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A classical example of effectj-ve biological control is that of the

control of the cottony-cushion scale, Iceryq purchq¿i Þfaskell, by the

Coccinellid beetle, Rodoliq caldinalis and the Dipteran, tochaet

íceryae (-lrli11lston). In the present studyn experiments were conducted to
test the effectiveness of 3gþ!þ in the 1Íght of concepts generated by

theoretical studies of predator-prey i-nteractions, which suggesL that,
among other attributes, an effective prerlator should possess a high

searching efficlency and an abillty to exploit patches of prey

differentially in'relaLi-on to prey densiti.
A study of the changing nunbers of the scale and its natural enemies

on hlattle trees (,A,cacia U"ttgyalrê) over two years indicated that their
populations in Adelaide were extremely lor¿ l-hroughout the year excepL for a

brief period in the winter months (May to Septennber) with a peak ín
June/Ju1y. Rainfall and wind rlÍsturbances were probably responsible for
the declíne in the scale numbers after the June/July peak, when the natural
enemies r+ere vlrtually inactlve. Frorn the nonth of October, Rodolia became

very active in the field and, with the help of the green lacewing (Chrysopa

spp.) and the parasites (Crvptochaetum icerLae and EurvschÍa spp.), it
seeningly reduced the scale populations furtheru to 1eve1s so low that the

scale nunbers were able to attain their highest. numbers again only by June

of the following year. The role of natural enemies was further explored in
experiments in which natural enemies r,¡ere excluded from caged twigs on

Acacia bailevana trees on which cohorts of scales r+ere released once a

monÈh over a period of 12 nonths. The results indicated that the natural
enemies h'ere responsible for over 95,7" mortality of the scale populatj-on.

The lfeibull model and Manlyts model for analysing survival data were used

to describe trends in the survival-rate of the scales i-n each cohort. The

settling rate of crawlers appeared to be influenced by seasonal changes,

especially in thaL of temperature. It r+as not, however, affected by the

location of their host plants.
Fj.e1d experinents conducted to test the searching abillties of þþ!þ.

supported the hypothesis that Rodolia had the potentíal to find J-ts prey in
isolated patches. Within a fortnight of the release of crawlers of Icerva,
eggs and lst instar l-arvae of RodolÍa were noLlced in patches about 500 m

from the nearest known host plant of the scales and pre'surnably fron the

natural enemÍes of the scales al-so. A large proportlon of artlficlally
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generated patches of prey were discovered and destroyed before the scales

reached their reproducLlve stage.

Tn the laboratory, the searchíng behaviour of the beetle was studled

at different levels of prey organization i.ê"¡ the beetlers response to a

number of patches of different prey densities and also Lo prey in an

individual patch.

In a srnall searching arena (270 x 410 x 120 rnn), the beetle killed
more preyr laid nore eggs and spent more ti-me at patches of higher prey

densities, A1so, it killed prey and lald eggs ln a higher proporl-ion of
paLches of higher prey densiti-es.

The searching behavíour of the beetle was influenced by temperature

and starvatíon. At 30o C, an fnrlex of Activity which was measured as the

nunber of flÍghts per 5 nins r+as found to increase to a pealc with
starvation and later declined until death.

Atternpts to evaluate thc searching efficiency of the beetle led to the

opinion that earlier concepts of searching efficiency were biologically
unrealistÍc and nisleading because they were only concerned with the
process of aLlacking prey at a patch and they ignored the processes of a

predatorfs imnigration to and ernigration from a prey patch. The term
Itsearching efficiencyrr was therefore redefined as an overall response of a

predator to patches of prey and 1t was considered to be a function of three
distinct processes, viz. patch finding, attack rate and emigratÍ-on from a
prey patch. The new concept of searching effíciency evaluated a predatorrs
response to both BETWEEN and !ùITHIN patches. The concepl vras dependent on

a distinct.Íon between patches of prey thaL were VISïTED (but no prey krere

eaten and no eggs were laid) and those that v¡ere A'ffENDED (in which prey

were eaLen and eggs h¡ere lald).
Experiments rsith a sÍng1e predator r.¡ere conducted to evaluate this new

concept of searchlng efficiency. The results denonstrated that the presenl:

concept r.¡as more realistlc than those suggested in the literature on

predalion. Moreover, this method of evaluation of searching efficiency is
s1mp1e and does not involve complex mathematical and statistical
conputations. This new concept is expected to hpve vide applicability in
the fleld of applíed biological control because 1t may a1low the selectlon
of the nost effective predaLor by an experlrnental evaluation of different
potentlal- b1o-control candidates.
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A series of experiments conducted to test Rod_oliqrs response to patches of
different prey densÍties showed that, in all the different types of
searching arenas testecl, the beetle responded to spatlal heterogeneity ln
the distrlbution of prey by exploiting differenti-ally patches of different
prey densitfes. Besldes Á.TTENDING a higher proportlon of patches of hlgher
prey densitj-es, the beetle ki11ed more prey, laid aore eggs, and spent more

tine on patches of relatively high prey denslties. The estimates of
searching efflcj-ency of the beetle r+ere described by two parameters :- one

describecl its differentj-al response in patch selectlon, and the other

descrlbed iLs response to patches of lower prey densities.
Video equlpment was employed to study the behaviour of the beetle in

an individual patch. This nethod provided a detailed account of the

activities of the beetle within patches of different prey densi-ties. The

results showed that patches of lower prey densities were actually VISITED

more often than those of higher prey densities, whi-ch was Ínterpreted as

the beetlers greaLer persí-stence in searching for patches of lower prey

denslties. However, at patches of lor+er prey densities, a smaller
proporti-on of VISITS resulted in patches AT"IBNDED. The data gathered were

also in agreement with the general conclusi-ons of Optimal Foraging theory,
vIz. an optimal forager ought to forage and spend a greaLer proportion of
its foraging time in relatively mor'e profÍtable patches. The beetlers
searching behaviour in terms of patch tírne allocatíon appeared to follorr'
Hassell and Mayrs (1974) behavioural mode1. Greenrs (1984) rrassessment

rulerr appeared to explain the beetlers deci-sion to emigrat.e from a patch of
prey. The entire searching behaviour of the beetle r¿ithin a patch was

described by a conceptual mode1. The feeding behaviour of the beeLle could

be descrlbed in terms of Ho1lÍngrs (1966) nodel of the feeding cycle of a

nantid.
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GENER.ÂL. INTRqÐgCTI0N.

If a man will begln wíth uncertainties he shall end in doubts¡ but,

íf he will be cont,ent to begin r¿ith doubts, he shall end in
certai-nties.

-- Francis Bacon, The Advancement of Learning¡
Book l¿ Part v, Section B.

One of the rnost fundarnental and dífficult problems in ecology is the
quantification of the influence of natural enernies on Ëhe abundance of
anirnal populations (Kiritani and Dempster, L973; Readshaw, 1973). In
nature some animals are so numerous that they are given the status of
pests, rvhile others are so few that they go unnoticed. Successful
biological control programmes show that rnany species of insects can be kept
at extremely low levels of abundance by their natural enemies. In fact,
the hlstory of biological control of insect,s until 1974 indicates that a

total of. 223 species of insects were subjected to biological control
through the importation of natural enemies; of this total, 42 species were

complelely controlled and some degree of success was noted with another 120

species (DeBach, 1974). More recently, Hal1 et al. (1980) evaluated the
rate of success ln classical biol-ogical control of arthropods from data

provlded by Clausen (1978) and found thatrr... there were no significant
differences beLween the raLes of success within the following categories :

predators vs. parasites, islands vs. non-islands, and exotic natural
enemÍes of natj-ve vs. exotlc pest species.rr.

Even though the reasons for Lhe success of some biologÍcal control
programmes and the failure of others are not well understood (Beddington et
â1.¡ 1978), there is a general consencus among theoreti-cal and applied
ent,omologists about some of the necessary attrlbutes of an efficÍent
biological control agent (see van Lenteren, 1980 for review). Hassell
(1978b), on the basls of theoretical studies of predator-prey inLeraction,
recommends - rtOther things being equa1, an ideal'parasltoid for biological
control in a perennial crop system emerges as one with a high search rate
and a marked abllity to aggregate in paLches of high host density.rr.
Beddington et al. (1978), conslderlng l-he paLchy distribution of hosts,
suggest that parasl-toids that can make good control agents should possess.

high aggregative responses to host patches, high powers of dispersal
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between patches and high searching efficiencies. Applled ent.omologists

also agree that a hlgh searching capacity is the foremost attribute to be

possessed by an ideal biological- control agent (Fl.anders, l9l+7; Doutt,
1964a; DeBach, 1974). This is because, in naturer prel populations are

distributed in patches of varylng sizes often spread far apart i.ê.¡
spatial heterogeneity is conmon. In fact, it has been suggesLed that
tt..o..spatial het,erogenej-ty, the patchy distribution of the host and the
differentlal exploitation of these patches by the parasitoids provide'the
key in most cases of successful bioLogical control....tt ( Beddingt,on et al.
1978 ). '

Fornrerly it was believed thaL predators searched for their prey aL

random but now there j-s conslderable evidence to indicate that predators do

not necessarily search for their prey at random and that parasitoids
especially are attracted to their hosLrs sex pheromones (Mitchel and Mau,

1971 and Sternlicht, 1973 ) or to prey-si1lc and associated faeces (Hislop

and Prokopy, 1981) or to the host planLs themselves (Read et a1., 1970) or

even to changes in the host plants brought about by the pest (Arthur, 1966;

Camours and Payne, L972).

Such directed searching behaviour should enhance the aggregative

responses of predators to patches of high prey density. There are numerous

exarnples of parasltoids and predators spending more t.ime searching in areas

of high prey density and Hassell (1978b) argues that rrPrudent predaLors

will spend nore of their searching time where prey are aburrdanL rather than

scarce and hence be at a considerable selective advantage.rr. A positive
relationship has also been found beLween the numbers of eggs laid and prey

density (Clarke, 1963; Wratten, 1973).

An efficient natural enemy should thus possess a marked abiliry to
aggregate in patches of high prey densÍl-y. rrThe high search rate promoles

Low equllibrium host populations and the aggregat.Í-on is neccessary for this
equilibrium to be st.ab1e. Such characteristics, it is argued, are likely
to be most pronounced among relatlvely specific rather than polyphagous

speciesrr (Hasse11, 1978). .

Therefore, among other things, an ideal predator should possess (a) a

hlgh searching efficiency, and (b) an abillty Eo dlstinguish between¡ and

differentially respond to, patches of different prey density.
About a century back, in Californla, the cottony-cushlon scale, Icerva

purchasi Maskell (Homoptera : Margarodidae), \,¿as brought under successful
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biological control by the vedalia beet.le, Rodolia cardinalis (Mulsant)
(Coleoptera : Coccinellidae). This was the first outstanding and nor,r a

classical exarnple of biological control in the entomologÍcal literature.
To quote DeBach (I974) rrThis project established the biological control
method like a shot heard around the world.rr. Between 1889 and 1958

Rodolia- has been introduced into 57 different countries, ranging from

temperale or desert Eo tropical climates. 0f these 57 altempts, 55 have

been reported as producing successful establishment and good control
(Bartlett, 1978). Hal1 et a1. (1980) founcl t-hat natural enemies introducecl
againsL Hornoptera'had the highest rate of success, and Rodolia was

responsible for rtan inordinate number of complet.e successestt. They also
point out that. rrone must be cautious when rnaking generalizations abouL the
raLes of success without considering the ímpact of R. cardinalis on such

rates. lt .

The two organisms are believed to be natives of Australia
(Maskell,1887 (letter published ín Pacific Rural Press, May 7, 1887);
DeBach, L974; Bartlett, 1978) fron where the scale was accidently
j.ntroduced into CalifornÍa in 1868 (Doult, I964a)" In AusLralÍa, the scale
has never achieved the status of a pest, except for occasional patchy
outbrealcs follorving injrrdicious peslicide use. Rodolia cardinalis and a

parasite, Chrvptoch4etum _iceæ- Williston (Diptera 3 Agrorn¡'zidae) are
believed to be responsible for the obscure occurrence of the scale in
AusLralia, though the forner is thought to play the najor role.

The apparent natural control of the scale in AusLralia and its
successful biological control in many countries, have earned Rodolia
cardinalís the reputation of a hígh1y efficient and effective natural enemy

fn the entomological literaLure.
hlith thls background information, a number of critical quesLions can

be posed aboul- the abundance of the scale and its natural enenies fn
Australia. hlhy is an organisrn that can achieve the status of a serious
pest overseas relatlvely rare in Australla? fs iL that the natural enemies

are j-ndeed, highly efficlent in keeplng the scale population very low? And

if they are so efflcient as appears to have been shown by their successful
introductlons to many countries, do they possess Ehe attributes of an Ídeal
natural enemy that have been enumerated by theoretical and applied studies
of predator-p¡:ey interactÍon?

Rod"Ug cardínalis, the nost popular cholce for biological control
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overseas, was selected for study. The investigations reported, hereln,
concentrated on the follorring :

(1) The population dynanics of the scale and its natural enenies.
(2) The role of Rodglig. in prey-patch dynamics.

(3) The ability of the beetle to differentially exploit
prey-patches in relation to prey density.

(4) ,q study of the prey finding abilities of Rodol.e., which led
neccessarily to the quantification of its searching
efflciency.

(5) A novel concept of searching efficlency of predators is
proposed because the earlier concepts r{rere found to be biologically
unrealístic.

(6) The ?roptÍrnal foraglngrr behaviour of the beetle.
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rHB rcEtsr4 - B0mlra sEsl.H{

Books must follow sciences,

and noL sciences books.

Francis Bacon.

2.1. A CLÂSSICAL EXAI.IPIJ OF BIOLæICÁL CONIT.OL - EIST1ORY

The history of the biological control of Icerya j-n California is
described by DeBach (197h), and a summary of DeBachts account is given

be1ow.

The cottony-cushÍon sca1e, Ïcerva purchas{, was accidenLly introduced
into California ín 1868 from Australia (Doutt, 196/+b) and in the absence of
any natural check ít became very abundant, especially on citrus crops. By

1887 the scale ínfestations had become so massive that the local infant.
citrus indusLry, \{as on the verge of a total collapse.

The Convention of Fruit Growers meeting in Riverside, Californla in
April 1887, invited as their principal speaker Charles Valentine Riley,
Chief of the DivÍsion of Entomology of the federal governnenL, to r.¡hom the

citrus grorúers looked to provide a remedy. Ríley suggested the

introduction of naLural enemies of the scale, and the convention adopted a

resolution favouring the idea (PacÍfic Rural Press, January 7, 1888).

In the meantime, I,ü.G. Klee, the State ïnspector of the Fruit Pests,

had been comesponding with hI.M. Maskell in New Zealand and Frazer Crawford

in Australia about the possi-ble place of origin of the sca1e. ïn the May

7, 1BB7 issue of the Pacifíc Rural Press a let.ter, from Maskell to Klee,

was published ín which Maskell positively stated that the scale was a

native of Aust.ralia. In the beginning, Riley was skeptical of Maskellfs
clairn but in the March 4, 1888 issue of Pacific Rural Press he wrote that
the view of lcerya being a naLlve of Australia was probably true.

After some persuasion, the State Department agreed to bear the expense

of sendlng an entomologist to AusLralia in search of natural enemies of the

scale. Riley selected Alfred Koebele for the purpose. On August 25, 1888'

Koebel-e salled for AusLralia where he began his mission, He was not able
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to find any natural enemles of the scale in Sydney and Melbourne so he came

to Adelaide. From Âdelaide he first sent a tolal of approxi-nately 12r000

indlviduals of Cr tochaetum but relatively 1itt1e attention rvas paid to
his discovery of vedalia feecling on scales in a north Adelaíde garden on

October 15, 1888" I{owever, between November 1888 and January 1BB9r Koebele

sent three consignrnents of a Lotal of L29 specinens of vedalia" \dhen

received in Calj-fornia, these were placed under a tent on an

Icerva:infested orange tree where they were allowed to breed, and by early

April 1889, nearly all the scales on the enclosed trees had been destroyed.

Accordingly, on the 12th of AprÍl, one side of the tenL was removed, and

the Coccinellids hrere permitted to spread to the adjoining trees. Later,

the beetles were also dibtribuLed to various parts of the state" By 12th

June that year, 101555 of these Coccinellids had been distributed to 228

different orchardísts and in nearly every Ínstance the colonizing of these

beetles proved successful. The further feports were only tales of
successes, and vedalia r+as hailed as a miracle of enÈomology" The cost of
the projecL was about $ 11500. The shipment of oranges from Los Angeles

County junped in one year frorn 700 to 21000 cars (Doutt, 1964b).

Since then many biologícal control projects have been undertaken all
over the world, and nany have been equally successful but none has been so

dramatíc, with public involvement. It has remained an outstanding project

in biologlcal control and an inportant mllestone in applied entomology

(Doutt, 1964b).

Soon after vedalia was successfully establi-shed ln California,
attempts were made to l-ransfer it to other countrfes r+here the scale rùas a

problem. The beetle was introduced into Hawaii in 1890, into the Cape

province in 1892, and into Europe in 1897. Between 1899 and 1958, vedalia

was introduced into 57 different countries, ranging from temperate or

desert to tropical clinates. In 55 of these countries good control of the

scale was achieved. In some colder areas, however, repeated releases were

necessary where vedalia night have been eliminated because of severe

winters (Bartlett, Lg78). .
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2.2 TIW CTITTûNï-CUSHLqU" SÇ/TJ^E, JSeæ. purchi:si"

2 "2.1 GTOGRfTFHf CÀL DISTïìïBII'IIOW

-f cegS. pu.rchasi is now cosnopolitan in distribution, invading all the
six conti-nents of the v¡orld. Its distribution lies between latitucles 45 N

and 45 S. hlithin Australia, it is presenL in all the eastern sLates
(Queensland, New South \Iales, Victorla and Tasmania) and South Australia in
varyi-ng numbers (Con:rnonwealth Institut-e of Entomology, Distribution Maps of
Insect Pests, Series Á,, Map No. 51). In South Australia, the di-stribution
of the scale extends frorn the col-der, humid coastal areas Lo the relatively
hot and dry inter:Íors, thciugh iL is not corilnon.

2"2.2 TAXOI'TOÞtrC STATUS

The genus _Itæ. belongs to the Order l{emiptera, Sub-Order Homoptera,

Super-Family Coccoídea, Family Margaroclidae and Tri-be Ïceryini. It is
represented by a nurnber of species (Âppendix Table 1) r,rhose geographic

distributions vary widely. 0f all the species, f, ruLc.has Ís the most

popular and widely dlstributerl. An lllustrated redescription of I.
purchasi v¡as recently publíshecl by Ilowell and Beshear (1981).

2.2.3 BIOIIIGY OI Icerya purctrasi

Since'1887 the bíology of the scale has been extensively studied in
CalÍfornia and other parLs of the world. Quezada and DeBach (1973) provicle

an account of the work done on this species up Lo Lhen" Unfortunately, in
,{ustralia, not much rvorlc has been done, perhaps because the scale has never

been a pesL. More recently, however, Heap (1980) conducted a short study

of the biology of the scale in Aclelaide, South Âustralia.

2.2.3. 1 }IERMAPHRODITES

The so-called fenales of the scale are only protandric herrnaphrodites

capable of self-fertilizat-íon and reproducing hermaphrodite progeny.

Unfertilized haploid eggs become rnales, which are alale and uncommon

(llughes-Schrader, 1930; Quezada and DeBach, I973)n However, Howell and

Beshear (1981) believe l-hat. true males are produced by cross-fertilization
of hermaphrodites by ma1es.

The nnture female scale is 5 to 6 nm long and is covered wj-th wax

whlch projects frorn the sídes of its body as long filarnents (Fig. 2.I).



Fip-" ?. I
Photograph of the 2nd (a) and 3rd (b) instar, and the aclult-

scales (both rt¡j-houl- ovisac (c) and with ovisac. (cl)); the
pupa (e) and the aclult (f ) of !o¿q!:S.; and rhe parasirized
scales showing emergence holes of the escaped parasil-es (g).

(Scal-e : ;Zmn _¡ ) "
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The eggs are 1aíd ín a white lorigitudinal.ly grooved ovi-sac (characteri-stic

of this species) rvhich ltfts the hj-nd end of the body of the scale. ¡\ full
grorr¡n female wi-Lli the ovisac may be as long as 10 to 12 nrn. Estirnates of

the fecundity of the scale vary w-idely, but between 600 to 800 eggs are

procluced over 2l-o 3 monl-hs. The eggs are elongaLe, ova1, pinlc, and

smooth" Up to 76 % of. the eggs hal-ch to produce crawlers (Quezada and

DeBach, L973). Fo11oi+ing hatcÏrÍ-ng, the life cycle of the scal-e has four

distinct stages" Several good descriptions of the morphological

characlerist.ics of each stage exist (Gossard, 1901; Bodenheimer, 1951).

The crawlers are reddish with black iegs and antennae, and are less

tharr 0.5 rnm in length (Fig. 2"2^). This is the only truely motile phase in
the life of the scalen The crawlers remain mobile for a ferr days during

which they wanrler to the apical areas of l-¡ranches. During this periocl, the

crar*'1ers passively disperse on the v'ind. 0n1y 65out 50 % of the cratulers

are able to settle on their host planLs and attain further devel.opnenL

(Quezada and DeBacll, L973)" The cr¿rr¡lers, which settle mostly along the

leaf veins and twigs, become covered by yellowish-whÍte wax plates shortly

after setLling, The insect remains in thj-s stage f.or 2 Lo 3 t*eeks after
rshich it noults. The second instar nymph is 1.5 rnm 1ong, reddish-brorrn in
colour, with black antennae and Legs (Fig. 2.L)" This nyrnph settles at a

short distance from its cast skin. It starls feeding agaÍu, becomes

covered wÍth wax plates, and gradually becornes more brownish in colour.

After 2 to 3 weeks, it moults into the next stage. The third instar nyrnph

is al-so reddish-brown and about 4 mm long (Fig" 2.L). The hairs on its
integument, ruhich are very sna1l in the previous stages, become larger,
darker and stout and they are grouped in tufts" This instar lasts belween

2 to 3 weeks and moul-ts to becorne the adulL (Fig. 2.1).

2.2"3.2 MALES

The second instar scales which are destined to become the wínged

males become larger and more elongate as they reach moulting. There is a

clear dimorphism in the third instar stage betwçen the would-be

hermaphrodites and the ma1es. The third j-nstar male nymphs are about 5 nm

Long. They move to sheltered places rshere they spin rshlte cocoons with a

cottony secretion. The cocoons appear as elongated, whlte, fluffy cotLon

balls, from whlch the adults emerge in 2 to 3 rveeks. The adult male is
about 0.5 cm long, slow moving and has a pair of well developed and



\íe' 2'2
(A) The,adult scale vriLh ovisac, Lhe newly emerged

crar,¡lers, ernd t_ire recldj.sh oval eggs of &gtpllf"

(B) The ist, 2'd, 3rd, ancl 4th i'st_ar l.arvae of Roclolia,
Írrc1-ucling thc 4th inst.ar whi_ch j-s aboui- to pupate"

(C) The aclult male of l.:..:ryÈ, which is wi.ngecl.

(Scale : t_.1__ml_1 )
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functional r+ings (Fig. 2"2C).

The l.ife cycle of the scale in Rive::side, California ranges fron 96

days in t.he summer to 144 days in the winl-er and there are 3 gener:atj.ons in
a year (Qrrezada and DeBach, 7973). À11 insLars of the scale produce

honeydet^r rvhich aLtracts anLs, flies and bees.

2.2"4 l{Off PIÁNqE QF Igeryq_LuÉas_!
I._p3r,rchas.i is highly polyphagous in habit. The list of host plants

which are infested by the scale is very large (see Gossard, 1901;

Bodenheirner, 1951.; Subramanium, 1954-55). fn Adelaide, South Australia, I
have found the scale feeding on over a dozen planl- species (rlppendi-x

Table 2). The scales are more common on Acacias than on Citrus, and they

do beLter on lemons than on oranges.

2.2.5. N/-ITURAL ENBÞ{Y CGMPLEX

-&e¡fa._¿urylrasi. is attacked by a number of natural enemies (Appendix

Table 3), but. Lhe most irnportant are a Coccinellid predator Rodolia

cardinalís and a Dipteran, t¡¡pfq.tr-aet.tg i-gSgag.. The two have been

exLensively used in biological control programmes and are of special
significance in biological control, noL only because of their effective¡ress

but also bêcause they presenL a very good exanple in support of the concept

of fnultiple introductíonr of natural enemies for the control of a pest

species (Quezada and DeBach, I973)o In California, though the distribution
of Rgdql:lg exLends along with that of the scale, the beetle remains

dorninant all year in the \{arner desert areas of the sl-ate. In the cooler
coastal regions Crfplq_chagLus is domÍnant, and vedalia is common only
during the summer months. In the areas in between, however, vedalia exisLs

alongside bptocttre!.tq (Quezada and Debach, 1973), and the truo organisms

appéar to share the responsibÍlity of keeping the scale population within
an appreciable densi.ty.

It would be interesting to compare the. above findings with similar
data collected from Australia, the home counLry.of these organisms (Quezada

and DeBach, 1973). Such a study has never been conducted. The geographic

location and the climate of California are very slmilar to those of South

Australia, so a similar dist.rlbution paLtern of the scale and lts natural
enemies rnay be expected here. Indeed, the classical success of Rodolia in
California, about a century ago, may be attributed to it being inLroduced
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into an environment very slrnílar to that of its endemic habitat.
An Äphelinid parasite, EuryschLi-a spp, (Fig. 2.3) and the Green Lace

trrling, lfrulg. spp. were also found to attack the scale to a consiclerable

degree. Ilowever, the pre.senL study rr¡as restricted mainly to l-he

interaction of lcerla and Rodolia., and detailed infornalion about natural
enemies is restricted to that of Roclolia"

2.3. IEq YEpl\tIé.IWÃ, Ro.do]-ia cardinalis

2.3.L. TAXOH0ÞfIC STATüS 0F Rodolia

The genus llodo.lia. (Fj-g. 2.1) belongs to the Order Col.eoptera,

Sub-Order Polyphaga, Super Family, Cucojoidea, Section Clavicornía, Fanily
Coccinellidae, Sub-Fanily Cocc1ne11ina, Tribe Noviiní. It contains a

nunber of other species ranging through Asia, Australia and Afrj-ca, which

feed on monophlebine insects (Bartlett, 1978). 0f these the vedalia
beeLle, RodoliA cardinalis renains the rnost effective as a cont,rol agent

due to reâsons presenLed earlier.

2.3.2" BrOlglJ OF Rodolia cardinalis
The biology of vedalia has also been extensively studied overseas

(Coquillett, 1889; Kurvana, 1922i Bodenheimer, 1951; Priore, 1963; Quezada

and DeBach, L973; Matsulca and hlatanabe, 1980). In ÂustralÍa, such a study
has not been undertalcen.

After a pre-oviposiLion period of 2 to 3 days, the adulf female

deposits her eggs on, under or close Lo the scales (Fig. 2.2A). The eggs

are oval, red 1n col-our and about a mm long. llhen deposited on the white
ovisac of the sca1e, they are very conspicuous. À single female may 1ay

800 to 11000 eggs although the average is usually about 300 (Bartlett,
L978). Eggs are laid on any stage of the scale, with the exception of
crawlers, and the laying of nore than one êgg per scale is com¡non. More

than 12 eggs per scale has been recorded. Quezada and DeBach (1973) report
a dally oviposition of one to 14 eggs, though I have found upto 52 eggs

laid per day. The eggs hat,ch in 2 to 9 days in the open and the larvae
starL feeding on the scal-e on or under which the eggs were deposited.

There are four larval instars which have been well described by

Coqu11let (1889) and Priore (1963) (Fie. 2.28). The larvae are dark



IH* 2"3

Eurysschia spp., the IìyrnenopLeran parasitoid of
r¿-il-h l-r¡o seconcl :lnstar scales"

I nrn ).
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orange-red, covered hritlì transverse rows of dark brot¡n warts surmounted

wj-th ¡shite bristles. The fu11 groÍrn larva is cot'ered rvith a greyish

povder" For pupation, the full- gro\ün larvae attaches it.se-Lf to leaves or

barlc by Lhe pygidiun and undergoes transfornatj.on into the llupa. The pupal

skín spl.its longitudinally in a characteristic rnanner and the adult ernerges

in about a r¡eekts time. The newly emerged aclu1t Í-s brÍghL red in colour

and gradually changes to dark red r¿ith the charatteristic black spots on

the elytra. The adult measures slight,ly over 3 mm in length an<l is
somewhat variable in size, some being very rnuch smaller (Fig" 2.L)" The

head, central portion of the thorax, a broad strí.pe down the centre of the

wing covers, and a c-like mark on the hind nargin are black in colour,
whí1e Lhe rest of the dorsal surface i-s bright red" The black narkings

are, horuever, very variatrle. Some specimens may have no black urarkings on

the elytra, some only the median stripe dorun the back and a spot on either
side, while in others the elytra are more blaclc than red (Froggatt, 1902) 

"

The duration of the life stages is tenperature dependent an<l varies

from season to season. The stage most prolonged during winter is the pupal

stage. At 250C the average developmental period (egg" to adult) r,¡as 19"7

days and the adult 1-ife span was 29.4 days (lulatsulca and l.latanabe, 1980).

2.3 "3. SH( DTFTJETTENTIATTON

Sex can only be del-ermined witli some difficulty in coccinellids" In
general, Rodglia ruales are smaller than females, but the sexes can be

differenLiated with greater confídence by the sl-rucLu::al differences of the

lasL abdominal sterniLe wh-ich is emarginated to a differenL degree aL the

middle of the hì.nd margin in the males than in females. Matsuka and

tr^latanabe (1980) provide figures r"hich are useful in sexing adults.

2.3.4. PRET SPECIFICTTY

There are conflicLing reports regarding the prey specificity of
RodoU-a. It is known to atLack nunerous members of the genus Ice_rla and

sone other l4onophlebini (Bartlett, 1978). In F¡ance, it feeds on the eggs

but not the other sl-ages of Guerinella selletulae F. (Balachowsky, 1932);

whereas ín Japan Kuwana (L922) reports that it aLtacks DrosÍ.cha corpulenta

(Kuw. ) in addition to other -I..rya.. Vedalia has also been used ín the

successful control of llgryq sevchellarum, I. .glÈiaqA' I.
nontserranLenqis, and T. palLeri (Bartlett, L97B). Hornlever, in California
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Roclolia Ís virtually monophagous on I" I[qgþ€i (Cressman and Dunest-re,

1930; Quezada and DeBach, 1973). There are no such reports fro¡n Âustralia
and I have not noticed vedalla feerling on any other insecL oLher than

cottony-cushion scale. The high prey-specifícity of the beetle 1eads, at
Limes, to its local extinction due to l¿.rck of prey.

2.3.5. PREr_ CONSru.
Cressman and Dumestre (1930) conducted intensive studies on the

feeding rate of Rod_o1iq adult-s and found that it was a function of
temperature, agee seasonal change and sex. Tenperature had an inrl:i.rect,

effect through the response to Lhermal change of activil-ies rvhich conclitíou

feeding. The quantity of food consurneci rvas the lor¡est during the first
tenLh of the adult life span, rose to a maximum during the thlrd and then

showecl a slight decrease.

Matsuka and hlatanabe (1980) studied l-he voracity of different 1arva1

instars of þþlls on first instar crarslers of Icery_q. They found that the

fourth instar larva was the most voracíous larvaI stage for it consumed

about B0 % of the prey eaten duri-ng the whole 1arva1 period. However,

cornpared to adulL scales, the crawlers were not necessarily the best prey

for the arlult beetles.

2.3.6. BFFECT OF IIOST PLAJSTS ON ITIE ITFTTTCACY OF NATIIR.AL E}{EX.îIBS

Host plants can have adverse effecl-s on the insects that feed upon

them but there are very few instances r:eported in ruhich the effecLiveness

of the natural enemies of herbivorous insects is influenced by the host

plants upon which the herbivores feed.

Quez-ada and DeBach (1973) report that both Lhe scale and j-ts natural
enemÍes do very well on Pitlosporum tgbj=ra but they were convinced that
ïcerva was j.mmune to attack by Rodolia_ when the forner developed on

Cocculus laurifolius Acel oblongum or Sp4rtium jrlceqq. Poutiers ( 1930)

found that allcaloids such as spartein and a yellow pigment genestei.n, from

SpartÍum iuceum and ten:þqe aethneu_ris respectively, were responsible for
the unpalatability of lcerya to Rodolia. Quezada and DeBach (1973) believe
that oLher alkaloíds may be responsíb1e for preventÍng vedalÍa from

reproducing on Cocculus

Menispermaceae.

l-aur lius and other plants in the
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2.3U7 " ATNUBUTIIS AS AI{ EFTECTT.VE T{ITT]{JENL ENFX.T

The follovring are some of the at.tributes r,¡hich have enahled Rodolia

cardinali-s Lo nainlain its reputatiorf as a highly efficient naLural enemy.

(1) It has the ability Lo find isolated smal1 colonies of the scale i.êne

i-t has a high searching capacity. Also, the beetle di-sperses after
almost compleLely destroying the scale colony (Coquil1ett, 1BB9;

Kuwana, 1922; Bodenheimer, 1951; Quayle, 1938; Bart-.lett and Lagace,

1960; Priore, 1963; Quezada and DeBach, 1973 and others).
(2) It is relatively prey-specific (see 2.3"4).
(3) It has the abí11Ly to increase rapidly in nuu:be::s relative to thaL of

the prey (Coquillett, 1889; Bodenheímer, 1934)"

(4) It has a wide clínatic tolerarlce, though it does better in ruarmer

areas. Hoivever, reports of its failure do exist (Kaussari, 1946) and
' there have been instances of the need of suppleruentalion by other

natural enenies for effective control of Ï.etv^_ (BenneLL and Hughes,

lese).
(5) It has no natural enemies in CalÍfornia (Coquillett, 1BB9; Quayle,

1938; Quezada and Deilach, 1973). However, Subramaltyam (1950) reporLs

upto 100 % parasíLization of 391þ!þ larvae in India by ITomalotylus

flaminius (Dalman).

(6) It av<¡ids eating scales which are parasit.ized by Crvptochaeturn

ice_ryaq, thus not interfering with other natural enenies of the scale
(Quezada and DeBach, 1973).

2.4. CLrÞfÂTE OF A_DELATDET SOIruH /TUSTRALIÄ,

Adelaide is normally mild in the wi-nter months and rvarm in the summer.

Extreme cold is never experiencecl because the Southern Ocean effectively
protects the state fron the cold polar air nasses. Occasionally, however,

durÍng the summer months, the very hot continental air masses drift down

from the north and several days of unpleasenlly hot weather result.
Adelaide receives a mean annual rainfall of about 459 mm (for average

meLeorological data see Âppendix Table 4).





CHAPTER 3

GENERÁL MATERTATS Aì{D METTIOI}S

Be not the first by ruhom Lhe nerv are tried,

Nor yeL the last to lay the o1d aside.

-- Alexander Pope"

The cottony-cushion scale has a wide range of host planLs (Appendíx

Table 2) and it can be easily cultured on potted plants, or in cages on

naturally grorying trees, or on butLernut pumpkins.

Because both fcella and Rodo.'l-Lq are uncommon in the field in
Auslralla, a corrtinuous culture of both the organisms was maintained to
satisfy the dernand of insects for experiments. A stock culture and a

laboratory culture were maintained in the field and in the insectary,
respectively; and these two cultures \¡/ere complementary Lo each other.

3.1 CUI.TURE OF SCAT,ES

3.1"1 STOCK CULTTIRE OF TTIB SCALBS

The stock culture of the scale was maintained on 2 m hÍgh naturally
growing Lrees of Acecia baile_vana. Crawlers were released into plastic
cages (Fig.3.1) fitted to twigs on the trees. After /+ days, when the

crawlers had setLled down, the plastic cages rvere replaced by larger
polyester voile sleeve cages (Fig. 3.1). The scales were allowed to
develop in these cages till they becane adults and started pr:oducing

crawlers. These adults were collected when needed for the culture of
Rodolia or fo:: the collection of crawlers. Ten lots of sirnilar releases

were made every forLnight.

3.T.2 I-AWITÂTIORY flILruRE OF SCALES

Rearing lcerva on either potted plants, naturally growing trees, or

butternut pumpkins involves using relatively large amounts of plant
material and so was cumbersome for experimental work, especially when there

was need to study the individual scales and also to manipulale their
densities. The sedentary nature of the scales further aggravated the

rearing problem when scales needed to be transferred from one place to



Sg"" 3" I
The perspex cages (A), and the polyester voile cages (B)
fixed on an AqeS]" balblqna tree for stock culture of
the scales:,,
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another. So a leaf-disc method with citrus leaves r.¡as developed which was

extremely useful for experiments in whích a large number of replicates were

requireil , where space was limited, and r¡here there was need Lo lnove scales
from one place to another. Leaf-disc methods have l¡een userl for the
crtlture of a number of homopterans, e,g" Brasqiç.a for aphlds (Johnson and

Birks, 1960; Hughes and hioolcock, 1965), eucalyptus for rearJ-ng psyllids
(White, 1968), ancl citrus for rearing red-scales (h/i1lard, 1976).

(A) TI{E LEAF-DISC PREY CULTURB SYSTBM

The leaf-disc culture sysl-em consisted of culture uniLs (CU) and float
valve uni-ts (FVU) all interconnected by means of clear vinyl tubing to a

reservoir of distilled water (Fig, 3.2^). The units were arranged on

shelves in an insectary room after l-he shelves were iniLially set
horizontal by means of a spirit level. The 1eve11ing of the shelves rr¡as

essential for the proper functioning of the system and for mainLaining Lhe

same water level in all the units on a shelf. Each shelf had a separate
FVU r.'hich !/as connected to the reservoir through the float valve on the one

sicle and to the culLure units on the other.
Each culture unit (CU) (Fig. 3.28) was capable of supporting 12 citrus

leaf-discs, each 50 mm in diameter. Its body compr-ised a clear plastic
contaj-ner (Deðorl, clearseal-254i 265xI95x65 nm), to the top of which v¡as

stuck a sheet of clear acrylic plastic (Perspex, 285x2L5x3 nm) r+ith trçelve
50.8 mm dia holes in three ror'¡s of four. A sub-unit for supportÍng a

single leaf-disc was inserted into each hole. Each sub-unit consisted of
two clear acryli-c pharmaceutical via1s, one placed inside another. The

larger vial (70.9 ml) had two B rnm dia holes on opposite sides towards the
base on the wa11s to allow entry of water. A smaller vial (21.3 m1), whose

base had been removed, was sLuck into the larger vial. The snall vial
supported a circular piece of wire rnesh (16 gauge, 18 mesh, 50 rnm dia)
which helped Lo prevent the edges of the leaf-disc from curling and kepL it
in position. The sub-units were lowered into the large plastic container

1 (Decor; manufactured by Brian Davis & Co. pty. Ltd.r Australia)



r!r.t 
-3-t-?
(1^) The leaf-=,disr: iirsect cu.1Lurr,: sirstcm asseriibled ori t-.lie

sheh'es irr an insec.tary cu'oicl-e

(B) A part- of Lhr: leaf-clisc insecL culLure systern compr-:i.sing

a floal- valve un:Lt (FVU) and a cultu.re un-it (CU), shoiring
their -inLernal sLruc'.l-u::e.

(C) The specially designerl puuch used for: cutl-ing 5.08 cm

dia citrus leaf-discs.
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through the holes on the acrylic sheet and were sLuclc in position by
g1ue2. The front end of the CU had trvo holes, orìe (5 nro dia) towards t.he
base for drainage, otherwise plugged with a rubber stopper, and another (6
mm dia) towards the top inLo r+hich rvas glued a small plastic tube (30x5 mm

dia). To this tube was fittecl a plastic T-control valve of the sort used
in aquariums. Through a hole on the top of Lhe CU r,'as fj-tted a srnall
fuunell (35 mm dia) which assisted in manually naintaining the desired
waLer 1evel when the uni-l-s were bej-ng used independently of the system.

The purpose of the floaL-va1ve uniL (FVU) (Fig.3.28) was to regulaLe
the leve1 of tvater in all the culture units on a she1f. Each FVU consisted.
of a clear plastic container (Decorl, clearseal-253; 265xI95xI0O nrm), into
which is fittecl a float valve (Ballcock, ttphilnactt, BO nm proylene) on one
side. The float valve was connecterl to the reservoir by means of clear
vinyl tubing. 0n the opposite side, in the centre about 20 mm from the
base, a plastic T-control valve was fitted in a manner similar to that of
the CU. Normally this unit rernained covered by its 1id, but it could be

opened to adjust the water level, which was done by bending the stem of the
ballcock. Once adjusted, the water 1evel did not need furt-her attention
unless disturbed. The FVU was placed on a plaLform, 35 mn high, j-n order
to raise Lhe level of water in the FVU to the CU.

The reservoj.r was a 4 lit.re plastic container kepL at a 1evel of about
50 crn above the topmost shelf of the culture units (Fig. 3.ZA). One end of
a vinyl tube was inserl-ed into the container through a hole in its screw
cap' vrhile its other end connected to all the FVU by means of three-way
connectors. Fron the reservoir, water flowed through the system by siphon
action. Therefore, the portion of the tube in the container had to be
freed of air bubbles each tirne an empty reservoir was replaced by another
reservoir ful1 of water. In the present set-up, distilled waLer was used
but nutrients could also be added if necessary.

Since waEer remai-ns stagnant in the sysLern, with the passage of tirne,
there was development of algae in t-he CIJs. Every few weeks the CUs were
cleaned by immersing them in a tank of | % sodiun hypochloriLe solution

1. (Deoor¡ manufactured by Brian Davis & Co. Fty. Ltd", Australia)
2. (rPs vÍeldon # 16, rnanufacLured by rndustrial polyctrern-icals service (rps), California, u.s.À.)
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for I-2 days and then rinsing with \ùaLer.

By the help of a specially rlesigned punch (ffg. 3"2C), large numbers

of leaf-discs could be produced v¡itlì ease. The citrus leaves used for
making leaf-disc-s were collected from lemon trees in Lhe experirnental
orchard of the institut-e"

The above system was very versatile. Not only could the individual
CUs be dismant.led and moved according l-o the neecls of a particular
experimenL (e.g., keep in consLant temperature cabinets), but also the
individual leaf-discs could be rnoverl without. disturblng the sessíle scale
insects. The systern did not need constant attention because the level of
water v¡as automatically regulated in all the CUs by the FVUs, and an empty

reservoir needed to be replaced wit.h a fu1l one only once a r,¡eek or so.
I^/ith minor rnodifications (depending on the width of leaves and the

insect under study) the above apparal-us could be used for the cul.ture of a

number of insects, such as scales, psyllids and aphids"

(B) CULTURE OF SCÁLES USING LEAF_DISC MBTHOD

The floating leaf-disc culture system, described in section 3.1.2(A),
was employed to culture scal-es for use in experiments. Gravid adults were

collected from the stock culture in crawler emergence cages (CEC)

(Fig. 3.34). Each crawler emergence cage (cEC) was rnade of a 7o.7 nr
plaslic vial r+hose base was removed and replaced with polyesLer voile. The

CECs r+ith adult scales were placed in the insectary below a light source.
The crar+lers gathered t,or,¡ards the roof of each CBC from where they could be

collected by tapping into a petri dish. They could then be counterl and

placed in índividual plast.ic tubes by means of a camel hair brush (Fig.
3.38). These crawlers could be introduced into the field or the laboraLory
culture íLself, afLer an initial starvation of 24 h.

Twice a rveek, on Mondays and Fridays, an average of 50 crawlers per

leaf-disc were released in two of the units of the culture system (i.". 24

leaf-discs). After releasing the crarulers, each unit h¡as covered with an

i-nverted plastíc container (Decor, clearseaL 254"1 265r195x100 mm), the
bottom of which had been removed and replaced by polyester voile sLuck with
hleldon glue. This container was, in turn, covered by a pÍece of black
cloth. The resultanL darkening of the ttarenatt enhanced the percentage of
crar^'lers that successfully settled on the leaf-discs. lrlithout it, a large
proportion of the crat,rlers would drown in the film of water around the



Lrg.3"3
(A) Four crar¿ler emergence cages (CECs).

(B) Plastic t-ube,s in r'¡hich crar¿lers r¡ere¡ collecf-ed afLer
count-ing.

(C) Plastic conl-ainer corìrprising indivir!ual tubes in r,¡hich

&qÈg_1.1= pupâe were isol-atecl and in v;hich adults later
ernerged 

"
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proportion of the crar^¡lers !/ould dror,¡n Ín the film of waLer around the
leaf-.dlscs.

After about 2 weeks, the first instars began to moult. Pri-or l-o their
sel-tlj-ng dorun again, they r+ere removed rvith a carnel hair brush into 70 nm

dia pl-astic petr:L dishes. The nervly moultecl Il-instar scales ryere sLarved

for 24 h before being introduced on to a rìeÌù set of leaf-discs. The number

of ll-instar scales per leaf-disc was controlled as per the requi-rerner¡t,s of
a particular experiment" It usually ranged from l to 20 scales per

leaf-disc. GenerqLly 2 to 3 extra scales, ,..¡ere introduced to all.ow for
casualties due Lo variotis reasons. Before use in an experirnent, Lhe scale

density was thinned to the desired 1eve1. Five to six days old lI-instar
scales hrere generally used in the experirnents.

After anol-her Lwo weeks or so, the Il-insLar scales moulted into
III-j-nstars. Once again the scales ruere collecLed in petri dishes before
they settled down starvecl for 24 h and reintroduced on a fresh set of
leaf-discs. The ïIï-insLars noulted into adulLs in aboul 2 weeks. These

v¡ere collected and transferred on to potted plants of citrus and Acacia

baileyana where they grew l-o produce crarnrlers. Such adult scales were also
used for the culture of Rodolia.

The al¡ove systen provided a continuous supply of scales in the second

and thírd instar for experi-emtaLion.

3.2 CULTIjI{E OF Rodolia can:dinalís

Adults of Rodo_l:þ were used in most experiments and a continuous

culture of the beetle rvas maintained for the purpose. Newly ernerged adults
l¡ere sexed and confined in the crawler emergence cages (CEC) (Fig. 3.34,)

for 2 days to facilitate mating. In each CEC, 2-3 females and 3-4 males

were introduced. These beetles fed on both.the crawlers and the adult
scales (in fact the beetles feed on all the sLages of the scales). The

mated females fr<¡n one of these CECs were then introduced into one of the

units of the scale cull-ure system. A single uniL was covered wÍth an

fnverted plastic container which had polyester voile netti-ng on the Lop.

The males were ei-ther used to mate with other newly emerged females, if
there was shortage of them, or they were discarded. The females were

allowed to l.ay eggs for 2-3 days. By this time they were.5 days old and
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they were either used in experimenls or trausferrecl to rlerr unil-s or lcilled.
The eggs hatched in a v¡eek or so ancl Lhe rrer+ly er,rerged larvae sl-arted

feeding on t-he scales under whícl-r they r+ere bo¡:n. The aclult beetle I.ays

her eggs gÞre, gggg- or close to t-he scales. The numl¡er of l-insLar
larvae were laLer t--hinnecl to about a dozen i-ue", an average of one per

leaf-disc. 'Ihey were checked daily to ensure l-hat there vras enough prey
for them" Fron here they were later transferred inLo the CBCs or onto l-he

pol-l-ecl planLs laden with the scales (sect.ion 3"3)"
The larvae grelJ through four iustars to become pupae. The pupae were

collected and placerl into another cont,ainer (Fig. 3"3C) designed to isolate
the individuals vhen they emerged. The excess larvae and adults were

regularly discarded to avoj-d a shorLage of prey. This neasure Has

essential 1-o prevenL the predaLor culture frorn coming to a virtual halt.
The preclators consumed prey at a nuch faster rat,e than the prey populaLion
grew. Once every couple of months a few larvae or pupae were collected
from the field and introduced into the laboratory culture so as to avoid
the selection of a laboratory strain.

3"3 BXPERN{E}IT/1T. EOST PLÀNTS

Host plants of Äcq.i" baileyang and citrus Lrere nnaintained in pots in
a shade house. Seedlings of these were purchased from a loca1 nurßery
(Heyens & Co.) and potted in 150 mn dia plastic pots usi-ng recycled U.C.

soil. The Acacþ planLs tsere stalced by 12.3 uun dia dowell sticks to
prevenL them fron lodging" More new seedlings were pol-ted if older ones

had grown too big for experimental purposes. The Acacia plants that were

used in the experiments were pmneri to leave only the main stem with lear¡es
and no branches,

The pot.ted plants lcept in the shade house supported a reasonable
population of scales and its natu::al enemies. These plants also served as

a reservolr of insects when the rnaj-n cultures were running 1orv.
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CflAPEER 4

SEASONAI, ÂBU}trDÅI{CB OF ICER-TÁ ,/LI{D TTS NATÙR¡IL EI{IÏ.Í.IES

".".Lhere is no generally acce¡rted group of concepts

wíth which populaLio¡r fluctuations can be described and

some ecologists even woncler r*hetl'rer such conce¡rts will

ever be formulaLed. Bak]-,er (l?ers. comrn. )

: there Ís not onJ-y an ecologícal crisis, but also

a crisis in ecolog'y 
" 

t'

-- Professor J. C. van Lenter:en (1-980)

4. I POP{ItrlrTf-Oð BSTII4ÀTES

4.1.1 Itl.nlillggÐL-og.
A study of the populatj-on dynamics of an organj.sn aims aL identifying

the causes of numerical changes in the population aüd provide an

explanation of Jroru these changes acl and interact to produce the observed

trencls. It also helps elucidal-e when and how the regulatory mechanisns

influence the dynamj-cs of the organisms. The literature provides dat-a on

the populacion dynarnics of lgerya purçhasi and its natural- enemies from

Ttal-y (Jannone, 1967), Hawaii (Hale, 1970), California (Quezada and DeBach,

L973) and Egypt (El-Saaclany and Gona, 1974). Hor,rever, estimates of tl-re

seasonal abundance of lce-Tya__LuEçtìg.s! and it.s natural enemies is laclting 1n

Arrstralia, perhaps because their numl¡ers ar-e very low and ttre distri.buLion
very patchy, besides the scale being of litt1e economic importance he¡:e.

Sínce one of tlie objectives of this study was to fÍnd out rvhy the scal-e was

so uncommon in Australia, it was imperative to gather infor¡nation on the

natural abundance and seasonal dynamics of the scale and Íts natural
enernies. Therefore, population sampling was conducted over a period'of two

years.

In ,{delaide, South Australia, the summer, auLumn, winter, and spring

seasons conpríse of the following months -- surnmer : December, January, and

February; autumn : March, April, and May; winter : June, July, and August;

spring : SepLember, October, and November.
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4.L "2 Ì"f¡^TmtIÉ"LS lt}ffi r,fETft0Ðs

I+o1. "2"7. SI\MPIIT{G SITE

Though the scale has a vride range of host plarrts (Appendix Tabi-e 2),
in South Australia, only trees of _4g.acig.Jraf]Syga" harbour a sufficiently
large population of the scale at. certain tirnes of the year to alloru any

worlhwhile esLimales of scale numbers. Thus, samplì-ng was carried out at
rnonthly intervals on two_$Ca*._bgiilgygg. trees ruhich greru along the

norther:n perineter of the institute beside ttCross Roadrr" The two trees,
larger Tree-A and smaller Tree-Br'rr¡ere about Len years o1d and

approxirnately 30r and 20r high respectirrel.y, with a moderate canopy.

4.T.2,2 SÂÞIPT,TI{G PROTEÐIIRE

fn a prelirninary sarnpling conductecl to estimate the number of samples

to he collected and sample variation, a sLratified random sarnpling

procedure ruas adoþted. The tree canopy was divided into three leve1s in
Tree-A and two levels in Tree-B" Each 1evel was further clivided into four
aspects ttrrough cardinal direcLions (N, S, E & hI). Each aspect was further
<livj-ded into inner and outer sections. Thus the canopy in Tree-l+ lnad 24

strata (3 levels x 4 aspecLs x 2 sections) while l-he canopy in Tree-B had

16 strata (2 1eve1s x 4 aspects x 2 sections).
Three samples were collecterl per stratum in Tree-Â and four samples

per stratum in Tree-B" Each sanple ruas a twig rr¡hich was randornly selecl-ed

and was collecLed with a pole-pruner. The samples r{ere placecl in taggetl

polyl-hene bags and brought to the laboratory where the insects were

classÍfied lnto different instars and counted. The insects vere later
incubated in plastic vÍals to check for emerging parasites.

fn order to estimate the spatial distribution of different :Lnst,ars of
the scales on the tree, data were also collected on the distance of the Lip
of the twig to the point r+here each scale had been feeding, the diameter of
the twig at that point, and the number of nodes from the tip to that. poinL.

Based on the results of the preliminary samplÍ.ng and the cost
involved, the number of sàmples was reduced in subsequent sarnpling

occasions and on1.y one sample was collected frorn each stratum. Also, in
Tree-A subsequent samples were collected only from the lower two levels,
for the sake of convenience. The samples v¡ere collected at nonthly
Íntervals for tr,¡o years, beginning in Ju1y, 1981. They were collecLed
duríng the last two days of every month.
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4.1.3 IESUI-E:"
/*.1"3.1 ïrj.-Ujff. 0F PEIF,ü'[[N¡.RY frqLre

The daLa fron the prelirninary sarnpling (Appendíx Table 5) r.rere

subject.ed to an analysis of var:ianc.e in order to evaluate the effect of
stratifÍcation. Príor to analysis, the clata \rere transforned to 1og(x+1)

to homogenize the variances. The analysls is given in Tables 4.1.1 and

l+.1"2

In Tree-A, t.he interactions of the rrfactorsrr and the main effecL of
1eve1s were nol significant at P<0"05, buí- the main effect of secLions and

aspects rvere significanl (Table 1+"1"14)" The means of the population

estirnal-es from Lhe d:Lfferent strata from Tree (A) have been present.erl in
Table 4.1"18"

In Tree-B, on the ol-her hand, Lhe main effects of leve1s and of
sectj-ons and the interacLion of 1eve1 and section \.rere all signifj-cant
(Tab1e 4..L.2A). The rnealls from the different strata for Tree (B) have been

presented in Table 4.L.28"
The analyses clemonst-rate that in both Tree (i\) and Tree (B) a

stratified random sample r'¡ould be needed to allow for equal i-mportance to
1eve1s, secl-ions, and aspects.

The urêan numbers of insects per sample in both t,he trees (A) and (B)

were very low, 6.76 and 9.03 respecLively (Table 4"1"3). I,lith over 60

samples pe:: t.ree, only a precision of about E=0.2 (where E = sLandard error
as a decimal of the mean) could be achieved as againsL the prescribecl 0.05

(estimaled by eq.(2.7) of Southrvood, 1978). And Lo achieve this precision
the cost (time) involved was rnuch higher than could be spent in subsequent

sampling. Since a detailed populatitn dynarnics sturly was not the sole aim

of this project, a compromise was made betr*¡een the cost and. the precision
by accepting a lov¡er precision for a lower cost (Southwood, L97B). It was

decided to collect one sanple from each of the 16 strata, based on

preliminary sampling data and accept a precisÍon of about E=0.4.



ÞÞþ -4.U4
ANALYSIS 0F VARIANCE 0N Log (x+1) TRANSF0RI'IED PRELIMINARY
SAMPLING DATA FROM TRBE (A)

D.F S.S. M.S.SO F P

BET\^IEBN LEVBLS
BETII]EEN SECTIONS
BETWEEN ÄSPBCTS

LEVELS x SECTIONS
LEVELS x ASPECTS
SECTIONS x ASPECTS
LEV.xSEC.xASP.
ERROR

TOTAL

.81

.96

.L2

.07

.45
,24
.09
.80

0
0
2
0
0
0
1

7

2
1

3
2
6
3
6

48

71

05
05
01
05
05
05
05

>0
<0
<0
>0
>0
>0
>0

51
89
34
2L
46
50
11

4I
96

.7I
03
OB

OB

0
0
0
0
0
0
0
0

.,

5.
4.
0.
0.
0.
1..18

.16

73.52 0.19

(Cochrants Normality Test Statistic - 0.169; P= 0.345 approx.)

ILbl.. 4. lJÞ.

MEANS OF THE NUMBBRS OF SCALES IN DIFFERENT SECTIONS, AND AT
DTFFERBNT LEVELS ÂND ASPBCTS 0F TREE (A) (ANOVA TABLE 4.1.1A)

ASPBCT Ll
INNBR SECTION

L2 L3 MEAN L1
OUTER SECTION

L2 L3 MEAN

NORTH

SOUTT1

EAST
I^IEST

o.92
0.80
0. 81
0.56

0.67
r.o2
r.29
0.58

0
0
1

0

0

o"52
0.20
o.62
o.49

6l+

40
06
53

66

0.74
o.74
1.05
0.56

o.77

0
0
1

0

0. sl
0.52
0.68
0.10

82
26
T2
69

0
0
0
0

.62
33
81
43

MEAN 0.77 0. gg 0.46 0.72 0.45 0.54

LL, L2, and L3 represent the LOWER, MIDDLE, and UPPER
levels respectively.



T"ble. 4 J=2!
' ANAi,YSIS 0F VARIÄNCB 0F Log

SÂMPI,ING DATA FROM TRBB (B)
(x+1) TRANSFORI'íBD PRELIMINARY

D"F. S.S. M.S.S. F P

BBTI,JEIIN LEVELS
BETI\IEBN SECTIONS
BETI,,IEEN ASPECTS
LEVELS x SECTIONS
LEVELS x ASPECTS

SECTIONS x ASPECTS
LEV.xSBC.xASP.
ERROR

TOTÀL 63 17.35 0.28

.87

OB

.87

.49

.62

.Lg

.13

.19

.10

08
87
4B
62
s6
38
56
81

J
4
1

1

0
0
0
4

1

1

3
1

3
3
3

48

3
4
0
1

0
0
0
0

30
48

4
t6

1

I
I

.73

.55

.92

.15

.85

.26

<0.0005
<0.000s
<0.005
<0.0005
>0.05
>0.05
>0.05

(Cochranrs Normality Test Statistic = 0.215; P=0.19 approx.)

TaÞ1.._+J.28

MEANS SHO\^TING SIGNIFICANT DIT-FERENCES ÏN THE NT'I\{BERS

0F SCALES SAMPLBD FROM TREE (B) (ANOVÄ TABLE 4.L.2A)

ASPECT
INNER SECTION

Ll L2 MEAN

OUTER SECTION
L2 I"IEANL1

25
37

NORTH

SOUTH
EAST
hTEST

MEAN 1.31 0.55 0.93 .44 0.32 .38

0
0
0
0

0

.310
0
0
0

L9
4s
62
49

O. BB
1.10
1. 13
o "62

0
0
0
0

0

33
B9
9L
08

0
0
0
0

r.43
1 .31
L"34
1. 15

.29

.54

.12
.58
.31

Ll and L2 represent the LOVüBR and UPPER 1eve1s respect.ively



Table 4.1.3

SUMMARY OF RBSULTS FROM PRELII'{INARY SAMPLING OF SCALES ON

TREE (A) ÂND TREE (B) rN JULY, 1981

SITE N MEAN S.E. E N:ß E** VAR:

TREE-A
TREB-B
POOLED

72
64

136

a6
9
7

76
03
83

1.15
2.L2
L.L7

O.T7T
o.235

o.362
o.47L

9s. 82
2Bg"98
186. 54

16
16

E = precision estimate.
>F = pfoposêd sample size for subsequent sanpling.
** = corresponding precision acce,pted.
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4 .L . 3 
" 
2 &TI{U, !I SUüB'J_T'Å0L_09. SL_ES.

Both the dístances of different ínstars of the scales from the tip of
the twig, and the diarnete::s of the twig at that pointr were alloted to
class intervals. Their frequenci-es lrere transformed to percentages of the

total for a particular instar and plott.ed against the class intervals in
the form of histograms (Fig. 4"1.1).

The spatial rlistribution of each of the four stages of the scales in
terms of their distance from the tip of the twig fol1or+ed a similar pattern
(Fig. 4.1.14). About 3O % of the total scales j-n each instar were locaterl
between 5 and 10'cn from the tip of Lhe twig, and their distribuLion r'¡as

skewed about this class interval. 0n1y 2 % or less of the scales r"ere

locat.ed lteyond 45 cn from the tip of the twig.
0n the other hand, the spatial disLribution of scales ín relation to

the diarneter of the twig was not the same for different instars
(Fig. 4.1.18). Upto 35 and 47 7" ot the lst instar scales rvere located on

twigs 1n the diameter class (DC) 1 and 1.5 rnm respectively. The percentage

of. 2nd ínstar scales in DC 1 mm ruas only about lO 7" which increased to a

pealc of about 30 % ín DC 2.5 mm. The percentage of. 2nd insLar scales in DC

1 mn r*as a 1ow 4 % which gradually increased to a peak, again ín DC 2.5 mrn.

After this ít trailed off, ti11 no insects r4¡ere present beyond DC 5 urm.

The adults, on the other hand, were onLy located above a tr,rig dia of l rnrn

and only 5 % of. them were present in DC 1.5 and 2 mm. The adult numbers

also peaked in DC 2.5 mm and upLo 3 % of them r,¡ere located above a twig dia

of 5 mm. The spatial distribution of different instars of the scales in
relation to the diameter of the twig, therefore, appeared to fo1loh' a wave

lÍke form; the waves for the preceeding instar giving way to that of the

succeeding instar. This would be expected because, after every moult, the

otherwj-se sessile scale moves a short distance up the twig to settle down

again and begin feeding.
The lst instar scales were mostly found on the nid-rib and veins of

the bipinnate leaves of _4cu.:9._but-Lç¡gle., from where they generally noved

to the stem after moultlng into the 2nd instar.. 0n the stem, they move a

short distance upwards after every mou1t. Some adult insects have been

found settled on comparatively thick woody branches of between 5 and 10 cm

dia, though these represent a very smal1 proportion of the whole

population. OccasionalLy, a few adults have also been noticed on the main

trunk of the tree which was over 50 cm in dia. Perhaps these were insects



Fig.4.I.L.
(A) Frequency disLribution of the percenLages of the three

different instars and of adults (based on the total
scales) that were located in relation to the numbers of
nodes frorn the tip of the Lruigs of AcacÍa bail.evana.

(B) Frequency distribution of the percentages of the three
different instars and of adults (based on the total
scales) in relation to the diameter of the twigs of
Acacia bailevana where the scales were situated.

(C) Frequency distribuLion of the percentages of the three
different inst.ars and of adults (based on the toLal
scales) in relation to the distance from the típ of the
twigs of Acacia bai_levana to the point of location of
the scales.
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that were dislodged from the tree durlng their rnobile phase and found their
way to the tree trunk r+here they settled dorvn.

The description of the spati-al distribuLions of Lhe scales suggest

that a major proportion of scales of all stages l{ere located wíthin 50 crn

of the tip of the tv-ig. Thus, the insects gathered from the sanples were

truely representatíve of the total scale population on the tree.

4.1"3"3 -@Lq.oE SIE$. .AND lrs SruR!\L Erym{IBs.

The total numbers of all scales and of nalural enenies (ÂppendÍx

Tables 6 and 7) over a 2t+ month period for Tree-A and Tree-B have been

plotled in Figs" t+.1.2 and 4.1.3, respectively as log(i+l) numbers"

Figures 4.!.2l., and 4"1.34 show that though the scales were present

throughout. the year, their total numbers remained very low on both the

Lrees, especially during the summer months (November, December, January,

and February). Inspite of this, three peaks can be traced ín each year iu
the graphs. The peaks, however, do not coincide for both the trees and

there is a 1ag of about a rnonth beLween trees ruhich could have been due to

the large intervals between successive samplings. Thus the first peak was

found either in November or December, the second either in June or July and

the thircl ej-ther in Septenber or October. Of these the mid winter peak (in

June or July) was the highest and rnost significant of all.
The age-specific population trends of the different stages of the

scales have been presented in FÍ-gs. 4,L.2B and 4.1.38. The results for

both the trees showed 2 Lo 3 peaks in the population of lst, 2nd, 3rd

instars and adults. However, there was a time 1ag between the peak nunbers

for different stages, thus showiug a successlon; for exanple, the nunber of

adult.s showed a peak in FebruaryfVrarch, followed by a peak of lst instars

in April. This pealc r+as in turn followed by a peak of 2nd Ínstars in May,

and was followed finally by a peak of the 3rd instar ín July/August. Such

a trend would be expected as insects develop through different stages.

The total numbers of natural enemíes (two parasitesr 
-Cglto.h.etu* 

a.d

Egfschia and two predatorsrjcdolía and thg¡rsg¡la) were so 1ow that these

species were not present in the sampling data for major part of the autunn

and winter months (March, April, May, June, Ju1y, and August) and

reappeared only ln spring (Septenber, 0ctober and November) with a peak in

late spring and early su¡nmer, after which their numbers collapsed with the

decline Ín the scale populatíon (FÍgs. 4.L.2^ & 4.1.34)'



Fis. 4"1.2 TREE _G)
(A) Numbers of total scales and of total natural enemles

at monthly intervals over tr+o years plotted as Log(x+l)
of the ¡s¿n nrmþers per twi-g. The first points are for
Ju1y,1981.

(B) Numbers of the three instars of the scale and of the
adults at- monthly íntervals o'er t'o years plotted as
Log(x+l) of the mean numbers per twÍg.

(C) Numbers of Rodolia, the parasites (-bptochaetu, spp.
and Euryschiq spp.) and of the green lacewing
(Chrvsopa_ spp.) at. nonthly intervals over tvro years
ploLted as Log(x+l) of the nean nunbers per twi.g.

(D) Monthly means of the daÍ1y maximum and minimurn

témperatures from July, 1981 to June, 19g3.

(E) Monthly neans of the daily relalive humldiry (Z)
and wind-speed (kn/day) and the total rnonthly
preclpitaLion (mm) during the 2 years of the
field study.



Fiqr- /+.1.3 TREE lÐ
(A) Numbers of total scales and of total nalural enemies

at monthly intervals over two years plotted as Log(x+l)

of the mean numbers per twig. The first points are for
July,1981.

(B) Numbers of the three instars of the scale and of the

adults at rnonthl-y i-ntervals over two years plotted as

Log(x+1) of the mean numbers per twig.

(C) Nunbers of Rodolia, the parasites (Crvptochaetum spp"

and Euryschia sp.) and of the green lacewing

(Chrvsopa sp.) at nonthly Íntervals over two years

plotted as Log(x+l) of the nean numbers per twig.

(D) Monthly neans of the daily maxímum and minirnum

temperatures from July, 1981 to June, 1983.

(E) Monthly means of the daily relative humidity (%)

and wÍnd-speed (krn/day) and the Lotal monthly

precipitation (mm) durÍng the 2 years of the

field study.
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The parasite population (the numbers of Eqrvsgh:Lê and ochaetum

were pooled because the nurnber of the former lr¡as very lorv) showed a single
peak in October, 1981 in Tree-A and in Septernber' 1981 in Tree-B

(Figs. 4.L.2C & 4.1"3C). From Decenber 1981, the parasite population

remained unnoticed for nost of the sampling period, except for a ferr' that
were observed in August and Septernber in 1982 on Tree-A.

The numbers of Rodolia also shoired one noticeable peak in a year;

viz., in the springn but their numbers were so 1or+ that it was difficult to
assess when in spring their numbers were rnaximal. The nunbers of another

predator, the gre'en lacewingr_CÐryg sfp. also follor,¡ed a trend sirnilar
to that of Rgggliq, though its numbers h¡ere much lor'¡er than that of Lhe

latter. Though the population sarnples did noL detect the presence of

Rodolia dur ing the winter nonths, a few larvae of Rogglia. were notÍced even

during the r,¡.inter, on potted plants and bushes. The green lacewing,

hor+ever, was never found feeding on the scales at ti¡nes other than the

spríng.
Figures 4.L.2D & 4.1,3D present the mean monthly maximum and minimum

temperatures and precipiLation data collected from the hlaite Meteorological

Observatory. The maximum Lemperatures rarrged from a high of ca. 300 C in
January/February Lo a low of ca. 140 C in June/July. Horvever, during the

sururer ronthu, daily maximum temperatures reached 40 - 430 C for a day or

two. The mean rnÍnimum temperatures, on the other hand, ranged from a high

of ca. 190 C in sunmer to a 1ow of ca. 70 C in wínter. During the winter
months, daily minimun ternperatures can drop as 1ow as ca. 40 C.

The total rnonthly precipitation data showed that I'farch/April were the

wettest months anrl February the driest month (Figs. 4.I.28 &, 4.L.3E). The

mean monthly relative hurnidity also followed a trend similar to that of
precipitation; highest in winter nonths and lowesL in summer months. The

mean monthly wind speed rvas, however, higher in the summer months and lotver

1n the wínter months.

t
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4.1. 4 I}ISCUSSION

In Ädelaide, South Australia, the cotLon¡'-¿ushion scale and its
natural enemies are only noticed for a very short period during the year.

The scale population rapidly builds up over the autumn nonths (April, May

and June) rvhen the numbers of their natural enemies remain extremely 1orv.

The scale population reaches íts peak in early winter (June or July) when a

large proportion of the scales are 1st and 2uc1 instars. Their numbers

decline rapidly during the winter months, even rr¡ith Lhe lower activity of

the natural enemies. The heavy rainfall, which might droi+n or dislodge the

scales during the inter-moult peri.od, coulcl be the reasoll for such a

clecline during the rvinte:: months. The violent shakj.ng of the branches

resulLing in the twigs banging against each other due to the wind

clisturbances could also dislodge the scales, especially those in their 1st

and 2nd instars. Since the winter season can extend over 5 to 6 months

beginning from March, Lhe scale population may be exposed to a high risk of

dislodgment over a considerable lengLh of time. By the spring, r+hen a

greater proportion of the scale population is represented by the later
instars and adults in already reduced numbers, the veather !¡arns up and the

natural enemies of the scale become active. This i-s a specially
advantageous time for the parasites which oviposít in the late 2nd instars

and later stages. The concerted efforts of both tbe parasites and the

predators seemingly result in the collapse of the scale population by early

summer. There ís Lhen a shortage of food for the natural enemies and the

number of natural enemies decline rapidly as ¡,¡e11. Hot{ever, some 1st

instar scales survive prerlation, possíb1y because of their smal1 size, and

establish new scale colonies. These insects develop very fast over the

warm summer rnonths and become adults by the end of summer when they start
producing crawlers. Ât this t-ime, large numbers of crarr¡lers settle down

and many new colonies are formed. fn the virtual absence of the naLural

enemj-es and low rainfa11, the scale population rapidly builds up until in
winter rain/wind again take a heavy to11 of a large proportion of the scale

populati-on. And the whole cycle Ís once again r.epeatêd.

It is difficult to lcnow how t,he host-specific parasites and the

nonophagous Rodolia. (Quezada and DeBach, 1973) survive the long period from

late summer through the autumn and wínter months. flowever, they may have

alternate hosts in South Austral-ía which we do not know about.

Qne of the reasons often forwarded 1n an attenpt to answer why both
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the scales and Íts natural enemj-es are uncommon in Australia, when the

scales can become potenti-al pests overseas, is that the natural enenies,

especially RoJlgtr3., are very effÍcient. That lìodo].ia. a1one, or in
associatlon r^rith Cjyptochae-t-ulq, has the potenLj-al to keep tl-re scale

population under commercial control, has been conclusively dernonstraLed by

Lhe numerous successes in biologícal control attempts overseas (see

Chapter 2). The question arises - is the same true for Áustralia too?

A study of the phenology of the scale and ils natural enemies on

l."cta._bgjþrgg. shovs that abiotic faclors, such as precipita.tion coupled

with wind dÍsl-urbances, also play a vital role in reducing Lhe scale

population during the winter months rvhen the natural enemies of the scale

are virtuall-y inactive. On the basis of laboratorl' s¡t¿ies in which

crarvlers died of drovming in 100 7. relative hu¡oidity, Hale (1970) suggests

that it is 1ikely. that nonsessile immature scales could easily be killed
during periods of high precipitation. tr{olcott and Sein (1933) also

reported t--hat. practically all the scales were desl-royed by a hurricane in
Puerto Rico.

The 1o¡v population of the scales is thr:n severely attacked by the

nai-ural enemies in spring and early surnmer, when Lhe numbers of natural

enemies build up much rapidly due to their shorter generatíon times

relative to that of l-he scales.

The sampling data, therefore, suggest that the abiotic and t-he biotic
factors assisL each other i-n keeping the scale population at 1ow levels

over the course of one year. The question then arises, which is more

important -- the abiotic factors or the biotic factors? A1so, do the

biotic factors possess the potentiality to control the scale population on

their own?

To evaluate the true impact of natural enemies on the seasonal

abundance of the scales, natural enemy exclusi-on experÍments were

conducted. Twelve sets of such experiments rr'ere conducted over a period of

12 months in order to talce into account the seasonal dynamícs of the

natural enenles (section 4.2).
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4.2 NAÏE4L müqg .EL@)g. EX['F,R[MENT

I+.z"L IMtTtoIiLGæN.

Tire assesment of natural enemy effecLiveness can be undertalcen either

for (1) neasurement of the benefícial- results of colonization of newly

írnported exotÍc parasites or predators, or (2) rneasurernent of the degree of

biological control exerted by already established enemies (DeBach and

Huffaker, L97I). 'Ihe impact of natural enemies on the abundance of a prey

population can be evaluated by a number of techniques. Periodic censlrs and

life table data provide much valuable lnformatíon, but such quant.itative

rnethods, incluclÍlg regression and rnodelling techniques, have weaknesses for
the adequate raling of the regulating or controlling po\{er of the natu::al

enemies (DeBach and Bartlett, L96\ DeBach and Huffaker, t97I7 DeBach et

a1. ¡ t976). The use of experimental comparison is considered to be the

best (DeBach and Bartlett, L964), though Legner (1969) argues that rrThe

ultimate and probably only re1Íab1e method for judging a parasiters

effectiveness i.s the reduction in host equilibrium position following

liberationrr. Depending on the systen under investigaLion, either of the

three experimental cornparison methods viz. (a) the additÍon method' (b) the

exclusion (or subtraction) method, and (c) the interference method, can be

employed. The exclusíon method, which involves the initial elimination and

subsequent exclusion of natural enemies elther by nechanical or chenical

neans, is the nost popular and hag been successfully used by a number of

workers in the past.

The population census data presented in Section (4.1) produced

inconclusive results on the irnpact of natural enemies on lc.f:q.-Pgchas.i.
populations, therefore, natural enemy exclusion experirnents were conducted

to deternine the role of natural enemies.

4.2.2 gru.JINÐ.@DS.
A typical experiment was set up on a srnal1 tree of lcacia.-buiþgg,

which was about 4 years old and located wlthin the institute grounds. The

experimental design consisted of three treatments (a) uncaged' (b)

open-caged, and (c) caged, with each treatment repllcated three ti¡nes.

Twelve experiments were conducted over a period of a year, each sLarting

with cohorts of crawlers and beginning at each month from April 1982 to

March 1983, in order to take inLo account the seasonal changes Ín the

abundance of natural enemies.
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Each cohort of insects was generated by releasing 100 crar+lers in a

tubular plastic cage (15 x 7 cm dia) (Fig. 4"2.L^) thr:ough the lid of which

was inserted a twig. The crar+lers had been starved for 24 h prior to

release i¡ order to stimulate set.tl1ng" After four days, the nurnbers of

crawlers rr'hich settled k¡ere counted and their numbers rr¡ere thinnecl to 70 i-n

those cohorts in which more than 70 hacl settled. Tire plastic cage only

served to a1low the the crarslers to settle on the twig, and it was Lhen

replaced by another larger cage which had a wire mesh frame (30 x 20 crn

dia) and ployester voj-le covering. In the open cage treatment, the end of

the cage ruhich hras a\ìray from the tree was left open (Fig. 4.2.L8) to allov¡

the entry of naLural enemies. Tn the caged treatment, both the ends of the

cage vras kept closecl (!'ig. 4.2.1C). The end of each cage a\r'ay from the

tree was suspended by string from higher l¡ranches to provide some

stability. The uncaged treatmenL had no cage at all around the cohort of

insects.
Data were collectecl every fortnight on the nunbers of different

instars surviving iu each of the cohorts until all the survivíng insecls

had become adults. Data were also gathered on the number of predators

present while the parasitized scales were collected and incubated in the

laboratory for adult emergence.

4.2.3 RBSTILTS AND DISCUSSION

4.2"3.L DT]I{ATION OF DEVELOPMENT

The duratÍon of developrnent of the different instars and resultantly

the generation time of a cohort of insects would be expected to vary with

the time of the year when it was introduced, and rvould depend largely on

temperature. On a calender sca1e, in Fig. 4.2"2 are given :

(i) the developmental time of the different instars of the scales

(in A) 
'

(ii) the numbers of predators (in B), and

(iíi) Lhe rnean monthly maximum and minirnum temperatures during the course

of the 12 experiments (in C). 
.

The resulLs in Fíg. 4.2.2A are based on the tol-a1 number of insects in

all the three replicates of the open-caged treatments. Since observations

were terrnlnated when all the surviving índividuals in a cohort became

ailul-ts, the data on the longevity of adults were Íncomplete. Also the

results are based on fortnightly observations and so the estimates of



Fig. 4.2.I
(A) Perspex cage in which crawlers r¿ere released to

facilitate thelr settling on twlgs"

(B) Polyester voile cage which was open on one sicle
and which was used for the open-caged treatment,

(c) Polyester voile cage which rvas closed on both
both ends and whÍch was used for the caged
treatme[t

I



¡'
/

çti
t

I

\V,l
\

lt'
\

.., {

¡



Fíg. t+.2.2-

(A) Duration of development of each of the three insLars
and of the pre-reproducti-ve pericd of the adult scales
in weeks; based on the surviving scales in the open-caged

treatment for each monthly cohort.

(B) Total numbers of Rodglia anrl of green lacewings observed

at fortnightly inlervals in the three replÍcates in both

the uncaged and the open-caged treatments in the natural
erremy exclusion experiments.

(C) Monthly neans of the daily maximum and minirnum temperatures

between M4y, 1982 and 0ctober, 1983.
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duration of development are rather crude; yet they provide an indicatíon of

the relat-ive trencl that would exist in natural populations in different
Èimes of the year.

If we consicler the period from Lhe i¡rtroduction of the scales

(crawlers) to the time when al1 the scales become adults as the l-ot.al

developmenLal time, r+e find that this developmental time varies

consíderably among the nonthly cbhorts (Fig. 4"2.2)" The cohort rvith the

longest developmenbal time, up to 28 weeks, is that started in April which

develops right Lhrough the v¿inter to become adults only i-n the middle of

spring (in Novernber). The cohort with the shortest developmental time, up

Lo I/+ weelcs, is thaL started in November. In this cohort, the scales

develop much faster over the u¡arm summer months to become adults by Lhe end

of February.

Figure 4.2"28 shows the toLal nunbers of predators Rodolia and Green

Lace l{i-ng) observed in all the three replicates of both the uncaged and

open-caged treatments. The activity of Rodolia can be traced for the major

part of the year from Fig. 4.2"28. During the wet winter months, Ëhey were

present but their activiLy was very 1ow. Their presence \.¡as more obvious

in the spring and summer months. The Green Lace Wing, on the other hand,

was only found actÍve in the spring and summer nonths. These resulLs are

ín agreemefit with those gaLhered from population sampling (section 4.1).

ft was not possible to plot the parasite numbers on a calender scale in
this man¡er as the data on them were avaÍ1ab1e only frorn the emergence of

parasitízed scales. However, from general observations, it can be stated

that they were active for a major parL of the year but especially in the

spring and summer monLhs.

The mean monthly maximum and minimum temperatures plotted in
Fig. 4.2.2C'show, as expected, that the monthly cohorts that started when

the temperaLures rvere relatively high had much shorter developrnental times

than those started r+hen the temperaLures were relatively 1ow.

In Figure 4.2.3, the results on the developmental time for the scales

are ploLted on a weekly scale to highlight the trends more clearly. If we

had data over a few years, the trends in the developmental tímes in
Fig. 4.2.3 would appear to follow a v¡ave forn, with autumn j-ntroductions

(March, April ana Uay) forning the crest and the late spring and early

summer introductions (October, November and December) forming the trough.

If we followed any cohort for a few successive generations, we would



Fig. 4.2.3
Duration of total generation time and that'of each of the
three instars and of the pre-reproductive period of the
adult scales; based on the surviving scales in the cpen-caged

treatnent for each monthly cohort.
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find that only trvo generations can be successfully completed in a yeart

with only 4 to 5 weeks l-eft, for the third generation" The dat'a also shot¡

that the Novernber cohort took the shortest time and it still required from

14 to 16 r+eeksr yet the population sampling rlata (section 4.1) índicatecl

that there could be three generations. Thus the third generation can only

be produced if there were overlapping generations. This rvas quite possible

since more than one stage of scales have been found ín all the monthly

population samples, though their proportions varied r^¡íth the seasons

(section 4.1).
Figure 4.2.3.also shows that, dependíng on the seasons, the differenl

Ínstars in different monthly cohorts took different durations to complete

their development. The lst instar in the April cohort took the longest

time, up to 16 neeks to develop. There l{as a gradual reduction in the

developnenLal time in the subsequent monthly cohorts ti11 it reduced to a

low of 4 weeks in the spring and summer cohorts; the exception being the

November cohort in r+hich this duration was unusually large, for sorne

unknown reason. In later cohorls this duratlon starterl increasing again.

The duration of development of the 2nd instar was the longest in the March

cohort (16 weeks), from rvhere it gradually declined' till iL was lowest

(2 weeks) in the Novernber and January cohorts. The 3rd instar

developmental period was the longest (12 weeks) in.February cohort, from

where it gradually declined Lo a minimun of 4 weeks in June and August

cohorts.
kthen rve consi<Ier the duration of development of different instars Ín

the sarne cohort, we find that in the April, May and June cohorts, the

duration of development of the lst instar \rlas the longest, followed by that

of the 2nd instar, rvhich was again fttlowed by that of the 3rd. In the

subsequent rnonthly cohorts, the degree of difference in the developmental

periods among the different instars was reduced until in the September

cohort all the three instars took the same time to develop. In cohorts

following the September cohort, the later ínstars appeared to talce 1-onger

than the early instars, thus reversing the trend. and the maximum difference

ln the duration of developmenl- between instars being in the February

cohort. These systernat.ic changes in the duration of development of the

different instars are mainly due to the changes in the seasonal

temperatures.
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4.2.3.2 g{E SURVML OF gçAIüå.

The numbers of scales survj-ving j-n the three treatments (uncaged,

open-caged, caged) can l¡e compared by considering eit-her the end result
Í.e., the pe::centage of scales surviving to become adults, or by tire rates

of survival over Lhe entire period of development. Though the former Ís a

good enough test of the null hypol-hesis of no sÍgnj-ficant difference

between treatments, l-he comparison of the rates of survival further

substantiates the inferences drawn fro¡n a comparison of the end resulç.

The data were therefore analysed by both methods. Studentrs t-Test of

slgniflcance r{as used for Lhe forruer, while the dífferences in rates were

tested by fitting the hleibull Distribution as well as Manlyrs (1976) nodel

to the survival data"

(A) PERCBNTAGB OF sq_Lgs suRv-rvil\Ic To ILDIILTS

The percentage of scales that survived to become adults in each of the

treatments in each of the 12 monthly cohorts have been plotted in
Fig. 4.2"41\. Tn all the sets of monthly cohorts, except t-hat of rlpril, the

percentage of scales surviving to adults in the caged treatments tvere much

higher than those in the open-caged treatments" Studentrs t-test conducted

between the pairs of data for the caged and open-caged treatnents showed

that the differences between the'means were highly.significanL (P<0.01 or

P<0.05) in all, except the April and December cohorts (Table 4.2.I). The

percentages for the open-caged treatment were the same as those of the

uncaged treatment 1n all but l-he April, December and January cohorl-s in
which the percentages were narkedly higher.

The toLal number of natural enemies observed over three replicates in

the open-caged and the uncaged treatments have been plott.ed in Figs. 4.2.48

and 4.2.4C respectively. The results shor+ that the naLural enemies have in

general remained active over all the monthly cohorts except the April
cohort and in thls cohort, the percentage of scales surviving to adults

were higher l-han that Ín the subsequent cohorLs. This was perhaps because

the experiment was set-up on a young tree which did not harbour any scales

before¡ and so no natural enemies were present either. Thus the better

survival of the scales, in the open-caged treatment 1n the April cohort

set, could be aLtributed to the Line 1ag in the natural enenies discovering

the new colonies of scales. One of the lmportant reasons for the beLter

survival of sc.ales 1n the open-caged treatment in December and January



Fig. 4.2.4
(A) Mear^ percentages of scares surviving in each of the three

instars of the t,hree for Lhe caged ( f ), open_caged
( O ), and the caged ( O ) treatments of the natural
enemy exclusion experiment.

(B) Totals over three replícates of the numbers of parasitoids
( r ), of Rodolia ( O ) and of green lacewings ( O ) in
the OPEN-CAGED treatments.

(c) Totals over three replicates of the numbers of parasitoids
( ¡ ), of Rodolia ( O ) and of green lacewings ( O ) in
the UNCAGED treatments.
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þ-ble 4.2J

PERCENTAGE OF SCALES SURVIVING TO ADIILTS IN THE NATURAL ENBMY

BXCLUSION EXPERTMB}.IT AND TEST OF SIGNIFICANCB BETI{IEEN OPBN-CAGED

AND CAGED TREAT'I"IENTS ('T*;

I'{ON'IHL
COHORT

T]NCAGBD

MEAN + S"E.

2.O7
0.51
o.47
2.03
2.I7
0.84

.4 + O.97

.6 + 0.57

OPEN-CAGED
MEÀN + S.B.

.8 + 2.L7

CAGED
MEAN + S.E.

rrtrr TEST **
t D.F. P

ÄPRÏL
MAY

JI]NB
JULY
AUGUST
SEPT.
OCT.
NOV.
DEC.
JAN.
FEB.
MARCH

3
1

0
2
4
1
0
2
0
0
0
0

8+
0+
5+
0+
3+
4+

29.
3
3
6
4
2
2
3

2L
11

0
2

0+3
o+3
5+1
1+3
8;4
¿To
9+0
3!1
1+5
9T t+

25.7 + 3.6I
72"6 + 3.72
43"7 T 9.63
62.0 + 5.72
54.9 T 4"gg
35.7 + 5.77
gl 

"4 1 t+.59
64.3 r- 8.35
40.3 +10.51
6L.O -+ 4.54
52.8 i 6.23
68.6 + 2.48

91
03
94
07
09
97
8/t
72
6B
82

o.62
L4.49
4.O9
8.60
7.76
s.69

16. 84
7.I5
1.60
7.4L

16.09
L9.94

4 >0.05
4 <0.001
4 <0.05
4 <0.001
4 <0.01
4 <0.01
4 <0.001
4 <0.01
4 >0.05
4 <0.01
4 <0.001
4 <0.0017 + 0.70
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cohorts could also be due to the lorr'er activity of the natural enemies; Lhe

decline in natural eneny numbers coinciding r.rith the better survival in

these cohort-s (Fig. 4.2"48), Though the parasi.te activity declíned in

December and subsequent cohorLs, the inf l.uence of Ro-!oq4. íncreased

considerably r+hich, perhaps, lcept the percentage of scales sur:víving to

adults under control.
The nurnbers of natural enemies in the uncaged treatment follorsed the

same general trend as that of the open-caged t-.reatment, though being 1or+er

1n magnitude (Fig . 4.2.4C) " ThÍs could be because the natural enemies in

the open-caged treat.ment were restricted by the confines of the ttgu uotì uo

were able to exert a ltrore concerted impact on thc scales. Also, in the

uncaged treatment the natural enemies nay have tsanrlered aruay and escaped

detection at the time of data col.lection. The similarity in the trends of

the'nunbers of nal-ural enemies arrd the percentage of scales surviving to

adults ín the uncaged and open*cagecl treatments and the latter being

sígnifÍcantly different fron the caged treatments are valid indications of

the potentialities of the naLural enemies in lceeping the scale populatÍon

under control"

(B) THE RÂlES OF SURVTVÂL OF THE SCAT,ES

(i) ÂPPLICÄTLONjF WBIBIJIL DISTRIBULI-oN P W ÞT11

The \rteibu11 frequency distribul-ion is popular among engineers, who use

it as a time-to-failure model for testing the life of ball-bearings'

electron-l-ul¡es, relays, etc. (Hahn and Shapiro, L9671 Lar+less, l9B2)' In

biology, it has been considered as a rnodel for hurnan survivorship (Gehan

and Siddiqui, tg73), ancl Pinder eL a1., (1978) proposed thaL survivorship

data from animal populations could also be effectlvely described by it.
Ânalysing data from the literature on birds, barnacles and rotifers, Lhey,

foun6 that generally the hleibull distribution fiLted survival- data very

wel1.
The first application of the tr'leibull distribution to insect populatíon

data was rnade by Hogg and Nordheim (1983) who ap"plied it toieliothis. spp.

They found that the l^leibull distribution hras very useful as a survivorship

model in an ecological context due to íts great flexibllity and the ability
Lo drar+ statlstically and ecologÍcally meaningful inferences fron the model

paraneters. The latter point was particularly j-nportant wllh regard to the

shape parameter, because by descrlbing tlie shape of the survivorship curve
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the model described the distribution of mortali-ty with age. The rnain

limitatton of the lùeibull distrl-bution, hotteverr was Lhat Ít was useful as

a survivorship model- only if mortali-ty was a rrrnonotonicrt functiorr of age

(Hogg and Nordheim, 1983). ülhen mortality is not a monotonic function of

âBe, lt. is preferable to use a ¡nodel that irrcorPorates a nixture of

distribuLÍons.
The irleibull parameters can also be used to compare a nunber of sets of

lifetine data (Pinder eL a1., 1978; tlogg and Nordheim, 1983), and Lawl-ess

(1982) suggests that the estímates of the shape parameter (c) ought to be

cornpared first as a test of the null hypolhesis of no difference between

sets of data. 0n1y if the estinates of the shape parameter are not

signíficantly different, can estimates of the scale parameLers be

compared. .

THE WBIBI]LL M0!EL

The \,Ieibull cunulative distribution funcLion can be defined by the

follorving expression :

cF(t)=1-expt-(t/u)
(trc,b>0)

] . .. c. . . . . .. . . .. . . . (1)

S(t) = 1 - F(t) ...............o.o...........(2)

where : b = scale pararneter

c = shape paraneter

t = age at death

F(t) = probability of dying at a glven age (t)
S(t) = probability of survivi-ng at a given age (t)

There are two ways in which estimates of the shape and scale

parameLers can be cbtained for any set of survival data. The first rnethod,

which is relatively simple but less precfse, is.obtained frorn a linear plot

of the 1nln[1/{1-F(t)}] values against 1n(t), and estlnates of rrcrr andttbtt

are obtaíned fron least squares regression procedures (Hahn and Shapiro,

L967). The second method involves the use of naximun likelíhood
procedures. There are numerous ways of <lbtalning maximum 1lke1lhood

estÍmates (lft,[s) for the shape and scale parameters (see Lawless, L982 f-or
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revier4r). llowever, as l{as found by Hogg and Nordheim (1983) and myself, one

is confronted r.rith the problern of finding the rlght procedure for obtainlng

the MLEs and the confidence intervals about Lhese estimates.

Though the estimation of the shape and scale parameters using the

l1near regresslon procedure i-s relatively simple, there are no methods for

calculating confidence inLervals (Pinder et a1., 1978)" A1so, appropriate

goodness of fit t-esLs for test.ing the fit of the ltleibull nodel to the data,

and appropriate rneLhods of cornparing the shape and scale parameters are

available o¡1y for esLinates obtained from naxÍrnurn líkelihood procedures

(Lawless, LgBz). Pínder et al. (1978) have suggested the use of chi-square

goodness of fit tests for.testing the fit of the l^leibu1l distribution to

the data, and normal analysis of variance procedures for cornparing shape

parameters and scale pararneters. However, ín a comprehensive review of the

l,leibu11 distribution, Lawless (1982) rnalces no mention of such procedures,

and statÍstical advíce at Lhe \Iaite institute also suggested that such

statístical tests were inappropriate. !-riedmants non-parametric analysis

of variance I4I¿IS considered appropriate for analysing the shape and scale

pararneters and it r+as used.

RESULTS ÁND DISCUSSION

The numbers of scales surviving at fortnightly intervals in the three

replicates,of each of the uncagedr open-caged, and caged treaLmenLs have

been presented in ,{ppendix Tables BA to 8L. The total number of scales

surviving (not the rneans), summed up over the three repllcates at each

observation, hras used ín fittíng the ltlelbull distributÍon to Lhe data

because the model can handle whole numbers on1y. The fitting of the

Weibull distribution to the data was done by the help of a special

programme used on the Àpp1e IIe minicomputer, r+hich also plotted the fitted

lrleibull curve (Fig. 4.2.5).
The proportion of ínsects survlving aL fortnighl;ly intervals in the

different treatments in the 12 rnonthly cohorts have been ploLted in

Fíg. 4.2.5 by neans of a ¡irain figure (caged) and two overlays (one each for

uncaged and open-caged treatments). The synbols in the fígures represent

the observed values and the lines represent plots of the fitted Weibull

function.
Initlally attempts were made to obtain ÞfLEs for the shape and the

scale parameters using Lawlessts (1982) rnethod, but plots of the fitted



-ni,L._ !-.2"7
The proportion of the settled crawlers Lhat survíved
over 28 weeks cn .A,cacia b¿rileyana in each of the
uncaged ( e ), open-cagecl ( Á, ), and caged ( m )
treatments of each of the 12 nonthly cohorts of the
natural enemy exclusion experiment.
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Weibull curves remainecl far away from a plot of the observed values

(Fig. 4"2"6). AttempLs were then nade to fit the Weibull dist.ribution
using the BMDP-8l Statistical Software paclcage, to the set of data for the

uncagecl Lreatr¡ent of the April cohort set using the maximum likelihood
procedures, The rate of convergence was founcl to be very slow, and in
fact, satÍsfacLory convergence was not achieved. For the same set of clata,

the ninimun Chi-square fitting critería (asymptotícally equivalent to Lhe

maxirnun 1lk1ihood) was also tried; and this method fínall-y gave estÍmates

but the fft was poor. Tlie esLi-mates obtained have been presented in the

table below.

COHORT PROCEDURE SHAPE (c) SCÄLE (b) CHÏ_SQUÁRE

APRIL

(UNCAGED)

MLEs

REGRESSION

3.39

2.5L

19.70

18"49

28 "4 (minirmrm; 9 d. f . )
38.08 (not mininum; 9'd.f.)

The above table shows that, the estimates obtaÍned by the linear
regression procedures produced a higher Chi-square va1ue, inspÍte of the

fact. that graphically these estimates appeared to show a good fit
(Fig. 4.2.54). The test iLlustrated the dangers of usÍng graphical

cumulative distrj-bution function plots to deternine goodness-of-fit. A

possibl-e reason for noL obtaining a good fit either numerically or

statist.l-cal1y could be because the däta set exhibited apparenL bimodality.

The maximun likelihood procedure of estimatÍng the parameters v¡ast

therefore, abandoned.

Although the linear regressi.on procedures produced imprecise estimates

of the shape and scale parameLers, it was sti1l adopted and the apparent

graphical fÍt of the model to the data was accep.ted as an adequate

descriptlon of the data. Figure 4.2.5 shows that in most cases,

graphically, the model fits the data satisfactori-ly. However,

Ko1-nogorov-Snirnov and Chi-square goodness of fit tests showed that,
statistlcal-1y, the model did not fit all the sets of data (Table 4.2.2),



Fig. 4.2.6
' The proportions of the settled crawlers that survived over

28 weeks ín each of the uncaged, open-caged, and the caged
treatments with the APRIL cohort set. The curved lines
represent the p10ts of the fitted weibull functíon using a
maximum llklihood procedure for each of :

(A) the UNCAGED rrearmenr,
(B) the OPEN-CAGED trearnenr,
(C) the CAGED trearmenr.
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Table 4.2.2

CHISQUARE AND KOLMOGOROV-SMIRNOV GOODNESS OF FIT TESTS ON FITTED UJEIBULL DISTRIBUTION TO DATA FROM NAÏURAL

ENEÍVIY EXILUSION EXPERIMENTS

UNCAGED OPEN-CAGED CAGED

MONTHLY

coH0RTS KOL-5IYIIR TEST

N D(i) FrT
f resrf D.F. FIT

KOL.SMTR TEST

N D(i) FrT
f resr

f D"F. FIT
KOL-SMIR TEST

N D(i) FrT
f rusr

f D.F. FIT

APRIL

MAY

JUNE

JULY

AUGU5T

SEPT.

OCT.

NOV.

DEC.

JAN.
FEB.

MARCH

.068 NS

.194 *

.094 NS

.262 *

.099 NS

.034 NS

.04 NS

.034 NS

.3û? *

.109 *

.333 *

.25'? *

5.1

94.1

94.5
31 S.3
136.8 1

.108 *

.159 *

.09? N5

.992 N5

.084 NS

.081 NS

.036 NS

,347 *
.121 *
.054 NS

.221 *

.094 NS

21 .'7
g7 

"1
21 .8
11 .7
8.9

10.3
8.8

2561.6
23.O

4.2
120.3
35.4

.135 *

.039 NS

.051 N5

.066 NS

.084 NS

.159 *

.o21 N5

.066 N5

.142 x

.125 *

.O?5 NS

.01 I NS

3D.2
0.94
3.9
2.7
7"5

33.6
0.3
2.2

24.5
1A.?
8.6
0"3

210
181

202
238
210
210
210
zo
200
AO
18s
210

10.4
s8,9
36.7
63.2
g.39

3.4
4.5

210
194

215
212

210
210
219
210
208
210
212

210

10

10

?*
8N5
7NS
5NS
5 t!5

lx
4 t\5

3NS
5*
6*
8NS

10 Ns

g*
10 *
7x
6NS
5NS
3x
4NS
3*
5*
6NS
8*

11 *

NS

*
*
*
NS

NS

NS

NS

*
*

*

210
1?4

173

zo
214
210
210
210

203
210
225

210

7
?
5

4

2

4

4

4

7

1

N = NUÍTIBER OF SCALES RELEASED

NS = NOT SIGNIFICANT AT P<0.05 (GOOD FIT)
* = STGNTFTCANT AT P<0.05 (iVOr cooo rrr)
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and much less in the uncaged and open-caged treatments" Ïn the caged

treatment, however, where the influence of naLural enemies ruas eliminated,

the model fitted the data Ín B out of 12 monthly cohorts. These results

suggest l-hat t.he l{eibult distribution rvould shotu a betLer fit to survival
data Íf the numbers of animals surviving were indeed a monotonic function

of age (IIogg and Nordheim, 1983)¡ ê.8. rshen the influences of biotic
factors, whlch often tend to be more sporadl-c, al:e absent.

The shape (c) and scale (b) paramelers for each set of data have been

talrulated in Table 4"2.3, and plotted in Fig" 4.2"74 and l+.2.78

respectively. The estimates of the shape parameters do noL appear to be

different, and indeed, Freidmanrs tesL of non-parametric analysis of

variance conducted on the estinates of the shape parameters shoi+ed that the

the three treatmerrts (uncaged, open-caged, and caged) l+ere not

significantly different (Table 4.2.3). These resul'Es suggest that the

distribution of norLalily with age is not different among the treatrnents.

A plot of the scale parameter (Fig. 4"2"78)n on the other hand, showed

that it fol-lor"ed a consistent trend in that, in each of the monthly

cohorts, the estimaLes of the scale- parameters were consj.stently higher in
the caged treatmentso while the values for the open-caged Lreatments l{ere

close to but higher than those of the uncaged treatments; except for the

Á,pril cohort Ín which the scale parameter for the open-caged treatment was

slightly higher than for the caged Lreatrnent. Freidmanrs Test of

non-parametric analysis of variance on the scale parameters shorued that- the

difference between the treatments were highly significant (Table 4.2.3),
Interestingly, the trends in the scale parameter are very sÍmrnilar to that

of the percentage of scales surviving to adults (Fig" 4.2.7C).

Thus, if we accept that the shape and the scale paraneters describe

the survival data sels, \^/e may conclude that the caged treatments lr'ere

signifícantly different from the uncaged and the open-caged treatments on

the basis of the scale paramete::s, and kre may aLtribute these differences

to natural enemles. The results also suggest that. the differences between

treatments are a clifference ín rnagnítude (scale.parameter) and not in the

distribution of nortality with age (shape parameter).



Fís.4.2.7
(A) The estimaLes of the shape parameter (c) (Fig. A) and

the scale paramerer (b) (Fig. B) by rhe log-1og
regression method of fitting the weibull distribution
to the proporLion of scales surviving over: two weeks

in the uncagecl ( e ), open-caged ( O ) and the
caged ( ¡ ) treatments with each of the twelve rnonthly
cohorts.

(c) Mean percentages of scales surviving in each of the three
instars for the uncaged ( O ), open-caged ( O ), and

the caged ( Ë ) treatments of the natural enemy

exclusion experiment.
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Table 4.2.3

ESTIMATES 0F THE SIIAPB (c) AND SCALB (b) PARAMETERS FROl,f FITTING 0F
THE IITEIBULL DTSTRIBIITION T0 DATA FRO¡í THE NATURAL ENEI'{Y

EXCLUSTON EXPERIMBNT BY LINEAR REGRESSION I.ÍBTHOD, AND FRETDMANIS

NON-PARAMETRIC ANONA ON THE ESTIMATES

MONTHLY
COIIORTS

SIIAPE PARAMBTERS

UNCAG OPCAG CAG

SCALE PARÄMETERS

T]NCAG OPCAG CAG

APRIL
MAY

JI]NE
JULY
AUGUST

SEPT.
ocT.
NOV.
DEC"
JAN.
FEB.
MÂR.

2.52
L.96
2.LL
2.4L
1 .49
2.32
l.6l+
1. 86
2.84
1"39
L.97
2.O2

3.64
2.gB
2,L6
2.03
2.77
2.60
1.78
4.86
2.06
0.63
t.99
0.81

3.54
1.81
1.65
L.73
1. gg
3.41
r.67
1 .87
1 .86
1.14
0.84
L.26

18.49
15 .35
L3.27
9.67
8.08
g. 16
s.04
6.32
6,54
3.27
6.85

10.55

24.L9
2L.24
13.83
11.
10.
g.
6.
g.

23,52
49.25
24.63
28.46
20.81
13.89
37.22
19.27
13.78
23.90
28,70
60.s6

87
68
28
77
B5
L2
44
30
57

11.
4.
B.
4.

FREIDMANIS TBST (NON-PARAMETRIC ANOVA)

RANK STJMS 22 29 2l
X2 = 3.17 (D.F.= 2) ; P)0.05

13 24

X2 = 20.67 (D.F.=2)
35

; P(0.005

UNCAG = UNCAGED TREATMBNT
OPCAG = OPEN CAGBD TREATï"IENT

CAG = CAGED TREATMENT
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(ií) ÂpPLrcl\rIQE oF MANT,YTS þfOpEL TO SrE\rrVÅ! D4TA.

(") INTRODUCTTON

InsecL populaLion ecologists have for long struggled to accurately
estimate the stage-specific survival rates from estimetes of the nunbers of
insecLs in each sLage for various poi.nts j-n tÍnre drarrn from a population
containing sever:al stages (KÍritani and Nakasuji, 1967; Man1.y, L974b, L976,

7977i Ruesink, L975; Birley, 1977; see Southwood, 1978 for review). These

methods of estimation are based on many assumptions, and so the results
obLained can only be considered within the constraints of those

assumptions. For example, the method of Kiritani and Nakasuji (L967)

assumes a conslant survival rate in all stages and can only be used if
samples are taken at regular j-ntervals of tirne unLil all insects have

disappeared fron the populat,íon.
' Manly (7974a) conducted a comparat.ive study of the then existing

models for anal1'zíng stage frequency data which shared an assumption of
constanL daily mortality rates, and found that the method of Kiritani- and

Nakasují (7967) \,¡as more favourable than the rest, though it too rsas

plagued wiLh the contrainLs mentioned above. Manly (1976, 1977) produced a

modified version of the Kiritani and Nakasujirs rnodel which overcame the
lirnitatÍon of sampling at regular int-ervals in time.

Later workers have aLtempted to develop models which include variable
mortality rales. Bírley (1977) developed a rnodel in which several
formulatÍons can be used for age depenclency in mortalit.y rates, and Bellor+s

and Birley (1981) produced a model in r+hich rnortality varies between stages

but j-s constant within a sLage. More recently, Bel-1ows et al-. (1982)

developed a model in which the rnortalit-y rate of a populat.ion changes

markedly at some fixed point in time, possibly due to predation or other
IrÌeans in a símilar manner; and van Straalen (1982) produced a moclel which,

he clains, is an extension of the moclels produced by Manly (1974b) and

Birley (L977).

Bishop and Maelzer (1982) also undert.ook a comparative study of the

nodels produced by Ruesink (1975), Manly (L976,1977), and Birley (1977),

usÍng computer-simulated populations and found that rrnone of the methods

was robust when the main assumptíon \¡ras fa1se, and the statistics were also

influenced by the frequency of sampling ttincorrecLrt durations of
developmenL of different stages, variations in the daily survival-rate
etc.rr. Ihey al-so mention that itto get good estimates, one not only has to
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estinate the survival-rate for each of the many cohorts starting at

different times but also to choose the individuals in each cohort so that
they are distríbuted at random r¡iLhin the populationrr. Bishop and FÎaelzer

further point out that ttsuch cohort survival-rates can be obtalned but

their cost -- in terms of tirne spent in estinating them -- is highrr.

Bishop (perso corilr.) suggested that Manlyrs model could be

satisfactorily applied to data gathered from l-he natural enemy exclusion

experinent for the estimation of survival rates, especially because

observations on nurnbers of insects survíving were made at regular intervals

of time. Ready access to l'{anlyts orn'n program, which had been acquired by

Bishop anrl Maelzer (1982), was an added incenl-ive in using Manlyrs model.

DESCRIPTION OF I"IANIYIS MODEL

As mentioned above Manly (I976) produced an improved versÍon of

Kiritani and Nakasujíts (1967) model in order to overcome the latlerrs
restrictions like (a) taking samples at regula:: Íntervals of time, and (b)

numbers entering stage one to be lcnor,'n ì-ndependently. The theory behind

Manlyrs ¡node1 is as follows :-
If we consider a large insect population developing through (q)

stages, then the expected number of ínsects in the stage at tirne (t) rvill
be those individuals that entered in the t.ime i-nterval (t-a, t) and the

survival to time (t), and will be given by --

f(x).e-0(t-x).dx
)

(1)

where :

M = total number of insects entering the stage,

a = the duration of the stage (measured in days and assumed to
be the same for all insects)',

ô
e-v = Lhe daily survival rate,
f(x) = the probability density function for the distribut.ion of the

tlme of entry to the stage.

Now suppose that the ith stage is observed for a time period covered

by n samples, possibly with varying time intervals betv¡een them. Suppose

N(r)
t

I
-at.

M

(
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also that estimates f1r f2, ciû.o. f' are available for Nq¡¡ at
times t1t t2, .... n. tr1 for the ith stage, then area under the frequency

curve accordj-ng to the trapezoidal- rule is :-

n

.(2)
J

where : Ai = Ar.a under the frequency curve for the ith stage

hi=ti-ti-l
îl = .il" n-r'riblr of the ith instar "sti*rted from the

J
samples.

The survi-val rate of the ith stage is estimated by the follorving
expression :-

q

Ã, = ttzY_-(nj * nrnr, ,
j=1

ôi = l-AilIo, ..,(3)
j=1

where:j=nextstage,
g = 1ast, stage.

Manly (1976) has shown that estimates of other parameters can be

obtained if the uredian stage (ínstar value, which will not, of course,

normally be a ruhole nurnber) is plotted against time so that the tine for a

ttmediantt anína1 to pass from one stage to another can be read off. Now the

daily survival rale raised to the power of the duration of the stage should

equal the stage specific survival raLe as deterrnined above.

(4)

where , ô¿ = dally "ut.ri.rtl rate,
ai = duration of the ith stage as determined above.

=ôoôÍ
ai

From equation (4) we have :
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loe ô¿ = Los ôt i ât (s)

From equatÍon 4 the folloruing expression is derived for esti.mating the

numbers of insecl-s enterj-ng each stage.

q

Ñoi = -r.oguo¿ [!
j=i

J
A :l (6)

where : Noi ='the number entering the ith stage

(b) RESU_LTS Al[p_ DISCUSSION

The computer program for Manlyts model-, obtaíned by Bíshop and Maelzer

(1982), produced esLimates of stage-specific survival raLes along wit.h

their standard errors, daily survival rate, durations of stages, and

numbers entering different stages. IL required data in a form such that at
two points in tj-me, the beginning and the end, there were no surviving
lnsects. Since the design of the experiment entailed that each of the

replicates i-n each of the treatments in each month, began at a single point
in time, it was easy to set the initial time of |tno insectsrt to a tirne

inte¡:val (2 weeks) prior to the date of release. And because observations

on the numbers of insects su::viving \'/ere terminated r,¡hen all scales had

become adults, the end point ruith no insects r{as assumed to be the

subsequent time interval (2 weeks) afler observations on each cohort was

terminated. Also, the program required whole numbers for the purposes of
analysis, so data files were generated using the surns raLher than the means

of all the three replicates in the respectíve treatmenLs.

The estimated stage-specific survival rates (SSSR) together with their
standard errors for the 1st, 2nd, and 3rd instars in the three treatments

for the 12 monthly cohort sets presented ín Fig. 4.2.8 and Appendix Table 9

appeared to follow a definit.e t,rend under the influence of the treatments.

The SSSR values for the caged treatment were generally higher than those of
the open-caged treatment and the SSSR values of the open-caged treatment

h'ere generally higher than those of the uncaged treatment for each of the

three instars.
In the following discussion, the standard error bars have been



Fis.4.2.B
Estimates of stage-specific survival-rates (SSSRs) and

their respectj-ve standard errors, from a fit of Manlyrs
(L976) node1, for each of rhe 1s1- instar (A), 2nd instar
(B), and the 3rd insrar (C) in each of rhe uncaged ( @ ),
open-caged (O ) and caged ( g ) treaLments.
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considereci as an indi.cation of statisticalll' significant differences

betrseen treaLments and only those insLances have been consiclerecl ín which

the SSSR values for the caged treatmenL are significantly different from

botlr l-he open-caged and the uncaged treatments. FÍgure 4.2"8 shot¿s that

the SSSR values are significantly different in all but the A,pril antl

Decernber (i.e. 10 out of. L2) monthly cohort seLs in the first instar
(Fig. 4.2.8A), and all but the Ápri1, August, Decenber and January (i.e. B

out of 12) cohort sets in l-he 2nd instar (Fig. 4.2.88). IIor'¡ever, in the

3rd instar (Fig. 4.2.8C), the reverse is true; the SSSR values for l-he

caged treatmcnt are not significantly different from those of the other twcl

treatrûents in any monthly cohort excepl those of June, October and February

(Í-.e. 9 out of 12 not different).
The above analysis of SSSR values indicates that the survival. rates of

the scales in the uncaged and open-caged treaLments are not sÍgni.ficantly
dífferent. Ilowever, the survival rates of the scales frour both the uncaged

and open-caged treatments are signÍ.ficantly different from that of the

caged treatmenL. One is, therefore, led to conclude that the sum total of
mortality factors, especially the naf-ural enemies, affecting the scales in
the uncaged and open-caged treatments are similar and they are responsible

for the significant difference in SSSR values when these treatments are

corupared with Lhe caged treatment.
Manlyts model provides estimates of SSSR values and their respective

standard errors based on the assumption t-hat the survival rates of all the

stages of an insect are constant. It is very unlikely that this assurnption

would be true, and so the estimates may not be good in describing reality.
The differences in SSSR values among treatments shov¡n above would be true

only if the estímated survival rates were good estimates. Manly does noL

provide any method of testíng horv good the estimates provided by his model

are. Perhaps, the best test of the estimates in describing reality is by

simulation studies usíng estimates of durations of developments and of

survival rates to simulate the changíng nunbers of insects. The numbers of

insects can then be cornpared with the numbers of inseets from a real
population. Until such a test is conducted, th; estimates of SSSR values

from Manlyrs model and the inferences drawn therefrom can only be accepted

with caution. The apparent trends in the SSSR estímates in the Lhree

treatments in the 12 monthly cohort sets should also be accepted with

caution.
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4"3 SErrLrr{G 4¡TE 0g CilÂr{LBRS

4"3.I IhITITODUSTTON

Most scale insects rvhich are sessile for a major pa.::t of their life
time disperse by wind in t.heir crawler stage and the wind dispersal of
crawlers has been frequently studied (hlillard, I973, L9761 Moran et al.,
L982). Due to their sma11 size, low food reserves and high susceptibility
to dessicaLion, only a tiny fracLion of the crarvlers produced are able to
settle down and form new colonies. To compensate for Lhe heavy 1oss, most

species produce la::ge numbers of crar+1ers.

The settling rate of crawlers is expecterl to play an importanL role in
influencÍng the populatÍon rlynamics of scale insects, ancl so the follor+ing

experinent rr¡as conducLed to esLimate the settling rate of crawlers produced

by Icerya-_pu!çÞasi.

4.3.2 MATIßIALS AND METTIODS

The experiment consísted of tr.ro treatments comprising two locations --
one in a shade house and the other in the open. Potted plants of Acacia

bailevana, rvhich were about 100 cm high with a single main stem and no

branches (Fig.4.3.1Ä), were placed at each of the trso locaLions. The stem

of each plant supported two groups of 3 ovípositing scales. The first.
group of scales was enclosed in a clip-on-stem perspex cage (Fig. 4.3.18)
which confined the crawlers to the cage. The perspex cage had circular
holes covered with polyesLer voile for aeraLion (Fig.4.3.18). In the cage

both the living and the dead crawlers could be counted and so this group of
scales provided estimates of the numbers of CRAWLERS PRODUCED. The second

group of scales was enclosed in a net cage (Fig. l+.3.18) to a1lo¡v freedon

of movement of crawlers in and out but to keep predaLors out, and this
group of scales provided estimaLes of the numbers of CRAh¡LERS SETTLED.

Observations r4¡ere taken at weekly intervals on the numbers of crawlers

which SETTLED on the plant and those PRODUCED within the perspex-cages

until the adults died. The experiment was replicated three times. Four

such experiments \,/ere started in January, April, May and August, 1983.

Two similar experiments were also conducted in constanL temperature

rooms at 200 C and 25o C. These experiments last.ed for one week only and

produced a sÍngl-e observation of the numbers of crawlers produced and

setLl-ed at the end of the week.



Fie._ 4.3 
" I

Pottecl p1anl, of Asêçla baileyana ryith two types of
cages that. rvas used in the expe::iment. to study l-he

seLLling rate of crar*'lers.
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4.3.3 RESIILTS AND DTSCUSSION

The numbers of crawlers produced in c-ages and the nunbers of crawlers

settled on the plants in Location-l (shade house) and Location-2 (open)

have been presented in Appenclix Table 10 and Fig.4.3.2. The results from

t,he experiments conduct,ed in constant temperature rooms have been presented

in Table 4.3.1.
Figure 4.3.21\ shows that the numbers of crawlers produced varied

widely and followed no obvious trends, except that duríng the mont,hs of
June and July the nunbers of crawlers produced in Location 1 (shade house)

k'ere general-ly higher than those in Location 2 (open). This trend could

perhaps be due to smal-l variatíons in temperature in the cages betv¿een the

two locations" The temperature in the cages in Locatíon 1 could have

remained relatively higher due to lower movement of wind in the shade

house.

The data plotted in Fig.4.3.28, on the other hancl, showecl that the

nunbers of crawlers settled were very low in all the 4 experiments in both

the locations except for two r+eeks in the last week of January and the

first week of February at Location 1. Though the rnean numbers of crawlers

settled were generally slightly higher at Location 1 in all the
experiments, the clifferences were not statist.ically significant, as shown

by the standard errors (Appendix Table 10).

FÍgure 4.3.lC shows that l-he mean weekly maximurn t,emperature remained

below 2O0 C and the mean weekl.y ninimum temperaLure remained below 150 C

for major part of the experimental period excepL in January and !-ebruary,

when the maxirnum temperaLures 'h/ere 300 C and above and the rnj-ninum

temperatures \{ere above 150 C.

Both the numbers of crawlers produced and t,he numbers of crawlers

settled were much higher in the experiment,s conducted in the constanL

tenperature rooms (both 200 and 25o C) where there was negligible novement

of air (Table 4.3.1). The data show that, Ín the constant temperature

rooms, an extremely high percentage of crawlers that were produced, settl-ed

down.

The above results indÍcate that the settling rate of crawl-ers i.s

ínfluenced by temperature and wind disturbances. At higher temperatures

not only was there a higher production of crawlers but the numbers of
crawlers settled were also higher. It was expected that wind disturbances



Fig. 4.3.2
(A) Mean numbers of crawlers produced by three adult scales

ln cages attached to plants kept at Location 1 (shade house)
and Location 2 (open) at weekJ-y intervals in four separate
experíments.

(B) Mean numbers of crawlers that seLtled fron those produced
by three adult scales on plants kept at Location 1

(shade house) and Location 2 (open) at weekly intervals
in four separate experiments.

(c) hleekly means of the daily maxlmum and nininum temperatures
for the duration each of the above four experÍmenLs.
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Table 4.3.1

MEAN NTßIBERS OF CRAI{ILERS PRODUCED PER ADULT SCALB (N=3)
IN CAGES AND MEAN I.IUME¡NSìOF CRAITLERS SETTLED PER ADULT
(N=3) ON PI,ANTS IN CONSTANT TmfPERATURmm,

TEMPERAruRB ( o C) Rl R2 R3 MEAN + S.E.

14.4
L3.7

+
+

+
+

20

25

CRATL. PROD.
CRALTTL. SETI.

CRAhIL. PRoD.
CRAITTL. SETT.

96.0 87.7
78.7 82.7

9L.7 736.7
83.7 L02.7

88.3
56.0

95.3
130.7

90.7
72.5

LO7.g
105.7

2
I

7
3
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would influence the settlíng rate of the crawlers because the dispersal of
crawlers is known to take place by vind. However, the results also suggesl
that the wind disturbances at the two locatÍons (shade house and the open)

were not sufficienlly different to produce significant differences in both
the production and settllng of cra¡^'1ers. The consistently 1ow settling
raLe of the crawlers, tvÍth relatively low fluctuations for a major part of
the year at both the locatíons, further suggests that the influence of the
settling rate of crawlers on the population dynamics of the scale would

also be consistent through the year, and result in the lowering of the
equilibrium -;.evel of the popul-ation. The dynamÍcs of the population, can

then be attributable to other factors such as the natural enemies. The

results presented abover'however, do not indicate horv the settling rate of
the crawlers influences the long term dynanics of the scale population.
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4"4 SEASONIIL _DYr{Â}trCS OF ryr _ru. ¡S!. _IgS_ .][1l]IB& Ff{F,ÞrrFS_ : COI'¡CLUSTONS

The data on the popul.ation dynarni-cs of the scale and its natural
enemies inclicat.e that their numbers are exLremely loru for most of the year.

The natural enemies, though preselìt throughout l-he year in 1ow nrunbers,

became especially acl-ive Ín late spring ancl early summer, and were

responsibl-e for l-he crash in the scale population at th¿rL time" Heavy

rainfall and wind di-sturbances in the r¿inter months i-nfluenced the decli.ne

of the scale population after the peah ín June/July.
The resl:lts from the natural enemy exclusiorr experiments substantiatecl

the hypoLhesis that the natu::al enerni.es play a major role in keeping the

scale population under control.
The settling rate of the crawlers v¡as corrsisl-ently 1or*¡ throughout the

year. Low temper:atures and l+incl disturbances r,rere largely responsible for
the low seLtling rat.e of the crawlers :in the f ield 

"

Thus, three facLors app€ar to be responsillle for the 1or,¡ numbers of
scales ín Adelaide. The wind disturbances through the year lower the

settling rate of the crawlers, thereby lowe::ing the equilibrium leve1 of

the scale population. The rain and r+ind play an important role i-n reducing

the scale population rvhen the nal-ural enemies are not active i-n the wj-nLer

monlhs. fn spring and summer, when the scale population has the potential
to build up rapidl-1', the naLural enemies multiply faster and take over the

scale population. Thus, the scale population never gets the opportuníty to
build up in large numbers throughout the year, and so the scales are so

uncommon in South Australia.
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ffiAPTER 5

NATIIRAL ENBMISS SEARCUING FOR ISOI.ATED PREÏ PATCUES IN }IATTIRE

The idea with which we have to start is, therefore¡ that animal

dispersal is on the whole a rather quietr humd.rum process, and

that it is taking place all the Èime as a result of the normal

Ilfe of animals.

-- Elton (t927, p. 148).

5.1 INTRODIISTÏON

5.1.1 l.HE GENER.AL SEARCII]NG PROCBSS

The mechanisms by wtrictr predators search for patchily distribuLed prey

in nature has intrigued biologists f or a long tirne, but r+it.h the
development of predator-prey models, the searching behaviour of predat,ors

ts being studied more closely and in greater detail, in an attempL to
unravel the intricate mechanisms involved, and thereby acquire a better
understanding of the dynarnics of such j.nteracting populations. As Doutt

(f964a) states, rrThe manner by which hosts are actually found, and the nany

factors thaL det.ernine the existerrce and maintenance of a particular
host-parasite relationship are among the most challenging and fascinating
research problems in the biology of parasitesrr.

the foraging strategies of ani-ma1s, and especially insects, are

strongly influenced by the complex spatÍal structure of the environnent.
The natural distribution of prey will alnost, certainly be aggregated on a

seríes of spatial scales, the problem of rrclumps-within-clumpstr (Heads and

Lawton, 1983). Hassell and Southwood (1978) believe that a forager
perceives the environment at three heirarchical levels : the habitat, the
patch and fÍnally the food. Very few biologists would have problems in
defining what constitutes food. It obviously comprises prey for predators,
hosts for parasitoids, foliage for herbivores, and so on. These food ltems

are often aggregated in clumps or patches. However, the definitíon of what

constitutes a patch 1s a major problem (l,laage, LgTg), ànd Hassell and

Southwood (1978) warn that rrwe must beware of identifying a patch solely by

what we perceive or consÍder reasonable. The forager 1tse1f defines the

patch, and we should look to changes in the foragerrs behaviour to idenÈify
patch boundarlesrr. Hassell and Southwood (1978) define a patch as an ttarea

contafning a stimulus or stirnuli that at the proper inLensity elicit a
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characteristlc foraging actívlty in a responsive foragertt. But the
distrlbution of patches themselves is not homogeneous, thereby creating the
need for a term for a cluster of patches. Again, patches can be clustered
at different leve1s viz., leaves with prey on a plant, plants within a

fie1d, fields spread far apart and so on. For reasons of simplicity,
Hassell and Southryood call a cluster of patches, a habltat. Such a

classifÍcation of the environment in which the organlsm thrives is
essential for the proper understanding of the foraging process. Thus, if
prey are distributed in srna11 clumps on the leaves of a trees within
orchards within different localities, then a searching predator has to
begin by first findÍng orchards within a locality, then trees within an

orchard, and then leaves'r+ithin a tree before it can find the prey on the
leaves (a paLch).

Insects use thej-r great mobility to forage within a patch and also to
move between patches or habitats that rnay be widely spaced. The

behavi-ouraI responses of insects to different levels of food aggregates,
vLz., habitat, patch, and food, are very different; ranging from migratory
behaviour, inter-patch díspersal, to various types of patch-specific
behaviour.

In locaLlng patches, foragers are Lnfluenced by various stimuli. The

forager may elther be aLtracted to the patch-specifíc stimulus, or to the
stlmull ernltted by the patch as a result, of prey activity, or to the prey
themselves. Thus, the parasitoids Alvsia nugggcatof and Nasonia

-vlttipgrig are known to be at,tracted to the odour of carrion, whether or
not their hosts are present in the neat (Hassell and Southwood, 1978); and

there are several examples of parasitoid fernales being attracted to the
food plants of their phytophagous hosts rather than to the hosLs

themselves¡ êog. the parasltoid, Diaeretiella tÐae. is att,racted to the
volatile nustard oils of the cruciferous plants upon which the aphld hosts
feed (Read et a1. , L97O). 0n the other hand, the parasitoid ll9¿dglg-g$ica.
is attracted to the volatile terpene released as a result of feeding by the
bark beetle (Camours and Payne, L972); and the parasitbld ltoplectis
cogulsÍtor. Ís attracted nore to the red shoots of Pinqq gyþestrÍs. than to
green ones, the reddening being due to infestaLions of its host the moth,

IbIgglgltaa_boffa:tg (Arthur, L966). Some parasitoids are attracted to the
hostrs sex pheromones (Mltchell and Mau, L97I; Sternllcht, L973), while
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others are aLtracted to the sounds produced by theír hosts (Cade, L975;

Soper et a1., L976).

trlithin a patch, a forager may search for its prey aL random (Fleshner,

1950; Banks, 1954 for 1arva1 cocclnellids) or be drawn to the prey organism

itself as a resuLt of stírnuli emitted by the prey (e.g. s€x pheronones or
kairornones) (Wylie, 1958; Hassell, 1968; Waage, L979). There are numerous

examples of predators spending longer periods of tine ln those patches

where the rate of encounter with food items Ís hlgher (Aggregative

response) (see Chapters 6.1 and 8.1).
After theír first encounter with prey the searching behaviour of many

predators change so that there is a pronounced increase Ín turning rate
(Klínokinesiç) and a reduction in speed of movement (Orthokinesis) (see

Chapter 8.2).

5.L.2 FORAGING FOR VERY LOI{ NHBBRS OF PRET

Most ecologists would agree that animals that are relatively scarce

are probably scarce because their nat,ural enemies are very efflcient. The

corollary, that natural enemies which are able Èo find prey that are

relatively scarce must be efficient searchers, shouLd also be true. I,Ie

also know that, 1n nature, spatial heterogeniety is common, as a resulL of
whlch organisms are distributed in patches whlch are oft,en far apart.
Thus, as the number of an organÍsn Ín a habitat decli-nes, the nunber of
indivÍduals 1n a patch would also decline and the average distance between

patches would increase. Wlth such a prey distribuÈion, the efficiency with
which a predator finds lts prey must, al-so Íncrease if it ls to keep the
prey population relatively scarce. The leveL at which a prey population
exists is thus likely to be determined as a fine balance between the size
of prey patch and the average dlsLance between patches, on the one hand,

and the efficiency with which the predator 1s al¡1e Ëo firsL find these
patches and then the prey withln these patches, on the other.

5,1.3 OBJECTIYES BEHII'ID Mf EXPERIMENT

Data presented ln Chapter 4.L suggest that both Icer:C purchasi and

Ssdolia ggglfnalfs are relatively rare in South Australla. Considering the
nonophagous nature of Rodolla and alnosL sedentary nature of its larval
stage, Rodolia. adults rnust be falrly efficient 1n seekl-ng out patches of
prey on trees whlch are often far apart. To test such a hypothesls in the
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11nlt1ess boundaries of nature is a dlfficult proposition. However, by the

help of the follovring experlment, attempts rvere nade to gather lnformatlon
on the pat.ch findlng abilities of the natural enemies of Iceryg, especially
Rodolia.

5.2 MATERIAI.S AND MEIHODS

Potted plants of Acacia_bg.i1=yg$g and citrus were placed at two

locations. Location I was under a large Acacia_baile¡rana tree which

harboured a natural scale and natural eneny population (Tree (A) used Ín
sarnpling scale populations; Chapter 4.1). Location 2 was an Ísolated area

about 500 rn away from the nearest knovn host plant of the scale, and so

presumably as far away from any nat,ural population of the scale or its
natural enemies. Patches of prey populatlon rr¡ere generated on four potted

plants of each species in each of the two locations. Three patches of prey

were generated on each of the plants present by releasing crar+lers in
clip-on-Ieaf cages. Thírty crawlers r"ere released per patch in cohort set
1, 20 crar+1ers per patch in cohort set 2 and 3, and 10 crawlers per patch

in cohort set 4. After four days the cages ìrere removed and a record nade

of the numbers of crawlers settled. Four such releases (cohorE seLs) were

nade at fortnightly intervals starting frorn 20th Novenber, 1981. Two

randomly selected patches of prey on each host plant species at each

location were caged in cohort sets 2, 3, and 4 lrith the aim of evaluatÍng
the impact. of the natural enernl-es on the survival of the scales.

DaÈa were collected at fortnightly intervals in each of the patches on

the number of survlving scales and the presence of any natural enenies.

Observations were terminated when all the surviving scales becane

ovlposltlng adults. Since the scales are sedentary 1n habit except for a

brief perlod after each noult when they nove a few cn, it was easy to keep

track of indivÍdua1 scales throughout the experinent.

5.3 RESIILTS

(A) NTTMBERS

The numbers of scales surviving and the natural enemles of the scales

observed at fortnightly l-ntervals on Acacia_bgilS¡gg and cltrus at

Location 1 and Locatlon 2 1n cohort sets 1, 2, 3, and 4 have been tabulated

OF SCALES
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ln Table 5.1, and plotted as proportions of the numbers of crawlers settled
in Fig. 5.1.

Table 5.14 shows Lhat ln cohort set 1, over 60 7" of the released
crawlers settled down as first insLar scales. However, the nurnbers of
survlving scales dropped considerably 1n the first two fortnlghts
thereafter, and nost prey patches vrere completely destroyed after 10

weeks (F5). 0n1y four scales on AcacÍa at Location 2 and three scales on

cltrus at Locatlon I survived to the adult stage. ¡

The only natural enemy observed feeding on the scales was Rodolia
gardþ9118. Eggs.and larvae of the beetles were found at Location 2 on

both Acacia and citrus after the firsL and second fortnight, and one adult
beetle was found feeding on a scale on ciLrus at LocalÍon 1 after the flrst
fortnight from the date of release of crarvlers. The presence of eggs and

larvae of Rodgtls at Locatlon 2 after the first fortnight suggests that
adult beetles capable of 1ayÍng eggs had discovered the patches of scales
w-lthin a week of the release of the scales, and when all the scales were

still flrst instars.
The nurnbers of scales surviving to adults increased in the successlve

cohort sets 2, 3, and 4, and neither Rodelia. nor any other natural eneny of
the scales were observed (Tables 5.18, C, and D). In cohort seEs 2, 3 and

4, a number of caged patches of prey were accidently destroyed due Lo

breaking of the leaves on which the patches were generated. Therefore, no

inferences have been drawn froru the numbers of scales surviving ln the
patches that were caged.

In order to test the influence of the cohort sets, host plant species,
and location on the survival of the scales, the numbers of scales surviving
as a Proportlon of the crawlers settied were subjected to an analysis of
variance (Tables 5.2 and 5.3). The scales in the patches that were caged

were left out of the analyses (Table 5.1). Two separate analyses of
variance were conducted wj-th data from the TI{IRD and SIXTH fortnlght fron
the date of release of the crawlers and the.data were transformed to
arcsines príor to the analyses to homogenize the variances.

Each analysis of variance was conducted usiirg the total numbers of
scales survlvlng on all 4 plants. The plants were TTPSEIIDOREPLICATESI|

rlthfn each rrplotrr (location) (Hurlbert, L9B4), and their effecL may be

deternined from a sanpllng error M.S. (Steel And Torrl, L982) but it is of
no interest because we are onLy concerned r.¡ith nain effects. Furthermore,
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The proportion of sett.led crar*'lers that survived over 1,6

weelcs on Aqac-ia -þgüu-yuB and on citrus after each of
four releases (cohort sets) at Location I (main figure)
and Locat-1on 2 (overlay) " The curved lines represent the
fitLed hleibu_l1 distribulÍon.
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Table 5.1/r

NIJI"ÍBERS OF SURVIVING SCÀLES ÁND OF NAT'IJRÀL ENEMIES OBSIRVED ÀT FORTNIGI{TLY INTERV,ÂLS IN II1CH
PREY PATCII ON EACII OF 4 PLANTS IN EACH OF 2 LOCÅTIONS iN TIìE þ-IELD.
COlloRT SET f1) DÄTIJ 0F INTRODUCTION : 20.11.1981
(Rodolia g31d_ing_l-Lg.was the only natural enemy observed; as larvae,at Fl and F2
at LocaEion (2), and as adul! ôÈ Location (1) only on Citrus)

II0ST PLI\ìü : Âcaciq ballcyana

RODOLIAL0c^rroN (2)
F1 F2 F3 II4 I¡5 F6 F7PLANT PATCH NREL NSIT

(1)

(2)

LoCi\TION (r)
Fl F2 t'3 F4 !'5 F6 Fl F2Ir1I\RE.L NSET

0
1#
0

0
0
0

0
0
0

00
00
00

1I110
00000
72210
33000
62111
00000

'1,493000
1582110
t29sl11
221111
511111
000000

000000
000000
000000
000000
000000
000000
000000
000000
000000

17 I
23 15
25 22

5
7

10

13
rì

16

22
5
0

6

20

30 24
30 24
30 25

30 23
30 22
30 28

0000000
0000000
0000000
1000000
0000000
2000000

00000
00000
10000

30120000000
30250000000
30300000000

0000000
1000000
0000000

000000
000000
o00000

0
20

4

00000
22222
s2111

301621
30442
30 .22 22 10

0000000
0*0 0 0 0 0 0
7L00000

9
l7
L9

30
30
30

11
13
16

20
20

28
21
21

30
30
30

30
30
30

30
30
30

I
2

1
')

3

I
t
3

1

2
J

1@
ñ
t(à

0
0
r@

4

11 2
00

lB 12

4
19
11

3
l5
I

L7
t7
15

0
0
c

I

30 27
30 26
30 22

30
30
30

I
t4
t4

(3)

(4)

TOTALS

(1)

(3)

(4)

TÙTAIS

NREL = NUI'ÍBERS OF CRAI^ILERS REI,L/ISED
NSET = NTI{IìERS OT'CRAI{LERS SITTTLE.D

$ = Rodolia oggs
@ = lst insEâr larva
S = 2nd insLar larva
* g one Rodolia adult

II0ST PL NT : CtTltUS

360 236 32 L4 1 0 0 0 0 360 2s7 17010s 45 20 I 7 4

0
0
0

0
0
0

0
0
0

0

0

0

1@

0
¿(!

r@

0
0

1@

2@

Jù

r@

22
24
22

23
1s
l5

24
16
2I

27
18
20

30
30
30

30
30
30

30
30
30

30
30
30

30 26
30 23
30 29

30 2s
30 20
30 13

(2)

1

2
3

I
2
3

1

2
3

1

2
3

000

00011
000

400
LEÁF BROKEN

1600
0

0

0360 247 109 0 036022360t474333

FI TO F7 ARE DATES OF OBSERVATIONS (FORTNIGHTLY APART)
Fl - 4.12.1981 Fs = 29.I,t982
F2 = 18.12.1981 F6 = 2.2,19s2
F3 = t.1.199' F7 - 26.2.1982
F4 = 15.1.196,



Table 5.lB

MJI'IBERS OF SURVTVTNG SCALIIS /'ND OF NÀTURAL ENEMTES OBSERVID J\T FORTNIGÍfILY I}ì"TERVÀIß IN IÌACH

PREY PA'TCH ON UACH OI¡ 4 PLANTS IN I]ACH OIJ 2 LOCATIONS IN THE FIßLD.
:4.12.1981çp]9!1 gEL 12) D,I=TE 9I rr¡rROluçIIE

(¡¡O ¡trtrUn¡l litqn¡flEs OBSIRVED. PÀTCHES O'ül[R TIIAN rrc^Gtr 
- UNCAGED)

II0ST PIÁIil : ¿qa-gþ._ue119g!q

(1
't!4

I,OCATION
FI NREL NSHT

llOgt PLANT : GITRUS

LocArrON (2)
Fl F2 F3 I'4 F5 F6 F7F6Þ'5Fl IJ2 F3PLÀNT PATCH NREL NSET

(1)

(2)

(3)

422
000
1r0

14 13 l1 rl
0000
942r

76s31
43222
22100

5311
4100
3211
0000
7555
0000

52110
00000
00000

0000000
0000000
0000000

0000000
s5522ll
0000000

1100000
9000000
0000000

00000
55533
00000

13333222
0000000
0000000

ls 13
11 I
8B

16 74
18 lt+
t4 t4

11 1l
00
00

t4
11
12

15
13
10

16
IB
74

1l
T4
0

11
11
6

t2
5

13

ll
15
20

ct\G 20
20
20

20
20
20

20
20
20

20
CAG 20

20

87666
00000
33200

7655333
8000000
4000000

999
633
000

1.7 13
20
44

t7 16
16 16
L70

9987
0000
4200

L7 L7 16
000

L2L2 4

00
15 l0
00

18 16

20
20
L4

7
11
15

18
.16

20

120
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320
1 CAG 20
220
320

(1)

(2)

(3)

(4)

t4 11
11 6
00

l1
10
4

00
L4 1I
00

0
10
0

00
74 11
00

202012000000
20203200000
20444L0000

I CAG 20
220
320
1

2
3

200 720 91 76 40 24 15 I 5T0TALS (-CAG) 200 160 87 39 23 16 74 9 9

0
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0

7

t7
L9.
5

CAG 20
20
20

20
cÄG 20

20

20
20
20

20
20
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000
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15
13
0

10
11
I

l7
0

12
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I
a

J

t
,>

3

I
2
3

1
2
3

200t2927L488755

(4)

NREL = NI}{BERS OF CRAWLERS RELEASED
NSET = NL¡'IBERS 0F CRAI'ILERS SETTLED

CÄG = CAGED

Fl T0 F7 ÁRE D/ìTES 0F OBSERVATIoNS (FoRTNIGIITLY APART)
Fl = 18.12.1981 15 = r2,2.t982
F2 - 1,r.1982 F6 - 26.2.1982
F3 - 1s.1.1982 F7 - t2.3.r982
F4 = 29.1.1982

998TûTALS (-CÀG) 200 99 27
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NIJI'{BARS OF SURVIVING SCALES AND OF NÀTURAL ENFJ"ÍIES OBSERVED ÁT FORTN]GI{TLY INTERVALS IN EÄCH
PREY P/ITCII ON DACH OF 4 PLANTS IN EÀCII OF 2 LOCATIONS IN TIIE FIELD.
CollORT SET -(9) !¡!E 0F INTRODUCII0ì{ : 18.12.1981
eruo rulrunnÙ rxwrEs w[RD oBSEVEREIJ. prtTcuEs orrnlt lu-,tN-EÄG-i-a:m-clictD).

HOST PL lil : Acacla bjLj.Leyang

LOCATION (1
r4 r''6

LOCATION (2)
F4

)
F6F5Fl F2 F3F5Fl F2 r"3

J
4

200 153 I25 62 39 31 18 16

ls6s421
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II0ST PLIINT : GITRUS
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F3 - 29.r.1982 F6 = L2.3.r982
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Tablg 5.24,

ANOVA ON THE ARCSINE TRANSFORMATION OF PBRCBNTAGE OF THE SETTLED
SCAL]IS SURVIVING ON THB TI]IRD FORTNIGHT AFTER THBIR RBLEASE IN
THB PREY PATCIT FTNDTNG sXmîMnNT (4 COHoRT SETS x 2 pLANT SPBCIES
x 2 LOCATIONS x 4 PLANTS (PSEUDOREPLICATES))

SOUlìCE D.F. S. S. l"l.S"S" F

COFIORTS

PLANT SPECIES
LOCATION
EXPBRTMENTAL ERROR*
SAMPLING ERROR

05
05
05

>0
<0
>0

3
1

1

10

LOCATTON (1)
P2 P3 P4

20.4 0
24.r 0

5L67.O2
2907.23

16.39
5296"64

17843.73

6.0

22.2
19.0

40.9
27.5

MEAN Pl

5.1

P

3.25
s.49
0.03

LocArrON (2)
P2 P3 P4

20 .5 36. 1 65.
000

48

1722.34
2907,23

16.39
s29 "66
37t.74

L9.4
0

TOTAL

COHORT PLANT
SET SPECIBS

(1) ACACTA 0
CITRUS O

(2) ACACTA

CITRUS

63 3L237.O2 495.73

* EXPERIMENTAL ERROR USED IN THE ESTIMATION OF IIFII STATISTIC
(Cochranrs Norrnalíty test staListic = O.24; P)0.05)

5"28

ARCSINE TRANSFORI'MD DATA ON THE PBRCENTAGE OF TI{E SETTLED SCALES
SIIRVTVING ON THIRD FORTNTGTII ON ACACIA AND CITRUS PLANTS ÄT
LOCATION 1 ANI-EN THE FOUR COHORT SETS

P1

26.8
0

51 .7
20.7

90
0

0
0 I

MEAN

35.5
0

37.7
19. 5

(3) ACACTA s4
CITRUS O

.7 42.2
24.7

33.6
75.9

35.3
42.6

73.2
0

28.5
0

31 .5
42.6

68.g
0

29.7
61 .3

35.9
0

39.7
30.0

46.2 0
19.3 58.

30.6
46.7

.0 3L,2

.7 40.7
26
24

(4) ACACTA
CITRUS

57.7
25.7

35.3 54.
61.3 26.

5
9

30.0 30.0 41.9 30.0 33.0
0 24.7 26.6 0 L2.7

PL, P2, P3, and P4 represent the four plants
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ANOVA O}I THB ARCSINE TRANSFORI'IATION OF PERCENTAGE OF THE SETTLBI)
SCALES SURV]VING ON TI1B SIXTI{ FORTNIGHT AFTER TIIBIR RELEASE IN
TTIB PREY PATCI{ FINDING rXpnnrMgNT (4 C0H0ll'I SETS x 2 PLANT SPECIES
x 2 LOCATTONS x 4 PLÁNTS (PSEUDORBPLICATES))

SOURCE D.F. S"S. M"S.S. F

TOTAL 63 28508.77 452.52

* EXPERIMBI{TAL ERROR USBD IN THE ESTIMATION OF IIFTI STAT]STIC
(Cochranrs Normality test statistic = 0.161' P = 0.76 (approx.))

reÞþ s"38

ARCSINE TR/TNSFORMED DATA ON THE PBRCENTAGE OF THB SETTLED SCALES
SURVIVING ON SIXIH FORTNIGHT ON ACACIA AND CITRUS PLÂNITS ÂT

LOCATION 1 AND 2 IN THE FOUI{ COHORT SETS

COHORTS

PI,ANT SPECIES
LOCATION
EXPERIMENTÂL ERROR'T

SAMPLING ERROR

COHORT PLANT
SBT SPECTES P1

(1) ACACIÀ O

CITRUS O

LOcArrON (1)
P2 P3 P4

00
56.7 0

65.9 0
43.3 0

3 3t¡5I.91+
L 1464.69
L 10s"96

10 5390.06
48 18096" 11

MEAN

0
14.2

2I.3
10.9

LOcArrON (2)
P2 P3 P4

P

<0.05
>0.05
>0.05

MEAN

48.2 33.2

25"7
24"5

1150"65
L464.69

10s 
" 96

539.01
377.00

P1

41.3
0

2.r4
2.72
0.20

40.
53.

2L.3
0

6

0
0

0
0

31.6 2L .7 31 . I
000 00

0(2) AcAcrA
CITRUS

(3) AcAcrA
CITRUS

(4) AcAcrA
CITRUS

28.l 28.5
32.7 20.7

39.4 30.
61.3 0

2

5 20.9
0 4L.3

25.7

19.5
0

40.2
0

33.7
L2.7

42.2
6g.g

49.l
L2.7

34.9
30.6

37.
29.

g 44.3

0
28.L
18.4

31.9
32.9

19.8
16.7

65 .9 35.3 46.0 L2.7 L2.7
006.4049.2

PL, P2, P3, and P4 represent the four plants
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the lnteractions between plant specles, locations and cohort.s were not

slgnificant, so their S.S. were pooled with the S.S. for plant species x
locations x cohorts and the subsequent pooled error M.S. with 10 d.f. lr¡as

used to test the maln effects.
The analysls for the THIRD fortnight (Tab1e 5.2) showed that the

effect of host plant specles was significant, and the effects of cohort

sets and locations were not sl-gnlficant (P)0.05). However, l-he analysis of
varlance on data fron the SIXTH fortnlght (Table 5.3) showed that only the

effect of cohorL sets was signlficant and the effects õf host plant species

and locations were not significant (Þ0.05). Thus, the effect of location
Íras not sigolficant in both the THIRD and SIXTH fortnight,

Therefore, the analyses of variance of the numbers of scales surviving
on both the TTIIRD and SIXTII fortnight shorsed that the survival of the

scales were not affected by the location of their host. plants, i.e. close

to (Location 1) or away (LocaLion 2) fron the source of natural enemies,

which suggests that the sum of the rnortality factors affecting the scales

at both the locations were not different, r'¡hlch further suggests that the

natural enemi-es of the scales were able to find the scales and attack them

equally at both the locations. The numbers of Rodolj.a cardinalis observed

(Table 5.14) also support thi-s hypothesis.

(B) DESCRIPTION OF THE SIIRVIVAL DATA USTNG TIIE I4TEIBTILL MODBL

Attenpts were nade Lo describe the numbers of scales surviving at
fortnightly intervals by the help of the trùeibull nodel (see Chapter 4.2).
The numbers of scales survJ-ving were summed over all the uncaged patches

and all the four plants of the same species to get as large numbers as

possible for fÍttlng the Weibull node1. The numbers of scales survivÍng as

a proportion of those inltially settled over fortnightly intervals (as dots

and squares), and the fitted Weibull curve have been plotted Ín Fig. 5.1 by

the he1-p of a main figure (Location 1) and an overlay (Location 2).
Kofunogorov-Smirnov and Chlsquare goodness of fit tests suggested that in
most cases the Ïteibu11 model fitted the data satlsfactorily (Tab1e 5.4).
The shape and scale parameters for the fltte¿ WeiUutt curves, estlmated by

the Ll-near Regresslon Method (see Chapter 4.2), shorved Ehat the shape

parameters for cohorts on Acacl-a at the two locations were not very

sinilar, but the shape pararneters for cohorts on citrus at the two

locatlons vrrere very sinilar (Table 5.5), whfch suggests that the



Table 5.4

CHISQUARE ÄND KOLI"ÍOG0ROV-SMIRNOV GOODNESS 0F FIT TESTS 0N FITTED
WEIBULL DISTRItsUTION TO DATÄ Þ-ROM PREY PATCH FINDTNG EXPERIMENT

COHORT PLANT
SET TYPB

(1) ACACIA
CITRUS

(2) ÂCACIA
CITRUS

(3) ACACIA
CITRUS

(4) ACACIA
CITRUS

COIIORT

SET

LOcArroN (1)
KOL-SMIR TBST V2 TEST
N D(i) X2" D.F.

LOCATrON (2)
KOI"-SMTR TEST
N D(í)

236
223

160
99

116
94

44
48

.077 ì'ls

.062 NS

.055 NS

.O2T NS

.o44 NS

.OBO NS

39.4
ro"2

5.
0.

0"
4.

1 tl'

4*
257 .035 NS 5.2 4 NS

hIBIBULL MODEL NOT FI'ITBD

T2O .OBB NS

t29 .020 NS

2.2
t.2

X
x'

11.3
15.0

1.8
0.

.83

.50

.51

.62

2 TEST
D.F.

9
I

7
3

4
4

3
32

4
l+

3
3

3
3

NS

NS

NS

NS

NS

NS

NS

NS

3{.
3'f

NS

NS

0.1
1.1

153 .114 tÉ

119 .109 NS

.030

.052
NS

NS

PLANT
TYPE

ACACIA
CITRUS

ACACIA
CITRUS

ACACIA
CITRUS

ACACIA
CITRUS

4r .059
47 .013

NS

NS

NS = NOT SIGNIFICANT ÂT P<0"05 (G00D FIT)
>* = SIGNIFICANT AT P<0.05 (NOT G00D FIT)

T"],19 5.5_

ESTIMATES OF THE SHAPE (c) AND SCALE (b) PARAMETERS FOR

T-ITTED WEIBULL DISTRIBUTION TO DATA FROM

PREY PATCH FINDING EXPERIMENT.

DATE
INTRODUCED

LOcArroN (1)
SHPM SCPM

LocArrON (2)
SHPM SCPM

I.24 4.05(1) 20.LL.1981

(2) 4.t2.Lg8L

(3) 18.L2.1981

(4) 1,1.1982

r.42
0.60

o.79
0.38

0.59
1.08

o.52
0.69

1.47
o.g4

3.06
1.00

10.55
5.40

25.32
2.42

I .33
0.37

1 .31
1.31

*)F

5
0

5
4

.1.00 5.73
0.62 1.69

SHPM = shape parameLer SCPM = scale parameter
¡F* = No fit possible; only one data point.
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survlval-rates of the scales on citrus !¡ere not different at the two

locations. The estlnates of the parameters could not be subjected to
sLatitlcal- tests of signíficance because of the presence of single values

on1y. Thus, the I'lelbull model serves nothing more Lhan a description of
the temporal distributlon of the nortallty in the scale cohorLs.

(c) PATCr{ES pESTROvEp

The numbers of prey patches destroyed ín time ln all the four cohort

sets followed a sinilar pattern when they were plotsted as percentages of
the toLal paLches set up at the start (Fig. 5.2). In general, the

percentages of the botal patches destroyed gradually declined from cohort

set I to cohort. set 3, after which the percentages showed an increase in
the cohort set 4. Such trends suggest that the effects of a group of
nortality factors affecting the survival rate of the scales dinlnished with
time through cohort set 1 to 3 and then it increased again. Ä ploL of the

period of the actlvity of the natural enemies of th.e scale in relatlon to
the duration of the experiment (Fig. 5.3) showed th,at the overlapping of

the period of activity of the natural enemies r+1th the experiment also

gradually declined through cohort set 1 to 4, and this trend was similar to
the declíne 1n the nurnber of prey patches destroyed Ëhrough cohort sets 1

to 3. The analyses of varlance presented in Tables 5.2 and 5.3 also showed

that the numbers of scaLes surviving ln the different cohort sets were

significantly different, and there was better surviyal of the scales in the

subsequent cohort sets. Observations on the activity of the natural
enernles on the prey patches at the two locatlons al-so showed that, withln a

fortnight of the sLart of the experiment (Table 5.1â,), Rodolia adults
capable of laying eggs were able to find the prey patches withln a ¡,¡eek

even at the isolated Location 2; and the adults lai.d eggs, even when all
the prey were first instars.

These results lndlcate Èhat natural enemies did play an active role Ín
reducÍng the scale population durlng the experlmenta.l- period, and the

lncreased survi.val of the scales in the subsequent coh'ort sets was,

perhaps, due to the declinlng lnfluence of the nätural enemies as a result
of a decline l-n their numbers ln the field (Fig. 5.3).
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Fig. 5.3

The Èota1 numbers of natural enemies estinated fron
population samples taken at nonthly intervals on Tree

(A) and Tree (B) (Chapter 4.L), þlorted in relarion ro
the tine taken by the scales released ín cohorL sets
1, 2, 3, and 4 to develop to adults.
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5.4 DISCÛSSION

The data on the survlval of the scales and the activitles of Rodolia

cardlnalis on the patches at the two locations support Ehe findings of

earller workers (Quezada and DeBach, L973), that the beetle has the

potentÍal to find and destroy isolated patches of scales before Lhe numbers

of the latter get out of conLrol. However, from the results gathered thus

far, lt is difficult to posÈulate exactly how the beetle goes about finding
the patches of prey 1n the f1eld, and r,¡hether it perceives the environment

at the hierarchical 1eve1s (habitat, patch, and the food) suggested by

Hassell and Southwood (1978). Most Cocclnellids are believed to search for
their prey at random (Fleshner, 1950; Banks' 1954) so much so that they

have to bunp onto their prey to notice them. If this is also true for
Ro_dnli"., then it would have to be extremely acLive and efficient to be able

to find lsolated patches of preyr. especially when the prey numbers remaÍn

so very low (see Chapter 4.1), and often spread far apart on bushes and

trees.
In the subsequent chapters, bI the help of data gathered fron

laboratory experiuents, attempts have been nade to descríbe the node of
searchlng for prey bV Rodolia. cardinalis.
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CHAPTER 6

RODOLIII SEARCHING FOR PRET PATCEES IN I,ÁBOR.ATORY

The experl-rnent serves two purposes, often independ.ent one from

the other : Lt allows the observation of new facts, hitherto

either unsuspected¡ or not yet weII defined¡ and it deÈermines

whether a working hypothesls fits the world of observable facts.

-- Rene J. Dubos.

6.1 DIEFERENTTAL RBSPONSE TO PREY DENSITY

6.1.1 INTRODUGrION

If the whole of predation biology was to be sunmed up in a single

line, it would surely be -- rrpredators respond to prey densityrr.

Biologists have studied Ëhis phenomenon from every conceivable angle. The

functional, the ovipositional, the numerical, the behavÍoural, the

individual, the aggregative, and the developrnental responses; the area of
discovery, the searchíng efficiency, even the optinal foraging studies all'
in one t.¡ay or another, deal with the predatorrs response to prey density.

Though some of the aforementioned terms are often used synonymously, viz.
functional response with ovipositional response, area of discovery with

searching efficiency, others deal with differenL aspects of the predatorts

response to prey density. One can well imagine the impact that the

predator|s response to prey density has on the dynami-cs of anj.mal

populations.
The tern rrfunctional resoonserr was introduced by Solonon (19/+9) as a

prímary feeding response for changes. in the number of prey killed per

predator in relation to prey density. In conLrast, the numerical resDonse

is reproductive in nature and refers Eo the changes Ín the predator

population in response to prey density (Hassell, 1978a). Thus, the

functional response 1s lmmediate because given rnore food the predaÈor

immediately eats more, but the nurnerical reéponse has a delayed effect
which may lead to cyclic fluctuations in the popplation of both the

predator and prey (Hasse1l, 1978b). The behavioural response is the result
of behavíoural changes on the parÈ of each paraslte or predator in response

to spatial differences l-n host or prey density (Hassell, 1966). The

behavioural response can eiÈher be (a) an indÍvídual response when the
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behavioural response of a single parasitoid is under consideration, or (b)
an .ggggadvg respgse whlch results from a non-randorn distribution of
parasitolds corresponding wlth spatial differences in host density
(Hassell, 1966). As a result of the behavioural response, predators

aggregate at dense prey patches, and spend more tí¡ne there. Studies on the
searchÍ-ng behaviour of predators have led to much speculation of the
lnfluence of this response on the dynamics of interacting predator/prey
populatlons. The_dgelo.pgta! response can be caused by the predator

eating more prey at higher þrey densitj-es, grou.lng more as a consequence,

and then kÍliing more prey because of its larger size (Murdoch, L97L;

Murdoch, L973). This has been the least studied response (Murdoch and

Oaten, L975).

The area gf 
-die.o_"erJ/gSglchilg 

effrcigg is a parameter estimated
from a study of the predatorts response Lo prey densi-ty. Optimal eoragry
Theories deal rv-ith all those factors that influence the predatorts decision
to enigrate from a prey patch; apparentllr prel density plays a vital role
in this decision, too. These tr,¡o aspects of the predatorrs response to
prey density viz. searching efficiency and optimal foraging behaviour have

been considered at conslderable length in Chapters 7 and B respectively.
There are two contrasting ways of investigating how a predator

(parasite) responds to different prey (host) densities, Firstly, one or
nore parasites can be exposed to each of a number of different host
densitles for the same period of tlme (Fuuctional response) (Ho1ling,
1959). This method does not al1ow the parasites a cholce of spendÍng more

time at certain host densitles ln preference to others, but the method is
used to assess the importance of factors such as nhandlíng Limert and egg

LinLtation. Alternatively, parasites can be presented with a range of
different host densitles aL the same time, thus providlng theru with a

cholce and perrnittÍng then to spend different perlods of time searching at
different host densities (Behavloural response) (Hassell, L966; Hassell,
L97L). Thls second experlmental procedure Ís closer to realism because

spaÈ1a1 heterogeneity is cocuron 1n nature and most parãsites probably
respond to concentrations of hosts by spending a longer tlme searching in
areas of high hosÈ density than in areas of low host densÍty.
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(A) FUNCTTONAL RESPoNSE

Predation biologlsts now recognlze three different forms of functional
responses and all three responses 1eve1 off at high prey densities because

the predator becornes satiated and/or runs out of tÍme in which to eat more

prey (Ho1ling, L959; Hassell, 1978a). In the Type-I response, the curve

rlses L1near1y to a plateau and produces density-independent mortality up

to satiation; the Type-II curve rises aL, a continually decreasj-ng rate to
an upper asynptoLe produclng inversely (or negatlvely) density-dependent

nortallty over the entlre range. The Type-III response has a curve with a

sigmoid forn and is the only response whicn produces denslly-dependent

mortalÍty (Hassel1, 1978b; Begon and Mortimer, 1981).

Most arthropod predators show a Type-II response and almost all
predators show Type-II response when glven only one prey species (Murdoch

and Oaten, L975). Hor,¡ever, Ilassell et a1 . (L977) produce evidence which

suggests that, signoid functÍonal responses may be more common in arthropod
predators than was once .thought; and van Lenteren and Bakker (1976) have

shown Lhat a signoid response rûay appear as a Type-II response in'the
absence of behavioural observations, especÍa1ly at lorser prey densj-tÍes.

The Type-II arthropod functLonal responses were reviewed for a varleLy
of predators and parasitoids (Hasse11 et al,, L976), and all Ëhe three
responses have been nodelled considering their effect on the outcome of the

interaction of predator and prey populations (Hassell, 1978b). Several

factors, are known to influence the functj-ona1 response of invertebrate
predators, notably the developmental state of the predator and prey

(Thompson, L975; Mc.Ardle and Lawton, 1979), the predatorrs mode of search

(Akre and Johnson, L979), hunger and satiatlon (Nakanura, L9742 Mills,
Lg82), the availability of prey refuäes (Hildrew and Townsend, 7977), and

tenperature (Messenger, 1968; Thonpson, 7975; Gresens eË al., L982).

Models of predator-prey inLeractions have shorsn that the most common

type of functlonal response (Type-II) has a destabill-zlng effect on

populations of interactlng species while the sigrooid response has a
stabillzÍng effect. Theoretical biologists have tried to recognj.ze those

conplicatlons in the real worl-d that affect the þredatorrs behaviour and

thus mlght alter the response so that Ít becomes stabilizing. Murdoch and

Oaten (L975) have shown that rrpatchfnesstt in the distributlon of prey,
rrswl-tchlngtt between a number of prey species and the presence of rtrefugesrt

for prey can irnpart, stabillzlng propertles to two lnteractlng populations
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by alterlng a Type-II response lnto a sigmold form.

Experlmental techniques used for the study of the functional response

have varied, þut usually each predator is presented with a fixed nunber of
prey; the prey are replaced as they are eaten or the number presented is
large enough so that predatÍon removes onl-y a sma1l fractÍon (say 10 7") of.

the prey.

(B) BEHAVIOIIRAL RESPONSE (AGGREGATIVE RESPONSE)

In functional- response studles, it is assumed that the predator is
searchíng w:ithin a patch of prey or that the preyts dlstri-bution in space

does not lnfluence the predation rate. However, 1n nature, a prey

populatlon is often dístiibuted in discrete patches and spatial
heterogeniety is conmon. Furthermore, it has been knorrn for a 1-ong time

that at least sone predators behave in such a way that they concentraLe

their attack upon denser patches of prey. Laing (L937) studying
Trichograruna gellesceng l,rlestw. and lüy11e (1958) working on Nasonia

:!tripS!$is. (ùla1k.) noticed changes in parasitoid behaviour follorrÍng the

discovery of their hosts. These changes resulted in more time being spent

in higher host density areas. In such cases, one r¿ou1d expect a higher
percentage of hosts to be parasitized where host denslty is greatest and

vice versa (i.e. a density dependent behavioural response) (Hassell, L966).

Such a differential response towards patches of differenL prey densities Ís
a behavloural response rnore commonly referred to as the rraggregatlverr

response in the literature. hlaage (1983) points out that the tern
rraggregationrr in searching behaviour has been rather loosely used for
Itconcentratl-on of total foraglng time 1n nost profitable patches, the
concentratlon of searching tlne there, or positive denslty dependent

parasitism itselffr. Aggregatlon of total foraging tirne nay generate

patterns of parasitlsm ranglng from positive to negative
denslty-dependence, as the proportionate contrlbution of handling tlme is
increased (Hasse1l, 1982b).

Laboratory studies lndicate that many parasltoÍds'spend nore time

searching ln patches of hlgh host density (Ilassell, L97L¡ Akinlosotu, 1973

& Noyes, L974, both in Hasse11, 1978b; van Lenteren and Bakker, L97B;

Waage, 1979; van Alphen and Gal1s, L982). In fleld studies, the outcome of
parasltoid searchl-ng is largely based on lnferences drawn frorn patterns of
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parasitlsm (Morrlson and Strong; 1980, 1981; MorrÍson et al., 1981;

Hasse1l, 1980; Heads and Lawton, 1983). Inferences drawn from patterns of
parasitlsm obviousl-y have thelr llmitation because (a) an absence of
parasitism in a patch does not necessarlly indicate absence of searching

parasitoids (Chesson, L982), and (b) parasitolds allocating searching tj.me

in different ways may generate Ídentical patterns of parasitisrn (Hasse1l,

1982b). Alternatively, estÍmates may be made of Lhe nunbers of adult
parsÍtolds aL different host densities, along raith estimates of parasitism
(Waseloh, L973; Stanp, L982; Bryan and hlratten, 1984). However, these

estj-mates stt1l a1low only an indirect. estimation of parasitism and so Lhe

lnferences drar+n therefrom may be anbÍguous (Waage, 1983). tlaagers (1983)

study of Dlafgre. sp., a 1arval parsite of lbte11a.:yloste!þ is the fírsL
field study indicating aggregation of foraging tlne frorn dlrect
observations. This study also confirrns Morrison and Strongts (1980)

hypothesis that in the field most parasitoids do not generate

denslty-dependent patterus of parasitisrn.
It can be argued that a predator which spends more time Ín dense

patches than in sparse patches would be at a greater selective advantage.

However, if a predator demonstrates a Type-II response, then a prey

fndividual in a dense patch has a lower probabillty of being eaten per unit
of time that the predator spends in that paLch. 0n1y if the predator

spends enor¡gh extra time in the dense patch h''i11 the probability of attack
for the average prey there exceed that in a sparse patch.

The prime objective of this project v¡as an attempt to Ídentify those

factors that contribute to the better effectiveness of Rodolia as a
predator. Therefore, rather than testing the beetlers functional response

in the conventional manner (sectlon 6.1.14), 1t was considered more

approprlat.e to test the beetlets dlfferenti-al response to prey density as

one of the attributes possessed by an efficient bíological control agent

(Hassell, 1978b), by providlng it wtth a range of prey densities
slmultaneously. The following experlment was carrled out with the above

Ídea in mind.
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6.L.2 lrÀïqRrals AND MEITODg

Prey patches were generated on 5.08 crn dia citrus leaf-discs, Twenty

four such discs were placed in two prey culture unlts (Chapter 3), which

together with a 1id served as the searching arena for the predator
(Fig. 6.1.1). The size of the searching arena that resulted was

270x410x120 mm, Four repli.cates of each of sl-x prey densltÍes 0, 1, 21 4,

8, and 16 third instar scales per leaf-dlsc were set up in the arena Ín
random positions. The experinent was started by releasing into the arena,

a slngle female beetle which was Lwo days o1-d and had been mated and

satiated. The experirnent was replÍcated three t.1mes,

Data were collected every 24 h over 5 days on the number of prey eaten

and eggs 1aid. After each 24 h, the prey that had been eaLen were replaced

and the eggs laid rvere renoved.
' Video equipment was set up on one of the replicates on the fourth day

to record the time spent by the beetle at different prey patches. This

recording was done over a period of 8 h 1n two sessions of 4 h each.

Sinilar data r¿ere also collected by direct observation on the fourth day on

two of the repllcates.
The experiment was conducted in a constant temperature room at

25 + 10 C. Light was provided by a bank of ten 40 hl fluorescent tubes and

a I4LI10D photoperlod rvas maintaj-ned.

6.1.3 RESTILIS

At the outseL, I must state that some of the graphs presented in the

following are very sinilar in shape to Hollingrs Type-IT functj-ona1

response curve, and though the nature of the relationship is the same

(predatorrs response to prey density), a basic difference in the design of
the experi-menL remafns. A1so, the results have been presented under two

separate headings (a) predatorrs response BBTL\IEEN patches (patch

selection), and (b) predatorts response I'IITHIN paLches, since they are Lwo

separate components of the predatorrs behaviour, as will become evident
l-ater. Each data point plotted in the flgures 1s a mean estimated over 5

days x 3 repllcates (15) (see Appendix Table I1).



Eig.! (r.1"1

Photograph of the experimental seL-up for the experinent
describerl in ChapLer 6"1.
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6.1.3.1 PREDATORIS RBSP0NSE BEnüEEN PAlf,rES - 34Iq SBLECrIoN

If we conslder each leaf-disc in the searching arena as representing a

patch then, because of the smal1 size of the searching arena (270x410x120

m), a searching predaLor rnay vre11 be expected to have discovered all the

24 patches present in any experinental time perÍod of 24 h. Ilowever, the

results indicate that the beetle did not eat prey or lay eggs on all the

patches present (Appendix Table 11), so that the nunber of patches present

were much higher than the beetlers requiremenLs for eating Prey and laying

eggs. The following two definitions reLating to patches discovered can,

therefore, be used to test the beetlers response to patches of different
prey densltíes.
(i) PATCHES VISITED : pätches discovered by the beetle but at which N0

prey were eaLen and N0 eggs \'¡ere 1aid.

(ii) PAlqtlES AflE$DED. : patches discovered by the beetle and at which prey

were eaten and/or eggs htere laid.
Because of the smallness of the arena, all the 24 patches would have

been VISITBD by the beetle and so the beetlets response to patches of

dj-fferent prey densities (patch type) in terrns of their being VISITED would

be the same. However, when the patches ATIENDED (Appendix Table 12) were

expressed as a percentage of the total patchel ATIEI{DED-Per day and plotted

againsL prey density per patch (Fig. 6.1.2Ä), there was a significant
IÍnear regression (Y = 1.03X + L2.32i t=2.24; P(0.05)' indicating an

fncrease in the number of patches ATTENDED with an increase in prey denslty

per patch. 0n the other hand, the slope of the sírnilar regressÍon of the

number of patches attended as a percentage of the total-¡rresent !!) was not

significantly different from zero (t=1.55; P)0.05) (Fig. 6.L.28). These

results demonstrate that the beetle possesses the Pov¡er of discrirnination

between patch types and exercises preference by attendi-ng a larger
proportion of patches of relatively higher prey densities.

6.L.3.2 PRBDÀTORIS RKSrcNSB ltrrTIIN PÄTCHES

(i) OVIPOSITIONAL BEHAVIOUR

In Chapter 2, lt was pointed out that the beetle behaves more like a

parasltoiil 1n lts egg laying behaviour, because it lays lts eggs only

abgve, under. or close to the prefr an adaptation that probably ensures a

certain degree of survival of its progeny. The l-ocatlon of the eggs laid
away from the prey was also restricted to the leaf-dlsc only, and no eggs



Fiq.6.1..2
(A) The number of pâtches ATTENDED as a percentage of the

total patches ATTENDED per day plotted against prey density
per parch. Line (y = 1.03x + r2.32j t=2.24, p<0.05) fÍtted
by linear regression.

(B) The number of patches ATTENDED as a percentage of the total
patches of a parricular prey density that was PRESENT (which
r,ras 4). The fÍtted linear regressi.on was y = 0.g3x + 19.5;
t=l.55r P>0.05.
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were laid on l-eaf-discs with no prey. Thus, it was easy Lo keep track of

all the eggs laid by the beetle.

The p1ot, of the number of eggs laid against prey density per patch

shorvs a curve sinilar in shape to Hollingrs Type-II functional response

curve (Fig. 6.1.34). Sínce the number of eggs lald increased with an

increase in prey density per patch, it was of inLerest to know the

frequency dlstrlbution of eggs per scal-e at patches of different prey

densities. The total number of scales ebgg or under which eggs rvere laid
(Flg. 6.1.38) also showed a decelerating rise to an upper asympLotet

similar to that of the curve of the total eggs lald (Fig.6.1.3/i). Such

trends demonstraLe that the higher number of eggs 1aíd at patches of higher

prey densi-ty.are spread over larger number of prey and are not clustered on

a few. This trend i-s further substantiated by the numbers of prey with 1,

2, 3, and )3 eggs,presented below.

The newly hatched larvae begin to feed on the prey where they are

born, and so the nurnber of eggs laid per prey 1s of great significance in
the survival of the progeny, especially since cannibalisn j-s a cornmon

phenomenon in Rodolia, as in other Coccinellids. The numbers of scales

r^rith 1 , 2, 3, and )3 eggs per scale have been plotted agalnst prey density

per patch in Fig. 6.1.38. All the four graphs seem to show a positive

trend with prey density up to patch type 8 after which the trends elther

l-evel off or decline to patch type 16. To test these apparent trends, an

analysis of variance (a11 facLors fixed) was conducted on the number of

scal-es with 1, 2, 3, and )3 eggs at patches of different prey densities'

uslng a natural logarithmic transformation (1n(x+1)) (Table 6.1.14). It
was found that the numbers of scales Ltith different number of eggs per

scaLe vere slgniflcantly different (E=L4.94; P(0.0005). The effect of

patch Lype was also significant (F=8.86; P<0.0005) whilst the interact'ion

of scales with eggs and patch type was not signlficant (F=0.87; P)0.05).

The table of means (Table 6.1.18) shows that the number of scales wíth

1 and 2 eggs were not significantly different from one another, and the

number of scales with 3 and )3 eggs rrere not significantly different from

one another. However, the number of scal-es with 1 and 2 eggs were

slgnlflcantly different from those with 3 and )3 eggs. Table 6.1.18 also

shows that Lhere !ìras a signlflcant difference between patches with prey

density 1 and 2 but not between patches wlfh prey densl-ty 4, 8, and 16. It
is also interesting to note that the numbers of scales wlth I and 2 eggs



Fie. 6.1.3
(A) Means +. s.E. of the numbers of eggs laid by beetles at

patches of different prey densities. The curve was
fitted by eye.

(B) Means + s.E. of the total nurnbers of scales with eggs
of Rodolia ( o ); and means of the numbers of scales
wirh 1 (O ), 2 (tr ), 3 ( r ), and )3 (l ) eggs of
Rodolia per scale at patches of different prey
densities.

(c) Mean numbers of eggs laid by Rodolia eirher ABOVE ( r ),
Ullnnn ( O ) or AI,/AY ( O ) from- scales ar parches of
dífferent prey densities.
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Table 6.1.14

ÁNOVA Otr THE NIJ}'ßDRS OF PREY IfITH DIFFERENT NIJ}ÍBERS OF

IìõES_PNN SCALE AT PÀTCIìES OI.. DIF¡.SRE]ITT PRI1Y DENSITIES.

DATA ÎRANSFORMED T0 (1n(x+1)).

s0uRcß

EGGS PER SCALE

PATCH TYPE
INTERAGTION
ERROR

TÛIÂL

DF SS I'fSS

4,13
2./+5
o.24
0.28

t4.94
8.86
0.87

P

<0. 0005
<0.0005
>0.05

F

EGGS PER

SCALB

I'fEirNS
(N=l2)#

1.61 0.00
0.69 0.69
0.00 0.00
0.00 0.00
0.250x

12.38
9.80

59 36.11

1.61 0.69
1.10 0.00
1.10 0.69
0.00 1.10
O.674y

2. BB

11 .05

J
4

t2
40

Tabþ 6.1.18

TABLE OF MEAN NIIISERS OF SCALES IIITH DIFFERENT NIJ}ÍBERS OF EGCS PIR SCALE

(SIGNIFICANT DIF!'ERENCES BE1I'I'IEEN I'ÍEANS B/\SED ON All0vÀ Table (6.1.14)).

R1

(1)
R2

(2)
R3 RI R2

PREY DENSITY PER PATC}I
(4)

R3 Rl R2 R3 Rl
(B)

R2

(16)
R3 Rl R2 R2 (ìl=rs)+

MEANS

1 .488a
1. 146a
0.697b
0.28sb

1
2
3

>3

0.00
0.00
0.00
0.00

1 .61
r.79
0.00
0.00

1.95
1 .39
1.69
0.00

39 3.00
10 1.95
69 0.69
00 1.10

1.10
0.69
0.00
0.00

1.39
1 .61
1.61
0.69

2

2.64
2.08
r .79
0.69
t.377

9s 1.10
61. '1. 10
39 0.69
0o 0.69

1

1
1
0
0

1

1

0
0

2.30
1. 39
I .10
0.00

994y2 .2252

* Means folloved
# l"leans followed

same letters
sane leEters

by the
by the

NOI signlflcantly differenE at P(0.05 (F3,40 = 2.e4) ; L.S.D.= 0.437.
Ñ significantly differcnt at P(0.05 (F1r,40 = 2.61) I L.S.D.= 0.391.
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are hlgher than those w-lLh 3 and )3 eggs at patches of any prey denslty.
The number of eggs laid either above, under or away from scales for

patches of differenL prey densÍties are shorrn Ín Fíg. 6.1.3C. 0n patches

of any one prey denslty, most of the eggs were laid under the scales, which

was followed by the eggs laid on top of the scales. An analysis of
varlance (Table 6.1.24) conducLed r,¡1th the natural logarithrns of the number

of eggs laid (1n(x+1)) showed significant differences between locations of
eggs (F=27.O7; P<0.0005) and also between patches of different prey

densities (F=3.83; P(0.025); but the interaction of locatlon and patch type

was noL sÍgnÍficant (F=1.45; P)0.05). The treatment means j-n Table 6.1.28

show t,hat the nurnber of eggs lald above, under, and array frorn scales r+ere

all significantly different from one another (P<0.05). These differences
suggest that the pattern of eggs laid above, under, or ahray fron scales are

sufficiently hornogeneous to be considered to be consistent over patches of
different prey denslties.
(1i) PREY EATEN

fn FÍgure 6.L.4 are glven (a) the nurnbers of prey eaten, and (b) the

percentage of prey eaten in relation to patches of different prey

densities. The numbers of prey eaten can be represented by the hand drawn

curve, wlth the response at patch with prey density four again being

sonewhat different from the general trend. lJith the exception of the

beetLets unusual response to patch type 4, the general trend shows a

deceleratlng rise to an upper asynptote. Also, as expected, the reverse of
this was true for the percentage of prey eaten frorn any patch type, i.e.
only a very sma11 proportion of the total prey are eaten at hígher prey

densities. Functional reponse studies produce sinilar trends. Thus, not

only do the beetles exercise discrlmination among patch types in laying
eggsr they also eat a larger number of prey fron patches of higher prey

denslties
(iii) TII',ÍE SPENT

The tine spent by the beetle in searching patches of different prey

densiLies and the percentage of the total tine spent on patches of
dlfferent prey densities (Appendtx Table 13), both showed a sigmold

relationship with patch type (Figs. 6.1.54 & B). Thls ls explicable 1f the

searchlng behaviour of the predator is aLtered after an encounter with the

first prel¡ and.lf the predator keeps searching for some time before givlng
up and 1-eavlng the patch, even though at lower prey densities there are not



Fiq"_ 6"1.4

Means + s"E. of the numbers of prey eaten ( a ) and of the
percentages of prey eaten ( o ) from patches of different
prey densities by Ro!o,fia..
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Table 6.1.24

^NOVi\ 
0F THIi NIßIBERS OF EGGS RELATION T0 (a) THEIR LOCATION

(Inïn'uurm, ABOVB oR AwAY FRoM scÀLES), AND (b) Plrcit 0!'
¡frFnnrMr PREY IIENSITIES. D^T1\ TRANSFORI4IìD TO (1n(x+1)).

SOURCE

LOCl\TION
PATCH TYPE
INTì]RACI'ION
ERROR

SS

R3

00 1.39 1.10 1

61 2,49 3.00 2

00 0.00 0.00 0' 1.0648C

I'ISS

PREY DENSITY P!]R PATCTI
(4)

Rl R2 R3 Rl

.39 2.64 1.61 0.00

.49 2.40 2.4Õ 2,77

.00 1.10 1.10 0.00
1.679C

(8)
R2

( 16)
R2

31 .23
8.86
6.70

17.31

64.tO

DF

t
4
B

30

44

27.O7
3. 84
1 .45

15.62,),
0.84
0.58

P

<0.0005
<0.025
>0.0s

TOTAL

Table 6.1.28

TABI,E OF I,IEAN NIJI',ÍBERS OF EGGS L/IID ÀT DIFFERNT LOCÂTIONS (SIGNIFICÂIfI DIFFERENCES BEfi¡EI]N MEANS BÀSED

0N ANOVA Table (6.1.2)).

LOCATION
OF EGGS Rl R3 R1 R3 Rl R2

2.7L 0.00
3,37 3.00
2,O8 0.00
1.582C

MEANS
(N=1s)*

(1)
R2

2)
R2

AßOVE
UNDER

A1ÙAY

MEANS
(N=12) lf

0.00
0.00
o. oo

0.69 0.00
t,79 1.10
0.00 0.69
0.4758

0
1

0

2.57 1. 10
3.47 3.37
0.00 0.00
t.474C

0.00
2.40
0.69

1.012l1
2.37s^
0.378A

* Means followed by the same leEters significantly differenb at P<0.O5 (F2'30 = 3.32)
f Means follorved by lhe sane letters NOT signiflcanEly different áu P<0.05 (F4'30 = 2

¡ L.S.D.= 0.0.568.
69) ; L.S.D.= 0.733.
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nany prey present. If the beetle lays more eggs and eats more prey from

patches of higher prey densitles, then it may be expected to spend a larger

âmouût of time at patches of hlgher prey densities (see Chapter 8.1., r+here

slnilar data have been dlscussed at length).

6.1.4 DISCUSSION

The observatlons on the behavioural response of Rodolia reported above

fal1 into the category of the individual rePonse (Hassell, 1966) because

only the response of a single indivi<lual has been considered, but in the

llterature such responses are also consi-dered under the heading of
raggregatlverr responses. The response of individual Rodolia adults were

tested especially because they are so scarce 1n the field that the chance

of the activities of one adult being interfered v¡ith by another is
neg1iglb1e. Antl furthermore, the response of a single individual rnust be

understood before atternpts are made at studying the response of a group of

them.

In studles dealing wíth the response of predators Lo patchily

dl-stributed prey, the response 1s more realistically considered to comprise

two separate components (i) _Þgg-Patches. - referring to the differential

selection of patches of different prey denslty, and (ií)-yilhg Þatches -
referring Lo how the predaLor responds to a patch once it has been

selected. The forrner rn'ou1d be of considerable irnportance, especially when

dealing with parasitoids that are aLtracted from a dlstance to host

kaÍromones, the concentratlons of whlch depend on Èhe host density at the

patch. Nemeritis and many other parasltoids fa11 into this category (e.9.

I.Iylle, 1958¡ Hassell, 1968; hlaage, L979), and for them, patches with higher

prey denslty nay be discovered more quickly and revisited nore often than

those with lower prey denslty (Waage, 1983). This component of behaviour

is obviously different from what the predator does once it finds ltse1f in

a patch. For the period between its entry and leaving the patch, the

predatorts response to prey denslty is akln to the functlonal response; the

only difference is Lhat in the forrner the predator is hot confined to one

prey densíty at a tine for a fixed perlod. The äeclslon to leave the patch

lies wlth the predator itself and not wlth the experimenter. Therefore, it'
1s not surprising that the results for responses within patches

(Ftgs. 6.1.3 & 6.1.4) follow trends sÍmllar to those obtalned from

functional response studies.



Fis.6.1,5
Means + S"E. of the Lime spent (Fig" A), and the
percentages of the TOTAL time spent (Fl-g" B) by

Rodoliq at patches of differerrt prey densities.
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For reasons that are made obvious 1n the fo11ow-ing chapler, the method

of evaluating a predatorrs response to prey denslty by providing it with a

choi-ce of a nunber of patches of differenL prey densities has more merlt

than the convenLional functional response procedures. One of the iurportant

features of such a nnethod is that it provides data on the dlfferentfal
response of the predator to a range of different prey densities. Tn order

to test the differentlal response of a parasit,oid, I{asse11 (i971) conducLed

a laboratory experlnent in which he presented the parasltoids ttwirh the

choice of a range of differenL host densities at the säme tímetr, Sinilar
experirnents were also conducted by Yeargan and Lateef (L976) to study the

differential response of Bathvplectes gglgglionÞ (Thonpson), a 1arva1

parasitold of Xypera_postica. (Gy1lenha1). Ilotsever, in boLh these studies,

a range of parasite densities rvas tested wiLh the airn of studying mutual

interference between searching parasites. Therefore, only the results of

one of the treatments discussed by llassell (1971) and Yeargan and Lateef

(L976) are relevant to the present study, namely thaL 1n which a single

parasltoid was used. Neither Hassell nor Yeargan and Lateef present

results on the proportion of patches of any host density that were

ttATfENDEDtt. If the resulLs presented for Rodolia are an lndication, in the

treatment with a slngle parasitoid, all the patches are unlikely to have

been rtattendedrr. By ignoring the number of patches ATTENDED, a vital piece

of lnformation abouL the parasitefs behavlour relating to paLch selectiont

is lost.
Hassell (1971) found a significant relationship beLween host densi-ty per

contaíner and the k-values for parasitisn even when a single parasite was

searching. Yeargan and Lateef, on the other hand, did not find any

signiflcant relatl-onsh1p. fn Hassel-lrs experimenL, the parasite in the

smaller cage (28 x 18 x 11 cm) spent almost all of its searchlng time at

the highest host density, and the relation between prey density per paLch

and the proportion of total tlme spent appeared to follorv a positive

exponentlal form. Later studles have shown that the for¡n of such

rel-ationships range from convex to concave to slgmoid. And indeed a ploL

of the data for Rodolia took a slgmoltl form (Fig. 6.1.5). Hassell (1980)

suggests that rrthe ideallzed response to prey distributlon will tend to be

slgrnoldtt as a result of the predator t s lor,¡er dlscriminatory abilitles
betrveen paLches at lower and hlgher prey densities (Hassel1 and May, L9742

Hasse11, 1980). The sigruold response 1s an outcome of the predatorrs
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optimal foraging behaviour (this topic has been considered at considerable

length in chapter 8.1.). Since the searching arena and the distance

between patches were very small in Hassellrs and my own experiment, the

parasitoid/predator would have needed very 1ittle time to ltsamplett the

patches and so was acLually making a choice among simultaneously available

host/prey densities. Thus, in such an arena' the time lost in transit

between pat.ches would have been neglígib1e.

Both laboratory and field studies provide evidence that parasitoids

and predators spend a larger proportion of their searching tine in areas of

high prey density (see Hasse11, 1978b for review). Hassell (1968) using

Varleyrs field data on the predators of the winLer moth, showed that the

parasitic tachinid fly Cyzenis aggregated at dense prey patches, spending

nore tíme at such patches. Clarke (1963) vhile studying the distributiotr

of SVrphrrs eggs in relation to numbers of tests of the psyllid' Cardiaspina

albitextura per leaf surface, also found a positive relationship between

the number of predator eggs and prey density.

A number of workers have looked at searching behaviour of predators

more closely in an attempt Eo understand the mechanisms involved in the

production of an aggregative response. Fleshner (1950) working with mites

and Banks (1957) and Dixon (1959) using ladybirds, showed that the

predators tended to renain for some time in the ímmediate vicínì-ty of thei::

last feeding. There was an increase in turning rates irunediately after

feeding, and the rates stayed high for a short perÍod before randorn search

\,ras resumed (for details, see Chapter 8.2). Thus, a nunber of successive

feeds would probably take place at dense patches. As a result, each

predator will stay longer in paLches with many prey than in patches with

few, and if all the predators behave in the same h'ay' more predation will

occur at the denser patches. Other workers have shown that some predators

are actually attracted to areas of high prey density (Hassel1 and May'

1973; Hassell, 1978b).

In summary, the results discussed above indicate that, within the

confines of the test arena, the beetle showed the abiÌity to dífferentially

exploit patches of prey in relation to prey density such that iL killed

nore prey, laid more eggs, and spent more time at patches of higher prey

densities.
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6.2 INDEK OF AGTTVTTT

6.2.r TNTRODUqrION

The activities of organisms are undoubtedly influenced by temperature

and quantity and quality of their food (Andrewartha and Birch' 1954).

Tenperature is known to alter the behaviour of fenale parasites by

affecting their abilÍty to locate and attack hosts (BurneLt, 1951; Biever,

1971; Bo1t, Ig74). The rate of travel (Bolt, L974; Dreisig, 1981), the

capture rate (Dreísig, 1981), the area'of dj-scovery (Podoler, 1981) and the

rate of parasítizâtion (l3urnett, 1956; Abres and Shepard, 1976¡ Podoler and

Mendel, Lg79), have all been found to increase with an increase in

temperature.
A considerable proportion of the study of predation deals with the

influence of food supply (in the form of prey density) on the outcone of

predator search (section 6.1). Different levels of starvation of the

predator have also been found to influence the nunbers of prey killed, with

the numbers increasing with an increase in starvation levels (Holling'

1966). Murdoch and Oaten (1975) have arguecl that tt.... the predatorfs

efficiency of search and/or capture may increase with the number of meals

eaten per unit tíme; or he may hunt faster as he receives increasing

amounts of'stimulus from the prey or the prey nay behave differently as

their density increases....tt.
The following inferences can be drawn from the above findings. If a

starved predator also has to search for prey prior to feeding, the leve1 of

starvation should also influence its search effort. The search effort

should also increase with starvation up to a point at rr¡hich the stored

energy starts becoming a liniting factor, and the intensity of search then

declines. since search is an energy depleting process, both the intensíty

and duration of search should depend on the amount of stored energy. And

the rate at which energy is deplet.ed depends on the rate of metabolismt

which is a temperature dependent process' Thus, both the intensity and

duration of search nust depend on the level of stored energy and on'

temperature. Also there can only be a fixed amount of energy that can be

stored in an organism (the satiation level). Thereforer temperature and

the level of starvation must Ínteract to influence the search activity of a

predator.



Ei.s, É."?.f
Photogra¡rh of the experi-mcntal set-.up for the Tndex of Activity
experirnent clescribed in ChapLer 6.2.



68

The following experiment was designed to test the influence of
temperature and starvation on the flight activit.y of a predator. An index
of activity (IA) was defined as the number of flighrs per unit time (5 min)
within a t'est arena and was estimar-ed for the predator.

6.2.2 MA1ERTALS AND METTIODS

The experiment was conducted in 2 constant Lemperature rooms, and it
consisted of four treatments comprising two constant temperatures (250 and
300 C) and starvated or unstarved initial states. The experimenl r+as
replicated Lhree times.

The body of the testing arena consi.sted of a cubical cage (30 crn), the
top of which was rnade of polyester voile. One of the culture units (see
chapter 3) served as the base (Fig.6.2.r). For the unstarved beetles,
prey were provided on citrus leaf-discs, but for the starved beetles the
leaf-discs Ï/ere kept free of prey. The searching beetles (predators) had
access to water through the water-film trapped between the leaf-discs and
the r+alls of the individual vials of the culture units. The provision of
water to the beetles eliminated the confounding effect of dehydration and
starvation.

The beetles used in the study were obtained from the stock culture.
Prior to its use ín the experiment, each beetle was well fed and
acclimatized at the test temperature for a 24 h period. At the start of
the experiment, a single female beetle, which was mated and 5 days o1-d, was
introduced into the Lest arena and allowed to search for prey. Data were
collected twice daily, in the morning (1000 h) and the afternoon (1600 h)
until the beeLle died. DurÍ-ng each pbservation session, four recordings of
rAs were made, at quarter hourly inlervals. Three replÍcates in a
treatnent were observed simultaneously. In the analysis, the data from the
unstarvatÍon treatment h'ere considered only up to a tÍme comparative to
that of the starvation treatment at the same temperature; the rest were
Ígnored. .

The constant tenperature roons had a temperature variaLion of + 1o C

and were illuminated by a light bank made up of ten 40W daylight
fluorescent tubes. Photoperiod was naintained at 14L:10D.
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6.2.3 RESIILTS AND DISCUSSION

There r{ras an enormous variabílity in individual IA values among

replicates in any treaLment, with values ranging from 0 to near 200

(Appendix Table 14). However, their means and respective st,andard errors
were adequate to denonstrate trends and draw conclusions therefrom.
(A) Temoerature - 250 C

At 250 C, the IA values (Fig. 6.2.2A) for the unstarved beetle in the

mornings fluct.uated within a narror{¡ range of 0 and 4.6, and in general an

increasing trend in IA values with time could be noticed. In the same sort
of arena, the IA values in the afternoon showed wider fluctuations betrveen

0 and 18.8. So there was no common trend of morning and afternoon

estimaLes of IA values at 250 C.

For the starved beetle (Fig. 6.2.28), the IA values in the mornings

increased steeply after 24 h and they remained high upto 96 h; the beetle

finally died of starvation at 120 h. In the same sort of arena in the

afLernoon, the IA values of the beetle shor+ed a general decline, with a

peak fA value of 10.4 at only 6 h after the start of the experiment.

(B) Temperature - 300 g
At 300 C, on the other hand, the IA values followed a common pattern

in both morning and afternoon (Figs. 6.2.2C & D). As hypothesized, there

hras an initial increase in IA values over a 24 h period, after which there

was a decline for both the starved and unstarved beetles in both the

mornings and afternoons. For the starved beetles, the inítial IA values

were considerably higher than those for the unstarved beetles, namely 8.33

and 4.42 respectively. This difference could be because the unstarved

beetle found prey soon after the start of the experiment and its activities
were then reduced. The increasing trend in IA values in the first 24 h

period, for the unstarved beetle could be a result of a general urge of the

predator to leave the paLch in search of another after having fed and laid
eBBs, as part of its phasic behaviour (Chapter 8.1). Alternatively, this
increase Ín IA values for the unstarved beetle could be a genuine increase

in search effort stimulated by an íncrease in starvation. The gradual

decline in IA values after 24 h, for the unstarvLd beetle, could be

attributed to the beetlers getting acclina:uízed, to the experimental set up.

The presence of more than enough prey nay also be responsible for the

decline in the search intensity of the beetle. A sËeeper decline in the IA
values for the starved beetles after 24 h could be due to the decrease in
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the 1evel of stored energy resulting in increased sluggishness until the

beetle t.ot,ally exhausLed its energy reserves and dÍed.

Another remarkable feature of the IA values at 300 C was a reversal in
the trend of morning and afternoon values for the starved and unstarved

beetles. The IA values in the morning for the starved beetles were

consisiently higher than those in the afternoon. However, the reverse of
this r+as true for l-he starved beätles. This reversal in trend between

morning and afternoon acLivity could be a result of a diurnal influence on

search effort. It appears that, in the norning, both starved and unstarved

beetles resume activíties aL nearly the same rate, and so show comparable

IA values, but then Lhe unstarved beetles encounter and feed on prey durÍng

the day, which reduces their activities so that they have much lower IA
values in the afternoorrs. Contrary to this, the starved beetles do not

find any preyr in spite of constant searching, and they increase their
search effort during the day therby showing high values of IA in the

afternoon.
The results discussed above indicate that the index of activity shows

a better conmon trend at 300 C than at 25o C for both the starved and the

unstarved beetles (Fig. 6.2.2). There Ís also evidence that Rodol-þ, in
general, searches more actively for prey at 300 C than at 25o C, similar to
Trichosramrha spp. in which the rate of search also.increased with an

increase in tenperalure (Biever, l97I; Bo1t, 1974). The results also

support the hypothesis that, at least at a higher temperature (300 C), the

unstarved beetles show an initial increase in search intensity which later
declínes ti1l the beetlers death under the influence of depleting energy

reserves.



CH¡TITR 7

ESHHAfiON OF SEARGUING ETTICIENSY OF ROInLil



CflAPTER 7

BSTIMATION OF SEARCHING EFFICIENCY OF Rodolia cardilalis

If we respect truth we must search for it by persistently

searchÍng for our errors by indefatigueable raÈional

criticisrn and self criticísm.
-- Karl Popper, of scientific attitude.

Error is alt round us and creeps in at the least oppurtunity.

Every rnethoil is imperfect.
-- Charles Nocole.

To dg a great rightr do a little wrong.

-- WillÍarn Shakespeare.

7.1 II\¡:TRODUCTTON

In almost every field of science, a tension constantly exísts between

the theorists and the experimentalists. The theorists alrvays march ahead

with their conjectures of what is to come, though the experimentalists

often reject some of these conjectures for lack of adequate evidence, and

Lhey rejecÇ others for their lack of realism. In addition, good

quantitatíve data are difficult to obtain whilst conjectures are relatively
easy to propound. Undaunted by the crit.icisms of the experimentalists, the

theorists, however, march on propounding more conjectures' and the gap

between theory and experirnental evidence frorn the real world grows. In
predation biology, this gap has grown so wíde that the exPerimentalists

find themselves in a curious dilenma. The theory, they know, is too far
fron realism, yet they cannot refrain from usi-ng it to help explain complex

natural phenomena on the assumption that some of it may be Lrue. Some

theories appear to be true because they are often based on isolated
instances of occurrences of a part,icular phenomenon, nore commonly from

artificial laboratory condit.ions.
There is another reason for the tension between theorists and

experimentalists in biology. Contemporary biologists are indulging more

and more in naLhematical nodelling of natural phenonena in the belíef thaL

vague ecological questions can be posed more succint.ly in mathematical
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terms. The modellers, often recruitecl from such diverse fields as physics

and nathematics, have plunged into some of the nost difficult biological
problems rsiLh a seemingly impressive array of nathematical skills and an

equally impressive innocence of biological principles (hlay, 1973). The

experimentalists, on the other hand, are often ínnocent of the mathematical

techníques involved in nodel building. So the gap between theoretical and

experimental biology widens, with little worthr*¡hi1e synLhesis (hlay, I973;

Gilbert et a1., 1976; Morrison and Strong, 1981), and in most decisions of
an applied nature, theory as yet plays no significant ro1e. In biological
control, for example, trial-and-error or'hit-and-miss techniques are still
adopted (Gilbert et a1., 1976; van Lenteren, 1980).

I{rith the vast anount of literature on predator-prey interactions, one

would have hoped that biological control by the importation of natural
enemies would have by nol/ emerged as a standardized scientific venture, and

not remain the rrtry-it-and-seett forn of technique that it was during the

early part of thís century. It is true that theoretical predation biology
has enormously enhanced our understanding of the dynanics of predátor-prey

interactions in certain artificial environrnenLs, buL as yet its predictions

serve little use in the selection of bíological control agents. Thus,

though the literature tel1s us what characteristics to look for in
prospective biocontrol agents, it fails to t.ell us.horv to compare those

characLeristics in a nunber of candidate species in order to select the
ttbesttt species.

Both theoretical and applied entonologists agree that an efficient
natural enemy must posess a high rrsearching effíciencytt (Flanders , L947:

Doutt, L96t+a; DeBach, 1974; Beddington et al., 1978; Hassell; 1978b; van

Lenteren, 1980). But in spite of its importance, this term has remained

ill defined Ín the líterature, and there is nuch confusion about its use

because it has been used to denote a number of related concepts, perhaps

because all these concepts have evolved from the same idea. Thus,
rrsearching efficiencytt has been used to denote all of the following :-

(a) NICHOLSONTS AREA 0F DISC0VERY :- Most probably the tern had its origin
in this context. Nicholsonts Area of Discovery has been defined as :

rrthe probability of encountering any particular host in the

searching lifetime of the parasitoid.tt In more physical terms, it is
the proportion of the toLal area that is searched by a single
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paraslroid (llassell, 1978a). It is usually denoted by the

l-eLter lfall .

(b) ATTACK RATE :- Denoted by -d-' it is a parameter esLimated frorn

functional response experiments.

(c) SEARCH RUE :- This term is also used synonymously wiLh ATIACK RATE.

In 1982 Hassell published a paPer entitled, trlühat 1s searching

effícienc!? tt, ín which he tried to define the tern and clear some of the

confusíon, bul- the matter is far fron resolved, as will be evident from

section 7 .L.2.

7"1.1 HISI"ORICAL DEVEI.OP}.IBNT OF TJTE SEÀRCHING MTTCIENCT CTNCEPT

The first theoretical nodels of predator-prey interactíon were

developed over half a century ago by Lotka (1925), Volterra (1926),

Ihompson (L924), and Nicholson and Bailey (1935). These early attempts

were purely deductÍve; there vras no attempt to verify assumptions frorn

fiel-d or laboraLorY data.

The Lotka-Volterra model, produced independently by Lotka (1925) and

Volterra (L926), is a dífferential equation nodel characterized by a

particular pattern of population change over time in r,'hich the predator and

prey populations oscÍllate out of phase with each other; the successive

oscillations being of the sane amplitude. This model is based on

assumptions similar to that. of the Nicholson-Bailey nodel discussed below.

The Nicholson-Bailey model, based on Nicholsonrs (1933) general theory

for the interactlon of parasitoids and their hosts, is essentially a

rlÍfference equati-on model inplytng completely discrete generations. This

model has played a signlficant role ln the evolution of the searchlng

effíclency concept ln predatlon biology and, therefore, has been considered

here at 1-ength.

There are four baslc assunptlons upon whj-ch Nicholsonrs (1933)

theory rests --
(1) Parasitoids search for their hosts at random..

(2) Parasltoids are not limited by their egg supplYr or predators never

become satlated.
(3) Parasitolds of given specles have a characteristic searchlng

efflclency, which he called the AREA 0F DISCOVERY.
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(4) The number of hosts encountered per parasit.oid (assuning no

exploitation) is a 1ínear function of host density.
0n the basis of these assunptions, Nicholson produced a rtcompetition

curveft which relates the percentage parasitism of the host population to
the nunber of parasitoids searchÍng, and the following models are based on

thÍs competition curve.

Thus the population nodel for the host :

lit+l = ÀNs = ÀN¡exp(-aP¡) (la)

and, the population model for the parasitoid :

Pt+I = NHA = Nt(l-exn(aP¡)) (lb)

where : a

Nr

NS

Nua

Nt*1

À

Pr

Pt+1

area of discovery

number of hosts at generation t
number of hosts surviving parasì-tism

number of hosts parasitized
host population in the nexL generation

hostts rate of increase
parasitoid population at generation t.

parasitoid population in the next generation

The above equations are based on the fírst term of the Poisson

distribution (Parker, 1973), which serves to distribute the encounters with
hosts randomly, and yields the (N¡¡¡) hosts acLually parasiti-zed (some will
have been encountered more than once).

Thus, given an initial parasitoid population (P¡) and the area of
discovery (a), the percentage parasitism nay be predict.ed. The number of
hosts so parasitlzed (Nffe) becomes the parasitoid population that searches

in the next, generatÍon (Pt+f). This assumes that only'a single parasitoid
larva can develop within each host attacked and that there is no mortality
of the parasitoid progeny. The surviving hosts reproduce with a fÍxed raLe

of increase (À) Lo gíve the hosts of the next, generation (Nt+l).
Nicholsonrs area of díscovery (a) 1s easily calculated from the

following expression for any set of data, provided that the number of
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parasltoids (P¡), the initlal density of hosts (N¡) ' and the number of

survivlng hosts (N") are known. Thus we have --

a = (UPù. Log" (Nr/Ns) (2)

where : a = area of discovery

Pt. = t.ttber of parasitoids searching

Nt = t.ttber of hosts Present
Ns = nunber of hosts surviving parasitÍsm.

Tt was later found that all of Nicholsonrs assufitptions wel:e too far
from realism. Parasitoids dÍd not necessarily search for their prey at

random, as \^¡as assumed by Nicholson, but were often attracted to the hostrs

sex pheromones or kairomones (see Chapter 6.1). Neither is it true that

parasitoids never run out of eggs' nor that predators never become

satiaLed. So, too, Lhe searching efficiency v¡as found not to be constant

and characteristic of a species but to vary with numerous factors, such as

prey density, spatial heterogeneity in the distribution of hosts and

parasitoids, and predator densit,y (mutual interference between searching

parasitoids) (Hassel1, 1978b). Therefore, the first three assumptions of

Nicholson were unrealistic. However, Hollingrs (1959) pioneerÍng study of

predation showed that there was some justification for Nicholsonrs fourth

assumptíon of a linear relationship between the nunber of hosts encountered

and host density, and that study produced what is now ca11ed Ho1língrs

Type-T functional response which is linear over a lirnited range of prey

density but unlike Nicholsonrs linear response, also includes an uPper

limit so that a predator 1s no longer assumed to have an Ínfinite apetite

(or unlimited egg supply in parasitoids). Nicholsonts fourth assumption

also denles the importance of Ithandling Limetr, which was found to be of

vital signifÍcance in prey exploltation by arthropod predaLors (see

below). .

To obtain a Type-I functional response, we need merely assume a

consLant rate of encountering prey (the attack rate ar) and a threshold

prey density (N*) above which there is no further feedlng by the predator.

This resporìse corresponds Lo the behavlour of fil-ter-feeders; prey intake

J-s proportional to prey density until the predator ls satiated when it
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abruptly ceases feeding. Thus, the rel-ationship -

NA = "tT"N
when N(N*

NA = atT"Nx when N)N* ........(3b)

where NA = tturnber of prey attacked per predator,

Nx = threshold prey density above which there is
no further feeding bY the Predator,

Ts = time available for searching (a constant here)

N = the number of prey available,
ar = the attack rate' r+hich is a constant

For the sake of simplicity, the basic rnodel assumes that prey is
constantly replenished as eaten so that the value of N does not clecline

during the time period T". The constant (at) i" an instantaneous rate of
discovery of prey by one predaLor -- the N¡/N ner unÍt of searching tine
obtained by rearranging equation (3). Its value depends to a large extent

on the predatorts activity and ability to perceive. Equation (3) therefore

predicts a'linear relationship (with slope atTs) between the number of

prey encountered (N¡) and the prey density (N) for each predator, up to a

certain prey density, N*r after which the relationship abruptly levels off
due Lo satiation (Fig. 7.14).

The Type-I functional response has been found to be unrepresentative

of insect parasitoids and invertebrate predators in r'¡hich the nunber of

attacks per predator shows a decelerating rise to an upper asymptote

(Fig. 7.18). Such a response \{as predicted by Holling from a sirnple model

developed by deductive reasoning. He disputed that searching tine (T") in
equation (2) could be a constant. The acts of quelli-ng' killing' eating'

and digesting a prey are time consuming activitíes, which he collectively
called the rrHandling Timett, and j-t reduces the time available for further

(3a)
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search. Thus,

T"=T-TnNa

where , T" = searching time
T = the total time available for search,

Th = thu handling tlme.

Holling, therefore, modified Nicholsonrs expresslon of area of

discovery to talce. into account handling tí.ne and he produced the famous

DISC EQUATION, which is obrained by substituting equation (4) in
equation (3a) :

NA =.t(T-TnNA)N (s)

Or,

NA = "tNT/(L+attn*)

(4)

(6)

(Disc Equation)

The rrdisc equationtr ls so ca11ed because it rsas supported by

experiments ln whlch a blindfolded subject (representing the predator)

searched for sandpaper díscs (representing the prey) on a flat surface.

The form of the functlonal respohse predicted fron this model depends upon

thro parameters, the attack coefficlenL, (at), and the handling time, (Tfr).

The value of (T¡) deternines the maximum number of prey that can be

artacked within the time (T) (i.e. T/Th), and (ar) defínes horv rapldly the

response rises Lo the maximum leve1. The manner in which these are

obtalned from the data is fu11y descrlbed by Rogers (L972) and takes into
account the depletion of available prey (or unparasitized hosts) as the

experiment proceeds.

.Any changes in thls searchlng tlme, T", are directly related to
changes 1n the area of dlscovery (a) from the equati-on :

a = atTs = NA/N = atT/ (Lt'afThN) (7)



78

hrhere the term aPa has been replaced by the more complex expression for a

Type-II functional response. The Nicholson-Baíley rnodel is now only a

special case achíeved i+hen (Í) handling time becomes zeto' i.e. TYPE-I

response, and (ii) the tine period is equal to one generation. In that
special case, the Attack Rate (at) becomes synonyrnous to Nicholsonrs Area

of Discovery (a).
Equation (7) when substituted in equation (1) gives the population

model- for predators showing a type-Il response in the following forn,

For the host population :

Nt+l = ÀN¡. exp[-arTP¡/(1+arT¡N¡)] ......'..... (8a)

and for the parasitoid popul-ation,

where the term (aP¡) from equation (1) has been replaced by the more

conplex expresssion for the Type-If functional response.

The above equations (Type-II) have been further nodified and referred

to as ttl\'ft^CK EQUATIONSII. These were first given by Royama (1971) and

l-ater by Rogers (1972) and are as follows :

Pt+l = Nt {l-exp[-atTP¡/(l+a'ThNr) ] ]

(t) For parasitoids :

N" = Nr [1 - exp(-atTPr/(1+a'T¡N¡))l

(ii) For predators :
N" = Nr [ 1 - exp[ -arp. (T-Tn.Na/P¡)]l

(8b)

(9a)

(eb)

The estimates of (ar) and (T¡) are acqulred from a standard

non-linear least-squares technlque applied directly to' the untransforrned

data. The n¡uch simpler alternative proposed by Rogers (L972), of a linear
regression applied to the transformed data, is unfortunately fraught with

statistlcal problems and hence prone to yield biassed estimates of the

parameters, as fully discussed by Cook (1977).
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7.I.2. I{HÂT IS SEARCEING EFETCIBNCT ?

In a paper entitled trhlhat is searching efficiency? rr, Hassell (1982a)

attempLed a review of the concept of searching efficiency and defined it in
the followlng manner :

'Thz t-pnn '¿¿atzclti¡tg e.lþúpr¿cgt ha's l¿.en u¿ed !'g LoÍh opp!)eL onrl

üu-onel)caL e.co!-ogi-tÍ.-s in zoughlg lh¿. ¿anz- /5en'5e.-- o mo44 elþcienL
pnadnlon ATTACKS a ln'zge'z pnoponÍ)on ol lhe. p/ze.A oDarL ct giuen petziod ol
f)np- ihan do¿¿ a !.e.s,s el/)c)-e.rú. on¿, A un)uptz¿al- nigonott¿ de/)nil)ont
houseuetz, of uze. Loth in popul.ailon Ìnode-U anrl in aJ;Áe,5¿irlg Íhe. penlonltlance

ol natutza!. popu-LaLíon'i in the. þeld¡ i¿ ¿t)-!-!. lneking," ( nU capilzl-t lon
alLackt),

Even here Hassell uses the term ATTACKS rather than rrfindstt or
rrdiscoversrt or some other sirn-ilar tern related to SBARCI{ING. The

dictÍonary rneaning of trsearchrt is rran attempt to findrr, but the phenomenon

whlch the term searching efficiency is used to denote has nothing to do

explicitly with the act of finding, Thus, if we consider a prey population

distributed in discrete patches, the act of attacking prey in any patch can

only follov the act of first FINDING a patch of prey. But the patch

finding process has never been included in any earlier definition of

searching efficiency. Therefore, the Eern is a misnorner ín the manner in
which it has been used in the literature on predation.

Predation biologists have realized the importance of evaluating

searchlng efficiency taking into account the patchy distribution of PreIr
but they have not speclfically included the patch finding process. Thus,

Hassell (1982a) deals wit,h the problen of searching efficiency ín a patchy

envlronrnent and says that tt... ifr such a heterogeneous situation we musL

distinguish between two types of searching efficiency : that within a

single patch and that over all patches.rr. He also presents eQuations for
evaluatlng the th'o processes 3

a{ = (l/PíTsr). Log. (Ni/Ni-Nui) (10)

(for within patch)

ar = (1/n).(l/(ttt"i)). LoB" (Ni/(Ni-N"i)) ...... (11)

(for over all patches)
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Equation (10) is an expression of the searchlng efficiency withln a singl-e

patch, based on the assumptlon that exploitation within a patch, i, is
randorn. Equation (11), on the other hand, is an expression for the overall
searching efficiency over a number, n, of patches" Searching efficiency in
a patchy environment, Hassell argues, is sensitive to tv¡o factors :

(1) the patch-specific, intrinslc searching ability of the predators, and

(2) the extent to whlch the distribution of the predators relative to the

prey is non-random.

He also poÍnts out that' to some extent, the overall searchíng

efficiency is nisleading in that it is the value (eg. in m2 per unit time,

if the populations are eXpressed in rn ) that would have been necessary to

cause the observed mortaliLy had the searching been at randorn (Free et a1.,

1977). This arises from the structure of Eq. (10) v¡hj-ch assumes the total
prey N to have been randonly exploited by P predat,ors.

Equatlon (11) therefore, is an average of the patch specific searching

efficíencies for the n, number of patches, based on the assumption that

information is available about the distributfon of prey and predatorst

searching time and prey attacked over a number, n, of individual patches.

Hassell further points out that ttBy takíng fu1l account of the actual

searching time per patch and the resulting nunber of prey eatenr Eq.10

provides the best measure so far of the real searching efficiency in a

pat.chy environment. It is however, labour intensivetrr. (Eq. 10 of Hassell

1s the sane as Eq.(10) here). Hassellrs rnethod is not only trlabour

lntensiverr but also cu¡nbersome. Besides, in the above form, the outcorne is
essentially only an AVERAGE of the individual- attack rates over n prey

patches. Thus, though Hassellfs method recognizes the lmporLance of
evaluating searching efficiency as a funct.ion of the patchy distribution of
preyr it fails to evaluate the Patch Finding Process.

7.I.3 A I{ETÙ CONCEPT OF S&IRCHING EFFICIENCY

I think that searching efflciency ought to be evaluated as an overall
response whlch is dependent on two distinct processes -- (a) the PATCH

FINDING, followed by, (b) the ATTACK of prey at the dlscovered patch.

Furthermore, the process of the predatorrs EÞÍIGRATION frorn a ptey patch

cannot be ignored, because without such a departure from a prey patch the

concept of searchtng efficÍ-ency would sLi1l remain incomplete and



81

biologically unrealistlc (see the flow dlagram in Fig. 7.2L). Most of

Qptinal Foraging theory, for example, deals with the factors that influence

the predatorrs decision to emigrate from a prey patch (see Chapter 8.1).

I,rlhile I have not come across an expresslon that deals wíth the first
process i.e. fínding of a prey patch, the atLack rate estimated from

FUI{$IIONAL RESPONSE experiments corûes close to the second process (attack

of prey at patches), though there are critÍcisms as Ëo the manner in rvhich

functional response experiments are conducted (see Section 7.1.4 belotu). I
have attempted to develop an expression for the first process, which I have

referred t-o as PATCII FINDING EFFICIENCY .(PFE) and discuss in section

(7.1.5) below.

Horr'ever, whaL is needed is not a separate evaluation of each of the

different processes involved, but a single evaluatíon of all the component

processes. Such an evaluation would produce a more realistic estj-mate of

the searching efflcíency of predaLors, and searching efficiency could then

be defÍned as --

ttthe RATE at which patches of prey are discovered and prey attacked, in

a patchily distributed prey population.rl

A concepL of searching efficiency based on such a definition is not

only simpl-e but also free fro¡n the constraints of the earlier concepts as

wÍl1 becorne evident froro the discussion of the data ga thered for Rodolia

cardinalis (sectlon 7.3. & 7.4.).
Using data gatherecl fron field experinents on the response of natural

populatíons of TrlchEqramma spp. to artificially generated patches of

different densltÍes of Heliothis zea eBBS, Morrison et a1. (1980) were able

to lntegrate the patch finding process and the attack rate by plotting the

mean number of eggs parasitized per discovered patch (leaf). However, they

did not discuss their results 1n the context of searching efficiency. The

rates at which eggs were parasitized per díscovered patch l-n relation to
patches of different prey densities are the estimates of searchlng

efficiencyof@..Morrj-soneta1.tsestimate"oftheraLesdo
not take into account the number of parasitoids searching.

Chesson (1982) criticlzed the neLhod 1n which Morrlson et a1. (1980)

handled thelr data on staListlcal grounds. Chesson used a rnodel based on

the binomial distrlbution and showed that Morrlson eE a1.rs analysis could
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produce misleading conclusions about the searching behaviour of
parasitoids.

Morrison and Lewis (1984), while accepting the rrnalvetyrr in the

statistical handling of their data, have r+arned against the dangers in
drawing conclusions on the searching behaviour of parasitoids using

Chessonts bÍnomial model. Morrison and Ler"is have produced an eleganL case

agaj-nst Ltre use of binornial distibutÍon as an analytÍcal tool in the

analysis of data on the response of parasitoids to patches of prey, and

they argue that Chessonrs attenpt is an oversimplification of a rather

complex behavioural response of parasitoiis to paLches of different host

densities. They pcint. out that conclusions drai+n frorn an application of

Chessonts nodel must invariably be substantiated by a detailed study of the

searchlng behaviour of the parasÍtoid.

7.L.1+ CRITICISMS 0F FUNCTIONAL RESPONSB H(PERI}EIIfS

Solomon (L949) defined the Functional Response as a change in the

nunbers of prey attacked in a period of time by a single predator.r¿hen the

lnttÍal prey density is changed. The general method of conducting a

Functional Response experiment is to confine a predator with each of

different numbers of prey in relatively sma11 containers and leave it there

for some time. This time is fixed by tl-re experimeqter and is the same for

all denslties of prey. However, such an experimenL can be crltÍcised on

the follordng grounds :-
(1) By confining a predator in a relatively srna11 cage with one prey

density, the experimenter forces the predator to stay at rrsitesrr wit'h

very 1ow densitíes of prey for a longer perÍod than ít would probably

do 1n na¡,ure. As a consequence, the number of prey eaten at these low

denslties míght be considerably hÍgher than if the experiment was

termlnated as soon as the predator stopped searching for prey.

Due to the sma11 space and the often relatively long time a

predator is left together wlth prey, even at the lowest densitÍ-es,

there 1s a high probability that another prey will be found when the

predator resumes searching after lLs rest. ThaÈ 1s, the predator in
the cage has no alternative; it can only reLurn to the slte whlch it
has already searched. Enlgration would be an obvious alL,ernatlve, and

the effects of such emigraLion are inportant.
These crlticlsms have also been forwarded by van Lenteren and
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Bakker (1976), who felt that for a proPer analysfs of functional
response, behavioural observations on the predation process are

indíspensable. They have shown that, in the absence of such

observations, whaL could have been a TYPE-III SIGMOID IIJNCTIONAL

RESPQNSE could appear to be a TYPB-II t'unctional Response, which is
supposed to be typlcal of invertebrate predators.

(2) \rlhere larger cages are used i-n such predation experiments, generally

nore than one predator is used, and the attack rate j-s estimated per

predator by averaglng over the nunbers of predators. This averaging

may lead to an overestimatj-on of attack rate because of the inherent

assunpLÍon that all of the predators in the cage h'ere searchlng for the

ful1 duration of the experinent. However, that might not necessarily

be true. One or rnore indivlduals rnay not search all the tlne but may,

for example, simply sit on the roof or wa11s of the cage. I have

noticed such behaviour in the cage experiments that I have conducl-ed.

Ideally such lndividuals ought to be left out of the analyses of

results. It 1s therefore extrernely important to know the response of

each individual before we attenpt to describe the response of a group

of them.

7"1.5 PATCU EINDI}IG EFFTCIENCY

Consider an experimenL in which a searching arena of volume, V, has X

patches of prey at d distances apart. And suppose that each patch supPorts

Y sub-patches r.rith different densitÍes of prey, so there are a total of

X.Y = N sub-patches present. Then if P predators searching for time, T,

ATIEND* n sub-patches, the PATCH FINDING EFFICIENCY (PFE) can be defined

by:

PFE = (l/PTV).(n/tl) ........................(12)

* sub-paLchcs ATIENDED are those sub-patches rvhich are dlscovered by

the predator and at which prey are eaLen and/ot eggs are 1aid.

Thus, Patch Flndlng Efficlency (PFE) is a measure of the sub-patches

ATTENDBD per predator per uniË time per unlt volune of the searching arena'

and PFE sinrply becomes Lhe proportion of the total sub-patches ATTENDED

when TrP and V are reduced to unlty. PFE is thus a measure of the l-nherent
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potentiality of t.he predator to find sub-patches of prey anrl ATIEND them.

Estimates of PFE would depend on a number of factors, such as prey density

per sub-patch, distance between sub-patches, distance betveen patches,

temperature, etc.
Equation (12) is an attenpt to quantlfy the first process in the ner+ly

defined searching effj-ciency of a predator, i.e. The Patch Finding Process.

As rnentioned earlier, what happens after a sub-patch has been discovered,

Ís the second step and fal1s in the category of ATTACK RATE.

7.L.6 OR]ECT]YES BEEIND MY EXPERI},ÍENTS

Having gathered data in support of Rodol:Lqrs ability to find isolated
patches of prey in the f i-e1d, the nexL step r+as Lo quant.if y its searching

efficiency. However, as explaíned above, previous methods of estimating

the searching efficiency of a predator were considered to be

unsatisfactory.
In the following experinent, an attempt was nade to get closer to

biological realisn and evaluate Lhe searching efficiency of Rodolia by :

(a) Providing varyÍng densitíes of prey in discrete patches at, the same

ti-me thus allowing the predator the freedon to arrive at or leave a

prey patch whenever it wanted to.
(b) Using a single searching predator but using a large cage and allowÍng

the predator to fly among patches of differenl prey densities.
(c) Measuring the Patch Finding Efficiency and the Attack Rate.

The long term aÍrn of thls experiment was to develop, experimentally,

a more realistÍc concept of searchlng effíciency whÍch would allow
comparision of two or more bÍologica1 control candidates.

7.2 HATERTAI.S ÂND METHODS

7.2.L INITTAL EXPERÍME¡ITS

Initlally the experiment was planned to be conducted in a large

searchlng arena in whlch were to be placed a number of prey patches. Each

patch was to comprise of four sub-patches of prey. A slngle ovlpositing
beetle was to be introduced as the searchlng predator, and data were to be
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collected every 24 h on (a) the nunber of prey eaten, and (b) the nurnber

of eggs laid at each sub-Patch.

The experlnent was Lo be repeated in different sizes of searching

arena, ancl the effect of altering the distances between patches of prey was

also to be measured. Different sizes of glasshouses v¡ere Lo be the

searchÍng arenas, potted plants of Açecia-ÞgillgJgg were to be the patches,

and circular citrus leaf-discs rqith prey l^¡ere to be the sub-patches on each

patch. The leaf-discs rvith prey were Lo be placed on plastic containers

fíxed to dowelling rods used for staking the plants (see Fig. 7"3 and

description of Expt. 3 below). However, serJ-ous practical problems l¡¡ere

encountered 1n pr:eliminary experiments, and although these experiment

failed, I would l-ike to briefly discuss them in order to illustrate the

problerns that can be encountered when attempting to conduct a predahor/prey

experiment in a large cage.

(i) THE ROCKPTLE

The rrRockpilerr is a glass and concrete structure r+ith a corrogated

netal roof. It was designed to conserve and recycle natural heat for

naintaining temperature regimes. Though each cubícle of the Rockpile has

four wa11s of gl-ass, natural light. enters Lhrough only one of Lhen, which

therefore is the bright,est. The firsL experinent was conducLed in a

Rockpile cqbicle.
Seven prey patches (pott.ed plants with sub-patches of prey as

described above) were positioned at the corners of an equilaLeral hexagon;

the remaining paLch occupied the central position. The direction and

intensity of light in the cubicl-e played a significant role in influenclng

the searching behavj-our of the beetle. The beetle spent most of its time

fluLtering on the glass wal1 which had the highest 1Íght intensity. A few

nodifications of the cubicle were made to reduce the light gradient¡ ê.g.

whitewashing Lhe g1asswa1ls, but none made the beetle search for prey anong

the pat.ches that were provided. This behaviour of the beetle raised a

suspicion that the experinent would also fail in. a large glasshouse and

alternate methods $Ierer therefore, consÍdered.
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(ii) CAGE rN THE OPEN I^IITH POTTED PLANTS

To overcome the problem r¡iLh the light gradientr an experiment was

nex¡ set up in the open, in a 2x2x2 m cage made of r+¡hJ-te polyester voile.
Again, potted plants constituted prey patches rsith sub-paLches of prey on

citrus leaf-discs, as previously described. The plants were about 100 crn

high, and the roof of the cage was about 200 cm high. In this cage, the

beetle sat on the roof and walls of the cage doing nothing. Occasionally,

it would wander around, but it never got Lo the patches of prey below.

This was a typical exarnple of what I later came Lo knor+ as Lhe CAGE EFFECT.

The behaviour of the beetle was aLtribuLec to the large empty space in the

cage above the plants.

(iii) CAGE rN THE OPEN WrTH A LARGE Acacia r ]-a BUSI{

In this attempt, a cage similar to the above r+as set up over a large

Acacia ate.p$11a. bush, which Ís also a good host plant for the sca1e. The

canopy of the bush filled al-most the entire volume of the cage.

Sub-patches of prey were provided on citrus leaf-discs which were supported

by pLastíc containers fixed to 1.27 cm dia dowelling (wooden rods). The

dowelling rods were fixed into the ground and they stood up through the

canopy.

fn this arena too, the beetle spent rnost of its time in the corner of

the roof and wal1s of the cage. It was again seemingly drawn to the lighL

because its position changed with the position of the sun during the day.

(iv) CAGED EXPERIMENT IN AN INSECTARY ROOM

An experiment was next set up in one of the rooms of an insectary wi-th

artificial light. provided by twelve iiO watts Daylight Fluorescent tubes

fron a light bank suspended from the roof. A cage 150x150x200 cm was set

up in the room and the experiment repeaLed. The experirnent agaln failed
for apparantly the same reason, i.e. the beetle rnainly fluttered viÈhin a

distance of 10-20 cm from the roof of the cage, apparently attracted to the

ltght, source. .

f then decided to lower the roof of the cage to a height of about 10

cm above the tips of the prey patches, and surprisingly the experiment

seemed to work in the sense that lhe beetle started fl-ying between patchest

feeding on prey and laying eggs.
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7.2.2 DffiÂILED DESCRIPIION 0F grE EII{ÀL EXPERIMEI-{TÄ,L ARENA

The final experimental arena consisted of a cage 150x150x110 crn made

of white polyester voÍle (Fig. 7.2). The lower end of the cage was glued

to the floor of the cubicle. The roof of the cage was kept extended by the

help of a square frame made of I.27 cm cliá dowelling rods and aluminium

clamps. The frarne Í¡as suspended from the roof of the cubicle by means of a

rope and pu11ey (Fig. 7.28). Such a mechanism allowed the roof of the cage

to be positioned at varying heights, and enabled entry into the cage for

observation. A slit in one side of the cage served as a door and was

otherwise closed by a VELCROI,I nylon fastener. During the experiment, the

roof of the cage riras suspended at a height of 110 cn from the ground so

that. it remained only 10 cm above the top mosL sub-pat.ch of prey.

In the arena, seven PATCHBS of prey were positioned at the corners of

an equilateral hexagon (65 cn); the remaining patch occupied the central

positlon (Fig. 7.2C). The patches were placed at positions such that each

one hras equidistant from the next around. Each PREY PATCH consisLed of a

20 cm dia plastic pot fi11ed rviLh soil' on top of vhich was placed a

circular v¡ooden disc with a hole in the centre. A 1.27 cm dia dowelling

rod was pushed vertically through the central hole in the wooden disc lnto

the soil such that the tip of the exposed rod was 100 cn from the base of

the pot.
Each,such patch supported four SUB-PATCHES, each of which comprised a

2x5.08 cn dia plastic container (Fig. 7.2C) supporting a citrus leaf-disc
wíth scales. The leaf-disc rested on a foam-plasLic disc which was

inrnersed in water, and the whole container was fixed to the dowelling rod

by plastic-coated w-ire. Each patch contaj.ned four different prey densÍties

(2, 4, 8, and 16 prey or 1, 3, 12, and 20 dependlng on the experirnent; see

below) which were randornly distributed to the four sub-patches. The Lop

most sub-patch on a patch was 100 cn from the ground and the distance

between the sub-patches was 20 cm.

Predators and prey usetl in the experiments htere reared in the

ínsectary at temperaLures of 28 ! 5o C. Newly emerged fenale beetles were

confined wíth nales to facllitate nating on the first day. hlhen the

females were five days and had fed and were capable of laying e88s, they

were used l-n an experiment. Second instar scales which were one week ol-d

,and reared on 5.08 cm dia ciLrus leaf-discs in the insectary (Chapter 3),
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Photograph of the experimental, set-up shoring polyesl-er voile
cage (A), the roof of r,¡hich was su.spended- by means of rope and
pulley to a1low alteration of height (B). The inside of the cage
shor'¡s seven patches each r¿ith four sub-patches of prey (C).
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\,t¡efe USed.

Each experiment was conducLed at a constant temperature of 27 + 20 C.

Light was provided by a bank of twelve 40 lrt Daylight Fluorescent tubes and

a 14L:10D photoperiod rras maintained.

Data were collected every 24 h f.or four days on the number of prey

eaten and the number of eggs laid for each beetle tested. The prey eaten

were replaced and the eggs that were laid were removed after the data r+ere

recorded each day" Each experíment was replicated three tirnes in the sense

that t-hree different Rodolia beetles were used as the three replicates of

each experiment and the responses of each beetle \{ere recorded separately.

Since there was only one searching arena, the experimeuts had to be

repl-icated in time.

7.2¿3 TAE H(P-mIruSTS CONDUCTED

The following five experiments were conducted. Experiments 1, 2, 3,

and 5 were conducted in the arera withln the insecLary room as descrlbed

above, but Expt. 4 was conducled in a glasshouse (see belorr).

(a) EXPERIMEN! (1) : four prey densitles of 2, 4, B, and 16 Prey per

sub-paLch (leaf-disc) were used, antÍ each patch contained all four prey

densities.

(b) EXPERIMEM (2) t four prey denslties of 1, 3, 12, and 20 prey per

sub-pat.ch were used, and each patch contained all four prey densitj-Les.

These prey densities hlere compl-ementary to those in Expt. 1, and were

chosen to extend the range of denslties after pooling.

(c) EXPERIMENT (3) : same as Expt. 1 but potted plants of Acacia-bgifgyuqê.

r.¡ere also used (Fig. 7.3). The sub-patches for each patch r¿ere fixed to
the dowelling rod which staked a plant.

(d) EXPERIMENT (4) : This experiment was also sirnilar Ín design to Expt. 1

(i.e. prey densities 21 41 8, and 16 used), excepL that, the size of the

searching arena was lncreased and the distance between nearest patches

doubled to 130 cm. In this experirnent, the arena consi-sted of a cage of

300x300x110 cm whlch was set up in a glasshouse. The wa11s of the
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PoLted planr of ôcac:Lq !{lgrcga used as a parch, rvirh four
sub-patches attached tc¡ the rlor+elling rod.





glasshouse were whltewashed to permit entry of diffused light only. Light

was also provided from the top by a bank of twelve 40 W Daylight

Fluorescent tubes, and the photoperiod was about llr-L:10D. The temperature

was maintained at 27 + 30 C.

(e) EXPERIMEN]I (5) : This experiment was also conducted in the insectary

room wlth 2, 4, 8, or 16 prey per sub-patch. However, in contrast to

Expt. 1, all four sub-patches in all the seve¡t patches had the sane prey

density at one tirne (i,e. either 2 or 4 or 8 or 16 prey). Thus, Expt. 5

had to be corducted in four parts, and in each parL a different prey

density was used. Each part of the experiment, in rvhich either prey

density 2, 4, I or 16 wefe used, was replicated three times.

7.3 IIÐlI,Tl AND DTSCUSST0N

As poÍnted out in Chapter 2, RogÉ cafdgahq. is an unususal

predator whlch behaves more like a parasitoid in that it 1-ays its eggs on,

under or close to its prey. Thus, the beetlets response'to prey density

can be studied both in terms of the numbers of prey that it ki1ls, and also

the number of eggs that it 1ays. Consequently, attempts were made to

evaluaLe the searching efficiency of the beetle on the basis of (a) its
killing power (ATTACKING PoTENTIAL), and (b) its egg laying pover

(OvlPosrrroNAl POTENTTAL) .

Before presenting the resuLts, a few terms that are used in the course

of the dlscussÍon need to be defined :

VISITED : A sub-patch discovered by the beetle but at which
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(a) SUB-PATCHES

N0 prey eaten and N0 eggs 1aid.

(b) SUB-PATQIES ATTENDED : A sub-patch dj-scovered by the beetle and at

which prey eaten and/or eggs 1aid.

7.3.1 EXPBRTMENTS (1) T0 f4)
Because the basic design of experiments 1, 2, 3, ànd 4 was similar'

their results have been discussed simultaneously and in a comparaLive

tranner. The raw data gathered frorn these experiments have been tabulated

1n Appendj-x Tables (154 to 15D), and a sunmary of the results has been

presented in Table 7.1. Sumnarlzed data from the experÌnent in Chapter 6.1

have also been presented ln Table 7.1, to il-lustrate the influence of the



SU}IMARY OF RESULTS (MEÂNS + S.E.) FROM EXPERII.ÍINTS DESCRIBED IN CIIAPTER (6.1) ÂND C}IAPTER (7). MEANS

C^LCULi\TED PER BltliTLIl PER DAY HÀVE BEEN DR^WN FROI'I Tllll LAST COLIJMN IN APPENDIX T/IBLES ll AND 15,
AND RE^RRANGIID FOR EÂCH VÀRIÄBLE (e.g. ET, EU, T0T, elc") ÀT EACII PREY DENSITT.
(For description of abbreviâtions see end of Table)

Table 7.1

RESP
ONSE

PREY

DENS.

GIAP. (7)
EXPT. ( 2)

0.25 + 0.25
0
0
0

ExPr. (4)
PREY

DENS
CIIAPTER (7)

EXPT. (3)
$rAP.(6.1)

o.07 + 0.07
0
0.q7 + 0.18

EXPr. ( I )

N,\
NA
3.08 + 0.54
6.58 + I .116
8.67 + I.25

ll.58-r- t.32

0
0
0
0

.70

.01

.82

.31

1.67 + 0
5.67 + 1

16.67 T r
16.58 + 2

1.25 t 0,sl
2.92 a 0.68

10.33 + 0.70
12.33 + 1.25

1.92 I 0.78
s.67 I 1.01

16.67 + 1,82
16.ss;2.31

0.83 1 0.3s
3.2s i 0.41

r1.33 I r.34
12.25 + I.4B

NA

NA
1.00 + 0.39
2.67 + O.53
7 .92 ! o.50

lO.17 + 1.03

0.33 + 0.19
1.83 + 0.24
7.33 + 1.13
8.sB I o.9e

NA
N.{
0.75 + 0.28
2.42 + O.4O
5.83 + 0.72
8.2s I r.oo

O.25 + 0.1B
0.67 j 0.23
2.83.r.0.39
2.92 I O.56

NÁ
NÂ

0.2s I 0.13
0.25 + 0.18
r.7s 1 0.37
1.67 + 0.31

0.17 + 0.11
0.58 + 0.34
1.00 I 0.48
0.sB t 0.34

+ o.47
+ 0.38
î o.¿e
! o.42

I
3

T2
20

t

72
20

I
3

L2
20

I
3

12
20

I
3

12
20

I
3

t2
20

I
3

L2
20

I
J

t2
20

I
3

L2
20

I
3

t2
20

NA

NA

0
0
0
0

NA

NA

NA
NÀ
0
0
0
0

NÂ

NA

t.25
2.92

10.33
12.33

7 + O.l7

NA

NA

0.1
0
0
0

NA
NA
1.50 + 0.58
4.50 + 0.44
e.o8 I 1.63

11.58 + I.28

NA
NA
0.92 I 0.31
3.08 + 0.34
5.92 + O.9l
9.58 + 1.13

NÁ

NÄ

0.50 I 0.20
1.83 + 0.47
3.33 -r-0.56
7.s3; r.10

I 0.Ir
+ 0.23
.r' 0. 56
+ o.:¿

0.08 + 0.O8
0.08 + 0.08
0
0

NÁ

NA

0.50 1 0.23
1.83 + 0.35
2.s8 I 0.36
3.7s t 0.37

I.67 +
4.50 +
9.08 +

11.s8 T

NA
NA

0
0.25 + 0.13
1.17;0.66
3.92 + I.I4

U

0.07 ! 0.07
0.33 + 0.23
1.33 T o.6s
0.93 T 0,s6
0.93 + 0.75

ET

an

.76

.83

.78

.r1

0
0.60 + 0.29
2.60 T 0.90
3.67 + 1.11
5.81 1 2.t4
s.27 i r.60

0
0.40 I 0.19
1.00 + 0.34
1.87 + 0.60
3.27 ! L.I2
3.13 + 0.96

0
o.27 !O.15
0.47 +.0.19
0.80 + 0.28
l./+7 + 0.56
2.O7 ! O.7o

0
0.13 + 0.09
0.20 ! 0.15
0.73 + 0.25
0.93.r.0.33
0.67 ;0.19

0
0
0.20 + 0.Il
0.27 + 0.15
0.67 J o.30
O.27 + 0.12

+ 0.09
+ 0.07
_+_ 0.09
+ 0.09

0
0.40 a 0.16
0.33 I 0.16
0.13 + 0.13
0.73 + 0.30
0.93 + 0.30

o
1
t
c
o

t6

0
t
2
4
8

ló

o
I
2
4
I

r6

0
0
0
1

I

+
+
{.
+
+

.47
t1

.07

.93

.80

0
0
2
2
4
3

EU

EA

NA

NÂ

0
0
U

0

NÀ

NA

OB

I3

NA

NA
0
0.08 ! 0
0.17 I 0
0.25 + 0

NA
NÀ.
3.08 f_ 0.54
6.92 -t_ I ,57

10.00 + 1.38
15.75 + 1.78

r.83 I 0.30
4.17 + 0.79
6.92 + 0.69

1L.67 + 1.23

NA

NA

1.00 + 0.25
2.08 + 0.43
5.00 + 0.60
8.33 ;0.96

NA
NA

0.50 + 0.20
1.83 1 0.5s
1.33 1 0.38
3.00 T 0.70

NA
NA

0.08 + 0.08
0.08 + 0.08
0.25 + 0.13
0.2s a 0.18

+ 0.31
+ 0.60
f o.ae
+ o.74

0
O.53 + O.24

+ 0.50
_+_ 0.68
+ 0.70
T'r.zs

o.67
o,44
r .63
I .28

0
I

TOT 2
4
I

l6

0
I

SED 2
4
I

t6

NA
NA

19
IB

a0.
+0.

NA

NÁ,

0
0
0.33
o,2s

NA

NA
0
0
0
0

NA
NA

0. 17
o.92
2.08
I .50

NA
NA

0.17 + 0.11
0.17 I 0.lr
o.42 ! O,f9
0.25 a 0.13

NA
NA

0. 13
0.11
0. 19
0.08

NA

NA

0.25 +
0.17 +
0.33 I
0.08 +

NÂ
NA

1 .33
2.08
2.s8
2 .83

0
1

182
4
I

1ó

0
t

282
4
B

16

0
1

3E2
4
8

l6

0
I

>311 2
4
I

r6

0
I

NET 2
4
8

16

I 0.08
+ 0.ll
+ 0.11
+ 0.08

0.08
0.r7
0. 17
0.08

0
0
0. r3
0.07
0. l3
0. 13

1.00 +
1.50 +
3.17 +
3.50 +

o,25
o.52

NA

NA

1.67
2.08
2.25
2.83

EGGS LAID ABOVE SCALES
EGGS I"{ID UNDER SCALES
EGGS LAID AI,JAY }'ROM SCLANS
TOTÂI, EGCS LTID
SCAI.ES WITII EGGS

NOT APPLICABLE

IE = SC1\LFS WITH I EGG

2E - SCALES VIITH 2 EGGS

3E - SCALIIS WITII 3 EGGS

)38 - SCÁLES WITII >3 EGGS
NBT - PREY EATEN

EA

EU
EA

TOT
SED

NA

0.39
0.63
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size of the searchÍng arena on the ovlposltional behaviour of the beetl-e.

The searchÍng arena used in the experiment in Chapter 6.1 was 2lOxl+LOxL2O

mn (F1g. 6.1), which is much srnaller than those used in the experiments

described here.

7.3.1.1 OVIPOSTrIOSÂL BBHAVTüIR

The data on the ovipositional behaviour of the beetle (Table 7"1 &

Fig. 7.4) show thaL the proportions of eggs lald either above, under or

g,g¡r frorn the scales were only sirnilar in the experiment from Chapter 6"1

and Expt. (1) in this Chapter (7). In both these experiments, over 757. of

the total eggs 1al-d were deposited under the scales, L4 to 20 7. of the eggs

were laid above the scales, and the eggs laid away fron the scales were

negligible ((5 %). In contrast, the eggs laid above and under the scales

were negligible 1n Expts. (2), (3), and (4). The data, therefore, indicate

that alnost all the eggs laid were deposited ggg".. the scales as the

complexity of the searching arena (Expt.3), and its size (ExpL.4)

lncreased.
Though the numbers of scales wlth 1, 2, and 3 eggs were similar across

experirnents, the numbers of scales with )3 eggs were negligibl-e in
Exp¡s. (3) and (4), indÍcating that the beetle distrÍbuted its eggs nore

evenly (í.e. there was less clustering of eggs on individual scales) as the

complexiLy,and size of the searching arena Íncreased.

On the basj-s of these results, one may perhaps expect that in naturet

where the size of the searching arena is infinite, almost all the eggs

would be l-aid under the scales and the nurnber of eggs laid per scale would

be three or less if all the scales krere 2nd instar scales. But the nunber

of eggs laid per scale 1n nature may also be a functlon of the age (slze)

of the scale.

7.3.1. 2 BVALUATION OF SEÂRCHING BFETCTENSY

Inlt1al1y, the data for the flrst two cornponenLs of searching

efficiency, vlz. (.) the Patch Finding Process, and (b) the Attack Rate'

have been presenLed separately. Then, the data for the two processes have

been integrated to evaluate the overall resPonse of the two processes in

order to obtain the searchlng efficiency of the beetle, in accordance to

the argurnents presented in section 7.1.

The results fron Expts. (1) and (2) have been plotted together as a



Fig. 7.4

Ttre ovipositional behaviour of Rodolia from one experinent
described in chapter 6.1 and four experiments described in
chapter 7. The top five figures (1) show the means + s.E. of
the nunbers of eggs laid eirher ABOVE ( O ), UNDER ( A ),
or Atr'IAY ( r ) from the scales at patches of different prey
densities. The bottom five figures (2) show the means + s.E.
of the total scales ( o ) wirh Rodolia eggs and the neans
of the numbers of scales with 1 ( O ), 2 (t ), 3 ( O ),
and )3 (-G) Rodolia eggs per scale at patches of different
prey densities.
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series of rfArr figures whereever practicable, because the prey densities per

sub-patch hrere cornplementary. Such a rnethod of presenting the data allowed

a better representation of the trends in the relationships, based on a

larger nunber of data points, The resulLs from Expt. (3) and ExpL. (4)

have been plotted as a seri-es of ttBtr and ttCtt figures resPectively.

7.3.L.2.L ]TIE PATCH ET}TDING CNÞ{PONITNT OF SBARCHIITG BEFICTENCT

(A) HEIGHT OF SUB-PATCTIES AND THBIR NIMBERS ATTM{DED

In the preliminary experiments, before the roof of the cage was

loruered to be just above the highest sub-patch of prey, the beetle had a

tendency to spend most of the time on the roof of the cage, probably

because iL was at,tracted to the source of light above. Therefore, in these

later experiments 1n which the beetle seemed to behave naturally, the first
hypothesis to be tested was whether the beetle ATTENDBD the top-most

patches more frequently, possibly because of a continued attraction Lo the

light source above the cage" Only if this hypothesis was rejected'could

the beetlets response to different prey densities be evaluated on the

reasonable assumptlon that every sub-patch on a particular patch had an

equal chance of being ATTENDED.

The numbers of sub-patches at any heighL ATTENDED per day have been

presented in Appendix Table 16, and thelr toLals per replicate have been

plotted in Fig.7.5. Ll represents the topnost position on a patch; L2' L3

represent t-he subsequent lower pòsitions respectively, while L4 ls the

bottom positlon. A statistical test of correlatlon between the position of

the sub-patch and their numbers ATTENDED was found to be NOT significant 1n

each of the four experinents (Fig. Z.S¡, indicating that the height of the

sub-patch did not influence its probability of its being ATTENDED by the

beetle.

(B) PREY EATEN AND EGGS LAID

The ntmbers of prey eaten, eggs lai-d, the sub-patches ATTENDED for
eating preyr the sub-patches ATTENDED for laylng eggs, and the total
sub-patches ATTENDED have been presented in Appendix Table (174 to 17D).

Pooled analyses of varlance were conducted on the numbers of prey eaten and

the numbers of eggs laid per day from Expts. (1), (3), and (4) in order to

test the l-nfluence of dlfferent types of searching arenas used ln the



Fíe" 7"5

Numbers of sub*patches ATTENDED at crlfferenr- positions
by each of the three beetles (replicates) i' each of
the four searchi_ng efficiency experiments.
(a) Ll : Top sub-paLch,
(b) L2 : Seconcl frorn top sub-patch,
(c) L3 : Third from rop sub-parch,
(d) L4 : Bottom Sub-parch.
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different experiments (Tables 7.2 and 7.3). Experírnent (2) was left out of

these analyses because the prey denslties per sub-patch were not

comparable. The analyses of variance showed that, across experi-mer'ì.ts : (a)

the nunbers of prey eaten per day were not significanLly dj-fferent
(Tab[e 7.2A; F=0.007; P)0.25); but (b) the numbers of eggs laid were

sJ-gnificant.ly different (Table 7.34; F=7.48; P(0.005). The rnean nurnber of

eggs laid in Expt. (1) was signíficantly srnaller than those in both

ExpLs. (3) & (4) (Table 7.38). However, the mean number of eggs laid were

not significantl-y dlfferent between Expts. (3) & (4)

The results, therefore, indicate Lhat the conditlons of the experiment

(probably the complexity or the size of the searchíng arena) did not

influence the numbers of prey eaten per day but they did influence Lhe

nunbers of eggs laid per day. There l{as a slgnificant decline in the

number of eggs laid as a result of either rnakíng the searching arena more

complex (Expt.3), or increasÍng the sÍze of the searching arena (Bxpt.4).
This decline in the numbers of eggs laid could be a result of a significant
decli-ne in the total number of sub-patches ATTENDED in Expts. (3) and (4)

(see the follow1ng section C).

(c) NIIMBERS OF SIIB-PATCHES AÏTBNDED

The sub-patches ATTENDED for eating prey and the sub-patches ATTBNDED

for laying,eggs were not mutually exclusiver 1.e. at any single sub-patch

ATTENDED, both the acts of eating prey and laying eggs could take place.

Therefore, the total numbers of sub-patches ATTENDED was not equal to t-he

sum of the sub-patches ATTENDED for eating prey and the sub-patches

ATTBNDED for laying eggs.

The total nunbers of sub-patches ATTBNDED per beetle per day are given

ln Appendix Table (174 to L7D), and rearranged in Table 7,48 fot
Expts. (1), (3), and (4). The ANOVÀ of these data is given in Table 7.4Ã.

It lndicaLed that the ¡nean numbers of sub-patches ATTENDED per day were

signifÍcantly different across experíments (F=9.8; P(0.01). The mean

number ín Expt. (1) was significantly hlgher than that 1n either Expt. (3)

or Expt. (4) (Table 7.48). However, the mean number of sub-patches

ATTENDED was not signlficantly different between Expts. (3) and (4). The

results, therfore, lndicate that there was a signiflcant decllne in the

total numbers of sub-patches ATTENDED elther as the searchlng arena became

nore complex (Expt. 3) or as its size Íncreased (Expt. 4). Such a trend



Table 7.24,

POOLED ANALYSIS OF VARIANCB OF THE NI]MBERS OF PREY EATEN PER DAY

rN BXPERTMENTS (1), (3), & (4).

SOURCB D.F. S.S M.S.S. F P

BEThIEBN EXPTS
BET!ùEEN DAYS

EXPTS. x DAYS

ERROR

TOTAL

0.06
39.64
17 "94
94.00

151.64

0.007
3.374
0.761+

>0.25
<0.05
>0.25

Table 7.28

NIJMBERS OF PREY EATEN PBR DAY BY EACH BEETLE (=REP)

DAYS .REP. EXPT.(1) EXPT.(3) EXPT.(4) MEAN

( 1) 7.67

(2)
9

10
10

10. 11

03
2l
99
92
33

0
13

2
3
l+

2
3
6

21+

35

10
8
9

8
L2

6

9
10

9

6
9
7

7
L4
13

9
7
5

1

2
3

1

2
3

I
2
3

1

2
3

7
6
B

(3)

(4)

MEAN PREY
EATEN/DAY

I
t2
9

10
I
5

I
10
10

11
B

10

7.89

9.s6

8.83a 8.75a 8.83a

Means wÍth same lett.er not signíficantly different at P<0.05.



Table 7"34

POOLED ANALYSIS OF VARIANCE OF THE NUMBERS OF EGGS LAID PER DAY

rN EXPERTMBNTS (1), (3), & (4).

SOURCE

BETI4IEEN EXPTS
BETI,fEBN DAYS

EXPTS. x DAYS

ERROR

TOTÁL

(4)

MEAN EGGS

LAID/DAY

D"F" S.S M. S.S

696 "89
165 " 00
231.33

1118.67
22II.89

28
27
17

44
00
56
61
20

348.
55.
38.
46.
63.

2
3
6

24
35

F

7.47
1.18
0.83

P

<0.005
<0.05
<0.0s

Table J.3B

NUMBBRS OF EGGS LAID PER DAY BY EACH BEETLE (=¡gP¡

DAYS .REPS EXPr. (1) EXPT.(3) EXPT. (4)

(1)

(2)
27
26
28

(3)

1

2
3

1

2
3

1

2
3

I
2
3

20
18
2I

29
24
30

32
39
28

23
26
34

25
28
25

32
26
31

25
48
26

26
4s
33

40
33
45

30
51
32

MEANS

26.78

29.22

32.22

31. s6

36.L7a 26.83b 26.83b

Means with sarne letter not significantly different
at P(0.05 (L.S.D.= 4.77; N=12).



TrÞ1.. 7.4^

POOLED ANALYSIS OF VARIANCE OF TI{E TOTAI, NUMBERS OF SUB-PATCIIES
ATTENDED PBR DAY IN EXPERIMENTS (1), (3), & (/*).

SOURCE D"F. S"S M.S.S. F P

BETI,IEEN I]XPTS.
BBTI¡/BEN DAYS
EXPTS. x DAYS
ERROR
TOTAL

(2)

(3)

(4)

MEÁN S/PATCHES
ATTENDED/DAY

2
3
6

24
35

9
B

6

63.72
28.97
30.28
78.00

200.97

31 .86
9.66
5.05
3.25
5.74

7
11

B

9
10

9

9
11

4

7,r7b 8.08b

9.80
2.97
1 .55

<0.01
>0.05
>0.05

B.78

9.11

9.22

Table- 7.48

TOTAL NTIMBER OF SUB-PATCHES ATTENDBD PBR DAY BY EACH BEETLB (=REP)

DAYS REPS. EXPT.(1) EXPI.(3) EXPT.(4) MEANS

(1) 7.00
1

2
3

1

2
3

I
2
3

I
2
3

9
t2
10

11
11

9

13
16
10

10.33a

I
5
6

6
7
I

7
7
I

9
6
I

6
7
7

Means wÍth same letter not significantly different
at P(0.05 (L.S.D.= 7.26; N=12).
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nay be expected because an increase 1n either the complexity or the size of
the searchlng arena r'¡ould increase the transit time between palches and

sub-patches, thereby reducing the total mrmbers of sub-patches AflENDED

within a fixed period of t,ime.

Another question of interest vras whether the number of prey eaten was

a function of the number sub-patches AT.TENDED for this purpose ? And

similarly, \,ras the number of eggs 1aíd a function of the number of
sub-patches ATIENDED for Lhat purpose? The nunbers of sub-patches

ATTENDBD for eating prey were plotted against the numbers of prey eaLen

(Fig. 7.6), and the slope of the regression lfnes were found to be

significant l-n Expts. (1) and (2) but not significant in ExpLs. (3) and

(4). There 1s some indication, therefore, that the number of sub-patches

ATIENDED for eating prey lncreased with an increase in the number of prey

eaten. The numbers of sub-patches ATTENDED for laying eggs were plotted
against the numbers of eggs lald (Ffg. 7.7): the slopes of the regression
lines were significant in all the four experiments, which indicated that
the number of sub-patches ATIENDED for laying eggs also increased with an

lncrease in the number of eggs 1aid.
From the above relationships, it can be inferred that when the beetle

lays more eggsr it does not dump thern on a ferv sub-paEches but finds rnore

sub-patches and distrlbutes then more evenly; and if enough sub-patches are

not found, .the numbers of eggs thaL are laid decline. Such a behaviour

would j-ncrease bhe chances of survival of its progeny by lowering

intra-specles competition in the forrn of cannibalism, which is a comruon

occurrence in predatory Coccinellids.

(D) DIFFERENTIAL RESPONSE IN SUB-PATCITES ATTENDED-

Appendix Table (184 to 18D) gives the nunbers of sub-patches of
differenL prey densities that were ATTENDED for eating prey (SPPE), those

that were ATTENDED for 1ay1ng eggs (SPEL), and the total sub-patches

AITENDED (TSPA) in each of the four experiments. To test the beetlers
differential response ln the selection of sub-patches of different prey

densities, the numbers of sub-patches of any prey denslty ATTENDED as a

proportÍon of the total sub-patches A1'IENDED r¿as plotted agalnsL prey

density per sub-patch (Figs. 7.8, 7.9, arrd 7.10). The estimated
proportlons h¡ere obtained from the totals overJour_d"v". (Appendix

Table 184 to 1BD) in the nanner described below for beetle I in Expt. (1):



Fig..

Fig.

7"6

Numbers of sub-patches ATTENDED by each of the three beetles
(replicates) for eating preyr plotted against the nunbers of
prey eaten, for each of the four searching efficiency
experi"ments. The lines were fiLted by linear regression rr¡il-h

the following results :

(A) Experiment 1 : Y = 0.46X + 1.54! t=5.32, p<0.0001.

(B) Experinenl 2 z Y = 0.71X - 0.65; t=4.88, p<0.001.

(C) Experiment 3 : Y = 0.12X + 3.88; t=0.94e p>0"05.

(D) Experirnent 4 : Y = 0.21X + 3.13; t=0.90¡ p>0.05.

l-Z
Numbers of sub-patches ATTENDED by each of the three beetles
(replicates) for laying egBSr plotled against the numbers of
eggs laid, for each of the four searching efficiency
experÍ-ments. The lines were fitted by linear regressÍons
wíth Çhe follor,ring resulLs :

(A) Experinent 1 : Y = 0.18X + Z.g2i t=2.54, p<0.05.
(B) Experiment 2 z y = 0.20X - O.37 ; t=2.3I, p(0"05.
(C) Experinent 3 : Y = 0.16X + Z.lg; t=2.45, p<0.05.
(D) Experiment 4 ¡ Y = 0.19X + 1"86; t=2.05, p)0.05.
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Fig.7.8
Means ! S.E. of the proportion of total sub-patches

ATTENDED per day for eating prey at patches of differenL
prey densities; in the searching efficiency experÍments

1 plus 2 (À), 3 (B), and 4 (C).

Fig.7.9
Means a S.E. of the proportlon of tot,al sub-patches

ATTENDED per day for laying eggs at patches of different
prey densitl-es; in the searchlng efflclency experÍ-rnents

I p1uÉ 2 (A), 3 (B), and 4 (C). .
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FROM ToTALS oVER FoUR DAYS FOR BEETT,E (1) IN EXPT. (1)

TOTAL
S/PATCI{ES
ATTENDED

7
7

11
9

T0TAI,S 2L 34

For the data in Fig. 7.84 the proportions h'ere estinated for beetle (1)

Expt. (1) as

5/ZL ç=O.24¡, 6/21 (=0.29), 6/2I (=0.29) , 4/2I (=0.1g).

For the data 1n Fig. 7.94'the proportions rr¡ere esLimated for beetle (1)

Expt. (1) as

7/34 (=9.27¡, 7/34 (=9.21¡, tL/34 (0.32), g/34 (O.27).

For the data in Fig. 7.104 the proportions were estlrnated for beetle (1)
Expt. (1) as

lo/42 (=0.24), 8/42 (=0.19) , L4/42 (=0.33) , L0/42 (=0.24).

The means t S.E. of these proportlons, estlmated over the three
repllcates, have been pLotted j-n Figs. 7.8, 7.9, and 7.10. The X-Axis 1n

each figure represents the prey denslty per sub-patch whÍle the Y-Áxis
represents the means of the proporÈions.

PREY
DENS" PER

S/PATCH

S/PATCHES
ATTENDED FOR
EATING PREY

S/PATCHES
ATIENDBD FOR
LATÏNG EGGS

10
I

14
10

42

5
6
6
4

2
4
B

16
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(1) PROPORTToN 0F SUB-PATCHES

As rnentÍoned earlier, the data from Expts. (1) and (2) were comblned

to obtain more points because the prey densitles tested hrere complementary.

The proportlons of sub-patches ATTENDED for eating prey (Fig. 7.8lt) suggest

a linear increase in this proportion raith an increase in prey density per

sub-patch. A regression line fitted to the data points showed a

significant positive slope (b=0.0056 ; P(0r05) and a significant positlve
correlation (r=0.63 ¡ P(0.05). Sinilar results fron Expt. (3) showed a

deceleratlng rise Lo an upper asynptoL.e (Fig. 7.88), wh1le the results from

Expt. (4) also showed a significant positive slope (b=0.004 ; P(0.05) irorn

a l-inear regressi-on line fitted to Lhe data points (Fig" 7.8C).

(ii) PROPoRTIoN 0F SIIB-PATCHES ATTENDBD FOR LAYING EccS

. The proportíon of sub-patches ATTENDED for laylng eggs showed a

decelerating rise Lo an upper asymptoLe for the combined data fro¡n

Expts. (1) & (2), and also for those fron Expts. (3) and (4) (Flg. 7.9).

(iii) PROPoRTIoN OF TOTAL STIB.-PATCHES ATTENDED

The proportion of total sub-patches AT.TENDBD followed trends similar
to those of the proportj-on of sub-patches ATTENDED for laying eggs ln all
the four experfunents (Fig. 7.10).

Thus, lhe general trend in the relationships between the proportion of
sub-patches ATTENDED and the prey density per sub-patch showed an increase
with an increase in prey density per patch. In most cases, the graphs

showed a decelerating rlse to an upper asyrnptote, and were sinílar ín
shape, therefore, to llolllngrs Type-II I'unctlonal Response curve.

(E) THE PATCH FINDING EFFICIENCY

The Patch Findlng Efflciency.(PFE) of the beetle was estinated fron
the followlng expression (discussed in section 7.1.3). fn the estinatlon
of the PFE, the val-ues of the paramet,ers were as follows :

PFE = (l/PTV).(ttll¡)

FOR EATING PREY

P (the No. of searchlng predators)
T (the duratlo¡r of search)

=1
=lday
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N (the No. of sub-patches of one

prey density present) = 7

V (volume of the searching arena)
(t) for Expts. (1), (2), and (3) = (1.5 x 1.5 x 1.1 = 2.475 cu m)

(1f) for Expt. (4) = (3 x 3 x 1.1 = 9.9 cu rn)

The estinates of PFE for all the four experiments have been tabulated
1n Appendix Table 19, and are plotted Ín Fig. 7.11. Generally their trends
were simj-lar to Lhose for the total sub-paLches ÂTTENDED (Fig" 7.10), i.e.
the PFE values showed a decelerating rise'Èo an upper asympÈote. There was

a marked difference between the PFE values from Expt. (4) and ExpLs. (l),
(2), and (3). The marked decline in PFE values in Expt. (4) is a result
of : (a) a significant decllne in the total number of sub-patches ATTENDBD

per day (Table 7.3), and (b) an j.ncrease in the volume of Èhe searching
arena ftom 2.475 cu rn, in the first three experiments, to 9.9 cu m in
Expt. (4). Generally, one would expect a decline in the number of
sub-patches ATIENDED as the searching arena r,vas made more complex (by

introducing plants i-n Expt. (3) or when its size was increased (Expt. 4).
fndeed, an anaysls of variance of the total numbers of sub-patches ATTENDED

per day (Table 7.3) showed that they were signlficantly higher in Expt. (1)
than in eldher Expts, (3) or (4). .

The results for the Patch Finding Process, therefore, índicaEe that in
patch selection, the beetle shor+s a differentlal response to sub-patches of
different prey densities, whlch suggests that the beetle is able to
distinguish between the sub-patches from a distance, even before it
discovers L,hen. One may, therefore, conclude that'the searching behaviour
of the beetle 1s not RANDOM but ORIENTED towards sub-patches of hlgher prey
density. Parasites are knor¿n to be attracted to patches of higher host
density under the influence of the hostts sex pheromones or kairomones (see

chapter 1). However, the likellhood of SgdeLLs responding to any such

stimulus appears Ëo be 1ow. Coccinellids, in general, are known to search
RAND0MLY for thelr prey to the extent that they have to burnp into Eheir
prey to notÍce them (see Chapter 8.2). A prellminary experfment conducted
to test thls hypothesis on Rodolia. showed that the beetle responsed t,o a
prey lndividual only when lt had come to withi-n a few nm of the prey. If
the searchlng by Rodolia is truely random, how does one explain the



Fig.7.10
Means t S.E. of the total sub-patches of a partícular prey

density ATI'ENDED, a's a proportlon of the TOTAL sub-patches
ATTENDED of all- prey densities per day; in the searchlng
efficiency experirnent 1 plus 2 (A), 3 (B), and 4 (C).

Flg. 7.11

lhe estinates of Patch Findlng Efficiencies (PFE)

(Means t S.E.) of the beetle to patches of different
prey densitj-es ATTENDED; ín searching efficiency
experíments 1 and 2 (A), 3 (B), and 4 (C). The srraight
lines were fltted by eye. The dashed lines are
hypothetical lines for PFE for sub-patches VISITED.

åfI
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relaLively higher altendance of sub-patches of hÍ-gher prey densit.y in the
experiments on searching efficiency ?

Perhaps the differential response to sub-patches of differenL prey
densities is only apparent because \ùe are only considering the nunber of
sub-paLches ÄTTENDED and not the number of sub-patches VISITED. ft might
well be that the number of sub-patches of any prey density VISITED is not
different and that the discovery of sub-patcires is indeed random.

Furthe::more, once a sub-patch has been dÍscovered, the searching behaviour
aL the sub-patch may still remain random, i.e. the beetle has to bump into
a prey to detect ft. Since, at a higher prey density, the chance of the
beet.le burnpÍng into a prey would be much hígher than that at, a loruer prey
density, the beetlefs chance of ATTENDING the former would also be greatly
enhanced. Moreover, after Rodoli" has det,ected its first preyr its
searching behaviour may change as does that of many parasitoids and

predators which show arr increase in r+hat is called AREA RBSTRICTED SEARCH,

as a result of Orthokinetic and Klinokinetic responses (see Chapter 8.2).
The area resLrict,ed search further íncreases the chance of the predator
detecting more prey at. sub-patches of higher prey density.

At lorver prey densicies, the beetle would probably leave the sub-patch
after a short unsuccessful search. Thus, if v¡e had data on the nurnber of
sub-paLches VfSITED as welln and the PFE estimates based on Lhern had been

plotted in Fig. 7.LI, we rnight expect the PFEs to fa11 on a horizontal line
above the upper asymptote of the curve fitted to the PFEs based on the
number of sub-patches ATTENDED. The area betr,¿een the trro lines (see

Fig.7.12) would then represent the differeûce between the two processes .-
sub-patches VISITED and sub-patches ATTENDED.

The importance of distingulshÍng between sub-patches VISITED and

sub-patches /ITIENDED is further elaborated in ChapLer 8.1, where it was

found that sub-patches of lower prey density were, in fact, VISITED more

often than those of higher prey density. Such a behavior, it has been

argued, rePresents the beetlers persistence.in searching sub-patches of
lower prey densiEy.

7.3.I.2.2'IHB AI:rÂCK CG4PONENI OF SBITRCHING BT{FICTBNCY

An attack on prey can only take place after a sub-patch containing
prey has been discovered, i.e. after the PATCI{ FINDING PROCESS. Therefore,



Fie" 7 "72
The nurnbers of prey eaten per day (uneans + S.E.) at
patches of different'prey densities consiclering all the
sub-patches present; j-n searching ef f iciency exper:i.rnents 1

plus 2 (Fig. A), 3 (Fig. B), and 4 (Fig. C). In Figs. (A)
' and (B) the lines were fitred by eye, but in Fig. (C) the

straight line was fitted b}' regression (Y = 0"076X + L.64;
t=6.23, P<0.05).

Fig. 7.L3

the numbers of eggs laid per day (means + S.E.) at
patches of different prey densities considering all the
sub-patches present; in searching efficiency experiments
1 plus 2 (Fig. A), 3 (Fig" B), and 4 (Fig. C). The lines
were fitted to the data points j-n each fígure by eye.
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having dlscussed the results of the Patch Finding Process, h¡e may nor{

consider a beetlets response aL the sub-patches rr'hich it discovered.
The nunbers of prey eaten and the the numbers of eggs laid by the

beetles in each of rhe four experime¡rts have been presented in Appendix

Table (15a to 15D). The mean numbers of prey eaten and eggs laicl have been

calculated over all the sub-patches of a particular prey density present,
and not only Lhose ATTENDED. Thus the means have been estimated over 4

days x 3 replicates (beetles) (see also Table 7.1). In Fig. 7.t2 the.mean

number of prey eaLen, and in Fig. 7.13 the mean nunber'of eggs laid in
relation to prey density per sub-patch have been plotted. Once again the
data for Expts. (1) and (2) have been pooled and plotted in the rrArt series
figures since the prey densi-ties tested were complementary.

(Â) PREY EATEN IN RE'LATrOL T0 pRBy pErySrTy (ATTACK_ RATE)

The mean number of prey eaLen r¿as found to increase with an increase
in prey density per sub-patch and the curve decelerat.ed to an upper

asymptote in Expts. (1), (2), and (3) (Figs.7.LzA and 7.128), and showed a

linear relationship in Bxpt. (4) (Fig" 7.LzC). Thus, except,1n Expt. (4),
the general trend appear:s analogous to Ilollingrs Type-II functlonal
response.

(B) EGGS L4rD rN RELATTON T0 pREy pENSrTy (OVrPOSIUONAL POTENITALI

The nean number of eggs laid was also found to increase wlth an

increase ln prey densíty per sub-patch, such that the plotted curve

decelerated to an upper asymptote in each of the four experiments
(Fig. 7.13). So these curves were also analogous to ÏIollingts Type-II
functional response curve.

However, though the shape of the curves appear similar to that of the
Type-II functional response, both for the number of prey eaten and the
number of eggs 1aÍd, the justifications for such a trend in the presenL

case may not. necessarily be the samen In the type-II response, the
decelerating rlse 1n the numbers of prey killed to an upper asynptoLe is
explained on the grounds that with an increase in prey densit.y, HANDLING

TIME starts becorning a limitlng factor which is responslble for forcing the

curve to an upper asymptote. Such an explanat,ion may not neccessarily be

true Ln the present case. This 1s because, unlÍke functional response
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experiments, the predator here was noL provided with only one prey densiLy

at- a tine nor was it confined to that prey density for a fixed period of
time. In the presenL set up, the predator had access to all the prey

densities at the same time and it was also free to arri.ve at or leave a
prey density (sub-patch) of its own accord. Therefore, the present systen

was much more complex than any conventional functional response experiment.

In this more complex system, detailed observatiolìs on the predatorrs
behaviour at sub-patches of different prey densities are neerled to explain
the trend. The behavÍoural resulls presented in Chapt.er 8.1 provide an

explanation.

7 "3.L.2"3 BSTTM]\TION 0F. SEARCTm{G EFÌT-qrqLC{ (ry OVFfiÅLL ruE)
The resulLs on Lhe tr'¡o separate processes involved in the evaluation

of the searching efficlency of a predator, viz. (a) Patch Finding Process,

and (b) Attack Rate after a patch has been discovered, were presented in
sections 7.3"t.1 and 7.3.1.2 respecti-vely. However, vhat is realy needed

is a quantificatlon of the cornbined influence of both the processes in
order to obtain a realistÍc estimate of the searching efficiency of the

beetle. In the following, the results of the tlro processes have been

integraLed to obtain a measure of searching efficiency. To achíeve this, I
considered only the nunber of prey eaten and the number of eggs laid in
those sub-patches that had been ATTENDED by the beetle. This approach was

intuitively rnore realistic, because the number of sub-patches which the

beetle did not ATTEND are noL rel-evant in the evaluation of searching
efficiency

In Table 7.5 are presented the total number of prey eaten and the

corresponding number of sub-patches ATIENDED for eating prelr and also Lhe

total number of eggs IaÍd and the corresponding number of sub-patches

ATTENDED for laying eggs, sumrned over the whole experimental period (i.e. 4

days x 3 replicates) at sub-patches of each of the different, prey

densities, for each of the four experirnents (see aLso Appendix Table 154 to
15D for details). The data in Table 7.5 show that, at any prey density,
the nunber of sub-patches attended for eatlng prey is not identical to the

number of sub-patches aLLended for laying eggs, because the sub-patch from

which prey were eaten was not invariably the sub-patch at which eggs v¡ere

laÍd, or vÍce versa. There were, however, some sub-patches at which both



Tal¡le 7.5

THE TOTAL NUMBER OF PREY EATBN (P.8.) ITTITH CORRESPONDING NUI'{BERS
OF SUB-PATCHBS ATTENDED FOR BATING PREY (SPPE) AND THE TOTAL
Nut"fBER 0F EGGS LAID (8"L.) r^tITH CORRESPONDIì,IG NUMBERS 0F
SUB-PATCI{ES ATTENDBD FOR LAYING EGGS (SPEL) ]]Y TIIREE BEETLES OVER
FOUR DÅYS IN SEARCHING BFFICIENCY EXPERIMENTS 1, 2, 3, AND 4.

EXPT. PREY
DENS.

P.E. SPPE
ËËFË ! s'E'*' &br, + s.E.*E.L. SPEL

2.LB + O.27
3.07 + 0.39
3.7s;0.40
5.56 + 0.52

2.30 + 0
2.72 i O

s.41 ; 0
6.63 ; 0

23
6B

200
199

2.50 + 0.60
2.57 T 036
5.45 + 0.69
4.79 T 0.52

I
2t
20
29

1.20 +
1.69 +
1.63;
2.05 Ï

67

1.50 + 0.
1.94 ;0"
4.43 + 0.
5.69 T 0.

1.43 + 0.14
1.79 + 0.26
1.69 + O.27
2.r3 T O.24

L6
25
31
34

11
20
L9
17

L2
15
23
20

5
13
T9
22

I4
L4

T6
16

28

37
B3

L20
189

20
s4

109
L29

1s
35

t24
148

L7
27
32
34

10
25
37
30

10
18
28
26

.16
"t2
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feeding and oviposj-tion had taken place. Siuce feeding and oviposition are
lndependent activj-ties performed by the beetle and are influenced by

dÍfferenL sets of sLimuli, Lhey have been considered separately in the
evalualion of searching efficíency" Thus, two values of searching
efficiency rï¡ere obrained, one based on the beetlers ATTACKING potential,
and the other based on the beetlers OVIPOSITIONAL potential.

I3y dividlng the total numbei of prey eaten, aL sub-patches of a

particular prey density, by the number of sub-patclies of that prey densil-y
ATTENDED for eating prey (and similarly, divíding the Lotal number of eggs

laid at sub-patches of a particular prey density ¡,TIENDBD for laying eggs),
Lhe tr¡o processes, viz. (.) Lhe Patch Fincling Process and (b) The Attack
Rate, are i-ntegrated into one process. The resultanL values are given in
Table 7.5. The standard errors given in Table 7.5 r'lere obtained by the
following rnethod (see raw dala presented Ín Appendix Table 154 to 15D) :-

The number of prey eaten at each sub-pat.ch ATTENDED for eating prey
was considered as a separate entity. Thus, for each sub-patch ATTENDED for
eating prelr the number of prey eaten l¿as divided by one -- the s.i¡gþ
sub-pat,ch ATTENDED for eating prey (dividing the number by one, therefore,
made no clífference). The prey eaten at each sub-patch AII'BNDED for: eating
prey l{as transformed in this manner. The means are, therefore, essentially
the same aé the values obtained by divirling the total number of prey eaten
by the total number of sub-patches ATTENDED for eating prey.

Similar procedures Llere adopted for dala on the number of eggs laid
and sub-patches ATTENDED for laying eggs (Tab1e 7.5).

(A) SEARCHING BFFICIENCY BASED ON TIIE ÄTTACK POTENTIAT,

The data on the nunber of prey eaten per sub-patch AT'IENDED for eating
prey at differenL prey densitles in each of the four experiments have been

plotted against prey density 1n Fig. 7.L4" The trends !¡ere obviously
linearr so regression lines rsere fitted to Lhe daLa points. The slope of
each fitted line (Table 7.68) represents the raLe at rt¡hich the predator
finds the sub-patches and ATfACKS prey i-n relation Lo prey density while
the apparent Íntercepts provide est,imates of the predatorts response to
paÈches of lower prey density for ATTACKING PREY. Thus, both the slopes
and the intercepts províde information about the SEARCIIING EFFICIENCY of
the predator on the basis of its ATfACKING polential (see
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The numbers of prey eaten per sub-patch ATTENDBD (means t S.E.)
consirlering only t-hose sub-patches of different prey densltie-s
at whj-ch prey h¡ere eaten in searching effÍciency experiments
1, 2, 3, and 4. The U-nes were fitted by linear regression :

(A) Bxpt" 1 ! Y = 0.047X + I.23; t=3'.27, P>0.05.

(B) Expt" 2 z \ = 0.056X + 0"99; t=19.1, P<0"005.
(C) Expt. 3 : Y = 0.05X + I"27; t=2.68, P>0.05.

(D) Expt. 4 ! Y = 0"042X + 1.45i t=2.86, P)0.05.

Fig. Z¿s-
The numbers of eggs lald per sub-patch ÂTTENDED (means ! S.E.)
consi-dering only those sub-patches of different prey densities
at which eggs \üere laid in searching efficj.ency experiments
1, 2, 3, and 4" The lines were fitted by linear regression :

(A) Expt. I i Y = 0"23N + I"92; t=11.32, P<0.005.

(B) [xpt. 2 z Y = O.24X + 2"I3; t= 9.99, P<0.005.
(C) Expt." 3 ! Y = 0.18X + 2.48; t= 1.53, P>0.05.
(C) )ixpt. 4 I Y = 0.31X + 1"07; t= 4.55, P(0"05.
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IeÞþ (7.61)

coMPARrSrON 0F SLOPES FRoM FIGURES (7.12) AND (7,13) \,rITrl
b=0, AND COMPARISION 0F SLOPES AND ELBVATIONS ÁCROSS
SEARCHING FTFFICIBNCY EXPERIMBNTS 1, 2, 3, AND 4.

AYTÂCK POTENTIAL OVIPOSITIONAL POTENTIAL

EXPT. P t Pt

<0.0005
<0.005
>0.0s
<0.05

32
99
53
55

11.
ô

1.
4.

05

05
05

>0
<0
>0
>0

.273
19

2
2

I
2
3
4

.00506
6B
86

COMPARISION OF SLOPES ACROSS EXPERII"ÍENTS

F=0.24 ; P)0.25 F=0.57 ; P)0.25

COMPARISION OF ËLEVATIOI{S ACROSS EXPERII'{BNTS

F=3.91;P(0.05 F=0.41;P)0.25

rublg (7.6Ð

ESTII-ÍATES OF SLOPES ÂND INTERCEPTS FROI'Í REGRESSION LINES
PLOTTED IN FIGURES (7.12) AND (7.13)

EXPT ATTACK POTBNTIAL
SLOPE ELEVATION

OVIPOS. POTENTTAL
SLOPE ELEVATION

1

2
3
4

O.O47a
0.056a
0.050a
O.O42a

0.0501

1.23b
0.99
L.27b
1 .45b

0.230c
0.237c
0.180c
0.310c

I.92d
2.13d
2.48d
1 .07d

Cornmon Reg.
Total Reg. 0.24L 1.gg

Values followed by the same letter are not significantly
different at P(0.05.
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sections 7.3.1.2.3C and 7"3.4 be1-ow).

The slopes of the fitted lines in Flg . 7.t4 r{rere compared with b=0

(Table 7.6A). 0n1y i.n Expt. (2) was the slope significantly different from

_zer9, indicating that in three out of four experimentd the rate at, which

sub-paLches \{ere founcl and prey attaclced did not increase wlth an increase
ln prey density per sub-patch.

The slopes and intercepts of the fitted lines r¡ere also compared

across experiments (Tab1e 7.6^). ft r,¡as found that the slopes frorn the

four experiments were not significanLly differenl frorn each other (P)0.05),
but the interceptsJ'¡qrq significant,ly difterent (P<0.05). The intercept
for Lhe fitted líne in Fxpt. (2) was signÍficantly differenl- from that of
all the other experiments (Table 7.68) perhaps because the range of
densities in this experiment was dÍfferent fron that in the other Lhree

experimenLs. The l-ack of significant difference betv¡een Expts. (1), (3),
and (4) Índicates, however, that the searching efficiency of the beetle r¿as

not altered by changes in the different arenas in the three experi.ment,s. A

coûüon value of the slope estirnated over all the four experíments was

_0.059! which Logether v¿ith the intercepts from the respective experinents
provide infornatlon about the searching efficiency of ¡gdg1:Le on the basis
Of itS ATTACKING POTBNTIAL.

(B) SEARCHING EFFICIENCY BASED ON OVIPOSITIONAL POTENTIAL

The number of eggs laid per sub-patch attended for lay1ng eggs at
differenl prey densit.ies have been plotted in Fig. 7.L5, and regression
lines were fitted to the data points. The slopes of these fitted lines
rePresent the rates aL which the predator finds sub-patches and LAYS EGGS

1n relation to prey density while the Íntercept.s provide estimates of the
predatorts response Lo patches of lower prey density for LAYING EGGS.

These slopes and the inLercepts provide informat.ion about, the SEARCHING

EFFICIBNCY of the predator, this time on the basis of its O\ryPOSITIONAL

potential (see seci:ions 7.3.1.2.3C and 7.3.4 below).
The slopes of the fitted lines in Fig. 7.I5 were compared wirh b=0

(Table 7.6^). It rvas found thaL all the slopes l¡ere signÍflcantly
dÍfferent from-zero except Lhat in Expt. (3), indicating thatr ln three out
of four experiments, the rate at which sub-patches were found and eggs laid
Lncreased with an increase in prey densiLy per sub-paLch.
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The slopes and lntercepts of the fitt-ed lines r+ere also cornpared

across experiments (Table 7.64). It was found that neither the slopes nor
the inl-e::cept-s from the four experiments were significantly different from

each oLher (P)0.25). These results sholu that the searching effÍciency of
the beetle based on its OVIPOSITIONÂT, potential ìr'as not affected by changes

in the experimenlal set up that were tested. Therefore, on the basis of
the total regression estimated over all the four experiments the common

slope was_0,24! and the connon intercept was 1.8_8é" The common slope and

the corunon lnLercept provide infornatÍon abouL the searching efficiency of
the Rodolia on the basis of its OVIPOSITIONÂL POTENTIAL.

Ït is of considerable importance 1-o lcnory how the female predator
distributes its eggs; for the distribution of eggs rvould narkedly influence
the future survival of the predatorts progeny. Most larval predators are
wingless, so the distance that they can cover to search for their prey is
very limited. Therefore, the manner in r+hich the adult preclat.or

distributes its eggs Ís of prirne inportance to the survival and efficiency
of the species as a natural eneny. The results presented here inclicate
that though Rodolia did noL exploit patches of different prey density in a

dÍfferential manner for KILLING prey (except in Expt. 2), it did show a

differential response to patches of different prey density in OVIPOSITION,

thereby enhancing the chance of survival of its progeny. Therefore, the
searchíng efficiency of Rgdglj-a in terms of íts OVIPOSITIONAL potential is
of greater significance for support,ing the hypothesis that it is a better
and more efflcient natural enemy.

(c) BrOLOcrcAL ÞrcNmi _ANCE 0E TNTERCEPTS AN! SLOPES

IN FIGURES A-NDJ.15

The slopes of the regression lines 1n Fig. 7.I4 arrd 7.15 represent the
changes in the RATES at. whi-ch sub-patches are dÍscovered and prey eaten
(Fig. 7.14), and changes in the RATES at whlch sub-patches are discovered
and eggs laid (FÍg. 7.15) in relaLion to patches of differenL prey
densities. The íntercepLs of the regression lines, on't,he other hand,

provide lnformation about the predatorts response to sub-patches of lower
prey densiLies. A predator which would shor" a bet,ter response Lo

sub-patches of lower prey densities (higher values of lntercept), rvould be

a more effectlve predator, slnce sub-paLches of lower prey denslties are
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more dj-fflcult to find anrl so ATTEND (see Chapter 8.1).
A predator may show a high slope rlemonslraLing a high poLenLial of

discrimination among patches of dÍfferenL prey dernsi-ties and a 1ow

i-ntercept demonstrating inefficienc¡' in finding patches of lower prey
densítíes, or vice versa, An ideal predator rsould be one which ¡"ou1d show

both, a high slope and a high intercept" But predaLors rs-ith a high slope
and a l-ow intercept or with a lotr slope and a high inLercept would stÍll be

better than those r+íth a low slope and a 1ow íntercept. Thus, the slopes
and the intercepts are two important parameters describing the searching
behaviour of a predator, and so they provide valuable information about the
searching efficiency of the predator.

7.3.1.3 APPLICÀTTO}T OF CBBSSOÌ{IS MOÐET, lU 1'fl8 Dt\13

Chessonts (1982) rnodel r+as fittecl to the data gathered fron the four
experiments, and estÍmates were obtained of $n (the probability that a

sub-patch r¿ith n prey is discovered (VISITED) by Lhe beetle) and Pn (the
probability thaL a particular prey on an ATIENDED sub-patch is eaLen given
that there are n prey on the sub-patch) (Appendix Table 20). The estimates
of Ên and Pn are plotted against prey density per sub-patch in Figs. 7.L7
and 7.19 respectively. The proportion of sub-palches ATTENDED from tfuose

PRESENT (of a particular prey density) (Appendix Table 19) and the
proportion of prey eaten per sub-patch ATTENDED were also plotted alongsicle
plots of Bn and Pn, in separale Figs.7.L6 and 7.18 respect.ively.

Chessonrs model coulcl not be applierl to sub-patches r,rith prey density
one, and the model produced erroneous results in conditions ryhen the
percentage of sub-patches with onl-y one prey eaLen became considerably
higher than those with more than one prey eaten. Such limitations of the
rnodel were poì-nted out by Chesson (1982) herself. Therefore, the erroneous
estimates of ßn and Pn were ignored.

The proportion of sub-patches ATTENDBD from those PRESENT (of a

particular prey density), when plotted against prey denslLy per sub-patch,
showed a decelerating rise to an upper asymptote in aIl- the four
experiments (Fig. 7.L6). A similar plot of Sn, on the other hand, dld not
follow any trend, except, in Expt,. (3), where it appeared to show a
deceleratlng rise Lo an upper asympLote (Fig. 7.L7). However, both the
proportion of prey eaten per sub-patch ATTENDED (Fig. 7.18) and the
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Means + S.E. of the proportion of sub-patches ATTENDED from

those of a particular prey density PRESBNT (=7¡ per day; i¡
searchÍ-ng efficiency experiments 1 plus 2 (Fig. A), 3 (FÍg. B),
4 (Fig. C). The li-nes in the figures were fitted to the data
points by eye.

Fle. 7.r7
The estinates of ßn (neans ! S.B.) frorn fitting Chessonrs
(1982) nodel to the number of sub-patches of different
prey densities that were ATTENDED; from search.ing efficiency
experiments 1, plus 2 (Fig. A),3 (Fig. B), and 4 (Fig. C).
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Fi&.7.18
Means + S.E. of the proportion of prey eaten from those prey
PRESENT.at a sub-patch of a particular prey clensi-ty that were

AYYENDED by beetles; in searching efficiency experiments 1,
. plus 2 (Fig" A), 3 (Fig. B), and 4 (Fig. C). The lines in rhe

figures rvere f it.ted to the data points by eye.

Fis. 7.72

The estirnates of Pn (rneans t S.E.) from fitting Chessonf s
(1982) nodel to the nurnbers of prey eaLen in sub-patches
of different prey densities ATTENDED; in searching
efficdency experiments I and 2 (Fig. A), 3 (FÍg. B),
and 4 (Fig. C).
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estimates of Pn (Fig.7.Lg) showed a decelerating decrease to a lowere

asymptote wtren plotted against prey derrsity per sub-patch in all the four
experiments.

. The estimates of Sn and Pn, in general, follor+ the predicLions of
Chesson (1982) in that the former should increase r¿hj-le the latter should

clecrease with prey densÍty per sub-patch; and the estimates indicate that
sub-patches of higher prey densities had a higher probability of being

VISITED and that. a typical prey oû a sub-patch of a higher prey densiLy had

a lor"er probability of being atLacked.

7.3.2 SEÂRGITNG BFErffmtrCr - @fÐ
7.3.2.L nüRoDUgmOH

From the fírsL four experiments, t,here was evidence to show that, when

given a choice, the beetle exercised discrinination in atLending

sub-patches of different prey densities such that it aLtended a relatively
higher proportion of sub-patches of higher prey density (section 7.3.2.lC);
and the beetlers Patch Finding Bfficiency (PFE) showed a decelerating rise
to an upper aysmptote in relation to prey density per sub-patch
(Fig. 7.2O). In an attenpt to substanti-ate these findings further, in the
following experiment the beetle was províded with sub-patches of the same

prey densiLy at a time, in any single trial-. Tt was expected that the
trend in the response to prey density would be reversed, such Lhat a plot
of PFE values would decelerate to a lol¡er asynptote w-ith an increase in
prey density per sub-patch.

7.3.2.2 RESTILTS AND DISCUSSION

The data gathered from this experiment, and the esLimated PFE values

have been tabulated in Appendix Table 21. The PFE esllnales have also been

plotted in Fig. 7.20, which shorvs that the plot of PFE values decelerated
to a lov¡er asymptote with an lncrease in prey densiËy per sub-paLch. Such

a trend in PFE val-ues rvould be obtained if the beetle truely possessed an

abllity to discriminate between sub-paLches on the basls of prey density.
If all the avaÍ1ab1e sub-patches are of the same prey density, the beeLl-e

would not need to attend larger numbers of sub-patches r+hen all Lhe

sub-patches are of higher prey denslty because it would be able to satlsfy
its needs of feedi.ng on prey and laying its quota of eggs in fewer
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The estimal-es of Patch Finding Efficiency (PFE) (ureans i S.E.)
of t-.he beeLles torrards sub-piltc.hes of different prey densities;
in searching efficiency experi.merrl- 5"
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sub-patches.
Thus, the dat¿r gathered fron this experiment further support the

hypothesis that. _Bqdqlg has the potentÍal to differentÍally exploit prey

population in terrns of prey density. Not only is it able to exploit a

greater proportion of sub-patches of higher prey density when it. is given a
choice, but it also attacks a larger number of índividuals from sub-patches

of higher prey density. However; when it. is provided with sub-patches of
the same prey densiLy, it distríbutes 1Ls energy efficiently, by not
attending too many sub-patches when prey density in all- sub-patches are
higher
7.3"3 MOTIE OF SEAP,CHING

An attempt has been made by means of a conceptual model (Fig. 7.2\),
to understancl the whole searching process on the basis of the clata gathered

from this series of experiments and our exÍsting knowledge on predation
from Lhe literature.

Earlier, it was mentioned thaL in nature a prey population is
generally dÍstributed in pat.ches of varying sizes, that, spatÍal
heLerogeneity is common and that predators may not necessari-ly search for
their prey at random ín relatÍon to prey density. Let us assuae that a

predator is randomly searching for four patches of prey with prey densities
of 2, 4, B; and 16 prey per patch. Under random search conditions, the
probabÍlity of the predator findíng eacl-r of the 4 patches would be Lhe

same, and so just by chance, iL can land at a patch of any prey density.
0n the other haud, if we assume a predator which responds to stimuli
emitted by the prey from a distance (eg. prey Kairomones etc.), the prey
density aL the patch would influence Lhe predatorrs searching process. In
the latter case, the probabiliLy of äiscouery of a patch wiLh the highest
prey density would be the highest, and that of the lorvest prey density the
lowest. Thls has been depicted in the figure by different thícknesses of
the arrows.

Let us now assume that prey patch No. 3, with prey density B is
dÍscovered by a predalor searching randomly. The predator lands on the
patch and wanders on the patch until it bumps into a prey. Depending on

lts hunger level and ovipositi.onal urge, it night eíther feed on the prey

or lay eggs (assuming that the searching predator lras a female capable of
laying eggs). If the hunger 1evel andfor the ovipositional



_Lt" 7 "2\_
A, conceptual model of the mode of searchj-ng describing the
ner¡/ concept of searching efficiency ancl cìepicting the
serics of bel¡avioral steps in the forsging behavioui: of the
predator that leads to the attack of patchily distributed prey"
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urge are not acuLe, Lhe predaLor on encountering ttre first prey may begin a
ttsuccess motivatedtt or ttarea resLrictedtr search of the arena. Tf Lhe

hunger 1eve1 and/or oviposi.tional urge is strong, Lhe above searching

behaviour may follorv the initial feeding and egg laying. The first
encounter with a prey and the area restrictecl search seemingly gives the
predator an image of the prey density at l-ire patch. 'Ihe prey density at
the patch greaLly lnfluences the behavi-our of the predator because at
relatively high prey densities the chance of the first encounter wÍth a

prey individual ls relatively high. Once at Lhe patch, the three factors
of hunger 1evel, ovipositional urge and prey density Logether influence Lhe

predatorrs behaviour in Lerns of funcLional and oviposiLional responses,

the former in the forn of the ATTACK potential and the latter in the forro

of the OVIPoSITIONAL potenrial.
We furl-her know that, when given a choice any predator does not sLay

aL any place indefinitely, even if the prey individuals are replenished.
Predators seen to have an inherent urge to leave any prey patch aft,er some

time, despite optimunn condlt,ions. The question then arises - what are the

factors that govern the predator I s decísion to emi.grate frorn a prey pat,ch?

Students of predat.ion biology have tried to answer this questj.on and have

put forward a number of hypotheses, so much so thaL an altogether new field
of study has evolved ca11ed Optimal Foraging Theory (see Chapter 8.1). In
this vast body of knowledge there are a number of hypoLheses whlch aLternpt

to explain the factors that. influence the predaLor in deciding when to
leave a particular patch of prey. Ilorvever, as is evident fron Chapter 8.1,
until nor{ no study has exarnined all of these hypotheses 1n an integraLed
manner, and no single hypothesis can explain the behaviour of a general
forager. But no matLer rshich of the hypotheses 1s found applicable to Lhe

system under investigation, one thing is certaj.n, namely that the prey

denslty at the patch is dlrectly or indirecLly the single most inportant
influence in the pretlatorts decision to remain in or ernigrate fron a patch

of prey.

Once the predator leaves the patch, the whole cycle starts all over

again.
It 1s clear frorn the above that a cornprehensive study of predator

searching, and therefore evaluation of searching efficlency, should

incorporate all the three processes involved, viz. (a) the Patch Finding

Process, (b) the Attack Rate, and (c) the EnigratÍon fron the discovered
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patch. Àny method of evaluation of searching efficiency that does not give
due lnportance Lo all these three processes r'¡ould be blologically
unrealislic, no malLer how sound it is nathematically and statistlcally.

7.3.1+ USES 0F ITIIS btrfE0D

The concept of searching efficiency has come a long way since the days

of Thompson (1924), Lotka (1925), Volterua (1926), and Nicholson and Bailey
(1935), but as yet it has rernained a t,heoretical concepL with little
applied va1ue, 0n the other hanrl, the concept. of searching effÍciency
presented here is expected to have wide applicability in the fÍeld of
applÍed biological conl-rol. Very often applied entomologists are

confrontecl with the problern of nalcing decisions on the imporl-ation and

release of a worthwhÍle biological conl-rol agent. The vast entomological
literature te11s us about the possJ-ble characteristics to look for -- the
foremost being a high searching efficiency" However, it fails Lo tel1 us

how we go about obtai-ning realistic values of searching efficiency for
rli.fferent species and comparing them on the basis of such values. Not only
thaL, even if we lcnow from practical experience that one naLural enemy is
better than the other, we are not able to quantify the greater
effectlveness of that species on the basis of any critical characterisLic,
The presenL at.tenpt is a step in that dlrection and the concept it suggests

is sirnple and does not involve complex mathernatical and statistical
comput,ations. And besides providing a more realistic estimate of the
searching effi-ciency of a predator, the method discussed here also tests
the predatorts differential response to patches of dÍfferent prey

densities, which ls another attribut.e to be possessed by an efficienct
natural eneny.

Hor+ever, the nethod of gathering data wou1d, perhaps, reguire
modification considerlng the behaviour of the nat,ural eneny in question.

COMPÂRISION OF MORE THAN ONE PREDATOR

Frorn the data gathered for &Ldolfu, it appears thàt a predator can be

compared for better effectiveness by means of the slopes and the intercepts
of the regresslon lines in plots similar to those 1n Figs.7.L3 and7.l4,
representlng the searching efficiency and the predatorts response to
patches of l-ower prey densities, respectively.

Let us assume that we had lnformation on the number of prey eaten antl
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the nunber of patches ATTBI'trDED for eating prey from experi-ments sinilar Lo

those conducted for Rodolia, for four predators (,r1), (B), (C), and (D)

(Fig.7.22). Thus, if for Lhese four predaLors, esLimaLes of the slopes
and the apparent intercepts r{ere obtained (Table 7 "7A) by fitting
regression lÍnes Lo the data points (Fig. 7.17), in the manner done in
Figs. 7.13 and 7 "I4, we would be able to compare the four predators for
better effectiveness in the manner shown in Table 7.78. The hypothetical
results have been considered for extreme sets of conditions. Table 7.78
shows that a predator which shor"s significantly higher values of both
slopes and intercepts r+oulcl emerge t.o be the nore effective predator, both
in Lerms of its searching efficiency and its response to patches of lower
prey densitÍes (comparision numbers 3 & 4). But if a predator shows

superiority in Lerms of only one of the parametersr i.ê. the slope or the
intercept (comparision numbers 1 & 2 or 5 & 6), then Íts effectiveness
would be superior only in terms of the better parameter. Predators ruhich

are found superior in both parameters (slopes -- better clÍfferential
response Ín patch selection, an<l inLercepts - bett.er response to patches

of lower prey densiLies) would show betLer effectiveness Lhan those showing

superiority ín terms of a single parameter.

7.4 GEI{BRI\L DISCUSSTON

Frorn secLion 7"1"1, ít becomes clear that, to date, almosl- all efforts
Ín tlie evolution of the concept of searching efficiency of predators have

fol-lowed along the lines of the Nicholson-Bailey mode1. Therefore, all
prevÍous developmental attempus suffer from some of the same constraints
that the Nicolson-Bailey model suffered, viz. assumption of RANDOM search

by the predator for randonly distributed prey in a homogerìeous environment.
fn nature, predators do noL necessar:ily search for their prey aE randon,

nor is the prey population distributed in a hornogeneous manner; on the
contrary, patchy dlstribution of prey rvould be the rule rather Lhan the
excepLlon. Hassell (1982a) does propose a method of evaluating searching
efficiency for a predaLor searching in a patchily distributed prey
population but his methocl introduces another constraj-nt in the forrn of
information requíred on the actual searching time for the predator under
lnvestígation. All these constraints are seri-ous lmpediments Lo the
evaluation of the real searching efficiency of predators.



Fig-- 7 "22
Comparison of predators on the basis of their dífferenttal
responses to patches of different prey densities (the slopes),
and their responses to patches of lower prey densities (the
lnLercepts) by a plot of the numbers of prey ki1led per patch
of a particular prey density ATTENDED estimated; from the new

concept of searching efficÍency for four hypothetical predatcirs.
(a) Predator (A) : Y1 = al + blX.
(b) Predator (B) z Y2 = a2 + b2X.
(c) Predator (C) : Y3 = a3 + b3X.

(d) Predator (D) : Y4 = a4 + b4X.
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Tab1e 7.74,.

SLOPBS ÄND INTERCEPTS FOR REGRESSIONS rN FTGURB (7.17)

PRBDATOR INTERCEPT SLOPE

Table 7.78

COI"ÍPARISION OF PRED/\TORS ON THE BASIS OF THEIR SLOPES AND INTERCEPTS
FROM Table (7.74)

A
B
c
D

b1
b2
b3
b4

aL
a2
a3
a4

COMPAR.
NUI'ÍBER

COMPARE
PREDATORS

COMPARE

INTERCEPTS
COI..{PÄRE

SLOPBS
INFERBNCES

DRAITIN

I
2
3
4
5
6

)aZ
=a4
)a3
)a3
)a4
)a4

a3
a1

a1
a2
a1
aZ

A&B
c&D
A&C
B&C
A&D
B&D

b1=b2
b3<b4
bl>b4
b2>b3
bl<b4
b2<b4

A more
D more
A more
B more
A more
B more

efficient #
efficient *
efficient #*
efficient #t
efficient #
efficient #

lf effectiveness based on respon.se to patches of lovrer prey density.
+ effectiveness based on searching efficiency.
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Besides, Hassellts (1982a) rnethod is also out of step with the latest
developments in predatíon biology because, though it recognizes the
importance of patchiness 1n the distributíon of prey populati-on, it does

noL evaluaLe the predatorts response Lo spatial heterogeneity in the
distribution of prey, i,e. lt fails to evaluate the PATCH FTNDING PROCESS

(see section 7.1.2). In recent years, studeul-s of predation biology
(including Hassell (1982b) himself) have cone to the concluslon that a

predatorrs response to spatial heLerogeneilry in the distribution of prey is
a vital- factor affecl-ing the dynamics of interacting predator-prey
populatlons (Beddington et al., L978; lJaage, 1983; fleads and Lawton, 1983;

see also Chapter 6.1). Recognizing the impor:tance of the predaLorrs

response to patchiness, Morrj.son et a1. (1980) and l"forrison and Strong
(1981) sLress that in analysÍng relationships beLweeu parasitÍsm and host

density per paLch, it is necessary to account for both the proportion of
patches discovered (i"e" the Patch !'lnding Process) and, within these, Lhe

proportions of hosL parasit.ized (í.e. the Ättack on hosts in the discovered

patch). Theoretical hosL-parasite noclels also lead to the conclusion that
all those factors rr¡hich result in a clumped distribution of attacks on a
host population tend to contribute to populalion sLability (May, 1978).

The unevenness in the distribution of attacks is generally an outcorne of
l¡ehavioural response (an rtaggregatíve responsett; see Chapter 6.1) of the
predator to patches of dj-fferent prey densitÍes. The behavioural
rraggregaLiverr response leads to an aggregation of predators at paLches of
higher prey denslties, and Hassell (1982b) warns that rrThe dÍstribution of
searching parasitoids itself, however, has no direct impact on population
dynamics. It is the resultlng pattern of parasiLisrn thaL is the
all-important determinant of a parasitoidts impact upon the host
population. rr.

The argumenls presented 1n this chapter lead to Lhe reallzaLi.ol of the

need for the development of a more realistic concept of searching
efficiency of a predator which evaluates its behavioural- response boLh

BETI^IEBN patches and I.IITHIN patches of prey. Such a coircept would not on1-y

be closer to biological realisrn but also pernit comparlson of more than one

predator on the basis of theÍr searchlng efficiencies. The method of
evaluation of searching efficlency should also be relatively easy.

In an attempt to overcome the limitations inherent 1n the earlier
concepts and incorporate the attributes mentioned above, the concept of
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searching effíciency that I have proposed was devel oped by talcing into
account the series of steps in the searching behavi-our of the predaLor
(Irig. 7"2I) which results 1n the attack of prey. As was pointecl out in
section 7.1.3, Morrison et- al-" (1980) studied the response of Tr_ichogramma

spp. to patchily clistributed Heliothis zea eggs and considered the
parasitoidrs response both between patches and v¡ithin patches in the manner

discussed here.buL Lhey did not relate it to a concept. of searching
effíciency.

The estimates of searching efficiency obtained using the new concept
provicle tr+o-fold information about the sea.rching behaviour of Rodolia in an

environment with patchily distributed prey. 0¡Ì the one hand, the method

allows the evaluation of the predatorIs dj.fferential response to patches of
different prey densÍties and, on the other, allorvs the evaluation of the
the predatorrs response to patches of lorr'er prey density. Both these
parameters describe the foraging behaviour of Rqdolj_a in a more

comprehensive manner.

The series of experiments conducted to evaluate the searching
efficiency of Rodol:þ ardinalis produced two sets of estimates (each set
comprising the slope ancl the inLercept; see section 7.3.I.2.3) of searching
efficiency, one based on the ATTACK potential of the beetle, and another
based on the beetlers OVIPOSITIONAL potenLial. Both t.hese sets of
est.imates appeared to remain unaffected by changes i.n the experimental
conditions, r+hich raisecl the question - is searching efficiency a

characteristic at.tribute of a species and hence a constant, as was assumed

by Nicholson (1933)?

Though the results gathered so far appear to indicate that searching
efficiency may indeed be a constanL, a considerable amount of work needs to
be done to substantiate thís hypothesis. The indication of searching
efficiency being a constant could well be an arti-fact, because the results
obtained here may simply indicat.e that. the alteratj.ons in the experimental
conditions (that were tested) were noL great enough to change the searching
efficiency of the beetle. From the líteraLure, there are many reasons Lo

believe that searching efficÍency cannot be a constant and characteristic
attribute of a species, e.g. it has been shov¡n to be affected by changes in
prey density, spatial heterogeneity in the distribution of prey and

predators, and also predator density (Hassell, 1978b). Though the effect
of prey density and spatial heterogeneity in the distribution of prey had
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been talcen lnto accounL 1n the design of the experirnents that r"ere carried
out with Rogolþ., the influence of predator denslty and spatÍal
distribution of predators had not been consÍdered, since the response of an

Índividual predal-or was only tested.
The influence of predator density usually Lakes place in the form of

MUTUAL INTERFERENCE between searching predators ruhich results in a decline
in the ¡rumber of prey kill.ed per predator and so the searching efficiency
(lTassel1, 1978b). I{owever, Ehe impact of such mutual interference can only
become evident when the predator densit.y rises beyond a cerLain 1eve1, for
there must, be an optirnurn number of predators ryhich rsould maximize the

searciring efficiency under a given set of conditions. Testing the effects
of Mutual Interfererce on the searching efficiency of predators would

produce rnisleading results r,r¡il-hout due consideration of the densÍty of
parasitoÍds and the size of the searching arena in relatj-on Lo Lhe natural
habitat of the organisrns.

The concept of searching efficiency presented here is still in iLs
i,nfancy and demands further research, both in the consolidation of its
theory and l-he standardizaLiot of methodology. Hov¡ever, it is very

unlikely that any single procedure would ever be applÍcab1e to every
predator, for predators not only differ enorrnously in their foraging
behaviour because they have to forage in totally different environments,

but also díffer vastly in their perception of patches (Heads and LawLon,

1983). Any experimental evaluation procedure rshich does noL take into
account such behavioural irnpLications is bound to produce spurious and

unrealistic results.
If biological control is to leave the rftry-Ít-and-seerr technique LhaL

it has been until now and becorne a scient.ific enLerprise, iL would only be

as a result of those aLLempts Lhat give prlority to biological realism.
PredatÍon biologists r,¡ho glve prime j-mportance to Lhe behaviour of
predators are truely the pioneers 1n attempts t,o Lransform biological
control from an rrartrr to rrsci-enceil (see van LenLeren, 1980).

In the following chapter, the searching behaviour of Rodol-Ía has been

studled in detail at, the individual patch level 1n an attempt to understand
al-1 those fact,ors that influence the beetlers decision to emigraLe from the
patch that 1t once discovers.
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S]IARCHIHG BIflAVIOUR OF RODOIJ.A IdIIÏNg PATUIES

There is something fascinating about science. One gets such

a wholesonre reLurn of conjecture out, of a trifling -ì.nvestment

of fact.
-- Mark Twain (1e74)"

f¡r Science the primary duty of ideas is to be useful and,

interesting even more than to be tttruer'"

-- Wilfred Trotter.

The great tragedy of Science -- the slayi-ng of a beautiful
hypothesís by an ugly fact.

-- T.H. Hux1ey.

8.1 Tffi OFTnÍAL FoRllGri{G BEIIÂVTOIIR

8.1.1 INTRODUCTION

Enlem (1966) and MacArthur and Pianka (1966) fírst proposed the idea

of opti-mizatÍon as an useful approach in the study of foraging behaviour.

And since t'hen this bioeconomic approach has been applied to questions such

as : allocati-on of time to play, time a rnale should invest with a female,

spâce uLilization, life-history strategies, levels of aggression, group

dynamics, etc. (Howe1l, 1983). The opti¡nization approach to the study of
foraging behaviour has developed into an independent theory referred to as

0ptimal Foraging Thoery (OFT). A number of reviews on OFT have been

published (Schoener, I97I; Pyke et al., 1977; Krebs, I978i Hassell and

Southr+ood , I97B; Kanil and Sergent, 1981) but Krebs et a1. ts (1983) review

is the mosL comprehensive.

A,t the very heart of the optimizati-on approach to the study of animal

behaviour lies the assumpLion that evolution has occurred by natural
selection and that animal behaviour ought to be int,erpreted in terms of the

contributions it makes to the survlval and reproduction of its possessors,

that is to lJarwínian fitness (Smith, 1978). Coupled with this are the

assumpLions that behaviour is adaptive (Kamil, 1983) and that animals

possess the power of learning and memory. And since the theory postulates

OF Tffi BE TLE
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that only the rnosl fit índividrrals can survive, there Ís also an inplicit
assunrption that natural selecLion is an opLirnization process (Krebs , 1979).

The optlmization approach to eLhology is being elaborated by a lot c¡f

tlleory and consolidated by sor:ne experimental evidence from l-he laboraLory
(Charnov, L976b; Cowie, 1977; Cook ancl Cockerell, 1978; Hubbard and Cook,

1978; Krebs et a1., 7978i Bond, 1980, and van Alphen and Galis, 1983) a¡d
field studies (Toransend and Hildrew, 1980; Roitberg et al., L982; Stamp,

l9B2). However, biLter criticj-sms have challenged íts basic premise.

Proponents of the optimization approach have assumed that behaviour is
adaptive, but criLics asserl- that. the basic hypothesis of adaptation is an

untestable hypothesis and therefore unscientific (Popper, 1977; Snith,
1978). Ot.her crítics have suggested that the whole program of functional
explanati-on through optimizaLion takes us in circles and that optirnzation
theory based on the Lheory of natural selection is tauLological (Cody,

L974; Popper, 1977). Thus, Cody (1974) argues that natural selection is a
rrmechanism that naximizes fitness" It leaves only the best adapted or
optimal phenotypes for Ínspectionrt. So having assumed that evolution is an

optimizing process, the optimization approach to the study of behaviour

attenpts to show that foragers indeed behave optimally (Krebs , 1979).
Harvey and Mace (1983) similarly argue that the rrapplication of
opLirnization theory to evolutionary biology and ethology do not (and

cannot) test the general hypothesis that nature opLimizes.tr.
.4. number of other critics of OFT have suggested that rnany optimization

models are too simple compared to the conplex challenges an animal faces in
nature (Zach and Smith, 1981). Sone of these models are based on

assumptions which are not only biologically unrealistic but absurd. For

example, Charnovrs (1976a) ttmarginal value theoremtr is based on an implicit
assurnption that foragers are omníscient and rational maxirnizers of energy

intake (Green, 1984) i but many biologists would have difficulty accepting
that animals are indeed omniscienL.

Kamil (1983) has presented a critical review of the criticisns voiced
against optimizal-íon theory in biology. He dísmisses most critici-sms as

unimportant on the grounds that rfconcepts such as optinizati-on are
theoretical constructs that \,,¡e use to help us understand and predict
behaviour, but are not thernselves the objects of study.rr Krebs (1979)

believes that rreven Èhough natural selection inevitably pushes towards

opt.imal solution, ít can be argued thaL true optima, even optÍmal
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compromises, are rarely achieved.rr In the meanti-ure, the literaL.ure on

opLi-mization studies in biology is becoming voluminous.

Despit.e the many criticisms of OFT, f thi-nk that such an approach to
the study of ethology deserves appreciation because it has 1ed to the
formulation of nany testable hypotheses.

8.1.1.1 TIIE OPII}T,ÀLITY CRTITRION

The firsL step in the optinization test of a behaviour involves the
sel-ectíon of some currency as the optimality criLerion. Almost all Otr{I

models assume that the net raLe of energy inLake is the currency which

needs to be maxj-mized when subjected Lo cost-benefit analysis. Royama

(1970, I97I) has argued thaL searching in rrprofiLablerr feeding areas is
irnportant for animals, and he clefines Lhe profitability of a feedíng area

as itthe amount (biomass) of food the predator can collect for a given

anount of hunting effortrt (time spent hunting). Other opt.imal foraging
models have used similiar assumptions (MacÄrthur and Pianka, L966;

Schoener, I97L; Charnov, L976a). In partícular, Sctroener (1971) suggesLs

that a foraging animal either has a fixed energy requi-rement and aj-ms to
ninimize the time spent feeding so as to leave more time for other
activities (Tine Minimj-zers), or it has a fixed tÍme ín which to feed

during which Ít aims to maxirnize i-ts energy gain (Euergy l,faximizers). And

Schoener (I97L) and Pyke et a1. (1977) conclude thaL, in both these
conditions, animals should forage in such a \\ray that their nel- rate of
intake of energy (food) is maximized, assuming that such a foraging
strategy would ¡naximi.ze their fitness.

Speclfic optímal foraging moclels arrive at their predictions by

constructing a model (usua1ly mathematical) of a pa:rticular foragÍng
problem and then deriving the optimal solution rt¡ithin the terms of the
model. The solution is opLinal in the sense that it maximizes energy

lntake per unit time an animal spends foraging. This is, however, a very
simplistic view of the animal. In reality, an anirnal has Lo perform a

range of activities besides foraging, and the way in which a forager
behaves is lilcely to be a compromise resulting from conflicting selectlon
pressures for different,acti-vities (Krebs, L973). Tfhe general problern in
flnding a good index of fitness is to provide a common currency by means of
which the benefits of different aspects of behavíou.r calì be compared.

Besides, nal-ural selection may maximi.ze fitness buÈ the measuremenL of the
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exacL relation of behaviour and fitness is difficult (llowell, 1983). In
fact, biologisLs are still debating the definiti-on of fitness (Stenseth,

1983, I9B1¡Z Owen and Wíegert, l9B2; Nur, 1984). A number of methods,

however, have been proposed for l-ranslating the long-term goal of
maximizing fitness inLo a short-term quantifiable index of fitness that can

be subjected Lo a cost-benefit analysis (Sib1y and McFarland, 7976i

McFarland , 1977).

8.1"1.2 OPTnJíIZÂTTON ÂPPROACIT TO FTRÀGI$G BEHAWOUR

Pyke et al. (7977) classifiecl the literature on OFT into four
categories, namely (1) Opti.mal diet choice (2) Optimal patch choice (3)

Optimal allocation of time to different patches (4) Optimal patterns and

speed of movemenL. In the folloruing, only two of the above four categories
(2 and 3) will be discussed because they bear relevance to my work.

8.1.1" 2(À) OPTT}ßL PATTIT CHOICE

fn a classical experiment - the tttwo-ar¡ned-banditrt problen - Krebs eL

al. (1978) provided great tits (Parus maigl) v¡ith two feeding sites which

differed in profitability. They then produced a rnodel which conceptuaLized

the foraging behaviour of the birds as consisting of two discrete stages--
exploration (ínformation gathering), followed by exploitaion. The results
were qualitatively similar to ruhat the model had predicLed, i.en ¡

increasing the difference in payoff rates decreased the length of the

exploration phase. Kamil (1983) suggests that such results are comrnonly

found in experimental animal psychology. Ile also finds strong similariLies
between the probability learning experiments of animal psychol.ogists and

the patch selection experiments of ecologists and points out that Krebs et
al.rs findings are a well knor¿n result ín the animal psychology literature;
though in the latter the switching frorn exploration to exploitation phase

is more gradual than abrupt as found by Krebs et al. The well defined
results obtained by Krebs et a1. probably occurred because they
oversimplified the system by providing only two patches for the birds, and

in nature a bird is unlikely to have to choose frorn only trvo possible
feeding sites (McNeil Alexander, L982). hlhen a number of patches of
varying deglees of profitability are provided, the aninual does not only
feed on the best patch, as Smith and Sweetman (1974) found in their sLudy

of titmice. The birds in thís latLer experÍment fed on patches of
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clifferent profitabillty, allocating the greatest amount of time l-o Lhe area
of highest food abundance and progressively less tlme to progressively
vJor:se areas.

Thus, ín essence, the theory of optimal patch choice states that an

optimal forager should be able Lo d:lfferentially exploit patches in
relat.ion to profilability.

8.1 
" 
1. 2(B) OH['rM¿,L,qü0CÀIIoN. OF FÛRÅGII{C TIME

A nunber of hypotheses have been p::oposed to describe the optímal
allocalion of timé in foragers antl to predict, when foragers should leave
the current patch in search of another. Some of the notable hypoLheses are
as follons:

(1) rruNTrNc BY EXPECTATION

,{ forager enters a patch rr¡ith the expectation of capturing prey and

leaves the paLch when Lhe quota of prey is realized (Gibb , Lg62).

(2) MÂRGTNAL. VALTTE T'HEQ_RtrM (MVT)

charnov (r976a) proposed the rîmarginal value theorem" (MVT) which

states that an animal should leave a patch when j-ts rate of food intake in
the patch drops to the average rate for the habitaL', and furthermore, that
Lhis rrmarginalrr capture rate should be equalized over all patches wit-hin a

habitat. He shor"ed that - gÍven cert,ain assumptions - an optinal predator
would have a fixed givi.ng-up-time rule" McNair (1982) interprets MVT as

the strategy of optimal rrresidence timerr (RT).

(3) GIVING-TIP_TII'{E GUT)
The GUT is defined as the time between the last capLure and Lhe tine

at which the predator leaves the patch (Cowie and Krebs, 1979). Though

they dÍd not use the term, Tinbergen et al. (1967) measured GUTs for
carrion crows, and the term was later coined by Croze (1970). Krebs et al.
(1974) produced a nodel based on the assumptions of the marginal value
theorem to predict that an opLimal predator would leave a patch, if for
some specified tine (fixed GUT), it did not find any prey regardless of the
quality of the patch. They produced empirícal evidence for this conclusÍon
from their study of black-capped chicadees (Parus atrj-capillus).

McNalr (L982) and Green (1984) have crlti.ci-zed Krebs et al. rs method
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of identifying GUT with MVT and optimal foraging. Green (1984) argues that
the GUT is neither optinal nor equivalent to Lhe MII ancl has shorun that
Itthe GIJII rule r+i1l not satisfy Lhe MVT if prey capture is a lfrandomrr(i.e",

Poisson) evenLrr; and McNair (L982) has shor+n that for an optimal fo::ager,

GUT should be related to the patch quality and not remain constanL as

inferred by Krebs et al " (1974). So if GUT is viewed as a measure of a

foragerrs persistence in searching for nore food in a patch, then in
theory, a forager should be more persistent in better quality patches and

larger GUTs should be used in such patches"

The GUT concept has drawn much theoreLical attention from lIassell and

M.y (L974), Murdoch and OaLen (1975), Breck (i978) (in Gr:een, 198/r) and

Tr,'asa et al" (1981). Hassell and May (1974) revíe¡+ed the exarnples of
insect predators and birds which distribuLe their searching effort,
neasure<l as a proportion of the total time, according to prey density when

offered a simultaneous choice of patches. They concluded that, generally,
the allocaLion of tÍme anong patches of different profitability showed a

sigmoid relationship rvhich they cal1ed the ttaggregativerr response. Thus

predators tend to spencl little time in areas of low prey density and do nol.

discrirninate strongly between such areas; but they discríminate very

strongly at intermediate prey densities, and rather little again at very

high prey densities. Hassell ancl 't{ay (1971+) suggested that the sigmoid

response could result from either :

(i) area restricted searching - meaning that the predator adjusts its
search paLh imrnediately after a capture so as to concentrate its search

effort near the last prey, or
(ii) a fixed giving-up-tine (GUT) (similar to Lhat of Murdoch and 0at.en,

1975) - based on the idea that, afler a find, the predator searches in
the irunediate vícinity for a fixed time and leaves if it does not have

another success. If it does find another prey¡ it simply rrresets its
clocktf and searches again until the i+aiting time has elapsed r^¡ith no

capture. Such a strategy would allow the predator to concentrale

effort in more profitable patches.

Hassell and May (L974) have used the assumption that the actual time

betr.reen captures is exactly equal Lo the expected time when calculating Lhe

rate of finding prey for an animal that forages at random and uses the GUT
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rule, This assumption simplifies the calculation, but it is nonetheless, a

roistake (Green, 1984). The nore difficult, correct calculations for a

Poisson distribution of the number of prey per patch has been described by

Murdoch and Oat-en (1975) and Iwasa et a1" (1981).

(4) RANpOM PREpATOR EQUATÏON

Cook and l{ubbard (L977) proposed a model which uses the margínal

value conclusions and reanalyserl the dat.a of Hassell- (1971) describing the
parasiLisrn and aggregative response of Neneritis -qane_sce_lE. They found

that the nunber of prey located iu each patch could be described by a

modification of the rrrandoin predator equationrr of Roge::s (L972). They also
compared their predictions of the optinal allocation of tine wit.h Lhe data

obtained by watching indivídual wasps searching for 6 hours in an arena

condaining five patches of different hosL density (Hubbard and Cook, 1978).

Two of the assumptious of the Cook and Hubbard model are that there is a

fixed tlme and that Lhe animal has some knoweledge of the profitability of
dÍfferent areas. Although these results suggesL that NemeriLis is capable

of approxirnating the optirnal solution, Ìrlaage (1979) has suggested that the

underlying mechanism is very simple. He showed thai Lhe decision rnade by

an Índividual to leave a patch depends on a mechanisn involving habÍtuation
to host scent.

(5) van Alphen (fg8Ol lists nine variables that may interact to release

enigratíon behaviour of parasitoids, namely : (a) nurnber of encounters with
unparasitized hosts (b) rate of encounter with unparasitized hosts (c)
ability of parasite to recognize parasitized hosts (d) presearch ability
(e) habÍtuation to host derived arrest,ment chemi-cals (f) experience on

other patches (g) encounLers with non-hosts (h) encounlers v¡ith unsuitable
host.s, and (i) interference from other parasitoids.

(6) ASSESSMENT RIJLE

Most of the above t.heories are based on the assumption that a forager
has some prior lnformation on patch quality even before it enters Lhe

patch. Also these theories atLempt to predict rfwhen[ a forager should

leave the current patch in search of another; what they do noL say is Ithor¿tt

a forager shoulcl malce such a decislon. The assessment rule of Green (1984)

attempts to do that.
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In nature a forager has Lo deal with the problem of unpredictability,
because both t.he quality and location of patches change unpredi-cÈably r+ith
time" A forager cannot have prior knor"ledge of these changes as rnost 0F

moclels have assurned but. rather lt has to gather this inf<¡rmatíon, which

leads to the need for a forager to sample various portlons of the habitat
(Gibb, L962; Royama, l97O; Krebs et a1., 1978). Stochasticiry should

therefore, be incorporated in foraging models if it can be done

convenlentlyn and Green (1984) proposes a stochastic foraging model v¡hich

is nathematicalJ-y tractable and which is based on the idea that animals use

their experience i-n a patch in order to decide when to leave a patch. It
te11s whether the aninal should leave a patch at any particular tine
according to how manv prey have been found up to that time. And since it
assunes that search is systematic and prey are distributed aL random wil-hin
each patch, the best stopping rule depends only on the number of prey

caught upto a given tíne, and not on their actual capture times.
Green (1984) compared the assessrnent rule with the GUT rule and the

Fixed Tirne rule and found it to be the best fo¡: assessJ-ng patch quality.
Smith and Sweetrnan (L97/+) found that great tiLs had the ability to use the
factors of prey síze and prey density to make an assessment of the average

profitability of a feeding area such thaL they allocated the greatest
amount of tirne to the area of highest food abundance ancl progressively less
tirne to progressively worse areaso

The two deci-sions of : which patches to visit (patch selection) and how

long to spend i-n a pat.ch (pafch tíme allocation) are, in fact,
inter-related (Irraage, L979, 1983) because paLches of higher profitability
would be sel-ected against those of lower profitability and the forager
r+ou1d spend a greater proportion of lts searching time so as to exploit
¡naxlmum returns. There are nunerous exalnples in the entomological
literature to suggest that predaLors and parasitiods do, indeed, shov¿ a

differential response t,o patches of different prey densities, in that they
select and spend more time in higher prey density patches
(Hassell, 1978b).

8.1.1.3 OR]EqrtVES BEFT¡M MT EXPERIMBNT

Havlng gathered evidence in support of the hypothesis that Rodolia
shor¿s a dífferential response to prey density (Chapters 6 and 7) there was

need to underst.and the mechanisrn which produced such a response by a
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detailed study of the behaviour of the beetle aL Lhe single patch 1eve1.

The following experiment ruas therefore perforrned to :

(i) understand Lhe factors that influence the predatorrs decision to
emi-grate from a prey paLch,

(ii) stucly the foraging behaviour of Rodolia in the light of the optimal
foraging theories, and

(iil) test the hypothesis regarding sub-patches t'visitedrr and sub-patches
Itattendedtt proposed in Chapter 7, whích stated that a patch
rfvisitedtt tuy rìoL necessarily l¡e |tattendedrt o and so only a f raction
of the patches visj-tecl may be attended.

8.T.2 MATET"IALS ÂND }trTHODS

The experiment r+as conducted in a 24x24x34 cm cage (Fig. 8"14) r,¡hich

had a metal frame, a wooden base and a clear perspex top. The four sides
v/ere covered by polyester voile which was kept free on one side Lo allors
access into the cage. This side was normally kepL in posiLion by rneans of
rubber bands. fn Lhe centre of the cage Ì,/as placed a supporL for a single
patch of prey. The support. consisted of a L2x72x2 cm block of wood through
the centre of which was fixed a vertical 30 cn length of wooden rrdowellingtr

of 1.25 crn dia. To the free end of the dowelling r^ras attached a leaf-disc
support for a single prey-patch.

One r+eek old second inslar scales and six days old beetles, both

reared in the insecLary (Chapter 3), were used in the experiment. The

beetles v¡ere capable of laying eggs and r¡ere satíated pri-or to use in the
experÍ-ment.

The experlnent consisted of four treatments by five replicates. Each

treaLment. consisted of four prey-patches which were provided in different
sequences to a single searching predator (Table 8.1.1; fo1J-orv-ing page).

The experinent \,ras starLed at around 1000 h. A single predator,
released on the floor of the cage, was a1lor¡ed to find the prey-patch,
attack the prey and/or 1ay eggs. If the predator left the prey-patch, it
was allowed to ret,urn to the prey-patch within 4 mln, after which the patch
was changed to the patch wiLh the next prey density in the sequence.

Before Lhe patch was changed, the number of prey eaten and the number of
eggs laid were recorded. This nethod was repeated for all four
prey-patches in the sequence of a treatment.
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Photograph of the polyester voile cage with a single patch
of prey on a citrus leaf-disc.
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Table B" 1" I

DBSIGN OF EXPERIMBNT -- ALLOCATION OF PATCIIES OF
IIOUR PREY DENSITIES TO FOUR TREATMBNTS COMPRISING
FOUR DIFFBRENT SEQUENCBS

TREAT!ÍENT (1)
PREY-PATCH SEQUENCB

(2) (3)
PREY DENSITY PER PATCH

(4)

T
II
ÏIÏ
I\i

2
16

2
16

4
B

2
61

8
4
2

16

16
2
2

16

Tlre experiment was conducted at a constant temperaLure of 28 + 20 C in
the insectary. Light was provided by a pair of 60 cm 1ong, 2OW fluorescent
tubes hung 30 cm above the cage.

Video recording equipment ruas employecl to record the behaviour of the
beetle on and around the prey-patch. The video camera was posit.ioned
horizontally so that it received a reflected inage of the prey-patch in the
cage from the top, through a nirror fixed at an angle of 45 (Fig. g.1B). A

digital clock was also placed within the field of the canera to keep track
of t,ime.

USE OF COMPUTBR AS AN BVENT REEORDER :

An Apple IIE cornputer was used as an event recorder. In a special
programne h¡rj-tten for the purpose, tventy buttons of the computerrs
keyboard were coded for twenty dífferent events. To use the programrne, the
prerecorded video tapes of the u*purir"nt were played. i{hile observing the
activities of the predaLor on the monitor, the computer was slnultaneously
used as an event, recorder. After havÍng entered an íuitial tirne as the
start of the experiment, one of the coded buttons of the keyboard was

pressed to al1ow the cornputer program to record the coded event together
with the time at that instant drawn fron the clock. In this manner, the
activities of the beetle were cat,egorized as event.s which were translated
directly into data on the computer for later analysÍs,
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Diagrarnal-i-c represertation of the experiment-a1 set-up for
studying the foraging behavic¡r of Rodolia using video
recording equipnent.
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8.1.3 RE.SI}LTS ÄND DISCUSSIOI{

8"1o3.1 SIDfi{Åry 0q BEI{ÄVIOIJR,êI. OBSER\IA:flTOHS

A summary of the detailed behavioural observations collectecl in this
experiment is presented in a diagramatic form 1n Fig. 8"2, by the help of a

main figure (Fig. B.2A) and an overlay (Fig. B.2B). This figure was

constructed by the computer wíth the aid of another special programme

written for the purpose. Each lj-ne in the figure represents, on an hourly
sca1e, the duration and sequence of various activities performed by the
beetle in a particular treal-nent,/replicate combinatÍon (TR-r, # I to 5;
TR-II, # 6 rc. 10; TR-III, # 11 ro 15; TR-IV, # L6 to 20)" The main figure
represenLs the events : (a) experimenl- started or patch changed, (b)
entering patch and leaving patch, (c) encounters with prey, and (d)
feeding. The overlay, on the otherhand, represents Lhe events : (a)
entering patch vicinity and leaving patch vicinity, (b) restíng on disc and

starting from rest, and (c) encounters leading to ovipositions, or other
stoppages on Lhe prey. By car:eful observation of the details of the
figuresr one can notice Lhe sequence of events that toolc place. The format
used in the figure thereby allor"s a sumnary of the entire observations to
be represented in a coherent. manner.

Certain main conclusions may initía1ly be drar¿n frorn the daLa,
namely :

(a) there was no obvi-ous trend in the t.ime interval between experiment
started or patch changed AND entering into patch vicinity or entering
onto the patch itself,

(b) not all entries into the patch vicinity resulted in an entry onto the
patch,

(c) not all entries onto the patch resulted in an encounter with prey,
(d) in most instances, resting on the dÍsc bore some relationship with

feeding and the former generally followed the latter.

8"1.3.2 FORI.I OF DAT¡. PRBSENTATION

The data gathered for different events followed a'set pattern, and

samples of the paltern for three events have been presented in Fig. 8.1.3
as mean eggs laid, toLal encounLers and percentage of total encounters
resulting in feeding, ovipositi-on or other stoppages at the prey r ploLLed
against patch type sequence. The trend lines for TR-I, with patch type
sequence of 2, 4, 8, and 16 prey per patch appeared to approximate a mirror



Fj,g.9.1.2
Diagramatic representation of the data

of the behavioural response of each of
to patches of different prey densities
treatnents. The data for the following
have been presented on an hourly scale

figure and an overlay.
(A) MATN FIGURE

(a) Experj-ment started :

(b) Patch changed !

(c) Enter disc :

(d) Leave disc :

(e) Total encounters wíth prey :

(f) EncounLers resulting in :

Feeding on Prey

(B) OVERLAY

(a) Enter patch vicinity
(b) Leave patch vlcínity
(c) Rests on disc
(d) Starts from rest
(e) Encounters resulting in

oviposltlon or other
stoppages on prey.

gathered from a study
fíve Rodolia beetles
in each of four
events and numbers

by means oÏ a nain
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Fig.8.1"3
Sample of the data showing the general trends in the results
obtained frotn the behavioural respon'se of Rodol_íe to patches

of different prey rlensities (patch types) presenled in
different sequences.

(A) The mean numbers of eggs laid by the beetles plotted
against patch type sequence

(B) The mean of the TOTAL encounters with prey plotted against
patch type sequence.

(C) The means of the percentages of the TOTAL encounters

wlth prey, that resulted ín feeding, oviposit,ion,
or other st.oppages on prey.
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irnage of those of TR-II, r.rhich had a patch type sequence of 16, B, 4, and 2
prey per patch. However, Lhe trend lines for 1R-IfI (which had all patches

of prey density 2), remained above that of TR-IV (which had all patches of
prey density 16) for some events (Fig" 8.1"3C) or below ít. for oLhers
(Figs. 8.1.34 and 8.1.38).

Therefore, in an attempt l-o show a better representation of the
beetlets general response to patches of di.fferent prey densiLies, the data

are presented in the followíng nanner" Two sets of graphs are plotted for
data collected for each event. The data for patches of the same prey

densiLy from boLh'TR-I and TR-II were pooled and are plotted against patch

type as (A)-series figures to illustrate the influence of four different
densities, narnely 21 4r 8, and 16 prey per patch. The poolerl response

assumes, therefore, thau the sequence of the patch types in TR-I and TR-II
had no effect on the results. Such an assumption r¡as generally t,rue, as

has been shor,'n by the mirror ímage trends in Fig. 8"1"3. The data fron
TR-III and TR-TV, on the other hand, were plotted in a manner similar to
that in Fig.8.1.3n and are referred to as (B)-series figures. In these

figures, the prey density cloes not vary ruith patch t.ype sequence, and the
only comparision is between a prey density of 2 (in each paLch type) and

another one of 16.

Most cif the plots in the (A)-series figures short' a trend vhich is
slmílar to that of l{o1l1ngts Type-If functional response curve Ín the sense

thaL the graphs decelerate Lo an upper asympl,ote. I have borrowed the
phrase rrType-Il curvett fron the funcLional response concept to refer to
such curves, though no relatlonship between the trvo is lmplied.

8.1.3.3 OPTIIÍAL PAICH qllolgß

In essence Lhe theory of OptÍmal Patch Choice states Lhat the foraging
behaviour of an animal would be optirnal if it demonstrated differential
exploitation of patches of different profitability when given a choice.
Thus, Itbettertt quality patches (patches with higher prey density) ought to
be exploited relalively more than 'rworseil oneso Tn this experiment the
predator was províded with on1-y one patch type at a tlrne and so its
response to patches of different prey densit.y can only be inferred from its
activities within the patch and the outcome of its acLivities, i.e. the

degree of exploltat.ion of patches.
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-G) ftq qlrc0¡fE 0q PRmAIÐR sFARCq. (DIrumißITIÂL _By¡srySSEI

(i) Ptev Eaten : The pooled response of TR-I and TIì-II suggestecl that the
number of prey eaten lncreased wil-h an increase in prey densit.y per paLch

(Fig" 8.1.44). BuL a regression line fÍtt.ed to the data points gave a

slope (b = 0.061), which ruas not. significantly different from zero at
P=0.05" 0n the other hand, an increase in l-he number of prey eaLerì

(FÍg. 8.1.48) upto the third patch in the sequence was founcl in both TR-III
and TR-IV, afler which t,here was a decline. The ascending phase of the
latter graph could be a result of an increase in the hunger level, while
the descending phase of the g::aph was, perhaps, due to satlation. A more

detailed analysis of the'feedíng behaviour of the beetle is presented in
Sec. (8.1.3.7) below"

(íf) Eeg.Z Laid : The number of eggs laid at a patch also shoved a positive
relationship with paLch type and the pooled response of TR-I and TR-II gave

a Type-II curve (Fig. 8.1.54). By conLrast, the curves for both TR-III and

TR-IV (Fig. 8.1.58) shor+ed a decliníng trend r+ith patch type sequence; but

they remained separale frorn one another, with the line for TR-III lying
much below that of TR-IV, rvhich shows that consistenLly more eggs r+ere laid
in TR-IV Ì{ith 16 prey per patch than in TR-III with only 2 prey per patch.

(iii) Total. Tirs Spent : The pooled data frorn TR-f and TR-II for Lhe roral
tine spent on the paLches gave a si.grnoid curve when ploLted against paLch

type (Fig. 8.1"64), vhich signifies that the beetle dernonst,rat,es

differential allocation of foraging tine in relation Lo prey densÍLy per

patch. In TR-III (Fig.8.1.68), there was a general lncrease in the amount

of time spent on the patch in relatíon to patclì type sequence, which shows

that when consecutlve patches of lower prey density are provided, tl-re later
patches are searched more intensely. The graph for TR-TV, however, shorvs

an oscillation between higher and lower values for tj-ne spent in relation
to patch type sequence (FÍg.8.1.68), which suggests that the time spent at
a patch does noL depend only on the prey density at the patch but perhaps

It is also influenced by other factors such as hunger 1eve1 and

ovipositional urge. The ínfluence of the latter becomes apparent only wtren

patches of higher prey densíty are conslstently provided to the predator.
SimÍlar Lrends 1n the numbers of prey eaLen, eggs 1aid, and the time



FiR.9.1./r.
The numbers of prey eaten (neans + S"E.) from patches of
different. prey densities (patch types).
(A) Pooled daLa from TR-I and TR-II.. The linear regression

(Y = 0.061X + 0.54) fltred to the dara points was not
significanr (r=1.84; P(0.1 ) .

(B) Data from TR-III ( g ) and TR-IV ( s ) plotted against
patch type sequence.

Ei3'- 8.1.5
The nurnbers of eggs laid (means + S"E.) at patches of
different. prey densities (paLch t.ypes).
(A) Pooled dat-a from TR-I and TR-II. The line was

fitted to the data poinLs by eye"

(B) Data from TR-TII ( O ) and TR-IV ( n ) plorred
against patch type sequence.

Fig. 8.1.6 
_2

Tirne spent (x 10 sec) (mean a S.E.) at patches of
different prey densities (patch types).
(A) Pooled data from TR-I and TR-II. The line was fitted

to the data points by eye.
(B) Data frorn TR-III ( O ) and TR-IV ( e ) plorred againsr

patch type secluence.
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spent in relaLion to patch type were found Ín the experi-ment,s described in
Chapters 6 and 7" Thus the trends have remained consistent in all the
Lhree experimenls conclucted under three different sets of conditions.

lÐ at{ALYårq oF sllÂRGr. BrfIÁvIouR Pr{oDUcI}EG DIFIüREÌ{TrAL RESPONSE

(a) NunLçf o_f visits !o patches : The number of tir¡es the beeLle visíted a

particular patch type \./as found Lo decrease with an increase in prey

density per patch (Fig. 8.1.7). The graph in the pooled response

decelerates to a lower asyrnptote with increase in prey density per patch
(Fig. 8.1.7À). A general decline in the number of vislts to a patch r,ras

also noticecl in TR-III and.TR-IV (Fig. 8"1"78). However, the declíne ín
TR-ïII was followed by a steep increase after the 3rd patch in the
sequence. This trend is an index of a beetlers rrpersistencerr to patches of
different prey density and suggests that iL searches patches with lower
prey densÍty more thoroughly.

(b) Iisits- _ryl-ll¡g ín encounter with prey. : The data from TR-I and TR-II
on the relationship between patch type and t,he percentage of visits to a

patch that lead Lo an encounter with prey also follows a Type-II curve
(Fig. B.1.BA), and the trends for TR-III and TR-IV are sprearl apart, with
the former lying below the latter (Fig. 8.1.88). These trends therefore
suggesle as may be expected, that an increase in prey density at a patch
j-ncreases the predatorts chance of encountering prey.

(c) Vísits_ leadine Lo patch ATTENDED : The percentage of visits to any

patch type that lead to iL being ATIENDBD (visits resultíng ín prey eaten

and/or eggs lald) was also found to increase with patch type (Fig.8.1.9).
The pooled response of TR-I and TR-II once again follows the Type-II curve
(Flg.8.1.94), and r.he line for TR-III lies below that of TR-IV

(Fig.8.1.98). The trends in thetrÄrrandttBrt figures indicate thaL at
patches of lower prey density the proportion of visits thaL lead to patch

ATTENDBD is lower than that at patches of higher prey density. The higher
prey density, therefore, seems to stímulate the predator to eat prey and/or
1ay eggs.

(d) Prey Findine Time (PFTI : The Prey Finding Tlne (PFT) r*Í11 be defined

as the time interval between entry into patch and the first encounter with



Fig._ 8.1.7
The numbers of VISITS (mean l. S.E.) to patches of different
prey derrsj-l-ies (Patch types).
(A) Pooled data from TR-I and TR-II. The line was fitted

to Lhe data points by eye.

(B) Data from TR-III ( e ) and TR-IV ( s ) ploLted against
paLch l-ype sequenceo

Fig." .q.1.9.
The percentage of VISITS (means + S.E.) to patches of
different prey densities (patch types) resulting in
encounter with prey.
(A) Pooled data frorn TR-I and TR-II. The line rvas fitted

' to the data poinLs by eye.
(B) Data frorn TR-III ( e ) and TR-IV ( e ) plotted against

patch Lype sequence.

Fig. _8. 1 .9.

The percentage of VISITS (rneans ! S.E.) to patches of
different prey densities (patch types) resulting in the
ATTENDING of the patch.
(A) Pooled data from TR-I and TR-II. The lj-ne was fitted

Lo the data points by eye.

(B) Data from TR-III ( O ) and TR-IV ( s ) plotted againsr
patch type sequence.

Fipr 8.1"10

The prey finding time (PfT) (neans + S.E") at paLches of
different prey densities (patch types).
(A) Pooled data from TR-I aud TR-II. The line fitted

Lo the daLa poinl-s by eye.

(B) Data from TR-III ( g ) and TR-IV ( r ) plotted against
patch type sequence.
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prey. The pooled response of TR-I and TR-II decreased with an increase in
prey density per patch and then decelerates Lo a lower asynptote
(Fig.8.1.104); and the curve for TR-III (the lorver densiLy) lies above

that. of TR-IV (the higher density) (Fig.8"1"108), shor+ing thaL the prey

denslty at the patch ínfluences the chance of the predatorrs encounLer wiLh

Lhe first preyo A higher PFT at patches of lower prey density indicales
that the beetle is not attracted to the prey frorn a distance and so the

results provide an indication Lhat the searching behaviour of the beetle
could be ranclom.

(e) Bqæ.g+tJrs. rt¡ith prey_ :'Assuming a fÍxed mean distance between prey, an

íncrease in the number of prey 1n a patch of a given sÍze r+ould lead to an

increase in the area covered by the preyrs disLribution. The probabílity
of a predator encountering a prey ought then to increase with an increase

Ín prey density, and one would expect the tot.a1 number of encounters wiLh

prey to increase with an increase in prey density per patch.

The pooled response of TR-I and ïR-Iï is given in Fig. 8.1"11Á,. As

expected, the total number of encounLers with prey follorued a linear
relationship and it increased with an increase in prey density per paLch

(Fig. 8.1.114)" The fitted regression line had a positive slope which was

significantly different from zero (t=6.26; P(0.001). The Lrend for TR-III
was a line 'paralle1 to the horizontal rr¡hich 1ay well belor+ that of TR-IV

(Fig. 8.1.118), indi-cating a consistently large difference in the results
of the two treatment,s. The general decline in the total nunber of
encounl-ers ln TR-IV was, perhaps, due Lo the beetlers acclimatization to
pat.ches of higher prey density, satiation and/or temporary exhaustion of
egg supply.

(f ) Interval betweeg encounters : From a follow-up of the above, \^re may

expect that the number of encounters per uniL time would also increase with
an increase in prey density per patch. .A,nd as a corollary, the time

lnterval between encounters should decrease with an increase in patch

qualíty.
The pooled response of TR-I and TR-II is gÍven in Fig. 8.1.t2L. As

expecLed, Lhere v/as a declÍne ln the time interval betv¡een successive

encounters when the pool-ed response of TR-I and TR-II was plotted against



Fig. 8.1 .11_

Total nuinbers of encounters with prey (rneans t S.E.) at
patches of clifferent prey densiLj_es (patch types).
(A) Poolerf data fron TR-I and TR-II. The linear regression

(Y = 3.18X + 1.14) fiLLed to the data points r+as

significant (t=6"26; P(0.001).
(B) Datc fron TR-III ( ø ) and TR-IV ( e ) plorrecl againsr

patch Lype sequence.

Fig.8.1"12
The intervals between successi-ve encounlers r+i_th prey
(means + S.E.) at patches of different prey densities
(patch types) "

(A) Pooled data from TR-I and TR-II. The linear regression
(Y= -0.27X + 11.05) f itted to the daLa poi.nts k¡as

significant (t=8.12; P(0"05).
(B) Dat-a from TR-III ( g ) and TR-IV ( B ) plorred againsr

patch type sequence.

Fie" 8"1.13

Means + S.B. of the percentages of the TOTAL encounters
with prey, that resulted ín feeding, oviposition, or
other stoppages on prey.
(A) Pooled daLa from TR-I and TR-II. The line was fitted

to l-he data points by eye.
(B) Data from TR-III ( O ) and TR-IV ( s ) plorred againsr

patch type sequence.
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patch type, anrl the fÍtLed regressj-on showed a negative slope

(Y = -0.267X +- 11.05) whj-ch was significantly different from zero

(r=B.l23L; P<0"05) (Fig" 8"1.124). The responses for TR-III and TR-IV were

agai-n rridely separated lines (FÍg" 8"1"128) u'ith Lhe line for the former

lying much above that of the latter.
Since an íncrease in prey density per patch decreases the time

interval between encounLers (Fig. 8.1.L2Ã), there r+ould be an increase in
the frequency of encounters with prey at patches of higher prey densilies.
If every encounLer with prey results in the recording of an evenL in l-he

predat,orts memory, then the frequency of these recorded events would help

the predator assess the profitability e¡ the pal-ch; an increase in
frequency of encounters would trshowtt a higher prey density, and a more

profitable patch"

(g) Encounters-_ leadinR to an outco4q (pfgL -æ and/or -g13tr- la!d) : The

next question l-hat arises is the relation betr+een the nurnber of encounters

with prey and the number of feeds or ovipositions.
The percenLage of encounters that result in an outcome (i.e., feedíng,

oviposítion or other stoppages on the prey) is shown ín Fi-g.8.1"134 for
the pooled response of TR-T ard TR-If" The percentage of encounters

resulting itr u.t outcome, deceleraLed to a lower asympLote with an increase

in prey density per pat.ch (Fig. 8-1.134). In Fig.8.1.138, the line for
TR-ïII was situated above that of TIì-IV. The results fron Fig. 8.1.134

suggest that an increase in the number of encounLers with prey does not

result j.n a correspondlng increase in the number of prey eaten and/or eggs

laid as the prey density per patch increases. 0r, 1n other worcls, the rate
at which the nurnber of encounLers increase is not the same as the rate at
which the number of prey eaten and/or eggs laid increase.

(C) oPTnU.t LÂÏUH cHoIc;E - MAIN CONCLUSIONS

The nain inferences drawn from the analysis of the searching behaviour

of the beetle are as follows :

(1) the number of VISITS to a patch decreases with an increase in prey

denslty per patch (FÍg. 8.1.74),
(2) the number of VISITS resulting in an encounter r+ith prey lncreAsee with

an lncrease in prey density per patch (Fig. 8.1.84)t
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(3) the number of VISITS resul.ting in the patch I\ffBNDBD (prey eaten and/or

eggs laid) increas€g with an increase in prey density per palch

(Fig" 8"1"9/*),
(4) the prey findíng time (PFT) decrease.! r+ith ¿rn increase ln pr:ey densÍty

per paLch (Fig" 8.1.104),
(5) there is a positive linear relationship between the number of

encounters with prey and prey densily per patch (Fig. 8.1.114)t
(6) the interval betweeu encounters decreases wíth an increase in prey

density per patch (Fig. 8.1"124), and

(7) the percentage of encounLers that result in an outcorne (prey eaten

and/or eggs 1ai<1) 4çcrç_As_e. S with an increase Ín p;:ey densit.y per patch

(Fig.8"1"134).

The results presented above provide eviclence that the predator

exercises díscriminatíon among patch types on the basis of the prey densiLy

per patch, and that the latter direcL1y influences the nuruber and frequency

of encounters wiLh p::ey by rvhich the predator is al¡le to ttassesstt the

profítability of the patch and then respond differentially by eating

relatively more preyr laying more eggsn and spendíng more tine at paLches

of higher prey densi.ty. SmiLh and Srveel-nan (1974) also found that great

tlts, (Par_us maiol), had the ability to use prey size and prey density to
make an asdessment of the average profltabilitl' s¡ a feeding area and

differenLially allocaLe l-heÍr foraging Lirne on the basis of such an

assessment.

Ä,n assessment of the profitabilíty of a patch through the frequency of
encounters with prey lmplies the presence of sone sort of ttmemorytt ín the

forager. If this is so, the question is -- what is the life of such a

memory ? Does this memory last through the period between leaving one patch

and finding anot,her and so influence the outcome of search in the

subsequent patch? If the menory does last through the duration of search

between patches, the outcome of search within a patch rvould not only be

influenced by the hunger 1evel, the ovipositional urge and the prey densiLy

at the patch but also by the predatorrs ttexperiencett at the lasL patch.

The prey densit.y aL the last. patch attended would then also influence the

outcorne of search in the subsequent, patch. Therefore, the sequence in
whlch prey patches of different prey densities are found should be of vÍta1
signifícance in influencing the outcome of search wiLhln a patch.



L29

However, the results presented above show that if patches of differenL
prey densit.ies are provided to a search:ing preclator in an opposíte sequence

(TR-I ancl IR-II), the tren<l in the results are reveïsed (Fig" 8.1.3), rvhich

demonst-rates that the prey densiLy at the patch plays a more important r:ole

than l-he seqence in which patches of prey density are provided" Also, even

when patches of the same prey density are proviclecl in a secluence (TR-III
and TR-IV), the influence of prey densíty at the patch appears to be more

pronounced. The plol of tlie data for different paramelers from TR-III lies
elther above or belors that of TR-IV depeudíng on the nature of the evenl
(B-series figures). There were few insLances ín which sone trend in the
B-series figures r¿ere cliscernible, viz. prey eaten (Fig. 8.1.4) and eggs

laid (Fig.8.1.5), but these can be explained on the basis of changes in
hunger level and ovipositi.onal urge, which Ín tern ínfluence the motivation
to search for prey (note the effect of hunger leve1 orr the index of
activity; Chapter 6.2). Thus, though Lhere is an indication of the
presence of short term |tmemorytt, which the predator uses to assess the
profitabilíty of the patch, there was no evidence to indicaLe that such a

memory lasts over the period of search betrveen leavíng one patch and

finding another.

The rrassessnent rulett of Green (198¿i) also gives credence to the idea
that animals use their experience in a patch in order to decide when to
leave a palch. It te1ls vheLher the anínal should leave a patch at any

time according to hov¡ nany prey have been found up to that l-irne"

Therefore, it is implied in the ltassessment rulerr that some sort of
Itmemorytt is involved in Lhe assessmenl- of the profitability of the patch.
Thus, the explanations provicled 1n support of the trends observed in the
results discussed above are in tune wiLh the basic concepl- of the
assessment rule. Horyever, by lgnoring the motivational and physical staLe

of the forager, the assessment rule adopts a very simplistic view of the
whole foraging process, i.e. the assessment rule overlooks the the
influence of pasl- hístory of the forager on the outcome of search in the
current palch. The data obtained from TR-III and TR-IV, and presented in
the (B)-series figures, stress the need Lo recognize the past history of
the forager in drawing conclusions on its searching behaviour in the
current patch.
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8.1.3.4 DIE¡FERL.3¡-IIÂL ALLOCATIOI{ OF F0RltGIl¡iG TI}fi
(A) Tqro Til'm

The t.otal tirne spent at a patch, presenLed in Fi-g.8.1"6 and di-scussed

in secf-ion 8.1.3.1(iii), j-nclicated that the beelle demonsLrated

differentj-al allocatj-on of searching ti-rne in relation to patches of
different prey densities. The results of the pooled response of TR*ï and

TR-II have been replotted ín Fig. 8.1.14, for the sake of convenience in
the follovring cliscussion. As poinLed out earlier, the relationship was of
a sigmoíd form, and a similar trend in the relation betr+een tine spenL at a

patch and prey clensit,l' per patch was also found in t-he experiment described

in Chapter 6, in spite of the clesign of the Lwo experiments beiirg very

different. The results expressed by the sigrrroid curve follor.r the

theoretical predicLions of Hassell and M.y (I974) who referred to such

dlfferential al-location of searching time as the rraggregativerr response in
predators. Using a behavioural mode1, based on the searching behaviour of
the predaLor before and after an erÌcounLer with prey (Fig.8.1.15), Hassell

and May (1974) explained that the graph took a signroid form because Lhe

predzrtors were unable Lo discriminate strongly in areas of lower prey

densi-ties and again in areas of higher prey densities; but they

discrirninate very strongly aL inLermediate p::ey densitÍes. Considering a

hypothetical ideal situation, they divided the searching behaviour of a

predator inLo trt¡o phases : (a) Phase-I : corresponcling to a period of hi-gh

turning rate and 1or" speed of movernenL follor"ing an encounter, and (b)

Phase-II : corresponding to a rrnornalrr patLern of movement with lower

turning rate and greater speed prior l-o encounter and follorvíng Phase-I

behaviour" After an encounter with a prey, the novement of the predator

remains in phase-I for a short period. If no prey are encounLered during

the phase-T, it is followed by phase-Il until another prey is encounLered

or the rredgetr of the area reached; then Lhe predator' leaves.
Their behayioural nodel produced two plaLeaux, one lower and another

hígher for Iow and high prey denslties respectively" These were joined by

a line with a steep slope for inLer¡nediate prey densities (Fig.8.1.15).
In the reglon of the lor^¡er plateau, either the predator has to leave the

patch wíthout finding any prey or if one is found, without encountering a

further one. In the region of the higher plateau, the prey density is so

hlgh that successive prey are encountered while the predatorrs searchÍng

behaviour remains 1n phase-I¡ and the predator remains in this phase untll-



Fig. Bel-.14

Tirne spent (x 10 - sec) (mean t S.E") at patches of
different. prey denslties (patch types). Pooled dut" frot
TR-I and TR-II. The line was fitted t.o the tlata points
by eye.

Fíe.8.1.15
Behavioural model of Hassell and lÍay (1974) for the oprinal
allocatÍon of foraging time by a predaror searching for
prey Ín areas of different prey densitj_es, (1) assuming a

FrxED distance between prey¡ and (2) assurning a vARTABLE

distance bet,r+een prey.
(A) areas of high prey densities
(B) areas of Ínternediate prey densities
(C) area of 1ow prey densities

Fí9.8.1.16
The giving-up-time (GUT) (means + s.E.) of beeLles searching
for patches of different prey densities (patch l-ypes).
(A) Pooled data from TR-I and TR-II. The line fitted

to the clata points by eye.
(B) Data fron TR-III ( g ) and fn-fV ( ¡ ) plorred againsr

patch t¡rpe sequence.
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leaving the patch. At intermediate prey densities, the predator encounLers

a further prey only after reverting to phase-Il behaviour. Therefore,

there is a contÍnuous oscillatíon beLween phase-I and phase-fl behaviours,
and this results in more tine spent in areas of higher rather than lower
prey densiLies"

. The al¡ove predictions were based on the idealized assumption that Lhe

prey inrlividuals vere placed exactly unit distances apart. However, when

variable distances between prey \,vere included in the mode1, the sharp edges

were smoothed ouL and the graph adopled a true sigmoid form. I{asse1l and

May pointed oul- that rrthe response to prey density per unit area can, ôver

any particular range, vary from markedly sigmoid to apparently convex,

depending on,where the transition regions in the basic model occurtt.
Flassell (1978b) provides numerous exarnples from the literature of the
rraggregative responsestt of parasites anrl predators adopt.ing various forms,
ranging from convex to sigrnoid" Bond (1980) found an alternation of
phase-I and phase-ÏI in the searching behaviour of the green lacewing,
Chrysopa carnea.

No atl-empt rsas rnade to fit llassell and Mayrs model to the present dat-a

because information on a number of parameters required by the model r+as

lacki-ng. So the explanation of the results on the basis of the predictions
of the model is only qualitat.ive" An anal-ysis of the searching behaviour

of the beeÇle in terms of turning rates and speed of movement in relation
to encounters wÍth prey (Chapter 8.2) also appears to support the above

explanation based on the predictÍons of the behavioural nodel of Hassell
ancl May (1974).

(B) THE crVrNG-UP--Trl,rB (cUTl

The GUT defined as the time interval between the last encounter wíth a

prey and the time of leavíng a patch, has been plotted against patch type
Ín Fig.8.1.16. The results show an interesting excepLion to r,¡hat has been

reported in the literature. In FÍg" 8.1.16A, the graph for the pooled

response of TR-I and TR-II decelerates to a lower asympt.ote with an

increase in prey density per patch. In Fig. 8.1.168, the plot of GUT for
TR-III 1íes above that of TR-IV showing that the GIII is consist,ently higher
at prey densit-y 2 tha¡ at prey densiLy 16.

A number of models have predicted what form the GUT should take, but

it is still a debatable issue. One hypothesis predicts a fixed GUT
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regardless of the patch quality (l(rebs et a1-., I974i Hassell and Mayo 7974i

Murdoch and OaLen, L975; and Cook and llubbard, 1977). A second hypothesis

predict.s that GUT should Íncrease with an increase ín patch quality
(McNair rl992; van Alphen and Ga1is, 1983; Green, I9B¿+). Proponents of the

second hypothesis consider GUI as an index of the persistence of a predator

and argue that. a predator ought to be more persl-stent ln patches of hj-gher

profitability.
My results show that neither of these hypotheses is true for Rodq_l-iq,

but rather Lhat the GUT decreases with an increase in paLch quality, as was

true for a frugi-vorous parasite, RhggolSlig ponone4g (RoiLberg et aln,
1982). In fact, one can argue that a higher GUT at patches of lower
qualíty is atrso indicative of the persistence of a predator, and that such

persistence shorss that even patcÏres of lower quality are Lhoroughly

searched once Lhe first prey has been encounteredo In additj-on, patches of
lower cluality are more frequently visited Lhan those of higher quality
(section 8.1.3.3.2 above)" Thus higher frequency of visits plus a higlrer
GUT at patches of lower quality may be expected to íncrease the overall
efficiency of the predator.

Another reason for the different trend of my results could. be as

fol1ows. The first hypoLhesis (fixed GUT) may be false because it wrongly

dran¡s conclusions abouL GUT from the marginal value theorem (McNair, I9B2;

Green, L98/+)" And the second hypothesis (increase in GUT r*rith an increase

in patch quality) assumes that the profitabillty of the patches are not

good enough to sal-ial-e the predator r+ithin the period of investigation
1.e., no importance is given to the hunger 1evel of the predator (or to the

llmitation of egg supply with ovipositing predators)" However, in my

experimenLs, the patches of higher prey density (with prey density B & 16)

r.¡ere more than enough to satlate the predator. Rodglia. eats an average of
8 ll-instar scales per day, and at each feeding bout up to a maximum of 3

prey are eaten (see section 8.L.3.7 belorv). Therefore paLches rvith prey

denslties of 4 and above would always be rnore than enough to temporarily
satiate the beetle. Thus rr¡hat is observed as GUT at patches of prey

densit.y 4 and al¡ove are only estj.mates of the PHÄSIC BEHAVIOIIR of the
predator which suggests l-hat an animal does not necessarily stay at a patch

even if optimurn conditions are provlded (Amos and tr{at.erhouse , L967).

My results, therefore, índicate that mosl- of the models concerning

tine spent on a patch have to be rejecled for Rodolia : the fixed time
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hypothesis (Krebs, 1973), the fixed number hypothesis (Gibb, L962), the

fixecl GUT hypothesis (Krebs eL a1., L974; Murdoch and Oaten,1975; Cook and

Ilubbard, 1977); increasing GIJII hypol,hesis (McNair, 1982) and also \rlaagers

(1979) behaviou::aI model based on the vaning of the response to the patch

edge. My results are, however, in agreernent with the behavioural model of
tlre ffaggregative reponsetr proposed by l{assell and M"y (L974).

8.1.3.5 PA'IUE SATETrION AND PATCH TN4B ÅLL(ÆATION

PHEI{OHÈTON

From the foregoing resulLs, it is therefore clear that paLches of
higher profitability are given preference to those of 1ov¡er profítability
both in Lerms of exploitalion and the duration for which the preclat,or stays

at those patches. Thus, the phenomenon of patch selection and patch time

allocatíon are indeed inter-related, as pointed out by hlaage (1979, 1983).

Both feeding and ovipositlon are time consuning act.ivitÍes; therefore, if
relatively more prey are eaten and nore eggs are laid at patches of higher
prey densities, then the searchíng predaLor must spend relal-ively rnore Lime

at such patches. Thus, Lo consider Lhe phenomenon of patch selection
(Optimal Patch Choice) as divorced fron that of patch t.ime allocati-on
(Optirnal AllocatÍon of Foraging Time) is to ignore bíological realisrn.

8.1.3"6 Â CONCEPTUAI. MO]]EL OF OHTNÍAL FORAGING

By the help of a florv diagrarn (Flg. 8.1.17), an attempt has been nade

to summarlze the sequence of events that night be operating to Ínfluence
the predalorrs declsj-on to emigrate frorn a prey paLch.

Nornally the hunger leve1 and the prey density at a patch should

lnfluence any predatorls decisiou to enigrate from a patch, but sj-nce we

are dealing r+ith a female predator whj-ch ls also capable of laying eggs, a

third factor, its ovipositional urge, would also be of irunense importance.

Let us assune that a female predator is searching rfrandomlyrr in an

arena which has a nunber of patches with varying prey densities. If thj-s
predator enLers a patch and wanders in search of prey, Ít night spend sone

time in exploraLíon; if 1t does not fínd any prey, lt wíll leave the pat.ch

in search of another. This duration of unsuccessful exploration would

depend on its hunger level and lts ovlpositional urge, lncreasing as these

lncrease. In other words, the predat.or would be more rrpersistentrr in ils
search as lts hunger 1eve1 and ovlpositional urge lncreased. In another

ÂS ASPBCTS OF ÏTTg SÀÞTE
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. Conceptual rnodel of searching by a predator fo:: pat-chi-ly

distribul-erl prey, clescríbing Ll-re fact-ors affecting Lhe

predatorls d.ecision to emigrate froin a prey patch.
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laboratory experiment, Lhe lndex of activity r*as found to increase wlth an

increase Í-n hunger level, later declining till cleath" Such a t-rend in the
index of activity can be interpreted âs an increase in lrper:sistencetr Í.n
searching activiLy r,¿ith an increase in hunger (see Cha¡rter 6"2).

On the other hand, if i:.he predator finds a prey, the interval betr+een

entry into the patch and the firsl encounter rvith prey rvould depend on the
prey density at the patch, sinply because every extra prey present would

increase the probabllity of the predat.or?s encoulter wi[h a prey (Pff;
Flg" 8"1"10). Having found the first prelr the predator could eiLher feed

on it, lay eggs or Just walk away in search of nore prey. The decision
r*¡hether to feed or oviposit rr¡ould depend on the hunger 1eve1 and

ovipositional urge respeòLively, (Irthen the prey is very large in síze
(e.g" adult scales) the feedlng and egg laying nay t-ake place on the same

prey). Tlie feeding deci-sion r¿ou1d have priority over the decision to
oviposit, because the nol-ivation for self survival r¡ou1d alrvays have

priority over the survival of its progeny. There atîe numerous exanples of
insects, including Coccinellids, which reabsorb l-heir eggs or feed on those
already laid r,¡hen food is scarce.

After an encounter with t.he first prelr tlr.e searching behaviour of the
predaLor is altered. The predator shorvs ORTHOKINETIC (reduction in rvalking
speed) and KLINOKINETIC (increase in turning rates) responses (Hassell a¡d
Mayrs (L974) Phase-I searching behaviour). Such a behaviour increases Lhe

pre,Jal-orts chances of finding more prefr especially when prey distribution
is contagious. Ïf there are no more prey presenl, the predator r+ould leave
the patch in search of another. Hov¡ever, if there are more prey, with each

subsequent encounter rvith anoLher prel r the predator r'¡ould go through the
same decislon making processes over and over again til1 it has eaten up all
the prey present or until it is satÍated and has temporarily exhausted itrs
egg supply. So if the prey density is higher than the predatorls immediate

needsr the predator may stÍll leave the patch because no predator stays in
a patch lndefinitely even if optlmum conditions are provided in accordance

to what has been Lermed PHÂSIC BEHAVI0UR in animals (Amos and trùaterhouse,

L967).

Each tine the predator encounters another prey and goes t,hrough the
decision loop trÂrt, 1t. registers an event in its ttmemorytt. As a result of
the frequency with whlch these event,s are regÍstered (the rate of findlng
prey), the.predaLor acquires an esLimate of the prey density at the patch,



Table 8"1.2

DURATTONS (rN SECoNDS) 0F FEEDS AND REST5 AND 0F TtlE TNTERVALS BETT'EEN THEtYl FOR EACH FEED

FOR EACH OF THE FTVE BEETLES IN EACH OF THE FI]UR TREATÍYIENTS.

TREAT BEETLE FEEO

Non

INÏERVAL

BET. FËEOS

FEEDING

DURATION INTO

RESTS AND ]NTERVALS BETIÙEEN THEM

RS1 TNTI RS2 TNTz RS3 INT3 RS4

7 110 62 10 20 244

13 214 122

123
10
2134
93

EJ

43

tr

272

i
50

*
6358
5536
138tì8
'148

1B

190

*
561 4

401

11 497

2

265

*
655?
0
131 S5

1

3t41

*
6833

28309
6

466

*
17?21

387

*
2601

?60
87

10016
80?0

4285
2

*
30484

102

1

11s4

641

645

284
398

254
23s

604

566

333

303

322

1

2
3

4

5

6

f1

l2

I4

5204041

63

351 4

32

:,

28

1

2

3

4

5

I30

48

91

62

24

17
1

108

627
35
54

:

15585

447

664

311

346

632

671

4Tt
422

381

232
395

456

424
686

426
712

347

272

41S

229

1

2

3

4

5

1

2
3

4

1

2

1

2
3

4

5
6

7

I
2

I 5

640

32?II 1

II 2

II 3

672647207042?O
(continued)

TREAT = TREATüENTS (for details refer Table 8.1.1).
INTO = interval betureen FEED and first REST

INTI to fNT3 represent intervals betuleen subsequent RESTS after the first REST

RS1 to RS4 represent successive RESTS after a FEED

¡ . Tjme interval from the start of experiment to first FEED

| | n"p"u""nts one FEEDING B0UT (including consecutive FEEDS r¡íthin 30 sec)



Table 8.1.2 (contlnued'l

TREAT BEETLE FEED FEEDINI]

No. DURATI0N
RESTS AND TNTERVALS BETIJTEN THEM

INTO RS1 INT1 R52 INT2 RS3 INTs

INTERVAL

BET. FEEDS RS4

II 4 361

80

433
418

43S

4s1

491

275
236

686

374
437

374

521

331

39S

584

1189
1289

*
3356

499

4303
1

1

2411tt

tf
6963

s037
0

*
13911

*
1 0880

1

11022

*
8246
6

34s7
2

11253
1

*
81 47

*
14023
1 0630
66

s1 67

5

*
s207

4

11536

7092
10

*

1

2

3

4

5

b

411

:u

34

3S

39
6

103

28'

21

ìu

164

142

11 30

70

:u

Þ

1 6s4
37 2?

4043
79

ïI 51
2

3

1

1

2

3

35

111

13

15

6

;

31

s4

7

3S

IÏI 'I

III 3

III 5

III41

100

B8

3013

2III

4

935

2133

1

2

3

4

5

6

3

tål

1

2
3

4

:'

44

iu

42

48

18

s1

14

57

30

49

:'

;19 1764

1

2
3

4

5

s11

687

704
831

723
?44

232
4s2
359

342

3?7

a1
165
366

213

59

26

290266

14

11

21

.

1s5

5

60

2

19 4lS 34

11

IV1 1

IV2 49311

3

3

232
(continued)

TREAT = TREATflENTS (for detaÍts refer Table 8.1.1).
INTO = interval betueen FEED and first REST
INTI to INT3 represent intervals betueen subsequent RESTS after the first REST
RS1 to RSA represent successive RESTS after a FEED

,o , Time interval from the start of experiment to first FEED

I I Represents one FEEDING B0UT (includlng consecutive FEEDS r¡ithin 30 sec)



Table 8"1 "2 (continued)

TREAT BEETLE FEED

No.
INTERVAL

BET. FEEDS

FEEDING

DURATION

RESTS AND INTERVALS BETIüJEEN THEIT

INTO RS1 INTI RS2 INTz RS3 INT3 RS4

42

83

222

223

25S

464

500

38?

491

278
s12
370
42?

201

352
112

*
8850
2436

*
12s4
4

5522

*
112
623

106

37

1'-l

1

2

1

2

3

4

5

6

7

I
s

IV3

IV4

IV5

133 22

3

7

7

7

50

66

41

2

768S

24

1

45 BS

5848235?2
267

1610

1

2

TREAT = TREATüENTS (for detaiJ-s refer Table 8.1.1).
INTO = interval betureen FEED anci first REST

INTI to INTS represent intervals betr¡leen subsequent, RESTS after the I'irst REST

R51 to RS4 represent successive RESTS al'te¡ a FEED

* Time ínterval from the start of experiment to first FEED

| | nupr"uunts one FEEDTNG B0UT (including consecutive FEEDS r¡ithin 30 sec)
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thus assessing Íts profitability. The decision when to leave the patch is
basecl on this assessment of patch quality i.e. e horv many prey have been

found upto that tíme (Green, 1984)" Hor,¡ever, the mechanism by which this
worlcs v¡ould follor+ the behavioural nodel of ITAGGREGATIVE RESPONSETT produced

by Ilassell and l.lay (1974), discussed earli.er"
Once the predator leaves the current pal-ch anrL enters anot-her patch,

the whole process begins all over again.

8"1"3"7 F _EEDING BEH/TEIOIIR

In secLiou 8.1"3"3n1(i), it was pointed out that the number of prey

ealen per patch r,ras not. only influenced by the prey densÍty at the patch

but also by the changes in t-he hunger level of the p::edator. Â, detailed
analysis of the feeding behaviour revealed that the distribution of FEEDS

(FBIID -- the act of eating ONE prey) follorved a cyclic pattern, which vras

also Ínfluenced by t.he prey densÍty of the patch.
The frequency distribution of FEEDS through the duration of the

experiment has been presented in Fig. 8.1.18, and Table 8"L.2 provides data

on the duration of feeding, tine interval betr¡een FEiJDS and the rests that
follow FBEDS rsith intervals in between. 0n average, the predator takes

44L.I + 23n2 sec (Mean + S.E. i n=79) Ëo consurne a single ÏI-insLar preyo

The tirne intervals betr¿een FBEDS that are given in Table 8.1.2 are

not, howeverr representaLive of the true feeding intervals because the
predator did not have access to prey at all times during the course of the
experiment. Still, the daLa show a cyclíc trend in thaL a larger interval
betr¿een FEEDS is generally followed by a fers snaller intervals, thereby
slgnifying an increase in the r¡otivaLion Lo eat more prey with an increase
ln hunger level. If FEEDS separated -ÞI.o mgrç than 3! seq are considered

as a single FEEDING BOUT, a maximum of three 2ncl instar prey are eaLen in
any single FEEDING BOUT (Table 8.L.2). Thus, three 2nd ínst.ar prey can be

taken as the filling capacity of the gut.
The Lemporal occurances of the FEEDS wlth reference to the first FEEI)

are represented as a plot on a tine scale in Flg. 8.1.18. Six and seven

prey were eaten wÍth1n an hour of the first FEED ín TR-I and 'IR-III
respectively, where the first patch type ín the sequence had a prey densÍty
of 2t while 10 and 12 prey were eaten within an hour of the first FEED ín
TR-II and TR-IV respectívely, where the flrst patch type 1n the sequence



Fig.8.1.18
. DiagrarnatÍc represenl-ation of the Lempo::al disLrlbuLion of

FEBDS j-n relat.ion to Lhe first FEED by each of the five
beetles searching for palches of prey of different. prey
densities (patch types) provided i.n differenl sequeuces

in each of the four treatments (see Table 8.1.1).
(a) Feed ' J-
(b) Patch changed r +
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Table 8.1.3

PERCENTAGE OF T}IE TOTAL FEEDING BOUTS THAT \ITBRE FOLLO\^IED BY NO-RESTS
ÀND RESTS AND TITE FREQUENCY DISTRIBUTION OF 'IHE RESTS IN RBLATION TO
THE TII"IE INTERVALS BETWBEN THE END OF A FEEDING BOUT AND THE START
OF THE RESTS

¡{O RESTS RESTS

Z OF TOTAL
FEEDING BOUT

Z OF TOTÂL
FEEDING BOUT

33.93 66.O7

RESTS I4IITHIN INTBRVALS AFTER THE END OF A
FEEDTNG BOUT (SEC)

30 60 90 L20 >120

28.57 L7.86 3"57 7.Lt+
(srrM uP T0 66.07)

8.93
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had a prey denslty of 16. However, the large numbers of prey ealen within
the first hour of l-he first !-EED in TR-II and TR-IV rr¡ere not all eaten from
the first patch in the sequence" The numbers of prey eaten within an hour

of the first FEED, the:refore, indicaLe that prey density has an influence
on the predatorts motivation to feed.

A total of 20 prey were eaten 1n TR-I and TR-II, in which the total
nunber of prey provided during a single run of the experiment. (2+41-8+16 =
30) was the same. 0n1y 16 prey lr'ere eaten in TR-III, in rvhich the tobal
prey provided during a single run of the experiment rras (2+2+2+2)= B as

compared to 23 in'TR-IV, in which the totå1 prey provided in a single run
of the experiment rüas (16t16+16tl6)- 64. Tfie history of the feeding
sequence, therefore, suggests that the beet-lets feeding response ís
stinulated by 1Ls experience of higher prey density patches.

The histograns in Fig. 8.1.19 shor¿ the frequency distribution, for
each treatrnent, of the percentage of the total prey eaten Ín hourly
intervals from the first FEED. In estimating the percentages, first, the
hourly FEEDS and the Lotal FEEDS were sunmed up for the three beetles in
any Creatmentr and then the hourly FEI1DS r+ere estlmated as a percent of the
total FEEDS per day (see prey eaten (hourly totals) 1n Fig. 8.1.18; e"g. in
R-f, 6/20=0.30)" Between 30 and 507" of- the total prey eaten rûere consurned

within the'first hour of the first FEED Ín any treatment.
The number and duraLion of rests r+hich fo1low FEEDS (Table 8.1.2) show

thaL both the time int,erval l¡etr.¡een a FEED and the first rest, and the
duratÍon of the rests thenselves, vary widely" Many of the first resLs
which followed the FEEDS rvere subsequenLly followed by more resLs
(Table 8.1.2). Ihese rests do not represent the digestive pause of Holling
(1966), sÍnce they are not followed by more FEEDS r,¡hen prey are present.

Table 8.1.3 shows that sixty six percenr of the FEEDING BOUTS

(cornprising of FEEDS separated by no rnore than 30 sec) were follorved by

rests before the predator left the leaf-disc, and 34 7" of the FEEDING BOUTS

were not followed by rests (Table 8.1.34). .0f these 66 % of the ITEEDING

BOUTS that were followed by rests 29 % of thern began within 30 sec and, 17 %

wlthin 60 sec of the end of the I'EBDING BOUT.



Fitr Br-1 .19
Frecluency d:LstribuLion of the percenLage of tota1. prey
eaten in differenL hours fron ì-he FIRST FEED; estirnat_ed

from the totals for al-L l-he fir¡e beet,l_es tested i_n each

of the four l-reaLments.
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A CONCEPTUAL MO!!L .q. THE FEBDTNq CYCLE

A conceptual moclel of the feeding cycle is presented in Fig.8.1.20.
0n the basis of data presented in Table 8.I.2 the number of prey needed to

fill the gut of the predator (satiaLe) rüas assurned to be three fl-instar
scales, i.e equivalent to a single FBEDI¡IG BOUT. It r"as also assumed that
the hunger leve1 was linearly related to time, and that there hras a hunger

threshold belc¡r^' which the predator would not feed even i-f prey was

provJ-ded.

Let us consider a predaLor (I), whose hunger level gradually increases

after saLiation wíth the passage of time" After an hour, rvhen iLs hunger

1eve1 has crosserl the hunger t.hreshold, and ít is provided r+ith prey, iL
would eat only one prey because that r"ould be enough to drop its hunger

leve1 below the threshold and make the gut full (satiate). This FEED wor-r1d

be followed by a period of rest (A) after which the predator would resume

activíty (e.g" oviposition, etc.) but would not feed. Activities other

than feeding would go on until Lhe hunger leve1 reached the hunger

threshold, and (Â+B) would be the duration of the digest.ive pause. After
the digesti-ve pause, Lhe predator r¿ould begin searchíng for prey for
feeding (C). In the meanLime, the predatorts hunger 1evel would keep

rising and the search woulcl be intensified r.¡ith risj-ng hunger. If prey rvas

encountered, the predator would probe it for a shor.t period (D) and then

begin feedíng. The act of feeding rvould lasL for l-he duration (E), and

then the whole cycle would be repeated" fn another scenari-o, if the

predatorrs hunger leve1 had risen until the gut ruas empty, and it found

less prey than can lover its hunger belorv the hunger threshold, il- would be

left hungry even after feerling. In still another scenario, in vrhich the

predator (II) was starvecl for a very long time , far beyond the gut-empty

stage, it would begin to use its sLored energy reserves. If the latter
type of predator r¿as then provided with many prefr it can still feed on

only the number of prey that the guL can hold and not more. This number

would, thus, be the maxirnum number of prey that can be eaten by the

predator ín a single FEEDING BOUT. This maximum number of prey would lower

the hunger leve1 of the predator below the threshold to satiation, and

another feeding cycle would then be repeated. The data on the temporal

distribuLion of FEEDS presented in Fig. 8.1.18 and Table 8.I.2 followed the

above pattern ín a very general way.



Fis.8.1.20
Conceptual rnodel of the feeCing cycle of, Rodolia searchíng

for prey in three different conditions.
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In a detailed theoretical study of the feeding behavi-our of predators,
Holling (1966) also came to Lhe conclusion thaL the frequency of feeclíng

followed a cyclic pattern ruhich was driven by the hunger 1evel of the
predator. I{e cons:Lclered hunger as rrar int.er:na1 motívat.ional staEerr and

defined it as a ftmea,sure of the weight of food necessary to ret-urn the
animal Lo a condition of cornplete sati-atÍono since this weight is a measure

of the emptiness of the digestive tractrr. Ilollingrs attack cycle is very

símÍlar to the feeding cycle presented in the conceptual model discusded

above, except that here each !'EED is cha::act.erized by the al-taclc of a

number of prey r,¡ÍÉhin a FEEDTNG BOU["

As mentioned above, the number of prey eaten in each FEEDING B0IJ'I was

found to be relatecl to Lhe hunger 1evel of the predator within the
consLrainLs of the capacity of the gut" I{o11ingrs analysis of feedÍng
behaviour also resrrlted Ín símilar findíngs" He al-so lists three features
as characterisLic of his system :

(1) it is basically cliscontinuous, for there are relatÍvely few contacts
betr,¡een predaLor and prey, and every prey consuned abruptly changes

the condition of the predator,
(2) there is a strong historical element, for what happens at any moment

depends not only on the conditions at that mo¡nent, but in the past as

we11,

(3) thresholcls and limits are extremely iruportant features of attack.
The feal-ures tr4¡o and l-hree are directly appllcable to the present

system, r¿hile the fÍrst is only partly tru6). In the present syslen, the
contacts between predator and prey remain more or less conl-inuous so long
as the predator remains on the patch. Beyond that, the contacl breaks down

untÍl a patch with prey is rediscovered. The latter, perhaps, i-s Lhe

reason for Lhe wÍde variability ln the results on the interfeedÍng
inLervals. Though the present experiment was not designed to study the
detailed feeding behaviour of the beetle, the general paLtern of the
results obtained are similar t.o Hollingrs fíndings.

8.1.4 SEÀIERAL DTSCUSSIONS AI'ID COHCLUSIONS

The findings on the foraging behaviour of Rodolia are indeed Ín
agreenent wlth the general conclusions of the optimal foraglng theory í.e. r

an optlmal forager ought to forage and spend a greater part. of íts foraging



139

tine in ::elatively more profitable paLches. That many foragers are
sensitive to changes in patch quality and adjusL their search effort
accordingly to maxi-rnize returns per unit, effort has been substantiated by

much experimental evidence (see Hassell, 1978b; Krebs et a1-., 1983).
Howet'er, in their review of the published literature on OFT, Krebs et, al.
(1983) reject many such studies as mere rtobservations that are rnore or less
consistent witl'r some of t,he assunptj-orrs of paLch and prey models; for
example . c...... . predators spend more time in more profitable pat.chestt and

not a rrtesl of the predictions of opli-mal foraging modelsrr. Perhaps, the
results present,ed'here also fa11 in such 'a category. But, ín an attempt Lo

defend OFT from the bitter criticisms of its critics, Krebs et a1" (1983)

concede that OFT trcannot be usecl to test the proposition that animals are
(or are not) opLimal but only the proposition that one particular
hypothesis, for exalnple, maxinizing net rate of intake subject to
consLraints a, b, and c describes the animalts foraging behaviourtt. If the
aim of such studies is símply to identify the const,raints which describe
the foraging behaviour of an animal, it is hard to believe t.hat auy single
0l.T model would be able to predict the foraging behaviour of more than one

type of animal in lnore than one environment.

fn recenL developrnents of OFT, atternpt,s are being made to incorporate
specific rletails of the biology of the systern unden sLurly, in order Lo

achieve greater predictive accuracy (Krebs et al., 1983)" Such models

would obviously gain prediclive accur:acy at the cost of generality because

identical systems can only be produced in controllerl conditions. This then
jusLifies Lhe criticism that rroptimal foraging models are all right in
sinple laboratory environmenls but they cannot handle the complexities of
nature, vrhere predation risks etc. impinge on foraging behaviourrt (Zach and

Srnith, 1981). Thus Krebs eL al.tts (1983) discontenl that ttTco many papers

use the catch phrase rropti-mal foragingrt to dress up a sludy of feeding
ecology that has little, or nothing, to do with testing OFT....tt may be

true buL such studies clo produce experimental evidence to show that animals
possess the power of learning, memory and discrirnination, which they use to
their advantage in adopling an efficient foragÍng strategy. Testing OFT in
such systems, Ín the manner Krebs et al. poinL out, can be the next step,
but for the present the usefulness of such data deserves appreciation. And

though the theorists are trying to bring OFT Lo firmer grounds, much of it
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is stll-l a toplc of debate. In the meantine, data rvhlch nerely provide a

support of the general concluslons of OHI would help untangle some of the

confuslon and also provide a sense of dlrectlon to later OEtf models.

N.B.

When this chapter was with the typist, attention r+as drawn to
the latest review on tOptlnal Foraging Theoryr by Pyke (1984).



8.2 ANÄLYSI:S OF ITIE SBliRgHIt{G BF,HAVIOUR OF TITE BEHTLB

8"2.1 IÌfIIìTNUCTION

The development of nathematical models, r+hich attempt to describe the

outcome of parasitoid or predaLor search, has necessitat-ed a detailed study

of the foraging behaviour of parasitoids and predators. One of the basic

assumptions of foraging nodels is Lhat anirnals search for their prey at

random. This assumption is mathemal-ica1ly convenient but observations of

the searching behaviour have shorvn l-hat it nay noL necessarÍ1y be true.
Sone foragers are attracted over long distances under the influence of

some stimulus, usually olfaclory, eniLted by the host or the hostrs
j,mmediaLe environmeuL (see Chapter 5). Others appear to search at random

but whose behaviour is markedly altered after the first successful aLtack

on a prey" In many foragers, including a housefly (a pseudopredator)

searching for sugar dropleLs distributed in clurnps on the floor of the

searching arena (Murdie and Flassell, 1973), a prorìounced increase in
turning rate (klinokinesis) and a reduction in speed of movement

(ortholcinesis) after tire fírst successful attaclc on a prey has been

noticed. Similar responses have been found i-n parasitoids such as

Trichogramma evanescens l{estr+ood (i,aing, 1937), Diegret-Lc'llq rgJqe- Curt
(Hafez , L961), and ¡lq!-qgq EFper$q Silvestri and Encars:_La_ opulenta

(Silvestri) (Dowell et al., 1981). Predators like Anthocoris òonfusus

(Reuter) (Bvans, I976), Oríqg tristicolor (\,Ihite) (Shields and Watson,

1980) and rnany coccinellids also behave in a similar manner. Predatory

coccinellids evidently do not perceive their prey until physical contacL

occurs anrl that this contact seems to play a role in eliciting at.tack

(Fleshner, 1950; Robinson, 1952; Putrnan, 1955; Banlcs, I95/+, 1957; Dixon,

L959; Kehat, 1968; Storch, 19762 Stul¡bs, 1980; Nakarnuta, 1982). Thus,

Coccínel1a seD tata foraging for aphids (Nakanuta, 1983) and

Pharoscymnus numidicus foraging for coccids (Kehat, 1968) were unable to

orientate themselves towards their prey from a distance, though Stethon¿e

punctum was capable of detecting itrs rnite prey by the latterrs scent

(Colburn and Asquith, 1970). C. seIle4punçlqta, horcever, responded to
visual stimuli from its prey and had a perceptive distance of 7 run (2-7 mm)

(Nakamura, 1984) which was less than the 1.04 crn reported by Stubbs (1980).

C. septempunctata also orientated towards a dummy prey aL less than B mm,

but on averâge it orierrtaLed towards an aphid prey from a greater distance

than it did towards the dummy prey. Nakamuta (1984) concluded that
C. sepLemÞunctata only used vision for short range ((= 7 mm) detection of
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the first prey item and that physical conLact rras an aspect of short range

orientat-ion.
Anastis ocell-ata which feecls on the larvae of the -Tack-pine budr,rorrn,

ChoriEtoneqla pinus, also responds to visual stimul-i from the prey and has

a perceptive clistance of I.27 to 1.91 cm (Allen et 41., 1970).

Many foragers tend to spend more of their searching time in areas of
high prey densíty. Such a behaviour leads Lo rtaggregalionrr of foragers in
areas of higher prey density resulting in a differenl-ial exploitation of
prey patches. It has been argued that, besides the olfactory response to
prey density t-he klinokinetic and orthokinetic behaviour of foragers,

discussed above, also assist in such an ouLcome (ilassell and May, L9-14;

also see Chapter 8.1)"
So having gathered evidence to support the hypothesis that Rodolia

cardinalis has the potential to differentially exploit patches of prey in
relation to prey derrsity, the next obvious question was, r+hat was the

mechanism by which it achieved this discriminaLory ability? trr/as it
attracted to prey from a distance in response Lo olfacLory stimuli from the

prey or that it searched randomly ? In an atLenpt to answer these

questions the observations gaLhered on the video tapes in the optímal

foraging experiment discussed in Chapter 8.1 were further analyzed.

8.2"2 I'f/IïERI¡.LS .tiND lffiï{ODS

The design of the experiment (Tab1.e 8.2.I; following page) and the

method in which it r+as conducted has been described in Chapter 8.1
(section 8.1.2). From the different patches tested a few were selected for
the analysis of the searching behaviour of the beetl-e. The patches

selected were done in the nanner described belov.

(A) THE PATCIIES SBLECTBD FOR ÄNALYSIS

From the four prey densities tested in four treatnents each with five
replicates (beetles) (Table 8.2"I), only patches v¡ith prey density 2 were

considered for analysis of the searching behaviour of the beeLle because at
higher prey densities it was very difficult to find track lengths of 5 sec

of walking time (henceforth referred to ONE UNIT; selected for the

estimaLion and comparision of pararneters; see below) before and afLer
encounter with prey. Át patches of higher prey densities, there were very

few instances j-n which there v¡as an IINIT walking tine bôtween entry into
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Table 8"2"I

DESIGN OF !]XPERIMENT _- Á,I,LOCATION OF PATCHES OF
FOIIR PR]1Y DENSITIES TO FOUR TRBA MENTS COMPRISING
FOUII DIFFERENT SEQUENCES

TREATTU]INT (1)
PREY-PATCH SEQUBNCE

(2) (3)
PREY DENSITY PBR PATCH

(4)

I
II
III
IV

2
L6

2
16

B

4
2

16

4
I
2

16

16
2
2

16

patch and the first encounter with prey. Also at paLches of prey densiLies
gre4ter than 2r consecuLive encounters with prey wit-hin an UNIT tine of
leaving the first prey \r,ere comrnon, because there \./ere more prey spread in
a smal1 area. Such limitaLions were also present ín a fer+ patches of prey

density 2, arrd they were also omitted from the analysis.

(B) DECIPiTERING 0F TNFoRMATTON FROM RECORDED VIDEO TAPES

As the video tape was played, the path traversed by a beetle was

traced on a transparent acetate sheet. fixed on the screen of the monitor.
The path followed by a beetle over a period of 60 to 75 sec of the actual
walking time from the t.ime the beetle entered the patch (unless the beetle
left the patch earlier) r'¡as traced. The beetlers position at. every 5 sec

was marked on the traced paLh. The positíons of the prey were also marked

on the sheet.
An acetal-e sheet with the traced pauh of a beetle was then placed on

an Apple Graphics Tablet which, ín conjunction with an Apple IIe
minicomputer and a special progranme developed for the purpose, allorued
poinls on the track Lo be converted into coordinates. The conversi-on of
points on the track into coordinates was achieved j-n the following manner.

Keys of the conputer keyboard were coded to nark (a) start -- S, (b)
turning points -- T, (c) encounter with prey -- P, and (d) a 5 sec point on

the path -- X. The pressíng of one of the coded keyboard buttons for a

point marked on the Graphics Tablet, usi-ng a special el.ectronic pen,

resulted in the recordj-ng of X and Y coordinates of that point together
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with the coderl letl-er for the evenL. The coorclinates for the points on Lhe

track were then stored as data files on floppy discs. The computer

analysed the data files for the coordinates and printed out estimates for
four pararneters : (a) turning rates per sec, (b) t-urning rates per nm' (.)
speed of travel (mm per sec), and (d) ratio of the beeline (strai.ght)
distance (DB) and the aclual distance (DT) travelled between successive

5 sec points. The programme was also equípped wilh data for the conversion

of the size of the patch on the monitor screen into the actual size of the

patch (508 rnm dia). The estimates of the parameters were then corrected

for the actual size of the patch prior to printing.

8"2.3 RBSTJ],TS ÂND D]SCÛSSION

8"2.3"1 QUÄLTTATIVE DESSRIPTIOH OF SEARCHTNG BEIAVIO{IR

Samples of the path l-raversed by the beetle at pathces of differenL
prey densi.ties have been presenLed in Fig. 8.2.1. The figure shorss that
the beetles covered rnajor parts of the area of the patches and showed

tendencies to walk around the edges of the patch more often, which suggests

that the shape of the patch j-nfluenced the path adopted by the beetle. The

paths do not follorv obviousl-y clifferent patterns in patches of different
prey densíiies. Howevero in general, the beetlers acLivities appeared to

be concentratecl in the region of aggr:egation of prey.

8"2.3.2 QUÅNTTTATT\ry AUALYSTS OF SBARC'Hil{G BE}IAVIOTIR

The estimates of turning rates per sec, turning raLes per nmr speed of
travel, and ratÍo of DB/DT have been. presented Ín Tables 8.2.2, 8.2.3,
8.2.4, and 8.2.5 respectively. The estimates of the parameters were

classifíed into two GROUPS z

(i) GROUP A : those estlmates which came from patches in r,¡hich the first
encounter with prey after entry inlo patch was NOT followed by

another encounler with prey within an IINIT walking time.
(:-i) GROUB B : those estinates rvhich came from patches in whlch the first

encounter with prey after entry into patch was followed by a second

encounter within an UNIT wallcing time.
The two groups of estimates r^Iere separately analysed to test the null

hypothesis of no change in the searching behaviour of the beetle in
response to an encounLer with prey.



Fig*. q"2-r\-
'The paLhs t-raversed by each of the four beetles (i\, B, C,

anrl D) searching for prey at patches of foui: differenL prey
densiLies over ca. oiìe minute of r,/alking t1me" S : start;
E : cnd; and the crosses on the palhs rËi)reseltL 5 sec

intervals.
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Table 8.2.2.

ESTIMATES OF TURNS ro. (PER SECI BEFORE AND AFTER FIRST
ENCOUNTER \,{'ITH PREY AFTBR ENTRY INTO PATCHES OF PREY DENSITY- 2;
FOR SELBCTBD I]EBTLBS FROi.f OPTII'IAL FORAGING EXPER]MENT

(# represents serial number' BBETLE the replicate and SEQUENCE

Ëhe patch-type sequence (see Table 8"2.1)); TES'I STATISTIC =
the product of Studentrs rrtrr value for (n-1) d"f" and the
standard error (S.E.) of the rnean)

GROUP (Á') : BEETLBS hIHICH FIRST MADE A SINGLE ENCOUNTER \,i[TH PREY

# TRBAT BBBTLE SEQIIENCE BEFORE AFTER BEFORE - AFTER

1

2
3
5
5
4
5

I
2
3
4
5
6
7

I
I
l
II
III
III
III

1

1

I
4
1

2
4

1

I
1

3
1

3
2

79
79
20
40
20
40
s9

1

2
1

2
1

2
2

0.59
-o.2L
0
1 .40
0
0. 81
0

20
00
20
00
20
59
59

MEAN = 0
S.E. = 0

TEST STATISTIC = O

.22

.54 (P>0.0s)

37

GROUP (B) : BBETLES I\IHICH FIRST MADE Tt{O CONSECUTIVE ENCOUNTBRS l,lITH
PREY IIITH AN INTERVAL BET\^IEBN BNCOUNTERS OF (5 sec

# TREAT BEETLE SEQUENCE BEFORE AFTER BEFORE - AT.TBR

1

2
3
4
5
6
7
I

II
III
III
ÏII
III
IÏI
III
III

1

4
2
3
4
1

2
3

2

2
3
1

2
1

2
1

4
I
3
3
3
4
4
4

0. B0
3.79
2.79
4.r9
3.00
3.bo
I .60
3.20

-1 .40
L.20

-0.2r
.19
.00
.80

MEAN = 0.75
S.E. = 0.56

TEST STATISTIC = t.32 (P>0.05)

.Lg
60

3
1

1

-1
1

20
59
00
00
00
20
79
60



Table 8.2.3

ESTIMÂTBS OF TUEN:ING RATES -EE& }TD- BEFORE AND AFTER FIRST
ENCOTNITER \^IITH PIìEY AFTBR BNTRY INTO PATCI{ES OF PREY DENSITI Z;
FOR SBLECTED BBETLES FROM OPTIMAL FORAG]NG NXPNNÏI'i¡II¡.f-

(# represents serial number' BEETLE the replicaLe and SEQUENCB

the patch-Lype sequence (see Table 8.2.1)); TBST STATISTIC =
the product of StudenErs rrtrr value for (n-1) d.f . and the
sLandard error (S.8.) of the mean)

GROUP (A) : BEETLES I'IHICH FIRST MÄDE A SII'IGLE ENCOUNTER I\TITI{ PRBY

# TREA'T BEBTLE SBQUENCE BEFORE AFTER BEFORE - AFTER

I
2
3
4
5
6
7

I
I
I
II
TII
III
III

1

I
1

4
1

2
4

I
2
3
5
5
4
5

0.45
0.34
0.59
0.49
o.42
0.33
0.54

.22

.44

.27

.30

-o.02
-o.22
o"24

-0.02
0.06
0.24

0.26

.47

.56

.35

0
0
0
0
0
0
0

MEAN = 0.08
S.E. = 0.07

TEST STATISTTC = 0.17 (P>0.05)

GROUP (B) : BEE'ILES WIICH MÄDE FIRST T\,¡0 CONSECUTIVE BNCOUNTERS WITH
PREY üII'[H AN INTERVAL BE1\IEEN ENCOUNTERS 0F (5 sec.

# TREAT BEETLE SEQUENCB BEFORE AFTER BEFORB - AFTER

4
1

3
3
3
4
4
4

1

4
2
3
4
1

2
3

0
0
0
0
0
0
0
0

1

2
3
4
5
6
7
I

ÏI
III
III
III
III
III
IIT
III

39
35

0.03
0.07

-0.01
0.06

-0.14
0.15
0.10
0

ìÍEAN = 0"033
S.E. = 0.031

TEST STATISTIC = 0.07 (P>0.05)

0
0
0
0
0
0
0
0

36
28
28
27
4s
26
25
43

.27

.43

.33

.31

.41_

.35



Table 8.2"/+

ESTTMATES 0F SPEED 0q ru l]fi'! PER SEÐ BEFoRE AND ÂFTBR FrRST
EI'ICOI]NTER WT FT_CUTS OF PREY DENSITY 2.
FOR SELECTBD BEETLES FIìOM OPTIMAL FORÂGING TXPNNTI'TIIIT _

(# represenLs serj-al number, BEETLE the
the patch-type sequence (see Table 8.2.
product of Studentrs rrLrr value for (n-1
error (S.E.) of the mean)

eplicate and SEQUENCE

; TEST STATISTIC = the
d.f . arrd the standard

r
1)
)

GROUP (A) : BEBTLES WHTCH }-IRST MÀDE A SINGLE ENCOUNTER I^IITH PREY

# TREAT BEETLE SEQUENCE BBFORE AFTBR BEFORE - AFTER

1

1

1

4
1

2
4

1

2
3
5
5
4
5

1

2
3
4
5
6
7

I
I
I
II
III
IIÏ
III

MEAN = -0.43
S.E. = O.74

TEST STATISTIC = 1"80 (P>0.05)

GROUP (B) : BEETLES WHICH MADE FIRST TI,/0_ CONSBCUTIVE ENCOUNTERS WITH
PRBY I4TITH AN INTERVAL BETWEEN ENCOUNTERS 0F (5 sec.

# TREAT BBBTLE SEQUBNCB BEFORE ÂFTER BEFORE - AFTER

37
69
32
BB

09
73
67

1.
1.

-1.
-1.
0.
0.

s4
56
34
94
7T
54
40

2
3
3
B

2
9
I

9L
25
o2
06
BO

27
73

3
5
2
7
2
0
4

1

-3

I
2
3
4
5
6
7
8

II
III
III
III
III
IIT
IIÏ
III

8.97
5.19
2.65

-6.27
3.72

4
1

3
3
3
4
4
4

1

4
2
3
4
1

2
3

2.00
LO.72
10. 32
L2.59
9.55
7.18
4.56
7.36

6.09
9.03

10.65
3.62
4.36
4.53

10.83
3.64

lulEAN =
QEv'u' -

TEST STÄTISTIC =

-4.09
r.69

-0.33

(P>0

1.44
L.75
4.r3 05 )



Table 8.2"5

BSTIMATES 0F THE Rry. 0F DB (the BEELINE. (straigh!) distance
between consecutiîe 5 sec points on track) AND DT (ttre tnlCf
distance between consecutive 5 sec poi-nts on track) BEFORE AND

AFTER ITIRST ENCOI]N'I.BR II¡ITH PREY AFTER ENTRY INTO PATCHES OF

PREY DENSITY 2_; I'Otì SELBCTED BEETLES FROi\f OPllü"lAL
FORAGING BXPERTI'4BNT

(# represents serial numbero BEETLB the replicate and SBQUENCE

the patch-type sequence (see Table 8.2"1); TEST STATISTIC = the
product of StudenLts rrtrr value for (n-1) d.f. and the standard
error (S.8.) of the rnean)

GROUP (A) : BEETLBS hIHICH FIRST MÄDE A SINGLB ENCOUNTER \4IITH PREY

# TREAT BEETLB SBQUENCE BBFORE AFTER BEFORE _ AFTER

I
2
3
5
5
4
5

1
2
3
4
5
6
7

I
I
I
II
III
III
III

1.

1

I
4
1

2
4

0
0
0
0
0
0
0

t+3

55
70
/+7

90
29
44

0
0
0
0
0
0
0

64
25

-o.2r
0.30
0.20

-0.04
0.34

-0.32
-o.r2

.52

.51

"56
.61
.56

MEAN = 0.02
S.B. = 0.10

TEST STATISTIC = 0.24 (P>0.05)

GROUP (B),: BEETLES IIIHICIi MADE FIRST TI^10 CONSECIJ'IIVE ENCOUNTERS hIITH
PREY I^II'IH AN INTBRVAL BEThTEEN ENCOUNTEIìS 0F (5 sec.

# TREAT BEETLE SEQUENCE BEFORE AFTER BEFORE - AFTER

0
0
0
0
0
0

1

2
3
4
5
6
7
I

II
TII
IIl
III
III
III
III
III

4
1

3
3
3
4
4
4

1

4
2
3
4
1

2
3

o.64
o.44
o.47
0.31
0.50
0.63
0.59
0.21

0.59
0.52

.30

.Lg

.45

.6L

.53

0.05
-0.08
0.17
o.L2
0.05

-o,23
-0.02
-o.32

.96

MEAN = -0.03
S.E. = 0.06

TEST STATISTIC = 0.14 (P>0.05)
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The Lest involvecl the estimation of the ìneans ancl standard errors
(S.E.) of the differences betveen pairs of estitnates BBFORE and AFTER an

encounter (or truo encounters). The means were tested againsl a product of

Studentts trLrr value for (n-1) d.f. aL P=0.05 and the S.B. of the mean

(Snedecor and Cochran, 1968). If the absolute value of the mean was LESS

than t x S"E. (P=0.05), then the decrease or increase in parameter

estimates following encounter(s) ruas NOT SIGNIFICANT at P(0.05.

Contrary to expectation, bolh the l-urning rates per sec (Table 8"2.2)

and the Lurning rates per mm (Tab1e 8.2.3) showed a Lendency to decrease

following encounter(s) ín both Group A and Group B. The speed of travel
showed a tendency to íncrease in Group A, but a tendency to decrease in
Group B (Table 8.2.4) when a decrease in speed of travel follor"ing
encounLer rvas expected. The ratio of DB/DT, which \.sas expected to decrease

(a nore convoluted path) following encounf-er with prey, showed a tendency

Lo decrease j-n Group A but a tendency to increase in Group B (Table 8.2.5).
However, as would be evident fron the tables, none of these trends t"ere

significant 
"

The results obtained frorn the analysis of the searching behaviour of

&-Éofæ. conLradict the f indings of previous rvorkers f or other predat-ors.

Both theory and soue experimental evidence (see section 8.2.1) suggested

that both orthokinetic (reduction in speed of movement) and klinolcinel-ic
(increase in turning rates) responses might follorv an encounter with PreYr.

and hence a decrease in the ratio, DB/DT.

A possible reason for the contradiction in the findings could be due

to differences in the lnethods of experiments. Most experiments designed to

test the influence of encounters wiLh prey on the searching behaviour of
predators are performed in a more controlled manner (as discussed below)

than my experiment.
In most expreriments designed to test the influence of an encounter

with prey on Lhe searching behaviour, the predator is starved for a fixed
period of time (usually 24 h) prior to its use in the èxperiment (Evans,

L976; Carter and Dixon, 1982; Nakamuta, L982). The starvation of the

predator can usually make it rrexcitedrr and more active as shown in the data

presented in Chapter 6.2 on the Index of .{ctivity. Thus, íf a sLarved'

hyper-active predator is provided with prey, it would be expected to become
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sluggísh foll-owing a feed. The degree of sluggishness ruould depend on the

rernaining 1evel of hunger and the l-emperature (see Chapter 6.2). 'lhe

sluggishness of the predator would result in a reduction in speecl of

novement and wandering around, vrhich i-s perhaps what has been found by

other workers in the pasL and is not a real change in behaviour.

I,Ihen predators are starved prior to use in an experiment, the fi.rst
encounter with prey usually results in FEBDII'IG (or oviposition in
parasitoids), therefore the changes in Lhe searching behaviour that are

observed are also stríct1y of ttencounters which result in FEEDINGTT. Thus,

findings r:eporLed in the literature can be considered only as a special

case of those encounters that result in feeding.

Many experimenters i.rse brushes to transfer predators frorn vials or

culture systems to the test (searching) arena. But handling of insects

with brushes etc. alLers their behaviour. In particular, it renders

unusual alarm in animals rshich generally respond either by sr+ift movement

air¡ay or by feigning death (as Rodol-i.a prÍor Lo swift novenent away. Both

of these behaviours would provide indications of changes in behaviour

(especial-ly ortholcínetic responses) following an encounter with prey, and

so result in spurÍous findings about the true searchÍng behaviour of
predators if they are noL provided with enough tirne to rracclimaLj-zerr with
the searching arena before observatlons are taken.

My experiment !¡as designed to avoid the above protrlems and to study

the behaviour of Rodol-j-a in a more reali.stic manner. The beetles tested

were fully fed prior to release at the base of a searching arena which had

a single patch of prey (see section 8.L"2). 0n average the beetle spent

over 2 h rsandering or resting before it discovered the patch and the prey

therein (Table 8.1.2 in section 8.1"3.7)" Älso, the results on the

searching behaviour were baseC on only those encounters which dld not

result in feecling. After spending various amounls of time on the patch,

the beetle left the patch in search of another, again undisLurbed. All
these provisions allowed the beetles Lo behave as naturally as possible.

My method of studying the searching behavlour of the beetle was,

however, fraught with other problems. The results obtained, though more

realistlc, were more variable and difficulL to anal-yse, and consistent
conclusions were difficult to find.
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In summary , the results on Ëhe searching behavlour of Rodolia

lndlcate that it is not influenced by encounters with prey and so Lhe path

traversed also appears Lo rernain índependent of the nu¡rbers of prey present

on the patch. Thus, the results provide no evidence agaínst. RANDOM search

for prey in Rqdolia. The evidence supportlng the beetlers differential
response to prey density, presentecl in the previous chapters, must

therefore be a resulE of larger numbers of encounters wilh larger numbers

of prey at patches of higher prey densities which results from closer
proxinity of prey.

ilri





CEAPTER I
GENERÂL DISCUSSION

I t,irink that there is only olle way to ecience -- or to philosophY,

for that maLter : to meeL a problem, to see its beauty and. fall

in love with it; to geL tnarried to ít; and to live r¿ith it

happily, tíll cleath do ye part -- unless you should. meet anotller

and even more fascÍnating problem¡ or unl-ess, indeed, you should

obtain a solution. But even if you do obtain a solution, you may

then discover, to your delightr the existence of a whole family

of enchai.ting though perhaps difficult probLem children for whose

welfare you may work, with a purPoser to the end of your days.

-- KarI Popper.

Ithat we call the beginning is often Lhe end and to make an end.

is to make a beginning. The end is rvhere we starL from.

-- T. S. Eliot.

Every naturali-st from Darwin on$rards has pondered over the questj-on of
populaLion fluctuations. ItFluctuations occur in every group of animals and

in every habitat that- has been invesLigaLed. Although the amplitude of

fl=uctuations is often very great, scarcity alternating with high abundance

every so many years, two things that we might. expect ofLen do nol- happent

the first, complete deslruction of vegeLation by herbivorous animals, and

the second, complete destructj,on over wide area of either predators or

prey. The factors controlling the lj.mitations of these fluctuations are

therefore of great interest, since they are the factors thaL crítically
affect Lhe survi-val or exl-i-nction of speciesr......rt (Elton, 1938r PP.

130-131 ) .

The natural populations of prey and predators are often characterized

by cyclic oscillations most oft.en wíth the predator population lagging

behind that of the prey. Despite these oscillations, the natural
predaLor-prey populations are in some sense rrstablet', 1n contrast to those

of pest species which are characterized by violent fluctuations, and thus

appear to be relatlvely less tfstablerf. Âny attempt to identÍfy the causes

of this stability or otherwise, is a for¡nidable task, and the analysis of

such stability would include rrthe effect of refuges, spatial heterogeneil-yt
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populatlon movemenl-s, seasonal evelìLs, relative grok¡th rates of prey and

predator, their reproducl-ive and death rates, the influence of prey and

predator densities and age distribution upon attack raLes and so on.tt

(Murdoch and Oaten, L975)"

Stability, a Lerm borrowed from physics, is used by both field
ecologists and mathematical ecologists in explaining fluctuations in animal

nunbers" Howevero ecologists tend to avoid a rigorous definÍtÍon of what

they mean by stability. Murdoch and Oaten (1975) in thej.r review of
rrPredation and Population Stabilityrr leave it to |tthe reader t s orrn

experience and intuitionrr, though they point out that rrRoughly speaking,

stability in general rnodels is rretu::n to equilíbriurn after perturbaLionr,

and in experinents and rnodels dealing with functional response, stability
is equivalent to requiring that the attack raLe of the predator increases

faster than proportj-onat,ely as prey density increases. trrle assume, as do

mosl ecologists, that these tv/o concepts of stability -- a rough and ready

descriplion of the field situation and the rigorous rnathernatical definition
-- are related, and that features Lhat lend stability t-o models ruill also

tend to add stabil:Lt.y to field populatiorrsorrn llor,¡ever, Usher and

Llilliamson (1974) in their book on rrEcological Slabilityrr do attempt l-o

define the term ín the following rnanner:rrRoughly spealci-ng, ecological
stability is the strength of the tendency for the population or a set of
populations to come to an ec¡uilibriun point or to a limit. cycle, and a1so,

related to Ehat, the ability of a population system to counteract
perEurbatíons.tt. Thus, i-n definitions of ecological stability, the stress
appear:s t-o be on the rtreturn to equilibriuro after perturbationtt.

RQI.E O{ IEEDATIq{ ON THB STABILITY OF PREDATOR-PREY SETEMS

Dependíng on the naLure of the system, predat,ion can have both

dest.abilizí-.ng or stabilizing inflences on predator-prey systems.

ThaL predaLion can have destabilizing influences on a predator-prey
system has been rue1l documented by exarnples from the aquatic environment

(see Murdoch and Oaten, L975). InstabÍlity in predator-prey systems can

also result if the prey population escapes from the control of the

predator. The spruce budworm may have become a pest ín Canada at regular
intervals, even though ít Ís a native species, because combj-nations of
suitable conditions sometirnes a1low lt t.o increase so rapidly that the

predators cannot keep up (Morris, 1963). In Australia, the whltefly,
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Trialeurodes vaporario::um has assumerl the status of a pesl- since the rnid

lg7}ts, after being ulìconmon since the mid 1930rs following the

introducL:Lon of its Chalcid parasite, -Eggig fotqg¡""; the reasons for the

apparenl- breakdotvn of biological- control a¡:e, however, not knotrn"

That predation can have a stabilÍzing influence on Lhe dynamics of a

predator-prey system can be substantiated by exarnples from the biological
control literature. Ifany species of animals and pl.ants which have beerr

accidenl-ly introducect into a ne\{ environnent and have assumed the staÈus of
pests have been brought under control after the introduction of their
natural enemies fio¡n their natÍve habiLats" Such exaruples of successes in
biological control are reviewecl 1n several texLs on biological control
(Huffaker. I97l; van den Bosch, and l"fessenger, L973; DeBach, 1974; Iluffaker
and Messenger, L976), Unfortunately the successful examples are generally

not studied, their success being reward enough. The control of Icerva

Þurchasj- by its natural enemies in Californi-a and some other 50 counLries

is one such example"

TT{E ICERYA-RODOI,ÏA SYSTEM

Icerya purchasi persists in California orchards and has done so

together wíth its predator R_odolia_ cardi¡aliq and parasite Cryptochaetum

ícervae for 90 years or so, after the natural enemÍes \^¡ere introduced in
the late 1880rs" Iq"æ persi-sts at very lory densities, and almosL all of

lts mortality is caused by these enemies (Quezada and DeBach, L973). IL ís
not lcnown r'rhether 1ocal populaLions of Icerva a¡:e stable or exi-st

íntermittently, but the systen as a r"hole appears to be more sLable than

was the prey a1one, and more stable lhan rvhen the predator Ís accidentally
redrrced by insecticicles (Murdoch and Oaten, L975). In il-s native 1and,

Australia, the numbers of both lceËva and its natural enemies have always

been very 1ow (see Chapt.er 4.1), and so the sysLem appears to remain
llstablerr.

The aim of the present investigation has been to attempt Lo undersLand

the factors responsible for this apparenL stability. 0f the few possible

factors that are 1ike1y to influence ecological sLability and whj-ch are

listed by Murdoch and Oaten (1975), the response of the predator to spatial
heterogeneity in the distribut.ion of prey was invest.Í-gated at differenL
levels of prey organizatíon.
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As pointed out in Chapter 6.1, the predatorts response to spatial
heterogeneíty is expressed in the form of an ttaggregative reponsett which

results in the aggregation of more predators at patches of higher prey

densities and leads to an increase in the numbers of prey lcilled and also
in the amount of time predaLors spend at these patches. Such an

aggregative response has been referred to as ttnumerical aggregative

responsetr (Bryan and I{ratten, 1984). Allernatively, a predator can respond

to spatÍal heterogenei.ty in the distribution of prey at the individuaL
leve1 by shor,ring behavioural changes to patches of different prey

densities. The outco¡ne of such rrbehavj-oural aggregative responsett is also
similarr ioê. greater exploiLat.j-on of patches of higher prey densities due

to the predaLor spending more ti¡ne at such pat.ches. Intuitively, predators

possessing the lal-ter type of ability should be more efficient.
Theoretical studies of predator-prey interaction have suggested that

such aggregative responses of predaLors to a patchily distributed prey

population imparts stabilizing influences on predator-prey interactions,
and they are believed to be one of the j-mportant reasons for the success of
sone biological control progranmes (Hassell, 1978b; Be<ldington et a1.,
1978; Putman and Wratten, 1984). As a result, during the last few years,

spatlal heterogeneity has emergerl unequivocally as the crucially important
factor affócting a populationrs clynamics (Ilassell, 1982b)" This

realizaLion has rnade ecologists focus their attenlj-on on the foraging
behaviour of predators rshÍch is recognized as Lhe rrmajor deterninant of
their effectivenesstt (ldaage, 1983).

Díscussions of a predatorrs response to spatial heterogeneity in the
<listrÍbution of prey obviously lead to the question -- what. constii:utes a

patch? This is because in nature one is confronted wíth the problem of
rrpatches within patchesrr (Llaage, 1979). The aggregative responses to
spatial heterogeneÍty, which are behaviou::al in origin, would obviously
depend on rvhat the FORAGER considers a rrpatchrr. Therefore, studies of a

predat.orts response to spatial heterogeneity in the distribution of prey

must take into accounL the structure of prey organizatíon in naLure to
permit extrapolation of inferences to the real world.

If the essence of predation biology is a study of the trpredaLorrs

response to prey densityrf (Chapter 6.1), and the various forms in which

this response gets expressed is the rnajor determinant of the dynamics of
lnteract.ing predator-prey popuiations (hlaage, 1983), then as l{eads and
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Laryton (1983) suggest tt.... if ve wish to examine paLterns of rnortality
imposed by potential biological control agents in the fie1d, it may be

necessary to st.udy victim mortality or enemy behavíour over a series of

spat-'r-al scales before pronounci-ng on Lhe presencer or absence of
aggregative responses.tt" A detailed study of the behaviour of predators at
the individual pat-ch 1eve1 must also be conducted before any conclusion

relati-ng to :i-ts density-dependent response is nade (Morrison and Lewis,

198/+).

Bearing such ideas as the above in rnind, in the present project

aLt-empts were made Lo study the reponse of Rodo_l_þ at different levels of
prey organization (spatial scales) : in the field (ChapLer 5), Íts response

BBTI,IEEN and \TITTFIIN palches in differenL ty1>es of searching arenas

(ChapLers 6 and 7), and a detaileci study of its response in an individual
patch (Chapter B).

It is interesLing to noLe that the response of the beetle to patches

of different prey densities, even as an indivÍdual (in mosL experiments Lhe

response of a sjngle beetle was tested), was consistent in most of these

leve1s of prey organization and, in a very general r,iay, the plots of data

describing various responses have tended to follor'¡ trends similar to the

Type-II functional response curve of l{olling, i.e" a deceleraLing rise to

an upper asyrnptote or its reverse, viz., a decelerating decline Lo a lower

asynptote, depentling on the naLure of the response. The results have

conclusively demonstrated that Rqþ1-þ has the ability Lo distinguish
between paLches of prey in relati-on to prey density. The beetle uses this
po\{er: of díscrirnination in killing prey and, more irnporLanlly, in
distríbuting its eggs judiciously, so as to ensure betLer survival of its
progenyo While ít is persistent in its search for patches of lovrer p'rey

densities (Chapter 8), it stil1 spends iLs Lj-ne efficienctly because it
leaves patches of lorcer prey densities sooner than those of higher prey

densities Ín search of more patches (Chapter 6.1 and 8).
Therefore, if a predatorts response to.spatial heLerogeneity in t.he

distributlon of prey can impart any degree of stability to the dynamics of

interact.ing predator-prey populations (Hassell, 1978b; Beddington et a1.,

1978; Putman and hlratten, 1984), the data gathered for Rodolia provide some

explanation for the apparent stabilÍty in the field populations of fcerya.

It ruould be interesting to know if the other natural enemíes (the

parasites) of the scale also possess attributes sirnilar to that of the
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beetle. Until such data are collected, v¡e can only conclude thatr though

&-dÉ. may possess some of the atl-ribuLes of an tridealtt predator, it may

not necessarily be solely responsible for the stability in the scale

population in both Australia and California.
Biologists j.nterested in Optinal Foraging theory are studying the

behaviour of predaLors closely in an effort to understand all those facLors

that influence the predatorrs decision to eni-grate from a patch of prey.

Such studies also provide an explanation for l-he mechanism by which

predators respond to patchily distributed prey populations. It is also

encouraging to note that biologists are rêalizing the importance of
studying the behavi-our of predators because unless we understand llOtrl the

outcome is produced, it would be very difficult to devise Proper techniques

for the evaluation of the outcome of predator search.

With these Ídeas in mind, a concept of searchi-ng effíciency was

developed by taking into account the series of steps that results ín the

attack of prey for evaluating a predatorts response to patchiness in the

distribution of prey. However, the concept is sti1l in its infancy and

demands further research so as to a11ow it to be applícable to a range of

predator-prey syslems and permit evaluaLlon of predator effectiveness. The

present study is, therefore, only the beginning!
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.AppendÍx Table I

LIST OF SPECIBS REPRESENTED BY THE GENUS TCERYA

1. IS#. aegvptiaca (Douglas)

2. I. callitri (Froggatt)

3. !. koebelei Maskell

4. I. montserratensis Riley & Iloward

5,, I.
6. r.
7" L.
8. r.
9. r.

palneri Riley & Hoi¡ard

purchasi (Maskell)

rilevi Cockerell
rosae

seychellarum (trrrestwood)



Appendix Table 2

LIST 0F HOST PLANTS 0F I. lgrchasi RECORDBD IN ADELAIDE

scrENTrFrc I'IAMES (C0Iß{0N NAMES) FAI'[tLY

2.4.i teaph v11a

1. Acacia bail-eyana (Cootamundra r,rattle)
(lrtÍllow-leaved waLtle)

3. A. durus

4. Albiziq l.ophanthq (l{illd") (CapelÙatt1e)

5. Arnoracla rustícana (Horseradish)

6. Casuarina spp. (Sheoalc)

7. Citrus limon (Lernon)

8. C. sinensis (Orange)

9. Fortunella spp. (Cumquat)

10. Grevillea spp.

11. Hvpericum sPP.

12. Kennedia nr-gr].cans (B1ack-ora1 Pea)

13. NaryLLgq domestíca (Sacred or Heavenly Barnboo)

14" Píttospo::uq tobira (Tobera)

15. B. phyllíraeoides Dc. (ButLerbush)

16. Prunus armeniaqg (Apricot,)

17. Rosa spp" (Rose)

18. Rosmarinus officinalie L. (Rosemary)

19. Sonchus oleraceus (Comnon SorvthisLle)

20. SpartÍum iuceum (Spanish broom)

Leguninosae

Legumi-nosae

Leguninosae

Leguminosae

Cruci-ferae

Casuarinaceae

Rutaceae

Rutaceae

Rutaceae

ProLeaceae

Guttiferae
Leguninosae

Berberidaceae

Pittosporaceae

Pittosporaceae

Rosaceae

Rosaceae

Labiatae

Compositae

Leguminosae



Appendix Table I

LIST 0F NATURAL EN$'IIES ATTACKING Icerva purchasi

SCIENTIFIC NAMES FAMILY

PREDATORS

ORDER COLEOPTERA

1. Rodol-La cardinal-is (Mulsant) (vedalia beetle)
2" 3. icervae
3. R. koebelei
4. R. pun1lq (Weise) (in Australia)
5. þþ conformis (Boisd.) (found feeding on eggs)

ORDER NEIIROPTERA

1. ËIæ. "pp. 
(Green Lace l,ling)

PARASTTES

0RpE& pIPTBR{

1. CrvptochaqEgc icervae I,{í11. (in U.S.A" & Aust.)
2. Svneura c_qççiphile Coq. (in Peurto Rico)

3. å. infraposi-9e Borgm. & Schm. (in Brazil)
ORDER IITMENOPTERA

1. Brethesíe11a latifrons Tirnb.

2. Coccophagl¡s scutellaris Da1m. (in Tenerife)
3. Euryschia spp. (in AusLralia)
4. Ophelosia crarvfordi Riley (Ín U.S.A. & Aust.)

HYPERPARASITES

ORDBR IIYMENOPTERA

1. Chqiloneurus pulvinariae Doz. (in Argentina)
(parasíte of Cry_pEpqhAetum iceryae)

2. Homalotylus flaminius (Da1-man) (in India)
(parasite of Rodolia cardinalis larvae)

Coccinellídae
Coccinellidae
Coccinellidae
Coccinellidae
Coccinellidae

Chrysopidae

.Agromyzidae

Phoridae

Phoridae

Encyrtídae

Aphelinidae

Aphelinidae

Pterornalidae

Encyrt,idae

Bncyrtidae



Appendix Table 4

METEOROLOGICÄL DATA COMPRISING OIì MONTHI,Y I'{EANS OF TEMPERATURE'

RBLÄTIVB HUMIDITY, RAINFÄI,L, AND \{IND SPEBD FOR THE 1982 AND

1983, AND THB MONTHS CONSTITUTTNG THE FOUR SEASONS.

YEAR MONTI{ TH"IPBRATURE ( O C)
MIN. MAX. MBAN

REL. HU},f.
(7")

![ND SPBED
(km/h)

RAINF.AI,L
(*')

L982

1983

19.0
t7.s
16.2
13.9

.4

.2

.3

.2

.6

.3
15. 1

15 "l+
15.4
19.5
16.0
L2.2
11.0
8.5
7.7
9.4

10.1
11.4
13.6
16.0

30.2
28.7
26 "l2r.5
17.4
L4"2
13"8
19.0
L7.6
20.4
27.0
27 "3
27 "4o1 trJL¡J
25.3
19.2
17.8
L5 "l+
13.5
16.3
17.6
2r.o
24.O

24.6
11 0

2r.2
L7.7
14.5
10.8

JANUARY
FEBRUARY
MARCH
APRIL
MAY

JUNE
JULY
AUGUST
SEPTM4BER
OCTOBER
NOVE}ÍBER
DECBMBER

JANUARY
FEBRUARY
MARCH
APRIL
MAY
JT]NE

JULY
AUGUST

SEPTTMBER
OCTOBER
NOVBMBER
DECEMBER

11
7
7

10
9

11

151.7
13s.6
L24.2
92.L

102.3
95.2
99.7

106.7
T23.8
134.6
L26.4
130.5
LI+!.9
L28.5
126.L
127.1+
107.6
95. 1

131.4
L27.9
It+g "9r23.8
160.9
136.5

24.6
7.0

54.2
8L.2
63"2
62.6
38.6
24.6
32.O
16.0
3.4

L3.2
22.4

1.8
105.6
99.0
76.6
3/+.0

L27.6
90.6
77.0
56.0
10.6
20.0

50.3
54.2
56.6
62.L
71.4
76.3
70.4
57.0
60.6
55.5
43.9
51.2
53.4
46.9
64.9
63"3
74.5
75.3
80.1
69.3
69.0
60.0
55.3
49.5

10.6
LI+.6
13.6
ls.8
2l.L
2t.3
2!.4
25.5
20.6
L5.7
L4.4
11.9
10.6
12.8
13.8
16.2
18.8
2L.g27.8

SEASONS MONTHS

1.
2.
3.
4.

SIJMI"ÍER

AUT1JMN

l^IINTER
SPRING

DECEI.4BER, JANUARY, AND FEBRUARY"

tfARCH, ÂPRrL, AND MAY.
JUNE, JULY, AND AUGUST.

SEPTEMBER, oCToBBR, AND NOVEI'ÍBER.



A dix Table 5

NTIMBBRS OF SCALES COLLECTBD IN PREI,IMINARY SAMPLING IN JULY, 1981
oN TREE (A) AND TRIIE (B)

SAMPLE
NUI'{BER STRATA

TREE (A)
Rl R2 R3

rREE (B)
RI R2 R3 R4SUM SUM

OUTBR

INNER
SECTION

OUTER

INNER

LOI{ER I,EVF,L

MIDDLE LEVBL

55
13
05
10

28 51
13 23
11 6

35 108 L2

LBVEL

1

SECTION
1

2
3
4
5
6
7
I

3
3
2
0

50
34
30

9

1

1

4
2
2

T4
T4

19
3

11
7

23
22

8
25

I
0
2
2
I
1

3
L2

1

0
0
3
1

3
2
3

34
1

6

39
t9

E
S

!J

N
E

S

l^¡

N

ON

SECTION

I

1

2
I
0
4
0
4
6

13
5
0
2

37
3
1

3

1

B

S

ur

N
Er

S

\41

N

OTJ"TER

SECTION

INNER
SECTION

E

S

I^¡

N

E

S

l,il

N

7
3
9
2
4
8
3

1

L4
I

11
3

131
84
61

t64

1

10

9
10
11
L2
13
t4
15
t6

L7
18
19
20
2L
22
23
24

119
20
037
311

13 15
3t7
28
13

55
1

2
5

32
15

1

L2

75
3

60
35
11
16

17
I
1

T2
48

6
8

11

UPPEB LEVfl,

5530
0420
0020
1220
zto7L6

20s36
0001
0r41

13
6
2
5

35

SECI

TIPPER LB\TBL

3
1

0
0
7
3
3
2

Rl, R2, R3, R4, ARE REPLTCATES T'IITHIN STRATA

N, S, E, and I{r REPRESBNT NORTH' SOUTH' EAST' AND I\rEST RESPECTIVELY



_ôtp"q_dg r"bþ-Þ

SUMMARY OF THE POPULATION ESTI}IATES OF SCALES OVER ThIO YEARS FROM

JULY, 1981 TO JUNB, 1983 0N TREE (A) AND TREE (B) (SAMPLE SIZE 16)

YEAR MONTH

TREE (A)
lst 2nd 3rd Ad

'IREE (B)
lst Znd 3rd AdSUM SUM

l5t+
44
28

0
0
0

63
/+0

37
12

5
0

570
141

73
L2
22

1

1981 JULY 88 237
016
013
10
20
L4
0
0
1.

9
3B
39
2T

L982

1983

AUGUST

SEPT.
Ocr"
NOV.
DEC.

JAN.
FEB.
MÁRCH
APRIL
MAY
JUNB
JULY
AUGUST
SEPT.
OCT.
NOV.
DEC.

JAN.
FEB.
MARCH

APRIL
MAY

JUNE

88 265
20 37
OB
00

152
01

12

0
0

L2
37

7
15

0
0
0
I
3
4
2
0
0
1

2

I

87
92
64
85

2
5

1
2
2

72
77
83
6L
23
34

7
11
10

4

2
0
1

11
2

0
0
0
3

28
23
22
10

7
0
0
6

0
0
0

15
I07

99

103
36

7
1

0
0

1

0
0
0
7

11
L4

3
6
3
0
2

s9
40
44
83
0
0

0
2
1
0
4

10
4
I

2T
3
0
0

5
7

t4
3
4

t9

0
0
0
2
3
0
2
3
4
0
4
6

0
0
0
0
2
1

2
1

7
3
0
2

1

3
1

0
1

2
2
2
6
9
0
0

I
3
I
3
9
7

18
6

L7
13
16
10

0
0
0

38
22

r69

7
10
18
81
94
44

0
0
0

33
55
L2

0
1

0
0

11
66

5
I

L4
s6

t44
353

4
0
0
1

29
15

3
10

6
10

3
2

l-st, 2nd, 3rd represent the three instars
Ad = adults
* = sa¡nple size 72 for Tree (A) and 64 for Tree (B) for July, 1981.
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SUMMARY OF THB POPULATION ESTIMATBS OF NATURAL ENEMIES OVER 1T^IO

YEARS ITROM JTILY, 1981 TO JUNE, 1983 ON TREE (A) AND TREB (B)
(sAtvrPLE SIZE 16)

YEAR MONTH

rRBE (A)
ROD PAR GL\^I SUM

TREE (B)
ROD PAR GLIII STJM

13
27

5
1

0

0
13
31
16
18

0

0
0
0
0
I
0
0
0
0
B

3
0

0
0
0
0
0
1

:
0
B

0

0
0
0
0
1

0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
4
1

9
0

0
0
0
0
0
0
0
0
0
I
3
0

0
0
0
0
0
1

1

0
0

L2
28
0
3

0
0
0
0
0
0
0
2
1

0
2
1

0
0
1

2
I
2

:

1

0
3

0
0
0
0
0
0
0
I
0
0
0
1

0
0
0
0
0
0

0
0
0
0
0
0
0
I
1

0
0
0

0
0
0
1

0
0

0
0
1

6
0
0

0
0
0
0
0
0
0
o
0
0
2
0

0
0
1

1

1

2

0
11
2T

0
0

1981

1982

1983

>k

JULY.
AUGUST

SEPT.
OCT.
NOV.
DEC.

JAN.
FEB.
MARCH
APRIL
MÀY
JUNE
JULY
AUGUST
SEPT.
OCT.
NOV.
DEC.

JAN.
FEB.
MARCH

APRIL
MAY

JUNE

ROD

PAR
GLI^I
*

(-)

= Rorlolia cardinalis
= el-nlsrrrs (cr¡1,toc-traetu* -icer.yeg. and &¡l@ spp.)
= Green Lace tling (Cþ¡yÊgg spp.)
= sample sj-ze 72 for Tree (A) and 6l+ for Tree (B) for

Ju1y,1981.
= N0 OBSERVATION MADE



Àooendix Table BA

NUNBERS OF SCALIIS SURVIVING AND NATURAL INEMIES OBSERVED AT FORTNIGHT]-Y

INTIRVALS IN IIACII OF TfIE TIIRIìE REPLIC^TES OF EACII OI'TIIE UNCAGED'

OPßN_CÀGED AND C,\G[.D TIìEATNENTS IN THF, NÂTUR¡.L ENEþIY EXCLUSION EXPERII'ÍENT.

.(THE ABBRIVIATIONS USED IN TllE TÀIILE 
^RIl 

GMN BELO\{ Ttl[ TABLE)

ÌI0NTIII.Y C0ll0RT SET: ÂPRIL T NTR OD IICT I O N DilE : 24 Àpri1, 1982

I,IEEK DÁTE IN SDCT UNCAGED
Rl R2 R3 SUI'I

OPEN CAGII)
Rl R2 R3 SUI'I

CAGEI)
Rl R2 R3 SUM

0

2

4

6

ö

10

t2

l¿

16

IB

20

22

24

26

28

24/4

8/5

22l s

4/6

t8/ 6

4/7

cs 70

Pr-l 70

Pr-t 68

Pr-l 65

Pr-l 5B

70

70

66

66

65

47
6

53

70

70

70

68

66

55
5

60

70

70

70

70

68

66
o

66

70 70 70

70 70 70

70 70 70

70 70 70

70 70 70

2LO

2to

204

199

189

70

70

70

70

70

57
o

65

70

70

70

69

69

2i0

2lo

210

209

207

32
35
67

2I0

2to

2ro

2t0

2LO

4
r69
173

rR /7

30/7

r3lB

27 /8

ro/9

24/s

8/r0

22/ro

Pr-1
Pr-2
SUM

¿tÕ

10
5B

1s0
2I

171

64
4

68

187
T2

199

66
4

70

52
I2
64

r50
51

201

Pr-1
Pt-2
SUM

40
IB
58

15 22
36 20
51 42

77
74

l5t
50
15
65

15 27
45 36
60 63

92
96

188

23
37
60

5
61
66

35
24
59

63
L22
185

Pr-l
Pr-2
SUM

5
44
49

3
38
4I

t?-
130
t42

r6
43
59

3
s6
59

12
48
60

31
L47
L78

BO
52 66
60 66

56
59

l1
174
lBs

Pr- 1
Pr-2
S UI'f

J

47
50

I
33
34

3
31
34

7
111
t 18

2
57
59

0
58
5B

52
56

6
r67
173

3
53
s6

10
58 58
59 58

Pr-2
Pr-3
Pr-M
SUM

26
t4

0
40

73
L7

0
90

57 34
2t5
o0

59 49

42
I
0

50

r33
25

0
r5B

35
l3

J
5I

tt
22
2L
47

31
1t

7
49

70
46
31

r47

Pr-2
Pr-3
Pr-M
SUM

4
t7

0
27

T2
7
o

l9

6
6
o

l2

30
0

52

36
l3

0
49

I 13
28 27
00

36 40

57
68

0
t25

11
23
l3
47

2
20

3
25

10
l7

7
34

23
60
23

106

Pr-3
Pr-M
Ad
SUM

l4
0
6

20

25
0
I

JJ

16
0
I

24

15
0

l5
30

58
0

24
a2

22
4
I

27

4
0

11
l5

47
4

16
67

Pr-3
Âd
SUM

3
L'1
20

5
23
2B

15 5
920

24 25

I
I6
24

2A
45
73

4
20
24

I
t4
l5

4
l3
t7

9
47
56

5
63
68

I
23
24

I
r6
t7

4
4B
52

¿4
2
0

26

23
I
0

24

22

56
00
11
67
11
33
44

o
15
15

0
22
22

5
T7
22

2
l7
t9

200
It 3 3
13 3 3

Pr-3
/\d
SUM

27
0
I

2A

2l
0
4

25

0
24
24

2
54
56

s/rr Âd 503 822ls246123151654

PÂRASITESIIMERGED O O O O o00 0 0000

RT, R2. R3 ÀRE THE THREE REPLICATES
CS = CRAWLERS SETTLED
Pr-l = lsc INSTAR SCÅLE
Pr-2 = 2nd INSTAR SCALE

Pr-3 = 3rd
Pr-M - 3rd
Âd = ADU

INSTAR SCALE
INSTAR SCALE (MALE)

LT SCALE



Appentll>! Table 89

NUMBERS oF SCÀLES SURV]VING /IND Ni\TIIRAL ENE}IIES OBSIìRVED i\T I¡ORTNIGHTLY

INTIRVALS IN EÄCII OF THE TIIREE RDPLIC¡.T[S OF EÀCI{ OF THE UNCAGI]D,

OPEN-CAGtrD AND CAGED TRIÀTMiINTS IN THE NATURAL ENI]I''Y EXCLUSION IlXPERTMDNT.
(TrrE 

^BBRE\¡I^TIONS 
USED IN Tllll TABLì] 

^RE 
GMìN BELOW TIIE TABLE)

MONTIILY COI{0RT SET : MÀY INTR0DUqIIqN DÂTE : 25, }lay 1982

HEEK DI\TB INSECT UNCAGED
lì2 R3 SUl"l

OPEN CAGEI)
Rl R2 R3 SUM

CAGED
Rt R2 lì3R1 SU¡f

0

2

4

6

B

10

t2

I4

t6 ro/9

CS 7B

7B

72

60

40

36

35

16
l8
34

2
29
3l

Pr- I 45

Pr-l 44

Pr- 1 39

Pr-1 22

Pr- I 22

Pr-1 'J

Pr-1
Pr-2
SUM

Pr-3
Ad
SUM

6
1T
t7

roL2

2s/5

4/6

18/6

2/7

t6 /7

30 /7

t3/B

27 /8

5B

5B

57

54

40

36

36

t6
1B

181 55

r8l 5s

t73 55

153 55

ro2 53

94 53

93 s3

6s 74

65 74

65 72

63 7r

s7 66

55 65

t+6 65

194

r94

r ôt

rB9

176

173

764

61

67

67

67

60

bU

58

174

L74

t74

t74

167

t66

161

45 42

42

42

42

42

4l

4t

8
31
39

0
39
39

JI
I

38

65

65

65

65

65

65

62

T2
50
62

2

Pr-1
Pr-2
SUM

38
47
B5

3
50
53

I
41
42

6
5B
64

l0
r49
159

26
t29
155

2
62
64

J
I51
7s4

60
62

3
L52
155

B8
40

128

48
4

52

52
B

60

L37
l3

150

6
48
54

0
16
r6

6
75
81

I
48
49

0
41
4t

Pr-2
Pr-3
SUM

69
0

69

23
23
46

15
IO
25

4
30
34

30
0

30

I
53
54

20 8/10

24 5/r1

le 24/9

26 19/rr

22 22/tO

30
0

30

9
0
9

2r6
303
s19

50
7

57

Pt -2
Pr-3
Pr-M
SUI'I

t4
l0

0
24

3 18
3 l0
00

628

0
4I

0
4l

I
17

0
t7

6
44

0
50

7
102

0
109

I
26

2
36

B

40
1

49

7
45

2
s4

23
111

5
739

35
23

0
5B

Pr-2
Pr-3
SUM

1

23
24

3
2l
24

0
13
13

40
42

2
93
95

2
28
30

2L
45 53
47 54

5
726
131

3
10
t-3

11
11
22

27

30

40 sl
63

46 54

0 0
40
40

4
50
s4

6
6

t7
10
27

.,

28
30

00000000
10L25005
1012s005

9
6
5

118
I2

130

4
42
46

2
52
54

I
L22
130

Pr- 3
Ad
SUM

28 3/12 Ad 400 4 29 46 52 t2l

PÁ,RASITESEMBRGED 2 O 3 5 9 O 3 12 O O O 0

Rl, R2, R3 ARE THE THRBE REPLICATES
CS = CRAÍ'ILERS SETTLED
Pr-1 - ls¡- INSTÂR SCALE
Pr-2 - 2nd INSTAR SCALE

rd
rd

3-
M_

Pr-
Pr-
Ad

3
J
A DUL

INSTAR SCALE
INST/IR SCALE (MALE)
T SCALE



ÁÞpendix Table 8C

NUMBERS OF SCALES SURVIVING AND NÂTURAL ENEMIES OBSDRVED AT FORTNIGHTLY

INTERVALS IN EACII OF TIIIJ TllREIt REPLICATES 0Ir EÀCII 0r TllE UNCAGID'
OP[N-CAGED AND CAGED TREÀTMENTS IN T}IE NATURlì.L INEMY EXCLUSION EXPERII'IENT.
(TltE ÁDIJREVI^TI0NS USED IN TIIìi TÁBLE ARE GI\tEN BEL0W TllE T/\BLE)

M0NTTlt,Y C0rl0RT SET : JUNE INTRODIICTION D^TE r 25 June ' I9B2

I.IEIìK DATE INSECT UNCAGEI)
Rl R2 R3 SUM

OPEN CAGED
R]. R2 R3 SUM

CÀGIID
Rl R2 R3 S II}I

0

2

4

6

8

2s /6

2/7

t6 /7

30/7

13/8

27 /e

69 70 63

69 70 63

69 70 63

s4 50 4s

51 48 45

80

BO

80

68

50

40
6

46
0

53

53

53

52

40
10
50

0

CS

Pr-l

Pr- 1

Pr- I

Pr-1

202

202

202

r49

L44

75

75

75

67

63

60 2t5 62 58

60 2r5 62 58

60 2r5 62 58

42 t77 s6 47

39 152 s4 46

r73

r73

r73

156

152

t0 Pr-1
Pr-2
SUI'I
GLI'I

40
l+

44
0

37
I

4s
0

44
I

45
0

T2I
13

r34
0

23
13
lo

0

t2l
20

141
1

4T
6

47
0

3B
B

46
0

1r9
24

143
0

,Pr- I
Pt-2
SUM

10 6
2.8 23
38 29

28
I4
42

44
65

109

I
42
50

6
32
3B

7
29
36

2l
103
L24

9
33
42

7
31
3B

l1
26
37

27
90

I17

58
I

s9
I

26
3l
57

01
32
33
00110000
01235308
0134s308

12 rolg

r4

l6

24 /9

B/IO

Pr-2 28 IO 36 74 21 27 ?-O 68 41 37 32 1r0

Pt -2
Pr-3
SUM
GLI,'

L4
.4

18
I

6
4

l0
0

35
0

35
0

19 15
16

20 2l
00

13
6

t9
I

47
13
60
I

2ô
l3
4t

0

2B
9

37
0

23
6

29
0

79
28

107
0

Pt-2
Pr-3
SUM
GLI,¡

0
T2
I2

0

0
11
11

0

13
l3
26

0

13
36
49

0

t7
20

o

J
16
19

0

2
l5
T7
I

5
36
4l

0

2
33
35

0

9
11
20

0

Pr-3
Ad
SUM

t2
0

L2

13
5

18

I
3

11

t6
7

23

r6
18
34

t2
1B
30

9
5

14

37
4I
78

55
B

63
I

18 22/rO 16
80
96

0

B
48
56
I

20 5/Lr

22 19/rr Pr-3
Ad
SUM

4 I
29
30

2
1l
13

7
70
77

30

24 3/L2 Àd ol0 220 4

43

4301377

PARASITIS EM]IRGBD 224 I 305 8000 0

RI, R2, R3 ÂRE THE THREE REPLICATES
CS = CRAI'ILERS SETTLED
Pr-l = lst INSTAR SC^LE
Pr-2 = 2nd INSTÂR SCÂLE

Pr-3
Ad
GL!'

=3
=A
=G

rd INSTÁR SCALE
DULT SCÀLE
reen lace wlng



Aonendix Table 8D

NUMBI]RS OF SCAI.ES SURVIV]NG AND N¡,TURÂL ENEI'ÍIES OBSERVED AT FORTNIGHTLY
fNTERVÂLS IN llACll ol'' TtlB TIIRE[ REPLICATES 0F E^CII 0F THE UNCACED'

OPEN-CÄGED AND CAGE,D TREATMBNTS IN TIIE NATURAL ìÌNII}ÍY EXCLUSION EXPERI}ÍENT.
(THE ÀBI]REVIATIONS USED II.¡ THE TABLE ARE GIVNN DELOI'J TIIE TÀBLE)

MONTIILY COll0RT SET : JULY INTRODUCTION DATIì : 29 Ju1y, 1982

WEBK DATE INSICT UNCÁGED
Rl R2 R3 SUI'1

OPEN CAGED
RI R2 R3 SUM

CAGED
Rl R2 R3 SUM

0 29/7

13/B

27 /B

ro/9

24 /g

66

60

56
1

56
0

6

202
0

81
0

23
4l
64

0

CS

Pr-1

Pr-1
GLW

Pr-2
GLl,l

Pr- I
Pr -2
SU}'I

Pr-1
Pr-2
SU}f

88 84

88 84

88 84
00

232 66 75 7L

232 66 75 7r

22_B 64 70 57
l00l

212

2t2

191
1

168
0

60 64 86 210

60 64 86 2102

4

34 55
10

r45
I

55 56 57
000

60 64 86
000

2r0
0

57
0

64
0

6

I

l0 B/10

30
36

ç
34
39

18
9B

I16

I
JJ
42

/rB
58 62
6'2 70

2l
153
r74

4
36
40

9
28
37

3
37
40

2
29
31

o
31
31

0
52
52

,c
29
29

5
95

100

I

39

0
60
60

0
70
70

I
168
r69

2T
l0
3l

7
6

13

to
16
45

2l
6

11

27 24
13 4
40 28

28 43
B 18

36 6r

54
15
69

r25
4I

166

72
23
95

0

7

10
54
64

4
20
24

rì

19
l9

330
310
640
000

0
4
l+

0
2
2

I
0
I

0

t2 22/10 Pr-2
Pr -3
SUM

l4

r6

s/ 11

19/rr

Pr-3 17 10 27 22 23 1B 63 36 56 64 1s6

Pr-3
/\d
SUM
ROD

6
4

l0
0

4
10
I4

0

3
II
t4

0

7
24
3t

6
30
36

0

23
32
55

0

P¡-3
Ad
SUM
ROD

1

t4
l5

1

0
34
34

0

10
42
52

0

5
45
50

n

t5
t2l
136

0

52
103
155

o

l8 3/L2

20 17/12 Ad

0000010
4004671
4004681
0000001
400 4 67013334748128

PARASITI]S EMTIRGED 213 6 0 6 2 I ,0 O 0 0

R1, R2
CS
Pr-l =
Pr-2 =
Pr-3 =

R3 ÀRE THE THRBE REPLICATES
CRAHLIIRS SETTI,ED
lst INSTAR SCALI
2nd INSTAR SCÂLE
3rd INS'f i\R SCÂLE

Ad
ROD
GLI.l

= ADULT SCÀLB
ardinalis
e wrnE



Â¡ncndtx Table 8It

NUMBI]RS OF SCALIS SUR\TIVING AND NATURA], ENI]I'IIES OBSERVED AT FORTNIGIITLY

iUttnv,tl,S IN EACtI 0F TIIII T¡RIìE REPLICATES 0F EACII 0F TflE UNCÂGED,

OPI]N-CÀGED ÄND CAGED TREATI'IBNTS IN TIII] NATURÄL [N]]MY IìXCLTISION EXPDRI}IIINT'

iiir ,rs¡R¡vIATI0Ñs-USED IN TIIE rÅBLIt ,1RE cIYEI'l BEL0t.¡ TtlE T^BLE)

MONTHI,Y COIIORT SET : ,{UGUST INTRODUCIIqN !-ô:.8 : 27 t\ugusÈ ' 1982

WTITK DÂTß INSECT UNC AGEI)
Rl R2 R3 SUM

OP]]N CÂGED
RT R2 R3 SUN

CAGED
Rl R2 R3 SUM

o 27 lB

2 ro/9

4 24/9

6 8/ro

70

70

58

5B

70

tu

26

270

2ro

136

70

70

s6

210

2LO

L94

70

70

67

Pr-l
GLL'
ROD

Pr-1
Pr-2
SUM
ROD

43
937

13 40
00

2
l5
I7

0

9
6r
70

0

3
23
26

3

l1
57
68

o

19
28
47

0

33
108
t4t

3

10
40
50

0

24
32
5()

0

22
Jö
ó0

0

56
110
r66

0

Pt-2
Pr-3
SUI'f

9
I

10

16
23
39

27
28
55

41 35
7T

48 36

77
B

B5

43
6

49

48 s0
20

50 50

r41
8

r49

Pr-2
Pr-3
SUM

0
31
31

0
43
43

1
20
2T

0
13
13

1

35

0
49
49

55
40 42
45 47

10
131
14r

Pr-3
Ad
SUM

0
16
r6

2
t1
24

00
0 14
0 14

3
20
23

t4
26
40

15
33
48

L2
34
46

4l
93

t34

Pr-3
Ad
SUM

0
IO
10

07
48 29
48 36

4
4I
45

l1
118
L29

CS

Pr-1

Pr-1

70

70

qa

70

70

70

70

70

68

70 70

70 70

68 67

2to

210

202

20r
0
0

I 22/rO

16 17 /t2

10 sltr

t2 19 /Lr

t4 3lt2

67
0
0

66
0
0

68
0
0

181
1

64
I
0

70
ô
0

47
0
2

131
0
0

25
0
0

0
0

48
0
0

000
091
091

3
6
9

I
0

0
1

1

J

4
6

0
4
4

1

2

0
I
o

I
4
5

000
450
450

0
9
9

18 3t172 Ad 250 7041 5 44 32 39 115

PÂRASITESEMERGED O 7 2 9 0538 000 0

Rl, R2, R3 ARE THI THREE REPLICÀTES
CS = CRAWLIjRS SITTLED
Pr-l = Ist. INSTAR SCÀLE
Pr-2 = 2nd INSTAR SCALB
Pr-3 = 3rd INSTAR SCALE

Ad
ROD
GLI.I

- ADULT SCÁ,LE
- Rodolla cardinalis
- Green lace wi-ng



i\noendix Table BF

NUI,fBERS OF SCALES SURVTVING AND NATURAL ENE}ÍIES OBSERVED AT FORTNIGIITLY

iñinnv,rr,s IN I¡^CH or tltu TITREE RIIPLIcATES oF E¡cil 0F TIIE UNSAGED'

õÞsì[-cncTI AND cAGED TREATI'IIINTS IN THN NATURÀI, IìNEMY EXCLUSION EXPERIMENT.

iiñ'n Ã¡nnnvrtrroÑs-Úsn¡ r¡¡ ru¡ TABLE 
^RIì 

cIVliN Ìll1L0t\' TIIE TABLE)

MONTITLY COHORT SET : sEPTEMIIIR INTRODUCTION D^'IE : 25 September ' l9B2

l,JEEK DATIl TNSECT UNCAGÈD
RI R2 R3 SUI'Í

OPEN CAGED
Rl R2 R3 sul'f

CAGED
Rl R2 R3 SUÞf

0

2

4

6

25 /9

8/ro

22/rO

5/rr

r4 3t/t2

CS

Pr- I

Pr-l

70

70

70

Pr- 1

Pr-2
SUM

52
43 36
48 38

4
40
44

ll
1r9
130

2
42
44

I
127
135

4
62
66

22
68 64
70 66

B

t94
202

40
43

3
45
4B

Pr-2
Pr-3
SUM

23
9

1',)

20
5

25

24
7

3I

67
2l
BB

29
t4
43

25
5

30

80
20

r00

26
3B
64

.'J

23
66

20
27
47

89
88

177

26
1

27

Pr-2
Pr-3
SUM

1

12
13

0
t4
t4

0
t4
T4

2
43
45

53
42 33
47 36

10
11B
I2B

4
34
3B

Pt-2
Pr-3
Ad
S U}f

2
3
I

13

0
I
9

10

0
n

t4
l6

0
27

0
27

4
30

0
34

6
L7

0
23

10
74

0
e4

L7
L2
27

22
10
34

l2
10
22

51
32
83

70 70 ?o 210 70 70 70 210

70 70 70 2LO 70 70 70 210

53 50 70 210 70 70 70 2ro

70 70

70 70

70 70

210

210

210

8 19,/1r

10 :/r2

12 L7 l12

00
64
64
00
01
33

I
1l

200
llt
134
l+45

100
2r2
312

Pr -3
Ád
SUM

0
24
24

0000
3115
3115

I
5
6

16 14 lr Ad 102 J 01012s321875

PÂRASITESEMERGED 6 2 2 lO 4 3 I I 000 o

Rl, R2, R3 ÄRE THE TiIRBE REPLICÀTES
CS - CR¡'I'¡LERS SETTLED
Pr-t = lsu INSTAR SCÂLE
Pr-2 = 2nd INSTAR SCÀLE

Pr-3 - 3rd INSTÀR SC¡{LE
Àd = ADULT SC¡\LE



Annendlx Table BG

NUMBERS OF SCÀLIìS SURVIVING AND NÀTURAI, ENE¡IIES OBSERVND À.T FORTNIGHTI'Y

ixrenVnlS IN EI\CH OF THE TIIREE REPLIC^TES 0F [^CII 0F TI{E UNC^GED'

OPEN-CAGED AND CAGED TREÄT}ÍENTS IN TIIE NATURAL ENE¡IY EXCLUSION EXPERII'ÍENT'

-iilrn tssRaVIATIoNS USED IN THE TÄBLE ARII cIVEN BELSI'¡ TllI TÀBLE)

MONTIII,! C0H0RT SE't : OCTOBER f NTROL'IUCTI ON DÀTE : 25 0cEober, 1982

I.'EEK DÀTE INSECT UNCAGDD
R2 R3 SUM

CÀG[,D
R2 R3 SUM

OPIiN CAGED
RI R2 R3 SUMR1 RI

0

2

4

2s/ LO

5/rr
19/rr

CS

Pr-3
Ad
SUM

70 70 70 210 70 70 10 210 70 70 70 2I0

Pr-l 7O 70 70 2lO 70 7o 7O 210 70 70 70 2IO

Pr-I
Pr -2
SUN
ROD

l7
1

18
0

4
aa

4

72
35

I07
4

40
30
70

0

I6
30
46

0

?,2

9
31

0

7B
69

r4l
0

35 46
30 24
65 70
00

4l+
24
68

o

t25
7B

203
0

32
30
62

0

6 3lL2

8 11/t2

10 3l/12

72 14/1,

Pr-2
Pr-3
SUM

II
0

II

91
6

97

57 64
86

6s 70

184
t9

203

29
r70
199

10
5I
6i

37
t49
rB6

15 B

49 50
64 58

30
147
t77

204525

55

9
0
9

51 20
0

20

1r 16
48 50
s9 66

18
J

2l

855
012
867

63
5

68

10
58
68

2
27

2
A7 22

42

Pr -2
Pr-3
SUM

3
l0
l3

6

11

l2
19
31

0
23
23

6
l2
18

7
40

2
60
62

77
52
69

J
6

I2
I

l3

363
ol0
373

Pr-3
Ad
SUM

1
5
6

01011023
01010336
o2021359

7
4B
55

14 28/L Ad o00 0123 6 s2 63 s6 r7r

PARASITESEMERGE'D I 2 2 5 3I2 6 000 0

RI, R2, R3 ARE THE THREE REPLICATES
CS = CRAWLERS SETTLED
Pr-l = lsr INSTÀR SCALE
Pr-2 = 2nd INSTAR SCALE

3 = 3rd INST^R SCALE
= ADULT SCALE
= Rodolia cardinalis

Pr-
Ad
ROD



Append ix Table BII

NUMBTRS OII SCALES SURVIVINC AND NÀTURAL ENEI'{IES OBSERVED ÂT FORTNTGUTLY

INTERVALS IN IACI{ OF THIì THRIìIì REPLICATES O!'E/\CIl 0F TI-tE UNCAGIìD'

OPEN-CAGED ÀNIJ C,\GED TREATN]JNTS IN TIII] NATURÄL IiNEMY EXCLUSION EXPERIMENT.
(THIt 

^BBREVI^TIONS 
USEII IN THE TABLE ARE GI\¡[N I]ELotJ TI{E T'\BLE)

M0NTIILY COH0RT SET : NOVEl"lllER INTRODUCTI0N DATE : 25 November ' l982

I.JEIK DÀTE INSECT UNCAGED
R2 R3

OPEN CÂGED
SUM Rl R2 R3 SU}I

CAGED
SUMR1 R1

0

,)

4

6

25/tt
3/ t2

17 /t2
3t /rz

CS

Pr-l

Pr-1

70 70 70

68 53 66

67 21 54

2ro 70 70 70 2ro

187 70 70 70 2ro

136 69 70 70 209

5 47 51r 34 135

70 70

70 70

70 70

70

70

61

3

2lo

270

20L

Pr-1
Pt -2
Pr-3
SUM

6
33

0
39

J
aa

0
35

72
7B

0
90

4
29

0
33

10
20

0
30

5
39

2
46

19
BB

2
109

9
51

6
66

18
145

20
183

54 40
4 10

64 53

Pr-1
Pr-2
Pr-3
Pr -M
SUM

0
t2

7
0

19

0
23
20

0

5
I

11
0

T7

I
3

15
0

19

506
I0 10 L2
43 54 30
002

s8 64 50

11
32

I29
2

172

Pr-3
Ad
SUM

10
5

I5

l8
33
51

18
39

I
32
40

44
104
148

39
47

10
46
56

J
32
35

2t
Lt7
138

3
13

0
t6

o0
74
49
o0

11 13

6

8 t|lr I
1
J
0
5

0
0
0

0

7
5

tô
0

41

10 28 lr 3339316
r2r4302
4 s 4 13 6 1 I

t2 Lr/2 Pr-3

^dSUM

o202
3115
33L7

I
5
6

4

1

I
9

7

0
3
3

314 2s/2 .Ad 311

PÀRÀSITES ENERGED o20 2 102 3000 0

R1, R2. R3 ARE THE TIIREE REPLICÀTES
CS = CR¡,1'/LERS SETTLED
Pr-1 = lst INSTAR SCALE
Pt-2 = 2nd INSTAR SCALE

Pr-3 - 3rd INSTÁR SCALE
Pr-M = 3rd INSTÂR SCALE (l-fALE)
Ad = ÀDULT SCALE



Appendlx Table BI

NUMBIRS OF SCALES SURVIVING AND NÂTURAL NNBMIES OBSERVED AT I''ORTNIGHTLY, INTERVALS IN IìACH OF TIIE TIIR[E REPLICÀTIÌS OF EACII OF T}II] UNCAGED,
OPEN-CAGED AND CAGED TREÁTMENTS IN T}IE NATURÄL ENEMY EXCLUSION EXPERII.IENT.
(TtlE AßBREVIÁI'IONS USED IN TIIE TiIBLE ARE GMìN BELOII THE TABLE)

MONTHLY COtIORT SllT : DECEIIBER INTRODUCTTON ù4IA : 25 December, 1982

I.IEEK DATE INSECT UNC,\GED
R2 R3

OPIìN CAGED
Rl R2 R3 SUI'f

CAGED
R2 R3R1 SIIM RI su¡1

0

)

4

6

25/12

3t/12

t4/r
28/r

CS

Pr-1

Pr-1

200

193

IBI

z5

30

70

68

63

19
18
37

2A
t1
39

23
t2
35

10 0 0
000

l0 0 0

Pr-2
Pr-3
SUM

400
000
000
400
100
000
100
200
000
100
100

6
42
4B

30
20
50

60

60

60

20
5

25

70

65

5B

70 70

69 68

67 66

22 14

68 208

65 202

60 193

70 70

65 70

58 68

63

63

62

6

203

r98

188

Pr-1
Pr-2
SUM

7
JO
4s

5
34
39

1B
rr4
132

4
45
49

45
5I

IB
138
156

l0
0

l0

31
10
4t

82
33

115

76
43

119

46
32 15
00

36 ' :.t7

L7
61

0
10

2
30

J
35

0
44

0
44

2
94

J

99

B
4B
56

30
tñ
50

B tr/2

r0 2s/2

12 tt /3

14 25/3

27
5

32

0
20

0
20

Pr-2
Pr-3
Pr-M
SUM

Pr-3
Ad
SU}1

Pr-3
Pr-I{
Âd
sutl

4
0
0
4

I
0
I
2

0
I
I

0

7
T4

0
2L

o7
00

30 13
30 20

)
0
9

11

9
0

52
61

7B
00

23 34
30 42

,)

I
l3
16

L7
I

70
88

U

22
22

4
14
18

5
43
4B

02
28 39
28 4t

2
r4
16

4
81
B5

1

7
8

816 8/4 Ad 000 44 28 4l Lt+ 83

PÁRASITESEMIRGED I O O 010 000 0

Rl, R2, R3 ARß THE THREE REPLICÂTES
CS . CRAWLI]RS SETTLED
Pr-l = lst INSTAR SCALE
Pr-2 - 2nd INSTAR SC¿\LE

Pr-3 = 3rd ïNSI'AR SCALE
Pr-M - 3rd INSTAR SCÂLE (MALE)
Ad = ADULT SCALE



Ânoendlx Tablc BJ

NUI.IBDRS OF SCAI,ES SURVIVING AND NATURAL ENEÞIIßS OBSERVED AT FORTNIGIITLY

iuttnvllS IN EACII oF TllB TI{REE REPLICATES 0F EÀCtl 0F THE UNC^GED'

OPIiI,I-C¡,CUI AND C¿\GED TREÀTMENTS IN T}II1 NATURÁL [,NE}IY EXCLUSION EXPDRII'IENT '
iilie a¡¡nnvI^TI0NS USED IN THE TABLI ARE GIV¡¡]l BEL0\,1 TllE rÀBLE)

M0NTIILY C0lloRI SET : JANUÀlìY INTRODI]CT T ON DÀTE : 26 January, 1982

l.¡EEK DATE INSECT UNCÄGED
Rt /R2 R3 sUM

OPEN C¡.GED
Rl R2 R3 SUI.I R1

CÄGED
R2 R3 SUI'f

0

2

26 /r
rr l2

2s/2

cs 70 70 70

Pr-1 18 48 38

2to

r04

70 70 70 2lo 70 70 68 208

30 64 30 r24 67 70 66 203

3
6
9

2
3
5

4 Pr- 1

Pr -2
SUM

6
25
3l

I
14
l5

l0
4s
55

4
16
20

¿

32
34

4
13
t7

t0
61
7I

7
44
5I

23
40
63

33
r24
157

Pt-2
Pr-3
s ur4

4
6

l0

l3
24
37

6
0

T4

t2
I8
30

9
1

10

)7
27
54

31
19
50

27
16
JI

Pr-3

^dSUM
ROD

3 l0
00
3 l0
05

10
0

10
0

23
0

5

33
l¡

37
0

t25
15

140
0

Pr- 3
Ad
SUM
ROD

3
I

11
1

L2
l3
25

0

20
23
43
I

36
ll
47

o

40
l3
53

0

l0
37

0

103
34

t37
0

Pr -3
Ad
SUM

39
3 11
620

r6
L6
32

â<

11
46

38
72
50

26
11

99
34

133

Pr-3
Ad
SUM
ROD

11
3r7
4 18
o4

4
24
2A

4

9
36
45

0

t2
36
48

0

6
31
5t

0

27
r03
130

0

0
1s
15

o
25
25

3
40
43

5
43
4B

2
35
37

l0
r18
r2a

r27
0

3
40
43

6 tt/3

18 3/6

B 2s/3

16 20/5

l0 8/4

t4 6/s

12 22/ 4

7
15
22

45
l6
61

20 43 48 36
1000

97
51

148

44 /rB
6s

50 53
00

43
7

50
0

2A
',

30
0

7
5

I2
0

I
0
B

o

5
2
7
rì

4
2
6

2
4
6
0

0
6
6

5
0

014
o0l
0r5ooo
012
001
013
000
000
000
000
000
000
000

Pr-3
Âd
SUM

0
4
4

5
1

6
0

a

I
4

0
0
0
0

0
0
0

^dROD
o0002
00000

13
1

PARASITES EI'IERGED 000 0020 000 0

RI, R2, R3 ARE THE TIiREE REPLICATES
CS = CRAWLERS SETTLED
Pr-l = lst INSTAR SCALE
Pr-2 - 2nd INSTAR SCALE

Pr-3 = 3rd INSTÀR SCALE
Ad = ADULT SCALE
ROD = Rodolia ardinalis



Âppendix Tabl.e BK

NUMBERS 0F SCALIIS SURVIVING ÀND N^TUR¡,L INIìI'IIES 0BSERVED rtT FORTNIGIITLY
INTIRV^LS lN EACt{ 0F THE THREE REPLICATES 0['E^CH 0F TIII] UNC^.GEIrr
OPEN-CAGDD AND CAGED TRßATI'IENTS IN TIIE NÂTURAL iINIINY EXCLUSION EXPERIMENT.
(TIIE AI]BREVIATIONS US[D IN THE TABLN ARE GIVl]N BELOW TH]] TABLE)

N0NTI{LY C0}l0RT SIIT : FEBRIIÄRY INTRODU CTION DATI', : 26 February, l9B2

llE[,K Di\l'n INSECT UNCÄGI]D
RT R2 R3 SUI,I

OPEN CAGIID
R1 R2 R3 SUM

CAGE]]
Rl R2 R3 SUM

0

2

?.6/2

rt /3

CS

Pr-1
ROD

Pr-3
Ad
SU!I

61 78 46 185 50 74 BB 272 87 59 79 225

s5 77 46 178 49 70 84 203
0

<â

80 49 79
000

61 34 64
o00

208
0o20 2

4
23
27

0

000
0

I7
L7
I

9
0

6

4 2s/3

14 3/6

16 r7 /6

l8 1/7

Pr-1
PR-2
SUM
ROD

2
13
I5
I

2
22
24

0

23
30

0

11
JO
69

1

53
0

3
29
32

0

I
64
72

o

11
110
t2L

1

6
69
75

0

6
3B
44

0

t2
56
68

0

24
163
lB7

0

Pr-2
ROD

18 26 26 17 70
010

113
1

1s9
0

8/4

12 20/s

00
B 22/4

10 6/s

Pt-2
PR-3
sur'l

10
5

l5

l0
7

L7

2l
15
36

10
7

I7

2
t4
l6

2A
34
62

40
55
95

20
32
52

26 40
8 20

34 60

B6
60

146

Pr-2
Pr-3
SUM
ROD

2
1l
13

0

3
l0
13

0

0
I4
I4

0

4
42
46

3

7
66
I)

4
46
50

0

46
28 53
32 59
00

l4
127
141

o

P r-3
Ad
SUM
ROD

I9
0

t9
2

10
0

l0
0

t2
I

13
0

31
0

31
2

37 32
90

46 32
o0

53
0

53
U

t2?-
9

l3r
0

I
3
4

tl
t l1
212
00
289
o00
289
o20

205
oo0
205

Pr-3
Ad
SUM

54
2

Pr-3
Ad
SUM
ROD

t
10
72

5

25
t4
39

7

2L
24
45

0

13
t4
27

0

31
22
53

0

65
60

125
0

Pr-3
Ad
SUM
ROD

10
0

lo
3

L2
32
44

0

o

19
27

0

15

53
0

35
89

r24
0

6
36
42

IB
4

22
2

202
000
202

2169s
00000
2t69s
o2020
2068s32
0000000
2068532
0000030

20 rs/7

7
0
7

0000002
0000000
0000002

4
0
4

2
o
2

0

3
24
27

I
45
53

I7
105
).22

0
4t
41

1

26
27

2
5l
53

3
lr8
I2T

22 29/7 Ad 0000 000 40 2'1 51 I 18

PARASITES EMERGED o10 I 001 10000

RI, R2, R3 ARE THE TIIREE REPLICATES
CS = CRÄIJLERS SETTLED
Pr-l = 1s¡ INSTAR SCALE
Pr-2 = 2nd INST,{R SCALE

Pr-3 = 3rd INSTÂR SCT1LB
Ad = ADULT SCALE
R0D - Rodolia cardinali-s



Â.noendix Table 8L

. NUMtsERS OF SCALES SURVIVING ÄND NATURAL ENEMIES OBSERVED ÂT FORTNIGNTLY

INTERVALS IN [ÀCII OF TI{D THREIÌ REPI,ICATES OF IìACII OiI LTIE UI''ICAGDD'

õpI¡I-c.acIu AND cÄGED TREÂTI-fENTS IN TIII NATURAL EN]TI'IY EXCLUf]ION EXPERIÈIENT.
(THE ÀBßRIIVI^TI0NS USED IN TtlE TÀBLE 

^RE 
GIV[l{ BELoW TtIIJ TADLI)

I'fONTtlLY C0ll0RT SIIT : If,IRCII INTRODUCTION D^TE : 25 }farch, 1982

WEEK DATE INSECT UNCÀGED
R]. R2 R3 SUI4

OPEN CAGED
R 1 R2 R3 SUII R1

CAGIlD
R2 R3 SUI.I

25/3

B/4

22/4

6/s

CS

Pr- I

Pr-l

10

70

69

32

70 70

68 22

62 10

2ro

160

141

2to

136

L02

70 70 70

52 50 34

51 23 28

70 70

70

69

70 2).O0

2

4

6

70 70 210

66 69 204

I 20/5

Pr-1
Pr-2
SUM
ROD

5
)t

0

25
I

2B
0

62
ö

70
0

34
4

0

T2
6

18
0

9
1

10
I

55
11
66

1

52 58
L27
64 6s
00

58
l0
68

0

168
29

L97
0

Pr-1
Pr -2
SUM

2
t5
L7

2
23
25

2
9

l1

2
22
24

6
56
62

B

56
64

7
59
66

2T
17t
10t

5
0
5
0

-rT0

I
6

5
0

5

00
94
94

232
300
532
232
300
532

o10
512
522

r7852
0020

lo-1
4r-5
st-6

2-
2-
4-

20
31
51

01
l0
II
50

3/6

t7 /6

Yr-2
Pr-2
ROD

Pt-2
Pr-3
SUM

Pr -2
Pr-3
SUM

13 r9

I7

852156064641B8l0

12 t2
0

15 60 64 64
000

53
55

188
02

t4

r6

18 29/7

20 r2/8

22 26/B

Pt-2 L2t /7

ts/7

7s214s36464r81

24 2/g

11
I

1.2

Pr-2
Pr -3
SUM

6
4

lo

Pr -2
Pr-3
SUM

13
J

t6

7
J

10

43
B

51

56 57
85

64 62

156
2I

77'I

25
26
5t

29 22
31 36
60 sB

76
93

169

4
47
51

49
s6

10
43
53

2l
139
160

2
49
51

3
49
52

151
158

t+7
l+

5l

42
L2
s4

39
l0
49

t ?-8
26

1s4

40
l0
50

0

6
46
52

o

2
43
45

0

48
99

147
0

0
2
)

6
2
I

2L-34L1
10-1100
31-t+511

7
3

10

20224
4500s
65229

L4015
11001
2s016
50000

1

I
9

6
I
7

26 t6/9

Pr -3
Ad
SUM

Pr- 3
Ad
SUM
ROD

28 3O/g Ad 0l l50l 6 48 51 45 r44

PARÀSITES EMERGED o0 0000 0 0000

* ÀLL INSECTS DIED AS Ä RESULT OF BREAKING OF THE TWIG.
RI. R2, R3 ARE T}IE THREE REPLICATES
CS - CRÀWLERS SETTLED Pr-3 = 3rd INSTAR SCÂLE
Pr-l = lst INSTAR SCÄLE ¡\d = ADULT SCÀLE
Pr-2 = 2nd INSTAR SCALE ROD = Rodolia cardinalis



A dix Table 9

ESTIMATBS OF STAGE SPBCIFIC SURVIVAL RATES FOR COHORTS OF SCALES
IN THB NATURAL ]JNEI.{Y BXCLUSION EXPERIMBNT USING ]'IAN],Y I S MODEL

M0t'tTI{ STAGB SPECIFIC SURVIVAL RATES t STANDÄRD ]IRRORS

UNCAGED OPB¡I--CAGED CAGED

lst INSïéE $CAI'ES

1. APRIL
2. MAY

3. JUNE
4. JULY
5. ÂUGUST
6. SEPTEI,,IBER

7. OCTOBBR

B. NOVE¡{BBR

9. DECEMBER
10. JANUARY
11. FEBRUARY

12. MARCH

02L5
o324
0258
0306
0526
0748
0474

-F 0.
Io.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
To.
î0.
+0.

" 
lBOB

.2762

.3119

"2226
.2410
.o472

"2557
.39L2
.2167

0
0
0
0
0
0
0
0
0
0
0
0

0"2385 + 0
0.41lr.3 T O

0.2334;-0
0.2969 I o
0.5417 + 0
0.2809 -L 0
0.2813 + 0
0.3082 ;0
0.1250 ; O

0.5126 + 0
0.4138;0
0.1783 + 0

3103
2874
2296

.4207

.347L

.2510

.3330

.2397

.3039
"3547
.2153
"4772
./¡178
.5487
.2097

"0220
.0360
.o376
.0485

"0568
.o7h8
.0710

" 
0938

.0664
"IO25
.0850
,o4r2

248
785
268
500
69s

"0240
.0356
.0289
,0/+97
,0562
" 
0730

.056i

.0735

" 
0608

.06s8

.0561

.0317

+0
+0
!o
+0
lo
-r- 0

3io
t0
+0
lo
:h- 0
+0

0" 5433
o.6697
0.5670
0.5327
0.6977
0. 7s35
0" 6965

+
t
t
t
+
+
+
+
+

t
:t
+

0
0
0
0
0
0
0
0
0
0
0
0

0.5104 + 0
0.4003 t 0
0.5529 + 0
0.5714 + 0
0.6306 + 0
0.2443 T O

0"6459 + 0
0.6268 ; 0
0.5969 + 0
0.5095 + 0
0.s377 +0
0.3168 + 0

+0
r-0
r_0
+0
+0
+0
+0
+0
+0
+0
+0
+0

0.
0.
0"
0.
0.
0.
0.
0.
0.
0.
0.
0"

+0
+0
+.0
+0
+0
+0
+0
+0
+O
+0
+0
+0

0
0
0
0
0
0
0
0
0
0
0
0

+0
+0
.r- u
+O
+O
+0
To
+O
t0
t0
{-0
+.0

0.4
0"4
o.4
0"5
0.4

0785
0114
o97B
0B1s
o273

2nl INSTAR SCÂLBS

1. APRIL
2. MÂY

3. JUNE
4. JULY
5. AUGUST
6. SBPTEMBER

7. OCTOBBR
8. NOVEMBBR

9. DECEJUÍBER

10. JANUARY
11. FEBRUARY
12. MARCH

1. APRIL
2. MAY
3. JUNB
4. JULY
5. AUGUST
6. SBPTEMBER

7. OCTOBER
B. NOVE}ÍBER

9. DECEMBBR
10. JANUARY
11. FEBRUARY
12. MARCH

.0254

.08i0

.0673

.0660

.1334

.0984

.0847
" 1333
.Ot+23
.1513
.0s59
.0164

0.381
o"397

2+
6t
2+
t-F
4î
Oî

0.0285
0.0647
0.0789
0.0847
0.109s
0.0805
0.1033
o.27s9
0"0898
0.103s
0.0592
0.0363

3549
s843
5r52
5800
664s
591 1

7130
7624
5790
7929
687 4
4550

0.0306
0.0578
0.0508
0.0603
0.0907
0. 1070
0.0966
0. 1 1BB
0.1037
0.0s32
O.Ol+22
0.0321

.272

.353

.287

.239

.3293 -r

.4000 t

.5370 +

.6667 +

.4600 î

.2836 +

3rd INSTAR SCr1I,BS

0
0
0
0
0
0
0
0
0
0

0.4149
0.4938
0.1343
0.1404
o.29BL
0.2133
0,0556
0.311 I
o.6667
0.0984
0.1563
0.1304

.0540

.1603

.0597
" 0s00

"1266
.0780
.0244
"0967
.1925
.0515
.0280
.0237

5119
061 1
1630
3517
4000
2923
tB29
3226
5628
3977
0652
zLO5

.0478

.o277

.0660
"I28L
.1739
.1235
" 
06/¡5

.1193

.1030

.o739

.o494

.ro42

,0514
.0881
"0822
.1022
.1305

"086s
.1330
.1090
.o994
.0506
.0344
.0664



Âppe"dg Table 104

MEAN NTJMBERS OF CRAI.II,ERS PRODUCBD PER ADULT SCALE PER TEEK IN CAGES

AT LOCATTON (1) (SHÀDB IIOUSB) AND LOCATTON (2) (OPìIN).

BXPT. DATB
LOcATroN (1) (SHADE H0USE)

Rl* R2 R3 MEAN + S.E.
LocATrON (2) (OPEN)
R2 R3 MBAN + S.E.R1

35.9 -r 4.4
10.0 ; 4.7
1.1 + 0.6

38.3
5.7
0.0

42.O
5.0
L"7

+
t
+

5.3
5.0
3.3

7
27
24

11.
4.
6.

.6+0.

.61 z.

.1 +0.

1

5
20

2.0
t1J. t

2L.7

7
7
7

1

7
6

1.
11.

1

1

3
3
7

0
0
0

27t8.2 + 4.4
76.6 ; 3.0
23.3 + 9.8

3
0
0

26
79
43

3
0
0

11
BO

13

17.0
7
0

24/L
(1) 3r/L

7/2
L9.

1.
70.
L4.

9+3.8
Bf4.z
zT s.6
3Ïo.z
2T 4,O
B+2.L
7T0.9
efo.o

g.
!4.
4,
5.
âJ¡

7.9
1"2
4.4
2.6
4.5
2.4
0.5
2.3

+
t'1
+
+
+
+
+
+

43"7
60.3
27.O
28.7
35.0
28.0
37,7
38.3

7.9
t2.2
11 .3

L7.
i8.
20.

37.3
47.3
18.4
26.8
32.7
32"6
36.9
38.5

3
7
5
0
0
0
0
0

I
I
0
B

9
2
4
3

18.0
25.
30.

2l+.
2L.
20
10

3
7
7

3
3
0
0
5
0
0
0

7
0
3
0
0
3
0
7

11
9
6
5

2t
25
L2
30
39
33
36
34

3
0
0
0
5
0
5

7
7
0
7
0
3
0
5

10

2
B

9

7
5
0
3
I
9
0
6

29.7 + 6
54.3 + 4
32.9 -r 2
2L.I + 3
34.6 L 7
L9.B + 2
18.4 ;- 6
2L.8 + 2

33.1 + 1

29.2 T 7
L9.7 + 5
31.6 ; 1

14.6 ; 3
L9.9 t- 2
2T.L T 5
18.0 + 5

7
3
7
3
0
3
0
7

7
0
3
5
0
0
0
0a

3
7
0
3
7
3
0
0

35
50
35
¿J
43
L4
28
24

0
0
0
7
0
7
3
7

3
7
3
0
0
3
3
0

37
63
34
25
4L
24
20
24

s6
39
28
56
2I
20
10

9

2s/4(2) 2/s
e/s

30/s
6/6

(3) 20/6
27 /6
4/7

tL/7
L8/7

B/8 2s
ß/e 34
22/B 2r

(4) 2e/8 26
s/9 ls

r2/g 24
rg/e 23
26/g L6

3 1"3
0 2.0
7 20"0

17.3
14.0
9.3

L2.3
7"7

15.3
30.0
29.0

1B

16
49
29
L4
19
20

7
16

13/6

22
3
7
3

46
s6
L6
2T
24
36
37
42

.0
7
6
.1
9
6
9
9

2

3

a

a

a

x R1r R2, R3 are the three replicates



A dix Table 108

MEAN NIIVBERS OF CRA\,fLERS SBTTLED PER ADIILT SCA],E PER hIBEK ÂT LOCATION (1)
(SHADE HOUSE) Ar'tD L0CATTONë--(OPEN) .

EXPT. DATE
LOcATroN (1) (SHADE HOUSE)

Rl* R2 R3 MEÄN + S.B.
LOcArrON (2) (OPEN)
R2 R3 MEAN + S.E,R1

3.1 + 0.3
LL.Z + I.9
6s T_ 2"2

2.7
10.0
4.0

+
+
+

0
0
1

7
3
7

2
3
1

2
1

3

2.7
1.3
1.0

3.8 + 1.
1.2 + 0.
3.9 + 0.

5
0
0

7
7
3

0
3
J

7
0
7
3
7
3
7
7

3
3
7
7
3
0
0
0

3
B

4

2
4
0

0
I
1

1

0
0
0
0

3
3
2
0
0
1

1

1

eJo
15.
10.

0
0
7

7
7
0

7
7
0
7
3
7
7
3

0
7
7
3
3
3
7
0

a

3
3
2

4
3
4
2
1

0
0
0

2
2
0
0
0
1

0
0

9
4
5

0
4
6

0
4
3
0
2
3
7
7

2
3l+
15

1.3
34.3
18.7

2,3
33 "7
14.0

4.5
35.0
14.5

24/r
3t/L
7/2

(1)

5
9
5

2
7
7
4
2
1

0
1

2"6 + O.4
3.8 ; 0.8
1.3 + 0.7
0.4 + 0.1
0.3 + 0"0
1.0 + 0"2
O.7 + 0.2
0.7 T 0.3

2 + L.\
7;o.s
8+0.5
2 + O,l+
0+1.0
6T o.4
8+0.8
7+1.3

0
0
0

+
+
+

I
1

1

7
0
0

0
7
7
0
7
3
7
0

J
0
7
7
7
0
3
7

a

5
t
5

6
5
I
5
2
4
5
5

7
3
4
1

1

1

4
3

c

3
7
7

0
7
7
0
3
3
3
7

3
3
3
0
3
3
0
0

3
0
3

3
4
1

2
3
3
3
2

7
3
3
3
2
2
6
6

2s/ 4(2> 2/s
e/s

30/s
6/6

L3/6
(3) 20/6

27 /6

8/B
L5/B
22/B

(4) 2elB
s/e

L2/g
Le/9
26/9

2.7+L
3.9 ;- 1

3.0+0
2.L+O
1.1 + 0
0.6T0
0.7 .r 0
0.6;0

1+1
9+0
0+0
1t1
l-+0
9+0
3+0
0;0

?)t
JoJ

4"3
n1

2"3
3.3
4.0
4.0
4"3

0
7
3
0
0
5
0
5

4
1

3
2
5
1

7
1

2
7
3
2
1

0
0
0

2
5
0
0
0
0
0
1

7
0
3
3
3
7
7
7

3
3
7
3
3
7
3
0

4
4
2
3
3
3
4
4

6
2
3
2
3
1

5
3

I

o

a/t
rt/t
t8/7

* Rl, R2, R3 are the three replicates
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P.Âl¡¡ DAIA UITH t€Ar¡S + S.E. F(n pffEY EAIE¡¡ Ar{) EGûS LÂIO EITI€I A8OIE. I¡DER m fl¡JAY FRO! SC.ALES ül PATD€S F DIFFEF€NT

PREY IIJiISITIES. II€ DATA ARE FM EÂD{ TT N€ FIVE OAYS FM EACH (r TIfEE SEEILES (REPLIC¡IEs) FM EXPÉRI¡IÉNT DESCRIED

Ir{ otApTER (6.1). IÉ DeSCRIPTIñ6 F lrt ¡¡8R€VIATIñE Ir¡ lr€ TAE-E AFÉ GIì'Ei{ BO-ûi T}€ TAE-E.

BEETLE (1 ) SEEÍLE (2) BEETLE (J)

PREY

0Ef,ls.

(0)

ET

EU

çÁ

t0T
SED

1E

æ.

E
>E
r€l

ET

EU

f0T

1E

E
3e

>38

¡EÏ

tf

EU

E,q

l0T
s59

'lE

E
3E

)35
r€T

DAY5 (1 ) (2) (5) (ô) (s) (r) (2) (i) (a) (s)

1-1
'I

2

(1 ) (2) (r) (1) (5)

2

1

1

1

3

1

1

1

RESpürsÉ

P€ff OAY

fEAll + S.E
( lxs-1 s)

0.Íl + 0.û?
O.A1 + O.22

0.Íl + 0,0?
0.60 + 0.29
0.40 + 0.19
0.2? + 0.15
0.11 + 0.æ
0

0

0.40 + 0,16

0.JJ I 0.21
2.7? + O.?E

0

?.60 + 0,90
1.rX + 0,1¡
0.ô? + 0.19
0.20 + 0.15
0.20 + 0.11
0.1J + 0.U9

0.31 + 0.16

(ær,¡TIi{JE0)

REPS 123A .l 25A 12J4 12Ja 1234 123{ 1214 1254 1234 1231 121ó 121{ 12JA 12¡4 121å

0

0

0

0

0
0

0
0
0
0

(1)
t-l-

1-1-

12
11
1

--- | - I --

2

1--1 8---

--11

l

1

1

--3-
-221

-?51
-121

-11-

A-

l¿-
a_

1-

1-

11--

I --1
| -- |

'I --1

l

J

(2)

SI = EGGS LAID AEOVE SCALE5

EU = EGGS LAl0 |Ji'JOER SCALES

EA = EGGS LAIo Aì¡JAY FRÛì SCALES

TOI = fOTAL EGGS LAIO

SEO = SC¡¡I.ES IJITH EC¡s

1E . SCALES IjJITH 1 EGC

2E - SCALES IIITH 2 EGGS

3€ = SCALES U,ITH J EG65

)38 = SCALTS I¡IITH )] EGCS

NEf . PREY EATEN

- = ZERG5



APPE¡¡OIX IAS.E 1T (CÍIfTIT.EO)

RA! DAIA UIIH IIEAI,IS + S.E. FM PR€Y EA'IEN Af\D EGGS LÂIO EINER ABOI'E, I¡D€R M AUAY FFIÛI SCÁLEs OI PATO€S CF OIFFEffÉNf

PfÉY EIrsIfIES. TTIE OATÀ ARÉ FM EAÞI (t II€ FIVE OÂYs FOR EADI fT NçTE EEILES (flÉH.ICAIE5) Fffi EXPERIITEI{T D€5CRIEO

IN ÞtAptER (6.1). ft{ oEsCnIpTIfls F T}€ A8€8EVIATI(I{s It¡ f}€ fAa-E AffE GIvEfi B€Lfl¡ ll€ fAg-E.

B€EILE (1 ) EEETLE (2) EEILE (J)

oAYs (1 ) (2) (r) (a) (s)

R€Ps 12ta 123Á 123A 123ô

(1 ) (2) (r) (a) (s) (1 ) (2) (r) (4) (s)

- 11

-4

-1
-1
-1

'l
4

2

1

1

5 A2--

5

l
2

---'l -1-1

RE5PT'68

P€ff OAY

ItEltN + S.E.
llxs.l s)

1.13 + 0.65
2.0? I 0.85
0.21 + 0.18
3.6? + 1.11

1.8? + 0.60
0.8O + 0.28
0.71 + 0.25
0.2 + 0.15
0.û? + 0.O?

0.11 + 0.13

0.9J + 0.55
4.93 + 1.78
0

5.8? + 2.14
3.n + 1.12
1.{? + 0.56
0.93 + O.JJ
0.6'i + 0.30
0.13 + 0.09
0.?l + 0,30

0.9J + 0.75
l.8O + 'l .1'l
0.51 + 0.24
5.Z? + 1.60
3.13 + 0.96
2.û7 + 0.Tl
0.6'7 + 0.19
O.77 + O.12

9.11 + 0.09
0.95 + 0.30

PREY

OENS

(4 )

(8)

(1 6)

12\Á 12Jô 121ô 12J4 121ô 1214 1234 12JA 123ô 1234 1234

E'r

EU

EA

TOT

5ÉD
,IE

3E

>J5

¡ET

EU

aô

l0f
sE0

1E

t
3€

>J5

NET

ET

EU

EA

107

1E

2a

3E

NEI

2

-22-
-52-2

2

4

1

1

1

1

1

1

1

1

2

1

1

4-5-
'l-

1-
1-

1

2

3

2

1

1

42-3

23
at

1

tt

Ã2-3
31-2
2--1
11-1

45
J2
2

11
'I

?â
42
21
1

11

2

2

2

a2

1--1

-162 I

51
71

)
2

-al9

-?52
_Att2
-?22
-12-
-1--

4

a

1

- â 6 12

-3ô5
-231
-1-2
--11
- -- |

-112

1

I

- -10 12

--á5

1

't - --4-

4

4

l
2

I l --

J?-1
1l-3

-2
22

1)

3

5

J

1

1

510-4
45-l
43-2
-'l -1

2-
AA
13
_a

11

-Á

-l
-2
-1

83
11
9¿r
l3
1l

l

1

1-
1-
-t

El = ¡555 LAID 480!E SCruES

EU = EGCS LAIO t¡D€F SCALES

EA = EGGS LAID Al¡lAY FRûtl SCALES

T0l . loIFrl- EGGS LAIo
SÊ0 . SCALES lflfH EGGS

1E = SCALES II,IIH 1 EGG

2E . SCALES ltlfH 2 EGGS

3E - SCTILES l¡/IfH 3 EGG5

>JE = SC,qLES UIIH >l EGGS

I¡Ef = PREY EAIEN

- " ZERO€S
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SUB-PATCIIES ATTINDED BY EACII OF TIIREE BEDTLES (REPI,ICÁTES) FOR EATTNG PREY, LAYING EGGS, iIND TOTAL

suB-PATCll[S ATTENDED PER DAY IN',tflE EXPERIMENI'DESCRIBED IN CHAPTER (6.1).

BIETLE (1) BIErLE (2) BEETLE (3)

TPA
B

PPE PEI,TPA-BPEI,
A

PPE

A

TPA
B

PEI,
Ä

PPß

^

DAY PRAY

DENS.
cÁÁ

^
A

^

000
500
500
000
000

0.500
0.000
0.000
0.000
0.500

0,00
o.25
0.2s
0.00
0. 00

0.000 0
0.000 0
0.000 0
0.000 0
0.000 0

000
000
667
000
333

0.000
0.000
0. 000
I ,000
0.000

0.00
0.00
0.00
o.2s
0.00

00
l0
10
00
00
)

00
01
01
00
00
o2

01
01
01
72
01
16
10
00
00
o0
l1
2t
00
II
01
01
22
35

0.50
o.25

400
200
000
1rC0

000

r43
429
143
143
143

0.
0.
0.
n

0.

1010
0330
0110
0110
0110
167
L2
10
o2
00
23
47
00
2t
01
01
13
36

0.
0.
0.
0.
0.

2
2
2
3
3

12

o2
10
00
T2
00
24

1
t
2
3
3

11

2
1

0
2
0
5

0
0
0
0
0
0

.00

.00

.00

.00

.00

.00

.00

.00

.00

.25

00
00
00
00
00
00

1
)
¿+

B

16
SI]M

I
2
4
I

16
SIJM

I
2
4
I

16
suM

I
2
4

16
SIJU

1

2
4
a

16
St)l.l

0.00
0. 50
0.00

(l)

(2)

(3)

(4)

(s)

0
0
0
I
0
I

1

I
I
2
I
6

I
0
0
0
I
2

0
0
0
I
o
I

0
0
0
1

0
1

t67
161
t67

0.
0.
0.
0.
0.

o.25
0.75
o.25
o.25
o.25

0. 75
o.25
0. 50
0.00
0.7s

0
0
0
0
0

000
000
000
000
000

0000
0000
0000
0000
10I1
101

00
00
00
10
10
2

00
00
00
10
1t
2t
00
00
22
00
01
23

2
2
3
3
2

T2

20
02
03
23
2l
69

0.25
0. 25
o.25
0.:i
o.25

.00
,25
.25
.25
,7s

0.00
0.00
0. s0
0.00
o,25

0.333
0.111
^ 

1t')
0.000
0.333

0.000
0.375
0. 125
0.125
0.375

167
L67
r67
250
250

0.00
0. 75
0.25
o.25
0.75

o.25
0.00
0.00
0.00
o.25

333
L67

000 0.00
000 0.00
000 0.00
500 0.25
500 0.25

0 0.000 0
I 0.167 0
I 0.167 0
1 0.167 0
3 0.s00 0
6

3
1
2
0
3
9

0

I
I
3
B

0.
0.
ñ

0.
0.

0
0
2
0
I
3

0.167
o.167
0. 250
0. 250
o.t67

o.25
o.25
0.7s
o,75
0.50

0.50
0.50
0.50
0.7s
0.75

I
0
0
3
I
5

PREY DENS.
l.fEl\NS + S.E. (N=15)

col. (B) co],. (c)

LEGEND

PPE = Patches aE $hich prey eaten
PEL = Patches at which eggs laid
TPA = Total paÈches ATI.ENDI]D

i\ = llumbers
B = Proporrions of r.he suM (TPA)
C = Proporcions of total pâtches

of the sane prey densiÈy PRESENT (=4)

I
2
4
8

l6

+
+
+
+
+

125
t52
l6l
2tl
285

0.
0.
0.
0.
0.

.o4

.04

.05

.07

.07

0
0
0
o
0

0.183 ! 0.06
0.230 + 0.07
0.230 ; 0.06
0.250 + 0.07
0.330 ; O.0B
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TIME SPENT, AND PERCENTAGE OF TOTAL TTME SPENT BY EACH OF THREE BEETLES ON PATCHES

OF DIFFERBNT PREY DENSITIES IN THE EXPERIMENT DBSCRIBED IN CHAPTER (6.1)

PREY
DENS.

TIME SPENT (x 10-2 sec)
81* 82 83 MEAN + S.E.

z 0F TOTAL TrME oBSERVED (TT0B)
81 B2 83 MEAN + S'8.

4
2
2
I
6

0
1

2
l+

I
16

1.2
4.2
6.6
3.0

34.2
26.4
69"4

L44.0

2.4
6.6
3.6

!6.2
37.2
29.4
48.6

L44.0

0
0
0

20.
29.
55.

1,
105.

1.
J.
eJ.

13.
33.
37.
39.

0.69
1.93
1.91
5.24

0.8
2.9
4"6
2.L

23.9
18.3
47,5

'!.7
4.6
2.5

l1 .3
25.8
20.l+
33.8

20+
607
t+O T
2A+
20+
00+
60+

0
0
0

19
26

r.7 27.

o.4g
1.34
1.33
5.1+7
0.96
10.99
13 "57

0.
,)

2.
10.

84+
50;
37+
3/+ T
43+
34.-*
67+

3
72.

9.
T9

65
T4

.75

¿J
52.3 30

TSAP
TTOB

* = 81, 82, and 83 represent Lhe three beetles (replicates)
TSAP = time spent away frorn patches, i.ê¡ on wa1ls or roof of the searching arena
TI0B = total time observed



Anoendix Tal¡1e l4A

NUMBIRS OF FLIGIITS PER 5 nin (INDEX 0F ÀCTIVITT) M^DE

BY UNSTÂRVED AND STARVED BEETLììS IN FOUR OBSERVATIONS
AT 15 min INTERVÀLS 

^T 
lO0O h AND 1600 h r\T 25o C'

UNSTÀRVED BEETLES STÄRVED BEETLES

DAY TIMIT OBSIRV.
NUI.IBER B1

FLIGIITS / 5 M]N
ß2 B3 MEAN + S.E.

FI,IGHTS / 5 NIN
81 82 83 l.fEANS + S.E.

I lo00

1600

2 1000

1600

J

1600

4 1000

l6 00

5 1000

r 600

6 1000

6
3
7

23 2.5o + O.82

18. 83 + 6.12

l.l7 + 0.58

2.42 ! l.o5

10.42 + 4.32

0.17 + 0.11

6.08 + 2 .84

B.I7 + 2.84

2)

6.42 + 2.8

2.42 + O.98

7.25 + l,B9

3.00 + 0.96

I
2
3
4

2I

0
0
0
0
n

0
0
0
0
0

0
0
0
0
0

t1
26
T4

0
51

0
0
0
0
0

4
2
2
6

t4

l1
5
0
o

l6

0
0
0
0
0

0
0
0
0
o

I
4
2
0
7

0
0
0
0
0

0
0
0
0
0

3
10

6
24

0
0
o
0
o

0
0
o
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

20

o
0
o
0
'0

D

E
Â
D

0

14

0
0
0
0
0

0
ñ

0
0
0

3
0

I
7

1

0
I
0
2

3
3
0
I
7

4
6
0
5
5

0
0
0
0
0

0
0
0
0
0

SUM 0

0

7 ,42 + 2.62

0

0

1

2
3
4

SU M

4
6
0
4

t4

0
0
0
0
0

4
I
3
6

Itt

o
0
0
0
0

23
14
52
l6

105

l6
11
t3
3l
7l

I
2
3
4

sulr

I
2
3
lI

SUM

1000

0
0
0

2t

2
l0

0
5

T7

36
0
7
9

52

I
2
J
4

SUM

19
2I
16
27
83

I
2
3
4

SUM

24
s4
45
61

184

6
4

l3
6

29

1l

10
7

62

0
0
o
0
0

0
5
o

5
8

0
0
0
0
0

0
0
9
5

r4 8.75 + 2.57

I
2
3
4

SUM

I
2
3
4

SUM

I
2
3
4

SUM

I
2
3
4

SUM

I
2
3
4

SUM

I
2
3
4

SUM

0
0
0
0
0

4
0
0
2
6

0
0
2
6
B

2
9
o
6
7

7
5
5
3

0
0
0
0
0

0
0
0
0
0

D

E
A
D

4
0
0
o
4

D

n
A
D

0
10

3
t2
25

2ll
2t

0
0

45

ll
4
4
2

2l

8
3
5

ll
27

11
5
I

L7
4t

5
4
o
I

t7

4
9
B
6

27

2
4
7
0

l3

7.25 + 2.37

4.50 I 1.15 I

1600
0
0
0

t4

2L
2l
16
33
9r

0
o
7

t2
I9 10. 33 + 3. l8

0



Âooendlx TabIe I4E

NUMBERS OF FLIGIITS PER 5 mirr (INDEX 0F 
^CTMTY) 

l"lADE

BY UNSTARV[D AND STARVED BEETLES IN IìOUR OBSI]RVATIONS
AT t5 min INTERVALS AT 1000 lì AND 1600 h ÂT 30o C'

UNSTÀRVED BEETI.ES STARVID DEETI,ES

DAY 'IIME OBSDRV.
NUMI]ER BI

I¡I,IGHTS / 5 MIN FLIGHTS / 5 MIN
L B2 ts3 MUANS + S.E.B2 B3 }IEAN + S.E. B

r t000

1600

2

1600

3

ló00

4 1000

5 1000

I 600

I
2
3
4

SUI'f

I
2
J
4

SUM

I
0
3
6
0

0
0
0
7

7
16

7

0
30

0
0
0
0
o

0
o
0
8
I
0
0
0
0
0

5
0

6
13

19
I

15
U

42

24
6
a

7
39

0
l3

0
6

19

1000

I9
2B
30
73

140

15
9

2l
0

45

0
0

l0
32
42

I
2
3
4

sut'l

-1

27
0

t2
42

ö
34
l0
5l

103

24
25
t7
I4
80

0
10

6
0
l6

0
7.

0
5t
58

68
57

4
34

r63

27
24
28

0
79

0
0

I9
5

24

4.42 + I.32

J
I
0
0
4 o.92 a 0.61

10
7

l2
T4
43 15.67 + 4.22

0
2
l+

4
l0

8.33 + 2.28

19.75 + 5.88

8.83 i 2.64

22,17 + 6.53

10.92 + 3.07

10.83 + 2.24

2.38 + I .63

2.00 + 0.91

S

I
2
3
4
UM

t
2
3
4

SUM

I
2
3
4

sulf

I
2
3
4

SUM

0
0
+
9
J

2
0
6
8

16

4
7
0
2

13

7
6
0
o

l3

7
0
3
0

10

0
0
0
0
0

0
o
9

44
53

0
0
0
0
0

I
0
9
5

13

9
5
0
2

16

5,92 + 4.2O

11.17 + 4.56

3.50 + 1.43

7.92 + 3.58

3.25 + 1.13

2.58 j r .00

0.67 È 0.5r

I 000 I
2
3
4

sur'f

0
0

13
0

l3

49
29
27

0
105

t0
4
I

10
32

0
29

3
30
62

0
2l

2
I4
37

0
l6

0
0

l6

l9
ll
l5
10
55

T2
t6
19
22
69

0
0
6

t2
IB

2
l0
l2

0
24

I
2
3
4

SUM

0
0
0

10
l0

I
2
3
4

SUM

I
4
0
I
6

D

E
Á
D

0
0
7

l2
19

1600

0
0
0
0
0

D
E
A
D

4
0
3
I
B

D
E
Á
D

0
0
5
I

13

0
2
0
6
I



RAI¡J 0AlA lrlIH fiÉpr^6 + S.E. Fm ll€ M-FBERS OF PR€Y EAIEN AND EC,GS LAIÐ EIlr€R AAOVE, tr,¡0€R m AUAY FRt¡ì SCALES g\¡ SuB-roAIOtS æ OIFFER€IÌ pREy OEilSIÌIES
fl-ACfD AT 0IFTERÉNT l'€IGH'rs. Tr€ 0AlÄ ARE FoR EÂÞl tF Fû.n OAYS Fm EAOI F TI*EE atEtLES (REC-ICAIEs) ttt SEARO.iING EFFICIE¡f,y EXpERII'IÊNI No. 1U. Ttf
DA TES IN II{ IASI-E æ¡€IE ZERÉS. TI€ O€SCRIPTII}E F'f}€ ASERIVIAIITI¿S IN TI-€ TAS.E ART GIVEN B€LOJ II{ fÂA-E.

EEÌLE (1) æETLE (2)
PREY
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(2)

(ô)
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EA
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5€D
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æ
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2
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acadbðd acadbad

2---b--

?â

26

1---:-- ----l--

4

2

2

1

1

â

4

A1

á5
l-
55
22

21
-1

11-----

111---- -11-- -- _1--___ 21_11__

5P9CS

2--11-2

bbdbddb

243
22J

-11----

ecadbaddb

-2
-l
-8
-7

------1

I

3

dbb¿bdc
1------
2 - 311- 1 -

I r'1-

bbdbddb
1-- - I - -
11-52--

iB)

21
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5

l
l

l
1

s

I
Ê ,A

5 8sô ôô
'l ô1

6¿?---l
545---l
aal---3
1-2----

-1ô10----
-s?----
-44----
-51----

J

TOI = TOTAL EGGS LAID

927-J--
Âtl_?_

521-1--
--l -1--

4

a

cabbådc

7

315

11

J.92 . 1.1 {

1 5.?5

l.m
c,08

l-
2-
1-

-22

l-
?-
1-
1

5-
¿-
1-

-l)

1.1?
3.6?

'10.00

5.00

0. ll
0.25

0.fi

0.1 1

0.69
0.60
0.l8
u.1 I
0.r l
0.¿B

SPÞ0S dcbâbac dc b a b â c
---5---

dcbabac
-----102

dcbabac
213----
¿1ê---f

cãcdceb
_72____

cêcdc ab
- - -- 1--
-J-55--

cacdcðb
1------

cacdcab

127-J-- I16-5--

cab5adc
2----1-

cabbadc
l----?-

cabbadc
-1-1---
25-!2--

(1Þ)

6

2

2

116-
11¿-
112-
--2-

. O.l¡
+ 1.78
+ r.2l
+ 0.96

:0.?c
+ 0.08

1-1----
-..----2 21----- --2---- -1-4--- 1---_-- ----1__ ---4--- 1--óJ1- ---1--- -J-2---

0.25 + 0.18
2.81 + 0.?¿¡

9P0S = VelticaL Þosltim of
sub-Pat€fEs in ê PsLch.

REPS = Patches 1 !o ?

a. Top æst st,b-patch
b = Sæmd frm top s(ô-palc}l
c = lhlrd frq top s(b-patch
d = Sottm sLò-.patch

ET = EG65 LAIO Aæ\t€ SCALES

EU = EG65 LAIO tll0€F SCALES

EA = ¿655 LAIO AUAY FRû! SCALES

SEO = SCALES I¡'IIH EC€s

1E ' SCALES t¡ITH 1 EGG

2€ = SCLl-ES l¡llTH 2 EGûS

lf ' SCr,l-ES IdITH I ECGS

>JE. SCALES üITH >J SGGS

li€T . PR€Y EATEN



RAIJ DAÍA IÍITH IIEA¡¡s + S.E. FOR THE ¡¡.ttBERS OF PREY EÁIEN AI,IO EGGS LÀIO EITHER ABOVE, UNDER OR AUAY FRÛI SCALES ON SUB-PAÌO1ES ffi DIFFER€N'T PREY EÍi¡SITIES

PLACEO Af OIFFERENÌ hEIGHT5. ft€ OA'TA ARE FOR EACH F FOJR OAYS FM EACH OF THREE BEEILES (REPLICATES) IN SEARCTIING EFFICIEÍ'¡C]Y EXPERIÍIT¡¡f ¡IO' (2)' ÌHE

DAE{E5 IN Tr€ TA&E 0EN0ÌE ZERÉs. Tl'É DESCRIPTIoNS F Tl'E ABBREVIATI0N5 It¡ fHE TAB|-E ARE GIVEN 8Elotl ll€ TAELE.

8€ErLE (1 ) EEETLE (2) BEETLE (3)

PREY

D€NS (1 )

123456?
(2)

125456?
(4)

123{56?

ItÉÂtl + 5.E
PER B€E'ILE

PER DAY

(lxt=1 2)

0

1.6'? + 0.?0
0.25 + 0.25
1.92 + 0.?8
0.83 + 0.15
0.J3 + 0.19
0.25 + 0.18
0.1? + 0.11

0.08 + 0.08
1.m + 0,25

0

5.6? + 1.01

3.25 + 0,41

1.83 + 0.24
0.6? + 0.23
0.58 + 0.14
0.1? + 0.11

1.1! + 0.52

0

16.6? + 1.82
0

16.5? + 1.82
11,11 +'ì.34
?.33 + 1.13
2.8f, + 0.lg
1.m + 0.48
0.17 + 0.11

3.1? + 0.lg

0

16,5€ + 2.11

0

15,56 + 2.31

12.25 + 1.Ã8

8.58 + 0.s9
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0.58 + 0.34
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1.53 + 0.63
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(3) (4) (1 ) (2) (5)

123456? 123456? 123456? 123456'? 1234567OAYS

FÉP5

9p05
ET

EU

EA

f0T
SEO

1E

E.
JE

>3E

NET

spP05

5pP05

ET

EU

EA

Ì07
5ED

1E

2E

l€
>38

NEf

5Pp05

E-T

EU

EA

TO'I

SED

'lÊ

2E

3E

>r
NET
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----1--
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2--1324-
2--722-

--- 1---

4

7

3

3

5 4 - - 1 - 13

I -----C

6-----'7
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3-
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------1
------3
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caacdcb
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2---

cbca
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5¿-56--
32-25--
11-21--
11-2---
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-¡-
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32-

---1---

abdbadc

1---2--

abdbadc

----2--

cbcaadb
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cbcaadb adb

't --2 A 1 - - - 15 - - 2'7 - - -

cb c a a db

---8--5 -5--13-- 14---3--?--3---

?g
56
34
22

5

5B

3

55-12--
54-21--

11-11--

2t!1---15
2 4 1 - - - 10

¿4 | ---t
------l
------1

2?
5

5
'l 1

4-

1-

I
6
)
1

-4

-t

l

5

B_
2-
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3

3

---1--3 ----3 1-221-- 32-1--- --11--l ---4--- ---l--3

SPPoS = Vertical Position of
sub-Patches in a Patch.

REPS = Patches I to 7

a = Top oost sub-fatch
b = Secmd Frm top ilb-Patch
c = Third frm top $b-Patch
d = EotLm sub-pêtch

EI = EGGS LAID ABOVE SCALES

EU = EGGS LAIO UNDER SCALES

EA = EGGS LAIO AUAY FRÛt] SCALES

TOT = TOTAL EGGS LAID

SEO = SCALES l/lTH EGGS

1E = SCÉll-ES tIITH 1 EGG

2E = SCAIES UITH 2 EGCS

3E = SCALES ÚITH ] EGGS

>3E = SCALES IJITH >l ECGS

NET = PFEY EATEN



RAT OATA tJIfH IÉANS + S.E. FM fl{ IT-TEERS T PREY C¡TCT¿ AM) EGGS LAIO EIII€R A8Û1/E, I.I¿O€ff M AU/AY FRf}I SCAI-ES il SUEPAIO€s tr OIFFER€T.¡T PREY DENSIIIES

fl-ACfO AI OIFFEREfiT I.€IGHIs. IT€ DAÍA ARE FM EAOI F Fü-R OAYS F(n EAOT F Tl+ì€E æE'TLES (RERICAIES) I¡¡ SIARDtING EFFICIENCY EXPERI¡ÉNT Àb. (]). I E

DAST€s I¡'¡ TI{ fAELE D€iEIE ZEREs. .Tl€ D€SCRIPTITE F Nt AE$ÉVIATIII\E IN I}E TAE-E ARE GII/EN ECLO! II"E IAA-E.
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5rP05 = Uertical posltlm of
eô-patcles ln a paLch.

P€PS = PaLches 1 lo ?

a = Top mst s.ù9atch
b.Sæqrd fM top r-ò-påtch
c - Third frú t4 rub-faLch
d. Bottø s!È-.fatch

!f - EGGS LAIo AB0VE SCALES

EU . EGGS LAIO LNO€R SCALES

EA = IGGS LAI0 AI¡/AY FRÛ! SCÂLES

fof - IolÂt- Ec6s LAID

STO - SCALES IIIIH EGGS

1E . SCALES lr,IfH 1 EGC

ã = SCALEs I¡IfTH 2 EGGS

3E = SCrtl-ES lfllH I EGGS

>JE . SCALES llllH >J EG6S

NEI = PREY EAIEN



P.lùJ 0A¡A IJIIH FÉÊ,ilS + S.E. Fm Thf il-TAERS tr PREY EATET'I A¡Ð EGGS LAI0 EIll-ER AB0vE, l.r{fER m AuJAY FRO! SCALES û'l s{Jg-pAlCtES tr DIFFERENI PRÉY æNSITIES
pLAcEo Af oIFFER€NT r€rèlls. Tr€ OATA ARf FoR EACN rF Fûn oAyS Fm EAOI r Tfi€E æEILE5 (REC-rCATES) Í'¡ s€AÂOtrNG EFFTCIEÀ|CY EXPERIT€NÌ No. ß). fr{
OA5I1€5 II'¡ TI€ IASLE OENOIE ZEREs. ÌTÉ OESCRIPIIONS OF'fÌf AEAR€VIAfIIT{S IN TI€ TAS.E AF€ CIVEN EELIÌJ TI€ ÍAS-E.
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1 0.ll
0

5. Bl

rl

2.25

+ c-?,_ì

62-3

rt_1

1---

52
32
't-

---1---

cèdbabc

------3

c€dbabc

--1--2-

cadbabc

1-1----

accabdb

2

2

2

3'7
l6
l5

1

J]
23

l

'l
¿

2

I
6

ó

2

'I 67
155

AJ

-----162
-----122
-----92
-----2-
-----1-

ÁA
A¡ó¿

65
55

4?l
t!?l
42J

Þ

ccCbaþ¿

3l

'7

5

l
l
2

1

0. 7iì

0.50
a,'72

!.15

2-----1

accabdb

-1-----

accabdb ccdbabã

-1---2-

ccdbaba

+ 0.{e

1----5- --3-5-2 -1--3-7

6-

1-

ba

-10

-1C

-5
-l

-1

accabdb
0

46

5

J

-____-)
ccdbaba

--.-9..-- -----152 6- ----5 -6-',10--? -82-5--
c

12.11.1.2'
f)

(15)

E't

EU

EA

r0f
SEO

'tE

E
IE

)J5
¡€f

s-4-2
a-l-2

46
45
45

60
69
63

st 5

62 ¿

1

2-2

2,'
|]ì
ry:

. u.J

2

0.?5 + 0.1:r
0

:.Bl . 0.ô.1------J ---1--12------ --2---- -1----2 ----3

s)P0s = veEtical Posltlm of
s-ò-Patches ln a Pãtch

FÉÞ5 = Patch l t¡ ?

a = lop mst s-ò-fat h

b = Sæqrd frm top su}-patcir
c = fhl¡d frm top sub-pålch
d - BoLlm stò-9atch

SCALES ì'ITH EGGS

SCALES IJÍIH 1 EGG

SCALES TIIfH 2 ECGS

JE = SC¡¡I-ES ùJlfH f ECCS

)JE = SCALES I¡JITH )] EGCS

NEf = PREY EAÍEN

SED -
1E -

EI - EG65 LAIO ABO\É SCALES

EU = EôGS LAID UNæR SCALES

EA = ECGS LAID ALJAY FRÛIì SCA].ES

TOT = IOTAL EGGS LAID

--24---



Ågp"ndg I.bþJÉ.
NT]MBER OF STIB-PATCHBS AT DIFFERENT HBIGIITS I\IIilCH hIERE ATTENDBD BY

EACH 0F TftREE B]]ETLBS (REPLICATES) IN EACI{ 0t' F0UR OAYS IN E.ACH

oF THE SBARCI-IING BFFTCTBNCY ÌlXPERrl'lENTS (1), (2), (3), & (4)

(A) BXBrtsUrr.E:l{r cr)
REP" (1) RBP. (2) REP. (3) TOTAL

S/PATCH
POSITION

DAYS DAYS DAYS

L234 STIM I2 3 4 SUM L234 SUM

I
9

11
7

25
33
37
29

03L4
3 222
23 3 3
L2 31

3 2L 4
24 3 4
1335
2343

1141
2324
5324
7234

10
13
L2
L2

7
11
t4
10

TOP
2nd TOP
3rd TOP
BOTTOM

(B) BTPERIqqET (2)

REP. ( 1) RBP" (2) REP. (3) TOTAI,

S/PATCFI
POSITION

DÀYS DÀYS DAYS

1234 Stil'f L2 3/+SUM L2 3 4 SUM

36
32
27
24

16
9
t+

6

254s
L233
1111
3 21.0

4 5 4 2
3 44 s
3333
3331

2210
2311
4223
2213

15
16
L2
10

5
7

11
I

TOP
2nd TOP
3rd TOP
BOTl'OM

(c) ExPBRn'{EFlr c3)

REP. (1) REP. (2) REP. (3) TOTAL

S/PATCH
POSITION

DAYS
123 4

DAYS DAYS

SIIM T234 SIJI'I T234 SI]M

27
2T
19
T9

T2 O T 4
22 3 2 9
2213 B

3 241 10

L2
6
5
4

5241
23 01
0 20 3
0022

11
6
6
5

32 3 3
2220
0231
11L2

TOP
2nd TOP
3rd TOP
BOTTOM

(D) HßERri.trNT (41

REP.(1) REP. (2) RBP. (3) TOTAL

S/PATCH
POSITION

DAYS DAYS DAYS

t234 SIIM L234 SUM L2 3 4 SUI'{

625
620
822
730

2211
1311
22 31
1141

272I
1315
13 2L
| 4 s 4

13
4
7
9

3244
2t 10
21 31
13t4

6
10

7
L4

TOP
2nd TOP
3rd TOP
BOÏTOM



!p1'"Ed!, Trbþ_124.

NII}ÍBER OF PREY EATEN, EGGS LATD AND
SI]B-PATCHES ATTENDED FOR THIS PURPOSE

SEARCHING EFFICIENCY EXPERI},IENT (]i)

ITm4 DAY Rl R2 R3 MEANS + S.E.

A x Table 178

NUMBER OF PREY EATEN, EGGS LATD AND

SLTB-PATCHES ATTENDED FOR THIS PURPOSE

SEARCHING EFFICIENCY EXPERI}ßNT (Ð

ITEM DAY Rl R2 R3 MEANS + S.E"

PREY

EATEN

EGGS

LAID

#
S/PATCH

PREY
EATEN

@

S/PATCH
EGGS

LAID

TOTAL
S/PATCIT
ATTENDED

9
L4

7
L2

48
45
33
51

6
8
5
B

7
t2
10
15

6
7
9
I

25
26
40
30

5
4
6
6

7
I

10
9

9
9

11
13

1

2
3
4

1

2
3
4

1

2
3
4

1

2
3
4

1

2
3
4

33+
33+
00+
67+

7
13

5
9

26
33
45
32

4
7
4
4

5
B

9
01

7.
11.
7.
o

0.88
2.L9
1. 16
I.20

B

11
l2
10

L2
15
L2
I

10
9

L2
11

33.00 + 7.51
34.67 r 5.S5
39.33 + S.¿A
37.67 + 0.0g

PREY

EATEN

EGGS

LAID

#
S/PATCH

PREY
EATEN

@

S/PATCH
EGGS

LAID

TOTAL
S/PATCH
ÀTTENDEÐ

1
2
3
4

1
,
3
4

1

2
J
4

1

2
3
4

1

2
J
4

7
6
7
6

3
8
4
6

1.73
1 .86
2.91

8.33 + 0
8.66 + 1

10.33 + 1

9.00 +' 1

"BB
"4s
.67
.53

+
+

t
+

+
+
-r

t

5"67

I
10

(l

6

36
47
44
4s

5
Ã

7
7

5
9
7
7

7

L0
9
o

49
46
50
43

7
B

9
6

l+4

22
36
24

5
4
3
3

9
I
5
5

10
9
5
7

43.00
38"33
43 "33
37 "33

6,0c
6"33
5.33

0.67
1.15
r "76'1,.20

+ 2"03
+ Z.tg
+ 2"OB
f o"BB

79
L7
06
69

5.
6.
5.
6.

00+
33+
00+
00+

6.33 + 0.67
9.33 + 1.33
9.67 ;0.33

11.33 r 1.g6

0.58
L.20
0.58
1.16

0.88
0.88
a.67
I.73

.67

.67

.00
"67

8
L2
11
16

6
10

9
10

+
+
+
+

13
15
15
11

10.
11.

o

9. 56

7 "67
10.33
10.33
13.00

00+
33+
67+
OO; 1.

* is NoT equal ro # + @ (see rexr) * is NOT equal to # + @ (see text)



4!p"r.dír,

NTJI,ÍBER OF PREY EATEN, EGGS LAID AND
SUB-PATCHES ATTENDED FOR THIS PURPOSE

SEARCHING EFFICIENCY EXPERIMENT G)

ITM{ DAY R1 R2 R3 MEANS + S.E.

A x Table 170

NUMBER OF PREY EATEN, EGGS LAID AND

SUB-PATCHES ATTENDED FOR THIS PURPOSE

SEARCHING EFFICIENCY EXPERIÞÍENT (tr)

ITM4 DAY Rl R2 R3 MEANS + S.E.

Table 17C

PREY
EATEN

EGGS

LAID

]Llt
S/PATCH

PREY
EATEN

@

S/PATCH
EGGS

LAID

¿

TOTAL
S/PATCH
ÀTTENDED

6
9
5

10

34
25
31
T7

5
6
4
6

7
8
8
5

I
8
B

7

26
28
26
27

4
5
4
5

6
6
5
7

7

7
6
7

23
25
32
28

5
5
6
4

5
7
I
6

6

7
9
6

1

2
J
4

1

2
J
4

1

2
3
4

I
2
3
4

1

2
3
4

I
9

10
8

L2
10

B

10

6
0
B

8

1

2l
28
30
2B

18
26
24
39

27 "67
20
27
29
32

76
33
45
67

28
00
86
51

8.67 + 1"
9.33 + 0.
7.67 1 l.
9.33 + 0.

+
+
+
+

4
4
6
7

8
6
9
8

8
7

9
9

58
58
00
58

58
33
88
33

.00 + 0.

.00 + 0.

.00 + 1.
"00 + 0.

0C+0
67+0
o0+0

4.33 + 0"33
4"67 + O.33
5 "'o1 + A.33
5,33 + 1"20

5.33 + 1.
7"00 + 0.
8.00 + 0.
7.0CI + 1.

+0.
+ I.
fo.
t9

+
+
+
+

+ 0.33
+ 0.33
1 o.6t
+ 0,58

PREY
EATEN

EGGS

LAID

JTIt
S/PATCH

PREY

EATEN

@

S/PATCH
EGGS

LAID

+

TOTAL
S/PATCH
ATTENDED

1

2
3
4

1

2
3
4

1

2
3
4

1

2
3
4

1

2

3
4

7
9

10
11

I
10

9
10

7
9
9
9

.58
"JJ
"58

"67 +.0.88

19.67 + 0.88
27 "AO + 0"58
27.67 î 1.86
33.00 + 3"2I

6.33
8.67
9 "33
8.00

26.00
29.67
24"AO

3
1

1

3

0
0
0
0

4.67
5.33
4"67
5.00

5
5
5
6

3
I
I
9

4
5
6
3

5
7
7
4

6
B

9
4

6
7
7
6

45
58
58
53

88
20
33
08

7.00
7.33
111I ¡JJ

6.67

5
11
10
11

* is NQT equal to # + @ (see text)* is NüI equal to # + @ (see text)



Âp¡enA!. Table 184

SUB-PATCHES ÂTTENDED (SPATT) BY THE I]EETLE FOR EÅTING PREY (SPPE), LÂYING EGGS (SPEL), AND TÛfAL
suB-P^TCllES 

^TIENDED 
(TSPÀ) PliR DAY IN S!¡BçH.TNG nliFICIËNCY ElP[RIìlliNT (1)

(PREY DENS = PREY DENSITY PER SIJB-PATCII; I}1, 82, & D3 ARE TIIE TIIREIì BEETLES)

DAY PREY
DENS

SPA T FOR EATING PREY (SPPE)
Bt 82. 83 ïlE^N + S.E.

SPATT FOR LAYING EGGS (SPEL)
81 BZ 83 t'ft^N i- S.B.

lf)T^r, SP^qTT (TSPA)
81 B2 83 l'18^N + S.E.

1
J
n
I

B

22
32
42
34

t2 10

I2
41
34
34

11 11

I
2
1

2
6

3
2
2
2
9

J
1

4
I
9

I
1

1
.,

5

1

2
2
J
B

0
4
2
a

I

1

2
2
7

0
4
2
3
9

2
2
2
4

10

,)

2
2
1

7

201
132
L20
111
s64

111
040
321
2t2
684

3
4
4
8

19

53
6r0
69
45

2t 27

2
4
Ò

16
SU}f

1

4
B

l6
SLM

2
4
o

16
SIJM

4
I

l6
SIJ}I

n

4
a

16
SW

(r)

(2)
l3
44
13
Bt2
1l
31
34
34

10 10

1

I
1
4
7

0
I
2
I
4

I
2
3
2
B

1

1
2
I
5

2
I
I
0
4

0
4
I
I
6

3

2
I
2
4
9

5 7.33 + 1.45
10 10.00; 1.16
7 L2.00 + 2.52

13 12.00 + 1.00
3s 41.33 ; 3.48

7 6 4 5.67+0.88
7 tr 9 9.00 I :..r0

11 14 7 10,67 ! z.O:
9 13 12 11.33 + 1.20

34 t+4 32. 36,67 ¡ 3.7L

3.67 + 0.67
6.67 T r.'16
6.33 I 1.4s
5.6'l + I.20

2233 I 2.40

2
5
5
4

16

I2
15
13
47

3
I
5
4

13

10
I

T4
10
42

22
5?
42
44

15 10

(4)

TOTALS
OVER

4 DÀYS

PROPORTIONS OF THE SIJ}Í FROM TOTÂLS OVER 4 DAYS FOR EAC}I OF THE ITOUR PREY DENSITIES

+0io
to
{-0

.03

.03

.04

.04

0.18
0..24
o.2B

2
4
I

16 .30

0.17 +
O.29 +
0.28 +
O.27 +

0.16 + 0.03
o.zs I o,o2
0.29 + 0.03
0.31 + 0.03

. 14 .13
,25 .28
.32 .22
.30 .38

.24 .15 .14

.19 .26 .29

.33 .32 .20
,24 .28 .37

0.04
0.0s
0.04
0.08

.24

.29

.29

.19

.11

.37

.33

.19

.16

.2L

.2L

.42

.21

.2I
at

.27



Ännendlx Tabl.e lBR

SIJB-PATCiIES ATTII}IDID (SPÀTT) BY THD BEDILE FOR EÁTING PREY (SPPD), LAYII'¡G EGGS (SPEL), AND TOTÁL

suB-P^TCrrES 
^TTENDED 

(TSPA) PER DÁY rN SEARCHTNG EFFTCTENCI L\!!¡Il!!! (2)
(pREy DENS - pREY DENÈIrt ÞRn sus-p¡tcü-TÇ-87; ¿ ¡¡-¡RE-Tttu rtnfiF,-ltul-t-tEs¡

DAY PREY
DDNS

SPÄTT FOR EATING PREY (SPPE)
81 B?- B3 M[,Àl'¡ + S.E.

SP,¡ITI FOR LATING EGGS (SPEL)
Bl B2 B3 Im/\N + S.E.

TÛTAL SP^TT (TSPÄ)
81 B2 83 MEÀN + S.E.

3
1

1

7

0
t
5
2
9

1
2
4
1

I
0
I
2
2
5

1
')
a

0
6

I
3
2
1

7

I
1

3

8

1

4
I
3
9

1

1

2
0
4

0
a

1
2
3

t+l
33
44
42

15 10

31
43
33
52

Is9
30
23
42
24

11 9

IO
24
55
24

l0 13

510
613

13 t6
715

31 54

2.,
4
1
9

0
1
2
t
5

2
1

2
2
7

I
1

I
a

5

0
3
4
2
9

1
2
2
2
7

0
4
5
3

1''

4
J
4
4

l5

2
3
3
4

T2

r02
010
321
142
s75

130
003
I22
l12
367

4
8
I
5

25

5
6
I

l1

I
3

t2
20

SIJM

I
3

t2
20

SIJM

1
3

t2
20

SIJM

1

3
12
20

SlJM

(1)

(2)

(3)

(4)

TOTÂI,S 1

OVER 3
4 DAYS 12

20
SUI'I

67
03
73

10

6.67 + L.
9.67 T ?-,

13.00 + 1.
10.67 ì 2.
40.00 + 7.

5
10
10
10
35

100
t21
r42
224
587

+ 1.33î r.eoî z,oz
T r.z:
T o.sr

1

4
l5

2623,33
6 L2 7 8.33

12 16 I L2.33
7 t3 l0 10.00

27 47 28 34.00

4.bo 1 o.se
5.00 + 2.08
7.67 +' O.33
6.67 T 2,r9

ß33 | 4.4r30

PROPoRTIoNS 0F TIIE SUll FRoM TûIALS oVER 4 DAYS FOR E\CH 0F TlIn FoUR PREY DEI'ISITIES

0.16 + 0.
0.24; o.
0.33 _+- 0.
O.26 + 0.

01
03
04
02

. 19 .L4

.24 .29

.30 .29

.24 .29

.o7
,2s
,32
.36

.o7 .13

.22 .26

.44 .34

.26 .2A

I
J

t2
20

.16

.19

.42

.¿J

0.09 + 0.02
0.24 ;0.01
0.37 +- 0.04
0.30 + 0.03

.2o .t7 .16 0.18 1 0.01

.O7 .2O .32 0.20 ! 0.07

.47 .27 .32 0.3s I 0.06

.27 .37 .2O 0.28 + 0.05



éÐsn¿_l¡ r"-Þþ 199

SUB_PATCIIIS ATTE}IDED
SUB-PATCHNS ATIENDED

(SP¡ITT) BY TIIE
(TSPA) PIIì DÄÏ

(PREY DIINS = PREY DDNSITY PER SUB-P

BEETT,E FOR E.ÀTING PREY (SPPE), LAY'ING EGGS (SPNL), AND TOTAL
IN SE^RCIIING EFFICIENCY IìXPF.RIMEI{T (3)

ArcH; rjr; Irt &-E3trfETirü runuE Brinî[fs¡

DAY PRI]Y
DDNS

SPAT'T FOR EATING PRIìY (SPPE)
81 ß2 B3 MEAN + S.E.

SP,TI-T,FOR LAYING ECCS (SP[L)
Bl f\2 83 ìtllÄN + S.E.

MTAL SPATT (TSPÅ)
B1 ß2 83 MEAN + S.E.

J
I
t
2
o

100
232
221
225
778
112
2L2
323
321
968
010
2L2
231
224
677

5
7
1

t2
31

33
77
9B
99

28 27

I

I
3
7

I
1

2
2
6

t
I
2
2
7

0

1

5
B

2
2
3
1
I
0
2
0
3
5

0
2
1

3
6

0
3
I
2
6

1

I
I
2
5

1
I
3
2
7

0
1

2
2
5

1
2
2
2

1
a

t
3
B

0
t
2
2
6

112
110
112
2L1
545

100
L22
r11
223
s56
000
110
313
221
644
000
112
:31
213
456

2I2
454
667
B6B

20 18 2L

2
4
B

16
SITM

2
4
B

16
SIJM

SIJM

t
4
I

l6
SIJM

2
A

(3) I
16

2
4
B

16

(r)

(2)

(4)

TOTALS
OVER

4 DAYS

3.67 I 0.67
7.00 + 0.00
8.oo J o.s8

10.00 + 1.00
28.67 + l,2O

2.67 + O.67
7.00 + 0.00
6.67 I 0.67
9.67 'l 0.67

26.00;1.16

4
7
6

l1

2
7
6
9

24

2
-t

B

9
26

1.67 + 0.33
4.33;0.33
6.33 + 0.33
7 33 1 0.67

le.67 I o.ssSUM 2B

PROPORTIONS OF THE SIJ}I I¡RO}f TOTALS OVER 4 DAYS FOR E,\CH OF THE FOUR PREY DENSITIES

0.13 + 0.
0.25 + 0.
0.28 + 0.
0.35 + 0.

02
01
03
oz

.11 .11 . 16

.25 .26 .23

.32 .30 ,23

.32.33.39

.02

.01

.03

.01

0
0
0
0

+
+
+
+

0.10
o.27
o.26
o.37

0.08 I 0.01
0.22 + 0.03
0.32 + 0.01
O.37 + 0,O2

.08 .08 .r4

.27 .29 .25

.31 .25 .2r

.3s .38 .39

.10 .06 .10

.20 ,28 .19

.30 .33 .33

.40 .33 .38

2
4
8

16



j_pten¿!* Table IED

SIJLPATCIIES ATTENDED (SPATT) BY TI{E BEETI,ß FOR EÁTING PREY (SPPE), I,AYING EGGS (SPEL), ÀND TOTiIL

SuB-PATCHES ÁT'[END8,D (TSP^) PER D,\Y IN SEÂRCnING EFEIçIINCY ].1XP!ìRIÌ,IENT (4)
(PREY DENS - PRIY DENSITY PER SIIß-PATCII ¡I, 82, & 83 ÁRE Tfl-[ THREE I]EEI'LES)

D¡\Y PREY
DENS

SPATT FOR TÀTING PREY (SPPE)
Dl B2 ß3 l'tr^N ! S.E.

SP¡lTT FOR I,AYING iìGGS (SPEL)
Dl B2 83 ¡fEÂN + S"E. B1

TÛTAL SPATT (TSPA)
82 83 IfIÌAN + E.

111
201
322
222
856

0
1

t
5

0
0
2
1

-t

I
2
J
2
8

I
1
I
I
4

I
o
t
2
5

I
1
I
1
4

2
4
I

16
SUM

2
4
ö

16
SIJM

SIJM

2
4
8

l6
strM

(1)

(2)

(3)

(4)

TÛTALS 2
OVER 4

4 DÀYS 8
16

STJM

0
,,

3
3
I
I
2
3
3
9

0
1

1
2
4

0
2
2
J
7

I
2
3
â

9

2
3
t
B

J
3
t

11

5
2
2
I

10

3
J
3
2

1l

000
131
233
323
687

1
I
2
3
7

220
221
231
222
894

a

2
I
I

I
2
3
3
9

030
211
102
112
4s5
L21
111
222
202
6s6
220
221
210
112
763

2
4
o

6

6.00 + 3.06
7 33 T 0.67

10.00 + 0.58
9.00 + 1.C0

32 33 T 2.9r

4r22
886

11 10 9
10710
33 37 27

I 3"33 + 1.20
4 6.00 I 1.00
8 9.33 + 0.67

l0 8.67 i 1.33
23 21 .33 ¡ 2.33

5
7

10
6

28

4
7

10
l0
31

4 8 2 4,67+1.67
6 4 4 4,67 10.67
6 s s 5.33 -! O.:s
5 4 7 5.33+0.33

21 21. 18 20.00 + 1.00

PROPORTIONS OF TIID SUM FROI'I TÙTALS OVER 4 DAYS FOR EÀCH OTI IT]E T¡OUR PREY DENSITIßS

0.17 +_ 0
0.23 + 0
0.31 + 0
0.29; 0

no

.01

.02

.0s

,t2 .32 .O7
.24 .22 .22
.33 .27 .33
.30 .19 .37

.o4

.02

.01

.06

.o4

.L7

.35

.44

18
25
36
2L

.13

.23

.J¿

.32

.lr
,22
.28
.39

2
4
I

16

0.12 1 0
O.22 + O

0.34 ; o
0.32 I 0

0.23 I 0.08
0.23 + 0.03
O,27 + O.O2
0.27 T 0.06

.19
,29
.29
.24

.38

.19

.24

.t9



Þpe"dl.¡' Iubþ _L9

TTIE PROPORTION OF SUB-PATCHES ATTENDED FROI.Í THOSE OF A PARTICULAR
PREY DBNSITY PRBSENT (7 PER DhY), AND ESTI¡ÍATES 0F PATCH FINDING
EFFICIENCY (PFE tsÀSED ON THE VOI,UI'ÍE OF THE SEARCI-IING ARENA FROM

SEARCHTNG EFFTCTENCY EXPERTMBNTS 1, 2, 3, AND 4.
(81, 82, AND B3 represent the 3 beetles)

EXPT" PREY
DENS.

PROP. OF S/PÄTCI{ES ATTEI'IDED
81 B2 B3 MEAN r. S"B"

PFE (x 10-2)
BZ B3 MEAN + S"E.BI

.50

.42

.12

.36

64+0
60;0
B0+0
32+O

2.40 + O

3.48 ; o
4.68 r 0
3.84 ; 0

.15
0.24 + 0.06
0.35 + 0.07
0.46 ; 0"06
0.38 ; 0.09

1.32 + 0
2.ot+ Í o
2.89 + 0
3.84 + 0

2
3
4
4

80
60
53
68

80
60
60
60

80
53
53
60

18
5l+

81

1

3
2
4

1

3
3
3

1

2
2
J

53
33
40
68

60
68
75
40

OB

08
8B
40

2.
4.
5.
4.

3.
4.
5.
5.

1

I
2
5

.603
2
5
3

1

2
4
2

1
2
3
2

0
0
0
0

+_ 0.05
+ 0"04
+ 0.09
+ O.O¿

26
36
43
43

13+0
25+0
29+O
36;0

0.21 + 0
0.26 + 0
0.36 ; 0
0.32 + 0

0
0
0
0

0
0
0
0

18
36
25
46

18
36
36
36

25
43
54
46

36
29
50
36

2
4
8
61

.88

.05

.60

(1)

I
(2) 3

L2
20

(3)

(4)

60
73
62
81r

24
48
2T
B4

28
06
05
09

0.54 + 0.
0.66 + 0.
0.90 + 0"
0.81 + 0"90

BO

6B
53

OB

53
25
53

36
.72
99
90

.02

.18

.2r
"46
.25

.11

.25

.32

.32

.14

.29

.39

.36

.36
"l+6
.57
.54

.11

.25

.29

.32

.43

.29

.36

.25

.18

.25

.25

.43

.07

.27

.32

.36

2
4
8

16

2
4
I

16

o2
04

1.08 0.
o.72 0.
0.90 0.
0.63 0.

.11

.02

.02

.04

Expts. (1), (2), & (3) -- Searching Arena Volume :
Expt. (4) -- Searching Arena Volume :

1.5 x 1.5 x 1.1 n)
3 x 3 x 1.1 m)

(
(



A ix Table 20

ESTIMATES OF THE PROBABILITY OF A PARTICULÅR I'REY ON AN ÄTTENDED
SIIB-PATCH BBING BATEN (Pn), AND TI.IE PROBABILITY 0F SUB-PATCH WITH
IIn,IPREY BEING DISCOVERED (ßn) BY THE BEETLB FIìO¡Í CHESSONIS BINOMTAL
MODEL FoR BACH 0F SEARCITING EFFICIENCY BXPERTMITNT 1, 2, 3, ÂND 4.

(81, 82, AND B3 represnt the three beetles)
(ìk = Chessonrs nodel produced errorìeous results)
(# = Chessonts nodel could not be fitted to the data)

EXPT. PRBY
DENS.

ßn
B1 B2 B3 MEAN + S.E. 81 B2 83 MEAN + S.E.

Pn

.03

.18

.07

.03

0.16 + 0
0.52 :r 0
0.32 + 0
0.26 I 0

09
01
01
o2

62 tO
18+0
15t0
09+0

0.55 + 0
0.33 T 0.03
0.29 + 0.10

.19+0
"13 ; O

.09 ;' 0

0.08
0.20 + 0
0.36 ; 0.og
0.34 ; 0.06

06
O/+

03

.67

.33 + 0

.15 + 0

.11+0

0.19 + 0.11
0.19 + 0.04
0.33 + 0"09
0.22 T O.O4

72 + O.O5
48 ; o.o3
15 ; 0.06
11 + 0.01

2
4
8

L6

,57
.79
.L2
.06

#
*

.14

.08

.67

.28

.19

.09

.51

.15

.10

.80

.17

.15

.09

JIÎ
.15

.08

rL

"46
.19
.L7

.77
*

.05

.L2

.50

.17
"13

#
.22
.13
.72

*
.27
.07
.07

.67

.46

.25

.L2

.22

.38

.33

.23

#
ú

"30
.L7

.08

.20

.27

.36

.23

.29

.22

.11
"67
.44
.26

tf
.55

.50

*
.20
.27
.23

.30
ú

.51

.L6

.L4
*

.19

.32

#

"55
.36
.19

*
.20
.55
,42

.08

.16

.20

.29

0
0
0
0

2
4
8
6

(1)

1

.03

.01

"01

0
0
0

0
0
0
0

0
0
0
0

(2)

(3)

1

3
L2
20

2
4
I

L6

(4)



x Table 21

THB NIJIfBEIìS 0F PREY EATEN (P.E.), EGGS LAID (8.L.), SUB-PATCHES
ATTENDED FOR EATING PREY (SPPE), SIIB-PATCI]ES ATTENDED FOR LAYING
EGGS (SPEL), THE TOTAL SUB_PATCHES ATTENDED (TSPE), AND ESTII'{ATES
OF PÁTCH FINDING EFFICIENCY (PFE) FOR BACFI OF THB TI.IRBE BEBTLES
FOR SUB-PATCHES OF FOUR PREY D}INSITIES IN SBARCHING BFþ-ICIENCY
EXPBRTMENT (5).

PREY DENS. ITEM BET.(l) BET.(2) BET.(3) l"fEAN + S.B.

(2)

DE¡ ala

E.L.
SPPB
SPBL
TSPA
PFE

P.E.
E.L.
SPPE
SPBL
TSPA
PT'E

P.E.
E.L.
SPPE
SPEL
TSPA
PFE

SPPE

SPBL
TSPA
PFE

+0
+0
+0
+0
!0
+0

4.33
12.67
3.00
6.00
7.67

15

1

0

6
t4

3
7
9

0.137

3
13

2
5
6

.080

6
15

3
4
5

4
1

4
6
B

I

3

B8

0. 111

B8
58
58
8B
013

(4)

(B)

(16)

0

20
JJ
JJ
JJ
33

5.33 {- 1.
It+.67 î O.
2.67 + O.
3.67 ; O.
4.67 T O"

0.067 T 0"05

.16
5.57 + 0

12.00 + 1

2.00 + 0
2.67 + O

2.67 T O

0.039 + 0

4
L2

2
2
2

0.029

4s
5B

33
33
33
005

07 8

Io2

15
2
4
4

6
10

1

2
2

6
18

2
3
3

0

0

0

0

2

7
L4

3
3
5

.o72

7
L4

3
4
4

.058

4
20

2
3
3

.043

005

88

.58

.67

.67

.01

6.33 ! 1
19.00 + 0
2.33 + O

3.33 I O

3.33 ; 0
0.048 ! 0o43005B

9
t9

3
4
4

0.0

P.E.
E.LO

a

Patch Finding Efficiency (per beetle per cu m per day)
estimaLed on the basis of (28) Total sub-patches
present (see text)
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