 6 18.2 2.14 
60 6 40.8 12 43 

100 6 59.8 12 30 
150 6 tol.3 6.11 
200 6 128.3 2.86 

'1 Initial host density (eggsjg food) 

MEAN 

0.650 
0.606 
0.681 
0.598 
0.676 
0.644 

2 Total number of hosts em'erging per container 

S.D, 

0.1871 
0.0712 
o 2072 
o 1230 
0.0367 
0.0143 

3 Fraction of host eggs surviving to adu1t emergence 

The number of y. c~nescens and E. cautel1a 
containers where one wasp was present. 

DENSITY1 

10 
30 
60 

100 
150 
200 

1 Initial 
2 Number 
3 Number 
4 Number 

N WASP2 MOTH3 

MEAN S.D. MEAN S.D. 

6 0.8 0.75 3.3 1. 37 
6 4.0 2.10 7.0 4.90 
6 7.2 4.40 15.2 6.18 
6 il. 2 5.85 22.5 18.40 
6 13.4 5.73 60.6 19.82 
6 14.5 8.85 93.5 21 08 

egg(density (eggsjg food). 
of y. canescens emerging per container. 
of g. caute11a emerging per container. 
of insects emerging per container (wasps 

continued , 

... ' 

imagos emerging 

TOTAL4 

MEAN S.D. 

4.2 1. 60 
11. 0 4.98 
22.3"' 7.20 
33.7 14.26 
74.0 19.07 

108.0 13 43 

+ moths). 

• 

from the 

' , 

1 

.. 

t 

. -
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APPENDIX 05.8 (continuéd) 

The estimated number of ~. câutella 'larave killed due to ovipositio~ wounds 
and total number of hosts attacked. 

Nt 1 ',> N0 2 k N 3 
a PROPORTION4 

MEAN S.D. MEAN S.D. MEAN S.D. 

6.4 2.3 1.60 3.1 1.37 0.717 0.2378 
19.3 8.3 4.98 12.3 4'.90 0.638 0.1.892 
38.6 16.3 7.20 23.4 6.18 0.687 0.1894 
64.3 30.7 14.'·26 41. 8 18.40 0.733 0.0802 

-96.5 22.5 19.07 35.9 19.82 0.517 0.4101 
128.,-;,' 7 20 .. 7 13.43 35.2 21.0B 0.449 0.4071 

i Number, of host .larvae available per container, 
2 Number of host larave ,killed (Nt - Total) per centainer (Np) 
3 Number of host larave attacked (Np + Nk ) ~ér contain~r 
4 Fraction of host attacked that died (Nk/Na ) 

'1 Noh·.linear Least Squares Summary Statistics 

Source df SS MS 

Regression 2 26148.817 13074.408 
Residua! 33 8266.653 250.505 

• Uncorrected Total 35 3441~.470 
Corree t.éd Total 39 12577.005 

:iarameter Estimate S.E. 

a 1.5136602 0.51400254 
Th 0.0175012 0.00682554 

~ 
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A~PENOIX 06.1 & D6.2 {I 
,/' 

0 We~kly counts of dead imagos in s ing1e -species long-term population cages 
of Cadra caut~lla (Series LI) 

-'REP ] REP 2 REP ,3 REP 4 REP 5 

TIHE MALE F.'éMALE TOTAL1 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 1-67 271 153 , 9 44 53 152 55 -7'0 148 88 115 79 

10 107 111 235 76 60 157 188 119 99 
l1 145 135 360 68 112 191 6g5 150 268 
12 217 188 415 . 215 227 464 311 261 370 
13 148 108 269 181 90 271 134 83 ~59 
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 H9 56 64, 120 75 98 109 
18 74 ' 83 163 -53 37 93 59 95 80 
19 67 49 120 26 12 44 49 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 -

0 23 39 35 109 ' 62 85 180 
24 47 72 160 73 92 189 

\\. 25 79 61 ----2lo.. 75 88 187 
26 102 94 253 115 106 255 .. 
27 162 132 357 155 196 405 
28 119 121 313 194 171 399 
29 105 85 224 l10 122 298 
30 39 64 132 57 94 187 
31 43 49 128 52 59 148 
32 49 .42 132, 8-2 60 179 
33 43 37 116 46 62 132 
34 126 125 287' 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 ... 
l Some imagos could not be se~ed. Thus the TOTAL co lumn may not be' the 
sum of males plus females. 

o 



'. 

.. 

0; 

../" 

o 

. . 

243 

APPENDIX D6" 3 

'Changes .through time in the estimated population sizes of 1arvae and, pupae, 
and"in the actua1 numbers of adu1ts in a sing1e-species population cage of 
Cadra çautella (Series Ll, replicate 1)" ' 

.. WEEK' Ll L2 L3 L4 L5 PUPAE ADULTS 

9 2569 772 2232 2087 1617 471 201 
10 1928 572 704 1499 1124 528 235 
11 ~3773 968 446 ~04 718 337 0 
12 11255 3245 1547 216 896 55.,! 245 
13 2243 2087 2065 833 787 254 42 'r'-
14 1334 694 2317 1045 605 255 142 1. • .o ~ . 

~ 

15 ' 1686 218 771 1159 820 265 78 ~ 

16 18V 180 378 655 642 196 110 't 
17 2496 734 187 485 739 96 #) 

18 25~2 1563 1049 464 1019 ~l 89 
19 1104 658 1128 333 526 15 5S 
20 3433 705 1073 425 502 2 9 219 
21 4372 1689 1109 722 771 ..--9Z ~_ ~ 141 

-.Ar 

22 1791 2835 1577 658 812 100 52 
23 Q 10~4 1380 1886 565 574 183 39 
24 1156 879 1523 1070 761 347 159 
25 1402 767 825 1304 1328 357 89 
26 867 43q 503 1395 767 438 109 
27 1354 532 674 389 801 413 168 
'28 3616 907 521 380 757 326 111 
29 3582 2769 1334 760 834 237 86 
30 1042 1351 1981 960 790 244 55 
31 928 646 1837 997 714 172 92 
32 673 493 1263 1122 1164 . 198, 49 
33 328 493 662 676 1254 371 51 
34 604 367 899 435 1129· 421 \l49 
35 145.9 529 850 637 1219 603 148 
36 1377 1256 744 388 844 508 118 
17 1680 1132 1162 715 752 145 79 
38 516 1453 1545 687 773 228 58 

,! 
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APPENDIX 06 5 

among th. dlff.rent ag,s of food \ 0 
• 

Distribution of ~ cautella stages 
units in a single-species population cage (series Ll, replicate 1) 

.. 
" " 

Host P~pulation Lar-vae 
" 

WEEK FOOD UNIT AGE 
-' 

--5 -' 1 2 3 4 6 7 8 9 
/ 

9 5263 660 n8 657 305 421 4(,9 450 354, ' 
10 4653 264 116 206 • 263 153 85 63 ·25 
Il 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 
011 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 , 41"3 152 25 26 17 13 2 1 

0 
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 9/~ 121 21 0 14 8 
24 4505 256 283 156 68 6.0 49 9 3 V 
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 ' 2S 42 26 13 11 5 
29 7086 2030 102 2S 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 JI 
33 2627 495 145 63 21 30 16 11 5 
34 ,2 6 73 ,446 145 75 58 26 7 S 0 
35 4126 404 73 0 47 9 29 2 3 
36 3626 866 51 44 II 4 3 0 4 
37 4153 1096 - 58 88 21 17 3 5 0 
38 3117 1229 522 81 16 4 0 2 1 " 

.t 

\ .. 
continued ... 
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APPENDIX D6.5 (continued) 

Host Population Pupae 

WEEK 

1 2 

9 9 182 
10 0 132 
lt 19 74 
12 0 33 
13 19 17 
14 9 91 
15 19 107 
16 19 58 
17 9 99 
18 0 83 
19 0 107 
20 0 58 
21 0 25 
22 0 33 
23 28 66 
24 9 74 
25 9 99 
26 46 107 
27 9 173 
28 28 83 
29 9 99 
30 19 99 
31 0 74 
32 0 66 
33 19 58 
34 9 91 
35 9 190 
36 37 206 
37 0 43 
38 37 41 

3 

87 
116 

51 
7 

145 
94 
44 
65 
22 
29 

10~ 

'73 
44 
36 
51 

152 
' 94 
102 

87 
65 
36 
65 
65 
22 

167 
138 
181 
181 

7 
87 

$ ( 

245 \ 

FOOD UNIT AGE 

0 

4 5 6 7 8 9 

94 37 38 3 11 10 
125 47· 30 26 32 11 ) 

38 a 84 21 26 S' 20 1 

0 0 4 0 9 1, 
19 26 9 16 0 4 

6 1 16 9 3 . 25 3 
25 11 13 29 14 5 

6 2Ei 4 10 5 4 
13 11 13 3 5 6 

6 26 21 0 2 4 
63 21 9 7 0 0 
44 21 13 23 11 8 

6 5 4 3 5 0 
25 5 0 0 0 0 

6 0 21 7 2 3 
50 16 17- 13 11 4 
6.9 52 13 29 7 5 
50 26 26 10 34 11 
38 26 13 20 32 16 
25 53 26 23 16 9 
19 21 9 36 5 4 
19 11 13 10 7 3 
19 11 0 3 0 0 
75 5 4 10 11 u 5 

1 50 26 ' 26 16 9 1 
50 74 38 3 14 5 
38 58 60 52 7 9 
31 32 9 0 11 1 
56 5 17 '10 7 0 
19 16 21 7 0 0 

\. ' 
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.APPEND,IX 06. 6 

0 1 -
f Weekly c;,ounts of dead imagos in long- term population cag~s àf ~ caute1la 

, and Venturia canescens when no host'~Uges were ~rovided (Series LI) 

v 

REP 1 REP 2 REP 3 REP 4 REP' 5 

rIME H P H U' H pf H P H P 

5 0 0 0 0 0 0 0 - 0 o. 0 
6 166 0 173 0 264 0 215 0 247 0 
7 271 0 190 0 139 0 174 0 134 0 
8 189 51 131 8~ 96 29 91 59 119 53 
9 76 56 68 57 39 22 59 24 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 • ~74 45 309 327 289 91 326 109 239 
13 38 176 29 164 64 47 18 138 55 100 
14 J 4 76 7 203 5 89 4 68 5 190 
15 2 .50 3 179 o- n 1 60 1 196 
16 l 122 2 84 1 46 1 39 a 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 a 17 

0 
20 0 62 4 18 1 149 1 89 ~a 43 
21 0 37 1 15 1 106 1 34 0 33 
22 0 14 0 5 1 16 0 9 0 5 
23 0 0 0 9 0 15 0 2, a 5 
24 0 18 0 13· 0 11 

1 
( 

....... _" 

~ 

o 
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APPENPIX 06.7 

~ Distribution of host,and parasit~id stages among different ages of food ln " 

a popu1a~ion cag~ of Çadra caute11a' and Venturia canescens. 
J • 

Numgers of host 1arvae and h,ost and.parasitoid pupae through time. 

L,ARVAE 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 17 . 7 7 1 
14 2729 569 H2 56 11 13 0 5 6 
15 1018 355 87 25 , à· 9 :/ 2 1 
16 749 58 15 0 -JO 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 SI 13 0 '0 0 2 0 
20 '"83 41 15 0 0 0 3 5 0 
21 111 25 44 13 O' a 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 

G b ~, 2S 0 0 0 0 0 () 0 0 

" PUPAE fI " . 'FOOD UNIT AGE 

-1' ) 1 3 '4 5 J 6 ... 7 8 9 

9 0- 75 146 25 48 26 7 10 3 
10 1~ 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 O. 
18 19 124 .22 0 . 5 0 0 2 1 
19 0 50 152 '13 5 0 3 0 0 
20 0 8 22 0 5 0 3 0 0 
21 0 17 15 0' 0 0 0 0 0 
22 0 0 0 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 

-0 ... \eontinued 

:1--

/' 

'< •• >.,~ 

" , ~ 

III • 
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APPENoIX 06.7 (continued) 

o Changes through time in numbers of host population in each stage. 

WEEK L1 L2 L3 L4 L5 PUPAE ,AoULTS 

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 74 514 1409 1059 488 0 l, 
15 49 152 754 435 104 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 l 
21 0 7 39 21 14 0 0 
22 ,0 0 16 7 23 0 0 
23 0 . 0 0 8 54 0 0 
24 0 0 0 0 22 0 0 
25 0 0 0 0 0 0 0 

0 

0 1 

\ 

-

'0 \ 

'-'--' ) V' 
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APPENOIX 06.8 

Weekly counts of dead im$gos in long-term population cages of Cadra cautella 
and Venturia canescens where hast refuges provided 0%, 11%, 26% or 44% 
cover (Series L2). 

CONTROL 0% COVER 11% COVER 

REP l REP 2 REP 1 REP 2 REP 1 REP'2 

TIME H H 1 li p H P H' P 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 1'07 140 0 143 0 139 0 162 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 ~. S3 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 ~~ 0 23 20 160 1 33 
22 286 129 0 0 11 11 185 0 43 
23 263 67 0 15 0 14 1 84 0 19 
24 168. .... 3S 1 6 0 6 1 22 0 12 
25 78 44 0 ,'. 6 0 S 0 13 0 4 
26 95 0 1 0 6 0 4 

==== A 

~, continued ... 
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" APPENDIX D6. ~ (continued) 

0 ,. 
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 ll7 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 -s-8' 15 50 19 115 10 98 
18 2 13 4 83 14 164 4' 100 
19 0 9 0 56 5 105 .. 2 42 
20 0 18 0 48 1 40 .. 0 30 

O· 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 o· 9 0 24 1 4 
26 0 3 0 10 

o 
, -' 

-
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APPE~DIX 06, 9 

0 Week1y CQunts Qf de8:d imagos in 10ng-terrn population cages of, Cadra caute11a 
and Venturis canescens where host r~fuges provide 0%, 25%, 50% or 75% cover 
(Series L3), 

CONTROL 0% COVER 25% 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 0 0 0 0 0 0 0 
6 42 35 37 0 38 a 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 7,6 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 54 458 
14 333 361 102 442 99 197 110 421 132 105 
15 127 285 11 105 17 141 6 62 18 169, 
16 72 289 1 143 2 244 2 45 -3 . 49 
17 '~ 83 313 0 117 l 127 1 38 9 18 
18 167 386 0 24 l 46 3 89 4 29 
19 418 245 0 1 1 92 20 294 '5 57 . 
20 354 560 0 2 0 153 1 97' 0 ~O 
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 

~ 
50% CaVER 75% CaVER •• 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 4 46 7 19 6 55 19 0 

10 4 39 5 31 7 29 11 :> 
11 , 4 l 6 15 8 2 3 0 
L2 4 34 18 36 34 72 106 11 
13 140 305 156 283 131 304 385 22 
~4 118 287 141 267 79 239 149 12 

r, r -J"I 
15 23 225 17' 129 6 118 21- ·100 
16 16 180 7 154 2 58 9 47 
17 16 89 7 62 0 25 30 36 
l~ 9 62 1 12 0 20 43 123 ~ 
19 10 253 0 7 0 6- 13 6j 
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 

0 
23 0 0 0 '0 0 0 0 0 

li 
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APPENDIX 06.10 p 

Weekly counts of dead imagos in long-term population 
ç ~ 

experimenrs.of ~ 
caute11a and Venturia canescens using the small 

Sing1e-species cages of hpst population alone. 

TIME REP 1 REP 2 REP 3 

7 0 0 0 
8 12 13 ---22 
9 16 22 16 

10 la 7 28 
Il 6 0 8 
12 8 3 0 
13 la 3 9 
14 76., 35 -. 77 
rs 177 160 284 
16 69 7-6 106 
17 45 25 55 
18 88 23 45 
19 98 8 S6 
20 128 83 84 
21 159 144 274 
22 ,123 80 103 
~3 120 82 115 
24 88 101 31 

'-2S 197 94 \~~. 

26 121 35, 1 
27 4 2 0 

continued .... 

cages .(Series S). 

REP 4 

0 
20 
22 

,11 
3 

'1 
a 

16 
91 
51 
24 

3 
la 

135 
222 

89 
7 
5 
0 
0 
a 

REP 5 

0 
4 

15 
17 
21 

7 
4 
8 

21 
61 

149 
85 
37 
17 
40 
86 

189 
225 

60 
7 
0 

) 

/ 
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APPENDIX 06.10 (continued) 

Cf Host-parasitoid populations not provided with food. 
'" 

~ REP 1 REP 2 REP 3 REP 4 REP 5 

TIME H 'd P H P H P H P H P 

7 0 0 a 0 a 0 0 0 0 0' 
B 7 3 13 20 16 9 9 9 la 6 
9 13 a 7 4 9 2 20 4 16 3 

la 12 5 11 2 la ,., 1 6 2 la 2 
Il 3 3 6 3 4 7 1) 6 5 3 
12 20 5 6 4 4 6 5 7 1 2 1 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 

~ 24 27 20 31 41 4 3 0 6 5 13 
25 II 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' ... 

" 

,~ 

\ 
;. 

'--o 

J 
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APPENDIX 06.10 (continued) 

-0 Host-parasitoid populations provided with food. 

REP 1 REP 2 REP 3 REP 4 REP 5 
·0 

TlME 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 2 1 4 0 1 2 
q 6 0 2 0 5 1 2 0 2 0 

10 3 /0 7 1 9 0 5 ~o 3 
11 2 

(2~ 
10 8 7 20 10 2 3 7 

12 11 13 18 7 14 3 -- 7 7 7 .... 
13 6 6 11 8 9 1 10 7 7 
14 9 j~ 33 66 30 35 30 57 11 23 
15 27 96 51 89. 44 21 29 50 56 150 
16 18 29 16 25 3l 26 4 21 32 128 
17 4 6 14 21 26 9 11 12 4 51 
18 .. 15 3 33 31 33 8 1 17 20 0 11 
19 35 74 42 30 32 30 111 54 2 15 
20 62 60 43 134 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 0 9 1 4, 4 21 
24 20 5 22 22 2 6 . 2 4 0 0) 

25 4 9 10 44 0 1 0 0 0 1 

O. 26 " 8 1 1 0 0 J 

27 l 0 0 0 0 3 
L 

\ 

'\ 

--

. o , , 

.. 
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APPENDIX MS.1 

Different attack equations are needed to describe the functiona1 

responses of parasitoids and predators. This is because parasitized hosts 

remain avai1able for further encounters by searching parasitoids and as a 

result the number of hosts available remains constant over the course of an 

experiment. In contrast a searching predator complete1y consumes 

encountered prey which resu1ts in prey density decreasing over the course of 

àn experiment. The Type II functiona1 response equations used to describe 

these are: 

Par.asitoids: Eq. 5.1 

Ptedators: Eq. 5.3 

The situation regarding 2nd instar Q. cautella mortal!:ty due to . 
ovipositor wounds by y. canes cens may be an intermediate case. We assume 

that a proportion of ovipositipn events results in the death of the host as 

opposed to successful i~~ection and we further assume that these wounded 

1arvae die quick1y and are as such unavailab1e for further encounters with 

searching p~rasitoids. These assumptions 1ead to the situation of a series 

of enGounters some of which 1ead 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 II predat~r respon~e the instaneous prey encounter rate is: 

, u(t)-a' Pt/(l+a' Th . N(t» Eq. AM5.1 

where N(t) is the number of prey not attacked up to time t. If p(t) is the 

probabl1ity of a prey not being attacked up to time t, then 

, J eq. AMS.2 

I~corpOra~g those encounters that do not result 'in host (prey) death but 

ln paraSi~sm leads to 
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Eq. AM5.3 

where q is the probability that an encounter results in host death rather 

than infection. 

Substituting equation AMS.3 into equation AMS.1 givas 

Eq. AM5.4 

The basic equation r,elating p( t) and u( t) is given br Hassell (1978) 8S 

dp(t)/p(t)--u(t)dt Eq. AM5.5 

Substitutin~ (Eq. A9.4) into (Eq. A9.S) and rearranging gives 
~ ~.~ 

, ....... tL.. 
, 

Eq. AMS.6 

.on integrating 

Eq. AM5.7 

gives' 

Eq. AMS.8 

By definition 

E-q-. AM5 9 

Combining this with (Eq. AMS.8) gives che desired equation -----
Ellq·An5.10 

Note that when q - 0 equation 5.3 is recovered, whUe equation 5.1 1& 

pbtained if q - 1. 
" 
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APPENIHX M7. 1 

A continuous:dme host-parasitoid model. 

1. Model Life Histories: 

Variables: 

Parameters: 

L(t) - density of 

~ ---
-,-

host larvae 

Il .. 

pet) - density of adult parasi toids 

H(t) density of aclult hosts 

R~(t) - rate of re~ruitment of host larva~ 

Rnp(t) - rate of recruitm~nt of developing 

Rap(t) - rate of recru!tment of host pupae 

-_. 

parasitoids 

Rp(t) - rate of recruitment of adult parasitoids 

Ra(t) rate of recruitment of unparasitized hosts 

6L - per câpita death rate for host la~e (parasitized ang unparasitizéd); 

, O. Ojdayl 

6p - per capita 
..-' 

death rate for adult parasitoids; O. Sjday .< 
, 

6R per capita death rate for adult hosts; O.l/day 

So survival probability for developing parasitoids; l.Ojday 
S ,~t p ... survival probability for host pupae; l.O/day 

a - attach coefficient - adult parasitoids on host laryae; O.3/day 

fJ 'net' fecundity of adult hosts (larval recruits l?er adult per ,unit 

time); 84/day 

r L - larval ~eveloprnent tirne (hosts); 26 days 

1'D - develo~,ment time (parasitoids) [rL + rD, 

parasitoid]; 14 days 

rp - stage duration for host pupae; 8 days 

1', - egg duration; 4 days 

- time from host egg to adult 

1 Parameter values used ln the numerical solution i14ustrated in Fig. 7.2 
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The two adult stages are described by the equations: 
/ . 

where 

an'l-, 

and 

H ( t ) -~ ( t) - 6 ft H ( t ) 

P ( t) -Rp ( t) - 6 p P ( t) 

t-,p 

Ra (t) -Rx. (t-'L -'p ) exp ( -~ P( t' ) dt' ) exp ( -SL ' L ) Sp 

t-'L-'P 

t-,p ~ 

Rp(t)-RL(t-'L-rp)d-exP(.~ P(t')d~,)')eXP(-6L'L)SD 
t-rL-r p 

Equations AMl .1, ~ 3 and 4 fully specify -the model 

A simplified model: 

Eq. AMl.1 
/ 

/ 
Eq. AMl 2 

~q. AM7.3 

Eq. AMl 4 

Set 0L-O, Sp-SD-l, rE-~p-rD-O and define r-~p+rL' so that equations AMl.3-4 

simplify to: 

and 

and 

t-rp 

Ra ( t) -RL (t - r ) exp (-1 P ( t ' ) dt' ) 

) t-." 

t:-r p 

Rp (t)-Rr. (t-r) (l-exp( -1 pet' )dt' » 
t- T '. 

Rt, (t)-,8H(t)+IL 

Eq .AM7 . 3a 

Eq. AK7.4a 

, 1 
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Equations AM7.1 and AM7. 2a, 3a and 4a now specify' the simplified model 

~ 

Ste~dy States for the Simplified Model: 

where 

, 
* * * 6 p P -Rp - (PH + IL ) n.~xp ( -aP r L » 

P* .. (arL)-lln(p) 

H*-(arL r 1 (5p /5B )ln(p~/(p-l). 
o 

Eq. AM7,5 

Eq. AM7.6 

Eq. AM7.7 

Eq. ~7. 7 

\ 
Note siup.larity to Nichol~ôn-Bai1ey Model. The factor (6 p /6

a
) iS'''the only 

difference ~, 

.. ~. <" 
.- 'd~. 

" 

,d 

. , 

f:(. 

, .... 


