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~ABSTRACT

R

. Qviposition preference of the aphid parasite, Praon

pequodorum Viereck {Bymenoptera: Aphidiidae), for apterous

instars of the pea aphid, - Acyrthosiphon pisum (Harris)

(Homoptera: Aphidi&ae), was investigated'in the laboratory. In

separate -experiments,vthe parasite was offered equal numbers of

the four host instars, in pairs and together, simultaneously.

The preference pattern was. evaluated by fitting logflinear"

models to the toral number of eggs laid in each instar, and the

total number of aphids of eaé} instar attacked, as determined by

dissection. The calculated #frobability ratios and their 95%.

confidence 1ntervals indicated a preference for larger instars.
- The order ofxgreferenée was Instar I < (II., = 1IV) < 111 when

v

insrars were offexed in pairs, and I < (11

]

i11 = IV) when all

four iné;ars were provided simultaneously.

+
I

The effect o¢f parasitism <¢f differen:t -iInstars on the

-

expes:ed population grow:h ¢f the pea aphid was examined by the

estimazion—0f the int¥insic rate of natural 1increase, rm;
Instars I, 11, and II1 did not reproduce after parasitization.

Aphids parasitized in the fourth instar were able to reproduce

for a short period prior :o death; thelr rn was about 50% less .

rharn that of unparasitized montrols. Parasitism of

pre-reproductive and reprodurtive adults did  not affect r

4
o

»s
»or-
-

<
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3

Host-staggffpreference is an important determinant of a

parasite's effectiveness in controlling the- host population.

Host size, behaviour, and availability influence pfeféfenté.
Also, the experimental design and method of evaluation may bias
conclusions about preference. Possibly due to other biological

°

characteristics, the control potential of P. pegquodorum appears

to be lower than 1its host-instar eference pattern would
indicate. ) .
-
. .
- .
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CHAPTER 1.

GENERAL INTRODUCTION

The  premise of classical_ biological control is .that

organisms are held at low, noninjurious levels by their natural

k)

enemies -(Huffaker ez al/. 1976). Many introduced and some native
pests of agricultural importance have been suécessfully
controlled by ‘the use of their parasiteé (Hagen et al. 1971;

Rabb 1971). Much information on the biolégy and host
? .

.relationships of insect parasités has ¢ome from laboratory -
 ¥i;E%§tigations which provide data that are useful _in
'craracterizing hostlparasite iﬁteractions and identifying what

kind of information is important for the planning and evaluation

of biclogical control {Doutt er al, 18976; Waagef& Hassell 1982),
The effectiveness of a parasite in cont:bliing its  host
appears t¢ be dependant on several fact¢rs, including biological

and ecological characteristics of the parasite and the host, as

well as thesenvironmen:t (Mackauer & van den Bosch 1973; Doutt e?

o

al/ . '876; Waage & Hassell .1982). The significénce of any

particular factor will depend on the situation and on the

characteristics of the host-parasite association.

< -

Many aphid species have overlapping generations (Dixon
'383:. As a result, several develiopmental stages (instars) may

be available at a given time for parasitization or predation by

natural enemies. Whereas several studies have shown that

°

parasitized aphids survive for some time and may-even reproduce

A



LS S

E‘ ’

for a certaln per1od before death (Campbell & Mackauer 19"5,gL1u

‘control potential is not well known. """ {v. Arw;5w~~

° ! ’ . - i -

o

The llfe history and hablts of the pea aphld were studled by

R. E. Campbell (1926) Cooke (1963), A. Cam;bell;(1974) among'
others. The aphid is a common pest of legumlnous crops such

alfalfa, Medtcagp sativa L.f and’ peas,}qum saI;vum L. Tbe.
aphid lnfestS‘the leaVes, stems, petloles, and flower buds,’fahd A
égedg ~on tﬁe sap. It is ea51ly reared on broad bean, lzcra faba
Qﬁ?Under laboratory condltlons, reproductlon by the pea aphld is
partpsnogenetlc{ viviparous and thelyotckous, and the progeny
are~predominanmly -apterous."There arev’four nymphal instars
followed by a short prev reproddctlve perlod in the adult stage

The dlstlngulshlng featurep of the four instars. a%e glven in A,

Campbell (1378). . C N J .

The life history ‘and b}onom}cs of the hjmeoopterousfxfamiljﬁ”‘””’*
Aphldlldae were rev1ewed in detat} by Stary (3970) Femaies of
most Aphldlidaeﬁare arrhenotokous. Unmatedvfemales//TI;T\naploid S
eggs, ‘which develop ihto males?- whereas matedf\{emales lay
haplozd and d1p101d eggs, whrch develop 1nto males and females,
respectlvely. Each successful ov1p051tlon-resu1ts in a single

egg being laid in the he%ocoel of the host. Suoerparasitism is

common under laboratory conditions. Irrespective of the number
. [ * :
of eggs laid in an individual host, usually only one parasite

- ~

larva completes its development within a single host.
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The parasite larva feeds interrally on‘the aphid u

the intequment remains. The hardened integument, which develops

unigue characteristics depending on the pafasité'species,’is

o

calied a mummy. The mature Prgon larva spins its cocoon below

the mummy. v
A

&

- ! used the pea aph:id, Acyr:hcxtphon p:suﬁviﬂarris)ﬁ and 1ts
parasite, Praon peguodorum Viereck, as a model system, to

address the following questions: 1) How does a parasite -
hs .

distribute 1its eggs among different developmental stages of .its

host? and 2) What influence dees—the observed egg' distribution

pattern have on the- owth and reproduction of the host?

&



~Introduction

‘w

‘The subject of Thost preference by insect parasites

o ) : . : R : . . e :
(parasitoids) has received considerable attention in recent

s e e &

,YQQISemHaDXwﬁxgmpleswcaDmbewfound,in,the,lite:aturemoffparasiteszQﬂéQ-

that attack several host speciesvbﬁt prefer one (Drooz & Fedde

1972: Calveft 1973; van Alphen 1980). In addition, wheh several

& King 1984}, ' :

developmental stages of the host species are available for
ol : , : . S

parasitization, many parasites prefer one or several of these

stages over others (Lingren e: ai. 1870; Miller 1970; Richerson

& Deloach 1972; Mackauer 1973, 1983; Duodu & Davis 1974; Hopper

s

-

~definition of préference can be applied} to a- variety of

'::ég?tions including cases- in which the parasite has a choice

-

Preference is ,indicated" if the relative freguency of

parasitized host classes differs from the relative frequency of

available host -cliasses (Matkauer'1983; L%ﬁ‘@L al . 19B4). This

»

ween different host species as well as cases in which
different’ developmental stages of a single host species are

ava%lab}eT~—FufthefmofeTﬁ—ah—~def%nition;*4base&%“Un‘9‘reiayiv34ff/‘ff

of some of the factors that may influence parasite choice. Host

. ~ . _ . [




‘characteristics such as sound (Quednau 1967), shape (Vinson

_1968), size (Richerson & Borden 1972), and movement (Richerson &

Deloach 1972}, have been shown to influence a parasite’'s choice.

 Preference for certain host - instars by some parasites of

aphids has been reported (Wiackévski 1962{i'5ox ,e"_alf 1967;

Stary 1970 p. 168; Mackauer 1973, 1983; Liuréffai;;i9§4);W”rw

Instar-preference appears to be the outcome -of a complex

interaction between host and parasite. Once a searching parasite =~

female has eéncountered a host, she must deéiaé*if”‘fh?r”ﬁaéf“fis

acceptable and, if aéceptable, whether to lay an: egg or continue

searching. This decision is unlikely to be based on any singie

factor; more likely, several factors will be involved.

’ i : _
Accordingly, an appropriate measure of preference would be one

that reflects -the gomplexify‘ of the decisioh4making process. .

Such a measure, ex§§§:sed as the probability that a host will be

parasitized, would serve as a basis for analysing the

host-acceptance behaviour of parasites and, further, could allow

one  to relate this behaviour to the dynamics of the

host-parasite interaction in a meaningful way. _
My objective was to examine host-instar preferences, if any,
of Praon pequolorum Viereck, a parasite of the pea ‘aphid,

Acyrthostphor pisum (Harris}), in the laboratory.

>




Materials and Methods

Maintenance of insect colonies

o

Stock colonies of pea aphids were maintained in the
laboratory on potted broad bean plants, Vicia faba L. c¢v. 'Broad
Windsor'. Bean seeds were~ planted Yin garden mix soil. Adult

aphids were transferred to fresh bean plants each week to

X -

*

-

provide a succession of vigorous colonies.

- A culture of P. pegqu dbrum was maintained in the laboratdry.
It was established in 1982 from a sample obtained from Df. D. J.
Sullivan of Fordham University, Bronx:; N.Y., U.S.A. Mated female
parasites were allowed to parasitize third- and fourth-ihstar
aphids from a stockvcolony, kept in wax-paper cups. After B8-10

h, the parasites were removed by aspiration and the aphids were
transferred to potted bean plants in plexiglass rearing cages

{33 x 34 x 44 cm), kept at room temperature. Mummified aphids
: N\

.

were —Ccollected from "the colony angd held separately. Upon

emergence, male and female parasites were fed a sciution of

honey and water. A new batch of ©parasites was_ thus produced
. . “ ! - .

every week. To enhance parasite longevity, the stock culture was

. . . %
maintained in a controlled environment chamber at 10x1 °C.

-

4

Design of Experiments

Two types of experiments were conducted in crder :tg detect
preferences, if any, in P. pequodorum, for four different age

classes of the pea aphid, némely, 1824, 48:4, 11424, and 138%4



h; these ages correspond to thevfour nymphal instars of apterdus

viviparous pea aphids; in- the fitSt Set of experiments, all four — -

aphid instars were compared in pairs; in the second set of

experiments, all four instars were available to parasites at the

same time.

For all experiments, synchronous colonies of aphids were —

obtained by the transfer of adult aphids to bean plants for 8:h.

Any offspring produced ‘during this time were'reagnggqﬂpgggi
plants at 20%t °C and 50-55% R.H. Individuals from each age
class were mérked_ by anfennal amputation (Mackauer 1972)'tof

distinguish the différgnt age ;lasSes.

Female patasités intended for wuse in experiments were
maintained at 20x1 °C after emergence., For. all experiments, I
used "naive” females, /.¢., females that had not been exposed to

aphids prior to the experiment. This was done to avoid the

‘influence of experience on choice of host. ARil tests were done

in 15.5 x 4 cm plastic cages (Mackauer and Bisdee 1965a) that
contained a bean shoot placed in tap water.

.

"Experiment A was designed to compare all of the six possible
pairwise combinations of instars I, I1, 1III, and IV, each

. N ’
compbination called a host group. Bach group included 24 mated

female parasites which were placed tqgéther with their paired
v . _ ; . .

hosts, one parasite per cage, for 6 h. Each cage contained 30

aphids of each of the two host instars in that group. The aphids

were allowed to settle on the bean shoots for 24 h prior to the



»

parasite eggs found per aphid was fecorded.iéér a given group,
‘the numbers of eggs laid in h of the two instars within ea&h
cage were summed to cbta{n two g?ahd totals. Simiiéfiy, ‘grand
tota}s of che numbers of hosts attacked in each of the two
instars were obtained for every group. The results of al} six - -

groups were analysed as a single experiment with-a completely — —

balanced incomplete block design.

P

_../\

Iﬁ Experiment"B, fifteen individuals of each of the four >
instars were exg&sed together té a single parasite, Vlh " this |
case, a sample of ten aphids frpm each of the fouf itﬁtars was
dissected, énd the numbers of eggs found pér aphid recprded. The
experiment was replicated nine times with' nine { different -
parasites. The numbersﬂof eggs laid 1n each aphid and the

numbers of aphids attacked in e@gh,instaLﬁue:ewsumme%FQMeL/aLL/—f—/—

¥
replicates t¢ obtain two grand c:totals for each c¢f the four
instars.

Statistical Anal ysTs

The data were analysed in two parts. In the first part,

[yo)

parasite oviposition was considered to fcllow a Poisson
distribution which was analysed by the fitting of a log-linear
model with the aid of a statistical “package fcr Generalized

Linear Models, GLIM [Baker & Nelder 1678). The data vere

cross-classified in accordance witr two factors, instar and host

]



group. All paras1tes vere considered to be -identical in that

”the1r egg laying habits presumably d1d not differ significantly

zrom*é“h other. H1erarcn1a1 log-linear models were fitted . t

the -grand totals of the numbers of eggs laid/aphid from =

experiments A and B.

,( N The 'seéond,part of the analysis was.technically the same as

the first but, in this case, the totals of interest were not the

ffffffff r~MW“fnumbersm*of“fégqs““Iaia7§pﬁiai“*but rather the nquggs of’hosts o

attacked. That is, the presence of one, two, or more eggs 1n' an

aphid meant that the aphid had been.parésitizeg.

The Log-linear Model

Useful reviews on the gonstruction and use of log-linear
models include those of Fienberg (1970) and Heisey (1985). The

analysis of multi-dimensidnal tables and categorical data were

. - 5 . ‘1v‘ . P PGPS P _ » l
discussed in detail by Fienberg (1977), Haberman (1978), and

McCullagh & Nelder (1983).

. -

- The models used in the analysis were constructed as follows:

Given an JxJ table with instar and group as row and column ~

4

variables, respectively,‘

T ~ where X,  is the expected number of "occurrences”™ in instar

when placed in the comparative situation. of column j. Occurrence



- o - - B

)

‘means, for the first part of the analysis, that one egg was

S ST eTTT o s e ) i ,l - - P .
- deposited while, for the second part, it means that an aphid was

parasitized. | |
A ) e
The model has the form , ' B

Bl

‘Analogous to the ANOVA model, ai and ﬁj represent instar and-

e

fff“"“*ﬂﬂﬂhestwgrﬁﬁpféfféctsr*respectiveiyj”éﬁd u 1s the grand mean of
ln(ocurrence probability). Thus, instar i and host group ; are
assumed to contribute a given amount (%) to ln(occurrence’

probability).

L -
o~

One writes gij for the value estimated, or fitted, by the

data—analysis, and &, for the arithmetic mean'of B, , 8. _, 8. _,
: . S X+ - 11 12 i3
8. , 6._, and B, (note that three of these are "phantom"
. cells). Just as B,+, 1s a composite estimate of In{expected
. o 1 ]

number of occurrences) for instar i in general, so also ~X,;,'

defined as exp(9i+), 1s a composite estimate of the expected -

number of occurrences.

Extending this idea, k52+ - B1+.is'a general comparison of

“instars II and I on the natural logarithmic scale and is an

e : . e .
‘estimate of the true 6 - 8 , while X_/ X 1s an estimate
2+ 1+ 2+ 14

of k2+ / k1+ and is a general occurrence rate ratio-as well as

10



“an occurrence probablllty ratio of instars II and 1. -Note that

W1f‘/‘and”‘k“*‘are456fué1ly estlmated and true geometr1ca1 means

[
+

e O

W
a
"

‘the expected number of -occurrences for instar i, -one assumes

of occurrences), irrespective of the group. Such an assumption

that instar / contributes a fixed amount to ln(expected number

1s necessary to determlne the structural relatlonshlp ‘between

instar and group. The purpose of pooling the six host groups - -

into one. analy51s is -that, -under the entirely wreésonable"moder“““**“

. ' y .
‘assumptlon, add1t10nal 1nf6rmax1on (and hence shorter confidence

1ntervals) can be brought to bear upOn, say, k / X4 , from .

1nd1rect ev1dence in groups 2 and 5 and elsewhere, to enhance
and sharpen the direct evidence 1n,group 6. The standard errors .
used to calculate confide3¢e intervals for the probability -

ratios were adjustad to account for overdispersion:

The goodness of fit of the models to the data was measurea

by the deviance and the changes in Ehis deviance for the larger

model. L - 7 e

Results
Instar preferences of P. pequodorum

The experimental results suggest that P. peguodorum exhibits

a distinct preference pattern. When the parasite was offered

-~é%%£ereﬁt'hosth%nstars~inmpairwise*combinafioﬁéf‘TExperiment A,

- Table 2.3), the pattern can be summarized as the order of

-

1



preference,fOr the four instars, as follows:

. I < (II = 1V) < II1

However, when all four 1nstars were presented S1multaneously

(Experiment B, Table 2.4), th1s preference pattern changed to:

-

"

I < (I1 =111 = 1V).

-

should 'be expected, both indicate that instar Iiﬁae»least

-

preferred by P. pequodorum while instars II and*IV were Jeither

77Althqugh“both,patterns,:differ sl1ghtly from eachvwother;l a§f;7“9"

equally acceptable as, “or were sllghtly less acceptable than,
instar III.

The est‘mator of preference"is ‘the ratio of choice

' probab111t1es or Poisson counts, Ri/j,-cn‘the lcgarithmic"scale

{Tables 2.3-2.6). "Th15' estimator “is a direct functzon of the

probability that, given a r*hou:e between any Ttw0» 1nstars, the

parasite will prefer cnepover.the other; A P./j>estimate of 1.00..

indicates no preference. A P./& s1gn1f1cantly greater than 1.00

indicates distinct preference for the instar shown in the

Ve

numerator. The significance of any part1cu1ar estrmate. of Pl/,

is determ1ned 'by its 95% confidence ;nterval. 1f the 1nterval

does not include a vaiue of,-'OO cne‘can'conclude “that, under

these experrmentai”condrtrcns;”the parasite exhibits a distinct

preferenee?~B¥"eeﬁtfast7~ar~conftaencerrtntervaiffthat 1nc1udes

1.00, suggests a lack of preferencé. Any valuestIOSe to 1,00

-y



 should be iﬁéé&ﬁkéiéa"with'¢aﬁtjdh{ﬁFo} example, P Py gy = 14027
~for rnstar rI/Iastaz;IE:IIabIE,Z;Blelndlcatesefﬁateﬁgepequodo%um———~——

did  not d1st1ngu15h between .Instars II and IV, Esglmated;ET7f44e;;%

. values for Experiment B’(Table 2.4) are,apparen;lyﬁ;gnsegyatjyeqﬁw
'piebably due to an insufficient fiumber of‘replicateé.

'In the paired comparison experiments, the total number of

eggs laid in ihe different series varied. The number of eggs

laid zncreased as the par351tes were presented with older aphxds -

f(Table 2.1).  Egg’ €otals thus 1ncreased from group f'to group 5

) but decreased sharply in group 6, in whxch the parasites were

,offered 1nstars 171 and IV. In Experlment B (Table 2.2), the egg

totals again increased with the’ 1nstar, but were smaller than

‘any of the totals in Experiment A. Superparasitism was observed

in both experimental series. The‘percentage‘ of superparasitism

was generally less than 10% of the total number of eggs laid.

Goodness ofrfit

The difference between the observed va’ue (full model) and

Arthe fitted wvalue {current model) of the varlable- is the

‘deviance, It 1is an indicator of how well the model fits the

data. In the process of fitting hierarchial .Log-Linear models to

a given set of data by iterative methods such as those used in

the analysxs presented here, the deviance is calculated for each

tested using tabled x? values.

13
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fh the first part of the analys1s (Exper1ment A) wh1ch vas

-based on the numberS'QieeQQSLaphldfgthefdxope%n~dev&ance/of/#+‘64""*

- with 3 degrees of freedom was obtained bv f)ff1nn 3¥modeie,4e,e

&

‘consisting of the grand mean u and 1nstar effect o .-8s compared?~fwfs
to a model consisting only of‘“fhe grand mean u. By further |
aéding the group effect;lﬁj-,‘an additional drop in dev1ance,fo£eeﬁ;u;
125.8 with 5 degrees of freedom was obtained. Comparing these

two statistics with their respectiye 7degree§7 Qf' freedom with

“'tabled x? values, one finds that both e:e”bighly,5ignifi¢antwiﬂwmngm;
< 0.0001). The same procedure was followed for the second part

~of the analysis of Experiment A, which was based on the numbers

*bf'nosfé“attackeﬁ The drop in deviance from fitting a after’ u
was 31. 4 with 3 degrees of freedom. A further drop in deV1ance
of 97.3 w1th 5 degrees of freedom was obtalned after adding the

- group effect Bj. Both_these statistics were ‘highly significant

(P < 0.0001).

. and group effect had a dev1ance of 9 2 wlth 3 degrees of freedomq

_interpretation.

»The final model consisting of the grand mean instar effect

i

-

(p "= 0.03).‘ The small P-value suggests a hlghly 51gn1f1cant,/f
‘effect of instar and group in improving the fit of the model. By
int;odueing additioﬁaiﬁ_terms representing cOmple? interactions
between « and §, itvmiéht have been possible to reduce the

deviance, but this change’ would have made the model more

complex, a fact that cguldehauegcontrlbuted to difficulties —of

14



Experiment ;B, in which all host instars were expoéed

e "‘ﬁ'baefhpr . re 'W_ﬁkfa spec]al COBSJdEFat]QH because -there ﬂere no
eggs _ la1d by anv ~o£ the 6atasxtesglngaph1dsgofelnstar N

order to get around thlS problem, Jeffry s _Prior. DlStflbUthD~{fff;

'was' used in wh1ch an amoun: of 0.5 was added to the totals of

'each 1nstar before the data wereganalysed as a one;wayr ANOVA B
: { AR -
, des1gn of a Log—11near model.

The models fltted to the results oi,Experlmentrneneregtestedggfgegf

Y

e g

for goodness of<Fit as - above. A model consisting only of the
grand meanf when fitted to the results based on the number of

egqe/aphid, resulted in a deviance of 59 with 3 dparppq nf

freedom (P < 0.0001). When instar effect « was added to the
model, the .deviance dropped to 0, with 0 degrees of'freedom.
Sirce thie model could not be tested, the model .with only the”
;;/(~' . Qrand mean was consideredﬁlf r' the computation of preference
\;j . -probability ratios.. Results based on the number of hosts

attacked were fitted similarly to a model consisting only of the

- grand mean. This resulted in a dbv1ance of 57 wzth 3 degrees of

freedom (P < 0. 0001) The conclu51on, again, is that the model

‘ provided a good fit to the data.

15
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- Table 2.2 'Summary of host-inster preference by Praon pequodorum

} (n = 10 females) for each of four instars provided
simultaneously. Totals are based
each instar in each replicate.

&

on 10/15 aphids dissected in

'~ __Instar Totals -

.44

T “'fé‘ ‘.;‘i-l.: *."'"‘""'rV5f"f'3:'BI‘é" T T m‘ B
A 1 11 I11 1V

. No. hosts dissected 90 90 90 s 90
No. eggs laid E 26 37 41
NG. hosts attacked 0 24 35 39
Nc. eggs laid/éphid’ - .
attacked: mean 0 1.06 1.04 1.03- |

‘ S.D. .167 111 .083 )

* eggs wvasted 0 3.85

17
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Table 2.3 Estimated probability ratios, P; ,;, of instar
preference and their 95% cdnfldence intervals for
"experiment A {(number of eggs laid/aphid)

.- HOST INSTAR ~ ESTIMATED . T T e
—————— " TGROUP ~ MAKEUP = LOW Piyj . HIGH
T o 11/1 11175 1.5256 2.0828

2

3 Iv/1 ©1.0950 . @85 -~ 2.0141
& 11/1r - 1.0311 0 1.3978 1.8950
5 . 11/1v 0.7698 1.0273 1.2709

4
7



-

Table 2.4 Estimated probability ratibé, Pi/j, of 1n5tar
preference and their 95% confidence intervals for
experzment B (number of eggs laid/aphid) :

- HOST — INSTAR | ESTIMATED
- GROUP ~ = MAKEUP "~ LOW — ~ Pj,j HIGH
8 11/1 | 2.2227 52.9845 1263. Q4
2 TOITIZI  3 Y757 74.9634 1769.55
3 - 1V/I $3.5236 83.0132 1955.73
4 111/11 lo.ad03 1.4148 2.5012
s IV/I1 0.8965 1.5667 2.7379
m IV/111 0.6677 1.1074 .8365
. v § - -

18
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| T | -
" Table 2.5 /Eéimated probability ratios, Pi)j, of instar ‘
_~ preference and their 95% confidence' intervals for
. _~~ experiment A (number of hosts attacked) .
HOST INSTAR ESTIMATED .
— - —— —="GROUP~—— MAKEUP LOW“ B Pf/j,  HIGH
- i 11/1 1.0168 1.3736 1.8555 ,
- : o
2 IT11/1 1.3968 1.90317  2.5930
*ff o T e -
3 1V/1 0.9786 1.3178  1.7746
A 111/11 1.0302 1.385¢ 1.8634
5 11/1v e 0.7844 1.0423 + 1.3849
_ 6 /1Y 0477 T.8447 3.9906
A%
o o - - I _ .
20 -



- Table 2.6 Estimated probability rétios, P}/j, of instar
preference and their 95% confidence intervals for
experiment B {number of hosts attacked)

HOST INSTAR ~ ESTIMATED o

- GROUP- - MAKEUP LOW i HIGH
. : 111 '2.1356 51,0089 1218.33

. .

2 111/1  3.0850 72.9665  1725.79
3 Iv/1 3.4299  80.9635 . 1911.19
4 ©111/1r 0.8013  1.4305 2.5538
5 1V/11 0.8998 1.5872 2.8000
6 IV/I11 0.6646 11096 1 8525

. -
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Discussion

R o ;e1eeeﬂlneetheeeexperimentsfréesefibedf*in~ftth4previ6ﬁ§A*§ection;

preference was measured based on the numbers‘df;each”Iﬁétaf”"

parasitized among those available during a fixed period. Given

that all instars were egqually available and had an eQuaI“

probability of being paresitized,,the numbers of each instar

parasitized then represent the numbers of eneounters between the

paraszte and Lndlvlduals of that instar that led to- successful“

ov1p051t10n. Expressed as a probablllty, this number reflects

the preference of the paxa51te for that instar. Each host instar
A

represents a partlcular comb1n¥§1on of related factors or

attrlbutes. Thus, the - probablllty of an 1nstar being parag;tlzed

can be interpreted as the degree of attractiveness of that

particular dombination. On a relative scale, the ratio of any

two probabilities enables different 1instars to be ranked in

their o:dezecieeaztzac;iyeness;féegrrevi@es%%%eﬁf—‘?hi5/41ankipg'

order is a measure of how the parasite apportions its eggs among

— . o ‘ . : o - . e

‘-

~different host instars. ‘ » .

Obviously, a ;study of 1instar preference would entail

kY

based on such a/question were analytically intractable,,:due to

answering the question: "What is the effect of different host-

instars on parasite choice?” Until fairly recently,'hypotheseS'

L the ﬁe;mrei €%ﬂﬂﬁﬂiAPT‘E“‘dTSCTetE*‘aﬂd“StrTCny speaking, co‘Td

not Dbe analysed by methods intended for continuous data.,The



results ;of most preference studies to date have been presented K

' rn,one of—two ways—aei%her—as the—fpercentage"ofr'eachvrinstar"“‘*

attackeda4oraaasaanaindexaof4preference4LMackauer749834—*59me—ef—/a——+~

i the indexes of preference were: reviewed by Cock (1978); honever,r e

except- for Manly's (1972) index §, which,was used byVHopper &
ging’(19845. they have not. been used in analysing - -instar

preference.

_One of the m _,thods/proposed for,theaanalysaseof/—categoraea4—~——a—~
data is by log Linear Models (Fienberg 1970) This approach has
been shown widely applicable to - and appropriate for many

different 51tuatio ns_ (Habgrmanlazﬂ{/§:~/ lagg,ﬁ_nelderelgaaL

Heisey (1985) -demonstrated the appropriateness of this method

for the ‘testing of resource selectivity hypotheses based on

e

IManly's selectivity measure.

In \studying preferences under laboratory conditions, the

- time more closely -approximates a field situation than, for

experimental design or method of evaluation becomes important. A

design that exposes a parasite to- all host instars at the same

example, paired comparisons; in this regard, the latter can be

- considered standard It has been used in some of the recent

studies on instar preferences (Liu et al. 1984; Hopper & King

1984). A 51ngle ‘method of evaluation, however, may not provide

all the 1information. Some alternative methods, such as the

met rod of paired comparisons, are intuitively appealing. Paired

compar isone allow for the °~ decomposition of a complex

experimental environment into smaller,,'less complex, study .

23



units. They are useful also - in the identification of subtle

behgﬁf55£31;;méom§5ﬁEhgsiitﬁat—:hou%é;lothersise‘ go unnoticed.

~ However, . paired compar1sons4do4not4allow4one—te—extfapo%ate—*the*“**‘*

results to a unlverse contalnlng other than- the d1fferent ch01cem B

categorles within any one comparlson. When appl;ed ‘to ;nstar'
preference, this restriction would be unrealistic becaﬁse,—uﬁder; **** :
field conditions, an aphid parasite wi}l“normally be exposed to
all the instars of its host. A more-realistic approach, and one

" that will yleld more meaningful 1nformatlon, ‘would be. to«n‘pooll~.www~m

the various groups into a single analysis. The extent to which

the results from both exper1mental de51gns agree would indicate

th only the sensitivity of the alternative de51gn (i. e., paired

omparisons) but also the con51stency of the attribute(s) being
measured. The latter is of particular 1mportance because it
- shows that, given a particular set of experimental conditions,

‘the parasite will exhibit the same pattern of preference every o

time, within the bounds of experimental variation and intrinsic

differences between parasite females.

N

In the paired comperisons of Experiment A, the additioo of
the . group /effect to - the model with the grand meah and instar;?
effect resulted in a hiéhly significant drop in deviance,
indicating that  ther addition of- the grouo effect improveo the .
fit of the model. This means that the probaoi}ity of ar paired
instar beingefparasétized——wasmstrong%y*inf}uence&*by*the*other""“*
member of the pair.. Ih1sucaﬂmalsogbef—seee—~%n/—the——diffefeﬂtes'44/44*

among groups in the total number of eggs (see Table 2.1). " Thus,

24
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the factors that influence every act of oviposition in,vsay,

group‘T”fInstar T vs 11), ‘may be subtly d1ffefent~.from~ those

ey
11).

eh
<
D

tar—1-

In moving from Experiment A to Exper1ment B, the env1ronment'

in which the parasite makes a choice orfexerc1se5'a preference

‘has become more complex, with a wider variety-of choices, each

*

.exerting 1it's own effect on the parasite's behaviour. The net

—-————effect is a ehang& mﬁevfpesat&orﬁbehav rour' that rsffrefiected—

not so much in the prefetence pattern of Experlment A but in the

discrepancy between cqrfespondlng Pi/j estimates of the two

e - experiments, .t s e

- In comparing the results of Experiments A and B, the

'&iSc:epancy in the magnitudes of the ratios of instars II, III

- and IV compared-to I becomes conspicuous., For example, in Table

’2.3, the Pi/j estimate in row 1 (instat I11/instar 14 is 1.5256;

the covresponding—estimate~in—?able~2T4—is—52T98457—{hﬂrﬂnfght*bE4ff444*

tempted to speculate' on the difference between these two

estimates, although it is not possible to assign, definitively,

any biological significance to it. In Experiment A, the presence

of individuals of other instars in the same environment at the

same time seems to affect the  parasite's preference for a

particular instar. In Experiment B, it appears that enccuntering

hosts of dif ferent szzes ~serves to stimulate the parasite to

search for preferred instars. It is probably this effect that

manifests . itself as the discrepancy between corresponding

ratios.

25



faetor 1nherent4'1n**the*‘dESTgﬁ“‘f/‘E‘per1ment B, If parasite
',_ehchoice;is;st;ong;y;biaseéfiﬂ—éavenr—ef—oider‘/instars* viz, 11,

III a.nd IV, then - the,paI'ESite/had th:ee' 't\imes as man'y"O’f”'t’hé"”"*"'”' -

preferred instars to choose from. This condition would make it

difficqlt to assess the reiative‘ preference rafing'of'first

instar individuals.

The resulr.s presente&ffm {hrs”—paper—snggest—that ' P,

pequodorum generally dlstrlbutes most of its eggs among the
higher instars of Acyrthosiphon pisum, /but, ﬁnderrlcertain
,,CMﬁhi@ﬁﬁmagQmﬂnga4na%ﬂfw£ﬂwﬁm&%%%ﬁ%%ﬁ?ﬁ%ﬁ%%%éé%
higher -instars. Reports on instar pfefetenees among aph}d'b»
parasites Werevreviewed by Stary (1970, p. 168). A critical
examination _ of some . of the reéotts on, for example, Praon

exsol etum Nees (Schlinger- & Hall 1960), Trioxys complanatus

Quilis (Schlinger & Hall 1961), and Praon volucre Haliday

(Beirne 1945) reqeéis nat the resu}ts preseﬁt:d are unsuitable

for d;ewing . inferences aboutrrthe instar preferences ofﬂthese,”,flﬁﬁ
tpérasitee. At best, the daﬁe allow one to conclude that most '
stages of the hest(s) were suitable for parasite oviposition and ‘}

| larval development.

Wi ' . . . A i .
Wiackowskil (1962) was the first to investigate the instar

p*eference of Aphldius smithi Sharma & Subba Rao, a parasite of

the pea aphx& He found that second and third nympha inetars

- were prefered for ov1poszt1on over flrst and fourth 1nstars. Fox

et al. (1967) noted a strong preference by 4. smithi for the

26
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eafly £1rst ‘instar when instars were offered separately, one at
e “time.- Howegeg+7xackane:,ils13+;IBHB144uas/4unableeetoe—con£}sme———'—
~ these results. He first used the method of pa1red ngpﬂllﬁﬂnﬁ,ln‘444#7

studylng the host selectlon and host su1tab111ty of Wdl,,smlthl. e

The parasite was offered different pa1rwlse-comb1natiops of host--
age g;oups. Each combination had a test age group consisting of
aphids belonging to one(ZI seven age groups (0-4'h old to 192'h

old)'and a standard age group consisting of 48h-old faohids. ‘He

found tﬁaf’the paras1te d1d not d15t1ngu1sh between instars II,
III ‘and 1V, but attacked instar I much less frequently than the

[

others.

- o oo - ) - ) e 4 .

: Recehtly{ Liu et al. (1984),desoribed the instar preference

“of Aphldlus sonchi Harshall a parasite of the sowthistle aphid,

Hyperomyzus Iactucae (L). They found that when all the instars
were exposed simultaneously to the parpsite, more eggs were laid

in instars II and 111 than in IV or I. One' of the hypotheses

being tested was that egg laying Qithin‘any instar followed a
random distribution, which further 1mp11ed that parasites

searched for hosts at random. The authors found that, when each

.instar was offered separately to'the parasite, the resulting egg’

distributions were, in most cases, indistinguishable from

random. -Random search by 4. sonchi was thus shown to be a valid

assumption. . They used a weighted analysis of variance technigue

to analyse preference among the different instars. Their

analyses, as the ore presented in this - ever,

provide any information on the overall egg distribution between

27
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. the dlfferent instars. Such a comp051te egg d1str1butlon may be.

. /

expected —in ~most" casesF;efﬁiidiiferstromepo1ssoﬂs+van'ﬁiphen“""‘
1980). This is to be expected when a para51te nrpfpcsgsometehgs%eeeesee

iy T

instars over others. - 'i' o e e

LiU'eI al . (1984) suggested that one component of the effect

of host size may be reflected in random search by the para51te.rr

The larger the host the ‘more llkely 1t is to be encountered and

para51tlzed ) Counterlng thls is the fact that largerehosts,mayeer——rf

‘be more drff;cult to:para51tlze ‘due to the increased defensive

response of the“hostf like struggllng or a greater procllvrty to

fall off thexhost plant. Th1s behaviour would result, in more

eggs being 1laid in possibly less preferred 1nstars ,whlch'
'represent a balanced blend of all the factors involved in the

interaction.

V.' . o,b. ‘ ‘ o . )
Parasite experience 1s another -factor that can influence .

'Vpreference. Samson-Boshuizen' el ’d!.m (1974) showed that the

degree of success of para51tlzatlon depends on prior exposure to
the host. They ,exposedr—femalesr~o{»'Pseudeucoxfa”bbfhéfWWeld”’”“”"

(Hymenoptera: Cynipidae), a parasite of Drosophila melanogaster

- Meig.,. to ‘larvae of the host for varying periods of time. The

~ parasite females were ’'naive’, .that is, they had not been

exposed to ~hosts prior to the experiment. The number of eggs

laid, as determined by dissection, did not match the number of

~ apparent ov1posztlons asﬁdetermined by observing the parasites.

When the experiment was repeated with the same females following

varying periods of isolation from hosts, they observed marked

28



improvement  in the fafe"

requ1red» several trlals, folloyed by a period of resp1te to be

”6f“'§hcééss}’”nandlin§ time also

fe—decreased with experrence.f pparent}y"”*some"Da;asrteaafélalési:::::

able to co- ordlnate properlyr-the various parts ~ of the'

oviposit1on act, such as the flexlng and pos1tlon1ng of the

‘ov1pos1tor, mob1l1z?t1on of male sperm and the movement of Jthe'

egg through the ov1posxtor.

Host instar preference has also 'been;'reported for other

insect - host-insect parasite systems. Hopper & King (1984) féund

that Microplitis croceipeS'(Cresson) (Hymenoptera' Braconidae)

showed strong preference patterns for some 1nstars of Heliothis

Spp. (Lep1doptera. Noctu1dae) The wasps preferred th1rd instar

‘larvae most, fourth- and second-instar larvae next, followed by

first- and fifth~instar larvae. van Alphen (1980) showed that

Tetrastichus ’spp.'i,(Hymenopterai Eulophidae), ~which- are

vgregarious eqqg parasites of asparagus !beetles, Crioceris

,?Fh"éPm°ﬂi¢§E) (Isenhour 1985).

[}

gi—(L) distinguished between young and old beetle eggs.

aspar

The parasites preferred older eggs (>3days old) for oviposition,

but fed generally ’oﬁ"yaﬁﬁgef eggs'hfd?é fda§54 old). Instar
preference has also been shown in Asobara tabida (Nees

(Braconidae: Alysiinae)’. (van Alphen & Drijver 1982);,Anagyrus

indicus Shafee et al. (Hymenopterag Encrytidae) (Nechois_ &

Kikuchi 1985), Campoletis sonorensis (Cameron)‘(Hymenoptera;

T For all the parasites discussed so far, the fact that'~

preference is not rigid and that eggs are laid in most -offethe




instars availaBIéf‘fb;.*¥parésitiza

tion indicates that. ‘an -

49#4—f"4*?ﬁé€sessment &i tne dltferent types of hosts ava1lable may be one -

O
~

, Hh
ar
o
(1]
(1]
L]
e
% .

eggs. - The - degree to which par

host stages that are suitable for

Because not all'etages'of the host

eventual apportxonxng of

asites control ‘thei E' ‘host

 populations will depend , in large part, on the availability; q£l

parasite larval aevelopméﬁflf””‘

are equally su1table and

because the relative  abundance. of the most su1table stages S

- .varies. both spatially -and- temporaliy, paras1t1c insects “have "

developed an array of behavioural, e

‘adaptations to utilize their “hos

cological, and physioldgical'»

ts (Doutt 1964) f'Instar

preference can be viewed 'as an adapt

ation to host utilization., A

kanledge of hostvselect1on contrxbutes to an understanding of

a

the population dynam1cs of the host

blologlcal control and 1IPM progr

)
- Walryiemina
ong o, ng-pr ms {(Neche

and parasite species, and is

'}v1ta11y 1mportant for "the development and xmplemeptat;on of °

ams, as well as in assessing

Sl
YOI .

q'no:/

o]

gr Nechols & Kikuchi
.

From the foregoing, I conclude
likelyvtp'oviposig/in‘%irst instars
instars e;e/ézailable. As a result,

host population growth are expected

’/ihey might be. This aspect will be

of the thesis.

that P. ,,pequ,o,‘d,br,u'm‘,,i,sv,,leasL S

of the pea.aphid when other

the effects of parasitism on -’

to be much less than what

examined in the next section
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TME EFFECT OF PARASITISM BY PRAON PEQUODORUM VIERECK ON

5

lIntroduction

1

Amon§ the chief characteristics of a successful biological

control agent 1is the ﬁbility to effect a signifcant depression -

PA

‘inﬁthemhost‘population:\ijfddingtqn' et - -al.. -1978; —Huffaker &

Kennett 1969;. van Lentéren 1980). In the interactions between

s

insect hosts and their parasites (parasitoids), various factors
< ) - - s .

7i§;}W thouéht to be important in determining the effectiveness of

parasites to control ‘the host ”populétion. These  include. -

biozogical' attributes qf,tbggparasite'such as its reproductive

potential, searching ,apxl?%y?>fhost selection behavior, sex 7

ratio,~£ecundityl’timertoﬂadult and host specificity, as well as

' ' i ; ’ L. T .
orther factors such as effect of parasitism on host reproduction, ——

s}n:hronization, and adaétedness to the environment (Hassell & -
Waage 1984; Huffaker er al. 1971; Mackauer & van den Bosch 1973;

van'Len;éfen 1980; Waage & Hassell .1982).

-
..

Different factors may vary in their relative importance,

depending on the situation, #nd, in general, it is difficult to

L 4

rate factors on their : importance -in -determining the

—eftectiveness —of parasites {Mackauer & van den Bosch 1973). One

reproductive.potential.
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" " 'have observed that. if —aphi

In the study of aphids and their parasites, several authors.

—_

in the early .

parasitized in the later instars or. in the adult stage, they may —— -

produce some offspring before becoming mummifiedf(ééé Stéry

1970, p. 187). In such systems, the stage of thehhost~'atb'yhich'1ﬂ’ -

it is parasitized, or in other wprds;}the pa;tefﬁ‘of‘host-ihstab“

-~

preference exhibited “bg,athe“'paraSite, becomes _important in -

asseggingnLthé;"efﬁeéti?zhess,of_the,parasite in . controlling -the - -«

host popula;ibﬁi(Liu & Hughes 1984; Campbell & Mackauer 1975).

7,’52§99Q9h 'ins;az;gxeie;encefinvaphidﬁ9a£a5i;esziS:Qﬂiﬁe:ﬁeiééz:::%:

documented (see previous chapter), few attempts have been made
710, assess the importance of such a behavioral adaptation with
regard ﬁo the parasite’'s éontrol potential. The attempts to date
include studies by Campbell 7& MaCkaue: (1975), Liu & Hughes

{1984), Mackauer & Kambhampativ(1984), and Rabasse & Shalaby

i

(1979).

In this chapter, 1 describe experiments conducted to examine

the effect of parasitism by Praon pequodorum Viereck on the

reproductive potential of its host, the pea aphid,f 1 shall

compare the intrinsic rate of natural increase, rm, calculated -

from life tables of pea aphids parésitized at - difféiént

developmental 'stages (instars), and show that host-instar

preference is an important factor in determining the

effectiveness of parasites.

- -
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" Materials and Methods oo

deSCribed in the previous chapter. A synchronous colony of i
nymphs,of the pea aphid was produced by allow1ng adult aph1ds to
reproduce on potted broad -bean plants' for. 44 h. Any nymphsr

produced dur1ng that period vere transferred to uninfested bean

.plants and marntalned at 20 * 1 °C at 50-55% RH with a

photoperiod of 24 h. Aphids of known age werew,producedlloypqmmmv

allowing the nymphs to develop until they reached the desired

age} Ma;ed,rz- to 3~day~old female parasites'—from 1the stock .

" colony were used in all the experiments. The females had been

Ve s

- . . .
-allowed to parasitize aphids prior to the experiments. .

Design of Experiments

Experlments were designed to compare the effects of

para51t15m on dlfferent developmental sLage54oigAcgpL;umccmnentyccccgf

. pea aphld nymphs were placed in gelatin capsules (51ze 00) one

aphzd - per capsule. One female wasp was introduced into each =~

capsule and allowed to parasitize the aphid. To - prevent

superparasitism, the wasps were allowed to ‘attack each aphid
once only. Aphids that had been attacked were transferred to
small, numbered Cllp cages, each capable of holding afsingle_d

adult aph1d The cages were fastened to the ventral. surface ofs

pean leaves, one cage per leaf, where the aphid was reared?untilb

‘mummification. The cages were maintained in a controlled

environment chamber at 20 + 1°C and 50-55% RH, under continuous



Tight.
/,*

e

B - TS

The cages were examined ,daily wvhen "dead aphids and‘ any

progeny produced were counted’ and removed. The instar, the

number of'prégeﬁy produced, and\>the égéi at 'whicﬁi é;é;ﬁr‘ahd.

mumpification occurred were recorded for each aphid. This
procedure was repeated, for different‘age%groupsyof the pea aphid

(Table 3.1). Unparasitized aphids -maintained under identical

~ conditions served as controls.

The effect  of parasitism \sby P. pequodorum on the

reproductive potential of the pea aphid was assessed by

age at the time of parasitism between 0.5 and 9.0 days. Average

daily feéundities (age-specific fegundity), m , and survival
N . X ’

rate, 1 , were calculated. From these data, the intrinsic rate

X ‘ ,

of 1increase, rm, for each group, was calculated from the

Lotka-Euler equation (Andrewartha & Birch 1954)

Zexpi-r } 1 m = 1
m X X h.4 :

' : e~
statistics such as doubling time (DT), genefSthon time (T),

gross reproducEiVe rate (GRR), and net neproauctive rate (Ro)

were also calculated. The data were jackknifed according to the

procedure de5cribe§ by Sokal & Rohlf (1981, p.>795) in’ order to

estimate 95% confidence 1limits arBund .the estimated values of’

by 'itefative\ 'SUbStitrUt»iOB‘Of" the value of" rh, ‘Other 'b’iol"o”gj"ca'I” Tt

r . - |
m .
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. The relationship between the host age at parasitization,

{AHP); —and- “the ~length —of —reproductive period after

parasitization, (LRP), was investigated , by fitting ~a linear .

regression eguation to the datag'Nqn-linear regression models -

were fitted to the mean total fecundity (MTF), rm. and DT with f* °

the aid of a statistical package'(Bio*MediqalfData,Processing,

BMDP) .

Results

Host development

Parasitized pea aphids lived, on an average, 7.58 10.4'days

(mean + SD) from the time of parasitization to death. A complete

external cocoon was observed under the empty aphid skin
generally 24 h following the death of the parasitized aphid.

Aphids. that were parasitized as early first instars, and late

-

firstand second instars, mummified in the third and fourth

instar, respeCtively.';Those that were parasitized as third and

fourth‘instars mummified as adults. The oviposition success of

the female wasps, expressed as the proportion of parasitized

aphids that mummifiedAamong those in each group, was only 25% in

.groups ' and 2, but was generally above'SO%vin groups 3-10

(Table 3.1). From my observations, it appéared that the wasps

had considerable difficulty in parasitizing first-instar nymphs

Sggcesgﬁul;g,yﬁhisiyas confirmed later when only 5/20 aphids

parasitized in each of groups ' and 2 mummified. However, the
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wasps apparently had no difficulty paresitiziﬁéfeiéermeéﬁ;éeti

Host reproduction

,The number of mummleseen—gfcup573~16*ranqed‘frqm,1U/20 in g:ogp

10 to 20/20 in groups 5 and 6.

Aphids parasitized at age 24 days produced some offspring
before mummification (Table 3.1). In each group, fepreduction

began six days after birth. The m values for groupsls—io (host

~age®~5-9~*days-at* ‘p&f&SifTZatIOn) were  similar  to  the.

correspending control values, but decllned abruptly as the aphid

neared death. m values for group 5 (host age 4. days) were

(Figure 3.1 ). The length of the reproductlve perlod (LRP) was -

correlated with the age of the aphid at parasitization (AHP).

~ For 3.5 < AHP < 9.5 days, LRP could be predicted from a linear

regression equation of the form

? = 1.21943% - 2.72295 SR

-

where ¢ is the predicted length of the-reproductive*beriodkof a
host parasitized at age X (regression r? = 0.983,.F =~226,91;l P~¥¥—Wﬁﬂ
< 0.0001). gé; aphids that reproduced after parasitization, as .

age at paraeiti;ation increased, the meaafeotal fecundity (MTF)

\ . ,
increased as an exponential function of age. MTF for aphids of

'age 4.0 € X < += could be predicted from the eguation

? = 107.9018/[1 + exp(3.9717 - 0.5627X)}——

where ¥ is the predicted MTF for host age X (regression MS =

6254.44, F = 148.88, P < 0.0057.
D | - - -
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’ Popukdiidﬁrgfbwih of the pea aphid

-

; I The maximum attalnable rate Of grOWth ‘Of a pOPUIation jOf

—wawW'~W¥stabie4'ageidrstrrbutrbn“TSf‘détIned -as  the intrinsic rate of

natural iﬁcrease,'rﬁ (Andrewartha & Birch 1954). Under ‘the -

experimental conditions of this study, only‘aphiés parasitized
at age 4 days or older contributed to population growth. For
groups 5 and' 6 (host ages 4 and 5 days, respectively), r

,1ncreased exponentzally and approached asymptotically a value of

0.5. Values forrthe>d1fferent'groups are shown in Table 3.2.
curvilinear regression equation was fitted to rm:values for host

: age 4 0 S X < += (Flgure 3. 3) The equatlon is of the form

= 1/[0. 2857/(X - 3.8386) + 2. 0079]

—where ¢ is the predicted T for the pea aphid parasitized at age

X (regression MS = (,03838, F = 135.32, P < 0.005).

o

Doubling time, DT, is the time in days'that is required by a

R IR
e—double 1

r (Andrewartha & Birch 1954). This relationship is seen in the '

non-linear regression equaiiohﬂfitted'tofthe observed values of

DT for host age 4.0.< X %'4@ (Eﬁgure;B;B);'TheJequation is of

phe_fotm
7 = [o 2053/(x - 3.8298)] + 1.3938

where ¥ is the- pred1cted value of the doubllng time for host age

in numbers; it is inversely proportional to _

at parasitization X (regression Ms = 1.12 , F = 487, P < 0,005).
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Figure 3.1 Age-specific survival 1x (solid lines) and daily

fecundity rates mx (broken lines) of pea aphids parasitized at
different ages. Afrowé indicate age of host at parasitization,
AHP. A) AHP=4; B) AHP=5; C) AHP=6; D) AHP=7; E) AHP=8; F) AHP=9;

2

G) unparasitized (control).
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Figure 3.2 The relationship between the mean total fecundity,
MTF, and ' the mean age at parasitization. Fecundity  of
unparasitized (% aphids was plotted against the mean age at

which reproduction ceased.

3
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‘Figure 3.3 ‘The relationship between the intrinsic rgtevof
) natural ihcrease,/rm (o), doubling time: DT‘(n), and'_the'_mean
age at parasitization. Values for *the»unﬁér;sitized'control‘
# group (e and ") were plotted >againstr the mean age at' whichi
,k;k4,4,;,£2E£9QEgLiQn4gga53d44,4;4,4,f,;,;.—.—J=L—f—/—‘—;—’—’—’f‘A'—fg/gf‘/ff"f
T~
f/ 777777 - e
. -
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Discussion . - : o o o

The . intrinsic ré’

natural,5ncreasg*,x;f;is/useiulfas4a—l—4~fA
‘means for describing the growth potential of a-population under ———— -
a specified set of cohditions (Southwood 1966). Changes in r
TEEES ’ ) m
caﬁ;féflect changes either in environmental conditions .or in-
hqstf physiology, e.g., under the'influgqce of paraSitism, or

both. Thus, r_can be used as a bio-climatic index in assessing

= ——fthef5§§sg—fpotgqti§;§tigs; of;igéectgi(Méssenger71964}T:Bésedaon:.ﬁ:;aﬂ

these consideratioﬁs, one could evaluate the pest potentiality

of the peé aphid under a given set of conditions, such as

“parasitism by P. pequodorum.
Values of rm in Table 3.2 indicate that parasitism by P.
- pequodaorum of host-instars 1, 11 and 111 contributes

significantly to aphid population reductions, as these instars

do not normally survive to the adult stage, and hence ’do »not

reproduce. Aphids parasitized ,in'the fourth instar have an rm

value approximately one-half th?f’ggsunparasitized aphids. Thisw”."
implies that parasitism of a largé'propdxtionfof fourth-instar’
nymphs from the population would also be of -significance in

checking aphid population;growth; ?hérefore, aséuming that the

parasite ?has 3 choice between all the host  instars
simultanedusly, the influence of parasitism on host reproduction

, will_depend,mamongmothexthingsjf094~{heuwpa;asi%gis/—pfe%efence——*—‘—f

. for particular instars.

e
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Other studles have shown that for Aph1d11dae, the severlty
: : ,ectseonetheghostrdependS~ma%nlygea4vthegfagereeeee
of the host _at paras1t1zat1on ADhldLﬂiglﬂnLﬁLguaLShallAlSAa~—~A~—

primary parasite of the sowth1stle aph1d Hyperomyzus ALaczucae” o

(L). The host-parasite interactions between A. sonchi and H.
~lactucae have been studied in considerable detail (Liu & thﬁEE’_Tff
1984; Liu er al/. 1984; Liu 1985). The parasite lays most of its

"eggs in the second, third and fourth instars> of’ the host.

§§fi::;ffjﬂﬁﬁfd§fifﬁat,,are7 late ,,,,, -second 1nstars (60-64h) or older at the
time of para51t1zatlon are. able to reproduce. The fecundity of

para51t1zed aphlds 1ncreased with host age at paras1tlzat10n.

e T e s “

Mackauer (1973) examined,- among other things; the
preferences of A. smithi for different instars of the pea aphid.
He found that second, third, and fourth instars were .more

frequently attacked than first instars. Campbell & Mackauer

(1975) compared this ovipositional behaviour with the rm - of

parasitized instars. Apterous as well as alate pea aphid nymphs

that were four days or older at the time of para51tlzat10n vere

able to contrlbute szgn:flcantly to populatlon growth.

Other aphid para51tes that have been stud:ed w1th regard to -

their 1mpact on the host's r include Diaeretiella rapae

{M’'Intosh), a parasite of the cabbage aphid, Brevicoryne

’b;assicde (L) (Mackauer & Rambhampati 759845, and Aphidius

matricariae Hal.; a parasxte of the green, peach aphid, Myzus

“persicad Sulz. (Rabasse & Shalaby 1979).
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In the previous gPaptér, I have described ‘host-inbtar

~ preference in P. pequodakqg;/L/fhave shown that the parasite

—————— distributes most of its eggs among instars II, III, and IV.’This
behaviqur; in itself, would appear to indicate that P.
pequodqruﬁ [is potgntially useful for biological tontrol.
Information on fhe field biology and ecolgg;~o£ P. pequodéfum is

‘limited, but the ,reportsrto date, notghiy those of Mackauer &

&

-  Bisdee (1965b}, A. Camﬁbeli (1974), and Mackauer & Kambhampati

... . {1986); indicate that the parasite is not very effective in the _

field. .

£

e ”ﬁTN“EHmpbéfiW’fT§7t%*conducteafé aeEEiIéa“iﬁGéEEi§étionlinné
| the seasonal dy%amics of fﬂe pea aphid ana its aésociated“
» parasites in the southern iﬁterior of British’Columbia. He found
- -  that fﬁe pea aphid is attacked by several parasites including\ﬁi
Aphidius smithi Sharma & Subba Rao, A. erv: Haliday, A.

pisivorus Smith (=pul cher Baker), and Praon péquodorum4 Viereck.

Upder controlled laboratory conditions, a comparison of some pf
the atéributeS of these parasites showed that P. pequodorum had"ﬂ""
a lower fecundity and -a 1longer timé~to-adult than the other
three parasites (Table 3.3). A smithi, A crvt,- and A.

pisivorus ~were observed to have a time-to-adult, on ‘th%t:’*~“

physiological time scale, of 178.6, 196.8, and 187.9 day-degrees

*(°c), reépectively,' whereas P. pequodorum required 199.6

day-degrees. Consequently, the Aphidius- Spp. were more abundant

- than P. pegquodorum in early spring, when aphids were scarce. In

!
addition, A. smithi prefered host instars I1I, IiI, and IV for

C
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~in the 1nterior and coastal regions. In the interior regions the

,oviposition thereby indicating a posSible overlap of iinstar

prefETEnCES*‘VTth* P‘*‘}?ﬁﬁvﬁ“‘ﬁ“iﬁ* the field. Information on

lacking.-

¥

The results of aglbng-term survey of  the relative abundance

of primary parasites of the pea aphid in 'British"Columbia,

during the period 1971 to 1984, were reported by Mackauer &
Kambhampati (1986). Samples of mummified pea aphids were
collectedvinWISJJ 1872, 49834~aﬂé—¥934—frem—tvo~c&1matTC4zonES‘/““*

percent representation of P. pequodorum was 6 56, 10.23,‘1.43;

.and 2.38 for the ﬁeug——¥ea£5f—~£espect1ve%y%fA£n =the——coastal—
regions, P. pequodorum represented 9.54, 13.76, 0, and 0% of the

samples of mummified pea aphids collectedkduring the four years.

The observed differences among the various members of the

pizasite community and possible competition for preferred* host

iyatars  may explain  the —apparent —ineffectiveness of —P-
pequod&rum. However, in multi-paraéitized aphids, larvae 6f P,
pequedorum wusually survive when ,Cbﬁpeting with larvae of 4.
smi't hi and possibly other Aphidius Aépecies (Chowr & Mackauer
1984). This intrinsic superiority may explain why P. pequodorum
has, so far, managed to retain a (relﬁtively,minor) position in

the parasite community.

.From the foregoing, the potential for effective control that

P pegquodorum ——eeﬁ%&—have—achfeved‘from‘rts*préfé?énce ‘patterns

for host instars appears to be ,offsetA by its  other
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_ P. pequodorum 199 £18.5d 6.9 £0.65a : 15.30

Table 3.3 Some biological charactefistics of four primary

‘parasites of the pea aphid determined under controlled

laboratory conditions. (Data on fecundity and adult 1ongev1ty

WwareeiromenrrfHT,Maekauef~4quoted~tn4ﬁ* CampbeTI’TgTI"""“““4*44
_times-to-adult were -taken from Table VII in A. Campbell 1974).

Species . Fecundity' . Adult*  Tine-to- adult
S ’ : ' longevity (days)
(days) , ‘ ‘

A smithi 774 +86.1a 7.3 +0.73a - - 13.05

A. ervi . 567 £56.0b . 7.7 £0.6%  14.39

4. pisivorus 316 £38.4c -~ 6:4 £0.39a>  13.57

ot Mean +SE' means followed by the same letter are not

= rfe*meanS‘fUiTUﬁed*tr‘/**“*"“*

different 1etters differ 51gn1f1cant1y (p = 0.05) {t-test).
Parasites were reared at 20.5 * 0.5 °C, 55%:RH, and a

photoperiod of 16L/8D h.
2 Mean * SE (accuracy of measurement range + (.12 days)
reared at 19.7 + 1 °C, 55% RH.

»
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characteristics such as low fecundity and prolonged

control.

~ In general, the effect of parasitism is the outcome of .

complex interactions between the parasite lérva and Athe host

(vinson & Iwantsch'i980' Mackauer 1986) 1f a'parasitized host

_is a able tomachfeveArep:oductlyeeage,befoceeethegfpatasetee—iafva’———.—f

"“cdeve%op1ng——w1thrn* it Areaches the - stageeof destructave—feed1ng’fr—~

(Stary 1970), .it may reproduce br1efly before death, ‘The 'impact

~of parasitism on J;he_r o of the host is depe— ant Qggjhmfag#at)V/

the beglnlng of para51tzsm The growth and development of the
parasite larva,’ in turn, 'wlll be affected by factors such as
temperétUre (Liu er al. '1984) and host quality (Mackauer 1986).
Ptefetence /patteths exhibited by- aphid parasites for host.

ihstarsfare,important in studying host-parasite interactions.

Together with other biological characteristics of the parasite,
host-instar preference should be useful in assessing or

)

- predicting parasite performance. R
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Host-instar preference by a,para51te results 1n71ndavxdua15'“"*ii
of particular instars be1ng para51tlzed in greater numbers than
expected from their freguency in the environment. Expressed as a
probability pattern, the egg distribution of P ,pequbde}uﬁ

suggests that pea-aphid instars If, 111, and IV are more likely

to be par351tzzed than 1nstar 1. , Ce e e e

Rep:oéuéffon and development of an organism in nature is

affected bv env;ronmental,aseﬂellfas by wn*f=n=*ﬂf ‘a%%&#&?*#F:::::

measure of. the 51gn1f1cance ofi any particular factor can be
obtained by the evaluation of CBanges in the ihtrineier rate of
‘natural increese, rm, of the population under a specified set of
conaitions. Instar preferencer results in some aphid instars

' suffering higher mortality than others. The manner in which this

differential mortality affects the expected population graugﬂkof'

the pea aphid is well summarized by-thewym statistic.

The importance of host-instar preference ie'refleeted invtﬁe
outcome of several biological control programs. Succession
emong, and distribution'vahd phenology of three introépqed
parasites, Aphelinus ysemif?avus Howard (EBulophidae), Praon

exsoletum Nees (= paftzans Muesebeck) (Aphidiidae), and Trioxys

COMpfanatus Qu1113 {= u::!zs Muesebeck) - (Agh1dlldae), . of the

eﬁotted alfalfa aphld Therioaphis trifolii (Monell), were

investigated by wvan den Bosch er  al. (1964). The data were
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collected in study plots in d1fferent c11mat1c areas of southern’

§ ]Asouthgcoastanglnclud%ng (a)

Ca11tozn;aFmLLgkkngngg.des
S

. extreme sou/b,/coastal ‘and (b) inner south coastal; 3] western

:I -
,Hojave Gesert and 4] southern San Joaquin Valleg;[ Aggregate, o
& - -

' yearly catches of adult wasps, from 1957- 1962 vere analysed In

‘}957, data gathered in areas 1, 3, and 4 showed that Praon

predominated over Trioxys in areas 3 and 4. Data for Apheli nus

'were first available in 1959; they showed ‘that this .speciesrﬁ

' predomxnated in area 2a. By 1962 Trloxys had replaced Praon and,

- \_‘_/

Aphe!:nus in all four study areas. The observed predomxnance of

Trioxys was attributed by van den Bosch er al. (1964) to the

" parasite’s oviposition preference for younger aphids, among

other factors. This preference could have the double effect of

negatively affecting the growth of T. rrifolii+0 a relatively

greater extent, because aphids attacked in the earlier stages do

not reproduce, as well as giving Trioxys a competitive advantage

" over P(aén and Aphelinus.

3

Biclogical control of fruit flies in Haua11 represents a

classic .example of succession wlthxn a commun1ty of 1mported

paras1tes, attrlbuted pr1mar11y tc dxfferences in the host stage

-

attacked. In mid-1948, two braconid wasps, 0p:us vandenboschi
Fullaway (=persulcarus) and O. longi caudat us (Ashmead) were

imported and released in large numbers to control the Oriental

fruit fly, Dacus dorsalis Hendel, By  summer — 1949, 0-

longicaudatus had increased rapidly, and up to 50% of fruit fly =

larvae in collected fru1ts vere found para51t1zed However, by
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December”3949770. ;;ndehbbschi had become the dominant parasite
| x;%sm—e£—65~89%—of*fruftgfiy~444'*
~ larvae (van den Bosch & Haramoto 1950) At about the same time,

-and- ~~alone a;ggun;ed;f Or

S  fruit fly larvae mummified by another Opius sbecies,wo.”aophilus:w~~vﬁ
Fﬁllaway; were found. This species . was 'thought to have 'been 
accidentally introduéed togethe: ,with.OL Iongicaudalu; athO[
vandenboschi; fy fall 1950; 0. vandenboschi was replaced by O.

aaphilus as the dominant parasite. ‘The latter continued to

“maintain this position in the parasite complex (van den Bosch. &,.N“_“

Haramoto 1951). " The primary re%son for ‘this clear succession of

coﬁpeting.Species is that O. longicoudatus attacks only largei .

oIder ~Tarvae, which are often less vulnerable to attack due to
their cryptic habitat. 0. vandenboschi attacks the mdre
vulnerable{'small larvae, whereas 0. oophilus oviposits‘in fruit
{ly eggs; the latter is intrinsically superior to thé other
speéies {van den Boéch & Haramoto 1953, citea in Bennett er al.

1876) .

The alfalfa ueev:l Hypera pos!zca (Gyll.) (Colgopteréii
Curculiénidaé)} is an Important pest ofgglfalfa in the Uniféd
States (Hagé; et al. 1971). Bathyplectes curculionis (Thompson),
an ichneumonid larval parasite, and ngrasti}hus'ingerrus Ralz.,
a eulophid larval parasite, were imported and released in
different states between 1910 and 1925 (Chamherlin 1925, 1926,
1933). The _parasites were, _in gener
7gg§;g9;ling”;his best.fa1though;ingcnmpetition4nithgéach:io;hePT/———~f
'parasitism by T. {ncerzus decrelased, while pé:asitism by B.




curculionis increased, because the latter oviposited in earlier

—larval stages of the host,~

U Parasitism of a particular stage of the host is, in some

cases, dependant on the accessibility of that stage to the

- parasite.. For examplel a study of the parasite faQna of pyralid.

and noctuid stem borers (Lepidoptera) in MalaySian”.Borheo
.indicated that egg parasites were more'effective than larval or

pupal parqgités (Rothschild 1976).'The'cryptic habitat of the

“older ~larval 'stages often made them inaccessible to their

parasites, whereas the eggs, laid externally on plant parts,

were easily found by parasites.

The arguments presented in this paper suggest that a study
of host-instar preférence patgerns exhibited by an insect
rparasité, or membefs qf the parasite coqmunity.that attaék one
particulaf'A host rspeCies, is é useful tool in Aanalysing

‘host-parasite interactions. Host size, behaviour, and

availability influence préference. The experimental design and

method of evaluation may bias conclusions about preference. -For - -~ -

hosts that are susceptible to parasitism in most of their
developmental stages, the host stage(s) attacked will' be a

primary determinant of the effectiveness of the parasite(s).

55




REFERENCES CITED

Andrewartha, H. G., & Blrch L. C. (1954). The distribution and

e 4,~abﬁﬂdaﬁce—ofganimais“ﬂnTVETSTfygéf Chicago Press, Chlcago
: : & London. xv + 782 pp.

" Baker, R. J., & Nelder, J. A. (1978) The GLIM system Numer1cal
Algor1thms Group, Oxford, England

Beddington, J. R., Free, C. A., & Lawton, J. *H;”(1978).

. Characteristics of successful natural enemies in models of

biological -control of insectvpests. Nature (London) vol.
273- 513-519 :

... _Beirne, B, P, 4{+942)——6bservatfons on‘thegi*fe nlstory of Praon

volucre (Haliday), a parasite of the mealy ~plum aphis (7

Hyalopterus arundinis Fab.). Proc. R. Entomol. Soc. Lond.
Ser. A, Gen., Entomol., 17: 42-47

Bennett, F. D., Cochereau, R., Rosen, D., & Wood,B. J. (1976).

e f&&h@ﬂ3%ﬁmﬁﬁﬁﬁéjwﬁ%m%wﬂmﬁmfﬁ?mffﬂﬂcEmna
: in C, B. Huffaker & P. S. Messenger, [Eds.], "Theory and
practice of biological control" pp: ,359-387. Academic

Press. New York, San Francisco, London.

" Calvert, (1973). Experimental host pfeferences of Monoctonus
paulenszs, includng a hypothetical scheme of host
selection. Ann. Entomol. Soc. Am. 66: 28-33 o

Campbell, A. (1974). Seasonal changes in abundance of the pea

aphid and 1it's associated parasites 'in the southern

interior —of British Columbia.Ph. D. Thesis, Simon Fraser
University, Burnaby, B.C. xi + 282 pp. s

Campbell, A., & Mackauer, M. (1975). The effect of parasitismwby,,f;~w
Aphidius smithi (Hymenoptera: Aphidiidae) on reproduction

2 -and  population growth of the pea aphid (Homoptera:
Aphididae). Can. Entomol. 107: 919-926

Campbéll, R. E. (1926). The pea aphls in Callfornla. J. Agr1c
Res. 32: 861-881

Chamberlin, T. R. (1925). A new parasite of the alfalfa weevil.
J. Econ. Entomol. 18: 597-602 ' .

Chamberlin, T. R. (1926). The introduction and establishment of

‘the alfalfa weevil parasite, Bathyplecies curculionis

(Thoms.), in the United States. J. Econ..Entomol. 19:
- 302-316 - : ‘ O

56



,',/,,Chambetl;n , T.fRL,, (1933). Some observation &ondeh&%}ée%stefyk
S — and parasites of _Hypera  rumicis (L) (Coleoptera:
Curculionidae). Proc. Entomol. Soc. Wash. 35: 101-109

Chon, F. J., & Mackauer, M. (1984). Inter- and 1ntra specifle
larval competition in Aphidius smithi and Praon pequodorum
(Hymenoptera. Aphidiidae). Can. Entomol. 116: 1097 1107

Cock, M. J. W. (1978). The assessment of reference. J. Anim,
Ecol. 47: 805-16 | — A

Cooke, W. C, (1963). Ecology of the pea aphid 'in the "blue
mountain area of eastern Washington and Oregon. U S. Dep .
Agric. Tech. Bull, 1287: 1-48 e

W Dixon, . A.. F.. G. (1985). Structure of aphld populatlons. Apnu; o -
Rev. Entomol. 30: 155-174

Doutt, R. L. (1964). Blologlcal characteristics of entomophagous
adults. in P. DeBach, [Ed.], "Biological control of Insect

B ,,/&ﬁseﬂmd—ﬂee&jeehapwbs?pp 445:6% Hall,

London. ) g

Doutt, R. L., Annecke, D. P., & Tremblay, E. (1976). Biology.and_“”
host relations of parasitoids. in C. B. Huffaker & P.S.
Messenger, [Eds.],. "Theory and . practice of biological
control™ pp. 143-163. Academic Press. New.  York, San
Francisco, London. - . S

Drooz, A. T., & Fedde/ V. H.~(1972).;Diecriminate host selection
by Monodont omerus dentipes. Environ. Entomol. 1l: 522-23

‘Duodu, Y. A., & Dévis, D. W (1974). Selection of alfalfa weevil

‘ larval instars by, and mortality due to, the parasite E
Bat hyplectes curculionis (Thompson) Environ. Entomol. 3: =
549-52 . : :

Fienberg, S. E. (1970). The . analysis 'of multi-dimensional .
contingency tables. Ecology 51:(3) 419-33 : :

Fienberg, S. E. (1977). The analysis of ' erOSS-claSSified-
categorical @ data. The = MIT Press.  Cambridge,
Massachussetts, and London, England. x + 151 pp. '

Fex, P. H., Pass, B. C., & Thurston, R. (1967). Laboratory -
studies on the rearing of Aphidius smithi ~(Hymenoptera:

- i ' '——Braconidaef“anﬁ“1ts*‘paras1t1sm "of Acyrthosiphon pisum
' (Homoptera: Aphididae). Ann. Entomol. Soc. Am. 60 1083-87

- Haberman, S. J. (1978). Analysis of gQuantitative data. Volume I:
Introductory topics. Academic Press, New York, New York,
USA. ) » '

57



'Hagen,. K. S., van den Bosch R., & Dahlsten; D. L (1971). The

. importance of natu:ally—occutrLngﬁgo%olog%ea%——coﬂtro%—*tnoncggf
—the —western United States. in C. B.. Huffaker [Ed.] .
"Biological Control" pp. 253- 285 Plenum Press. ‘New York -

Vituke/ilw

5 Hésseiﬁ*ﬁﬁTPfT_E?Waage, J.‘K; (1984) . Host- par351t01d pOpuIat1on“‘%*fi

. Entomel. 13: : 1145-50

interactions. Annu. Rev. Entomol 29: 89-114

Heisey, D. M. (1985). Analysing selection . experlments with =~

log—linear’models. Ecology 66:(6) 1744-48

Hopper, K. R., & King, E. G. (1984). Preference of. fM:croplfi?s_i}?
croceipes (Hymenoptera: Braconidae) for instars and »
species of Heliothis (Lepldoptera. Noctu1dae) Env;ron.""'my

Huffaker, c. B., & Kennett c. E. (1969). Some aspects of
assessing eff1c1ency of . natural enemies. Can. Entomol.
‘lgli 425-447 _ , IR ] S

,Huffakezie—ctfjﬁiiizuesseage£%4_97::5% ————— &:BesachT— (+971)—Th

- natural enemy component in natural control and the theory
of biological -control. in C. B. Huffaker [Ed4.] "Biological
Control™ pp. 16-62. Plenum Press. New York - London. -

Huffaker, C. B.; Simmonds, F. J., & Laing, J. E. (1976). The

theoretical and empirical ba51s 'of biological control. in
C. "B. Huffaker & P. 'S. Messenger,. (Eds.], "Theory and
practice of biological c¢ontrol" pp. 42-73. Academic press.
' New ‘York, San Franclsco, London S -
e

Isenhour, D.\ J. (198;) 'HPQJ—QJ—H——S%W

Ichneumonidae) as a. parasitoid of. Spodoptera [fuglperda
(Lepidoptera: Noctuidae): Host stage . preference and
functional response. Entomophaga 30:(1) 31 36

Lingren, P. D., Guerra, R. J., Nickelsen, J. W., ,&_ White, C.
(1970). Hosts and host-age preference of CaMpoleIfs
perdzstznctus. J. Econ. Entomol. 63: 518 2% -

- Liu Shu-Sheng (1985) Development adult size atd’%ecund1ty of

" Aphidius sonchi reared in two instars of its ¥aphid ' host,
Hyperomyzus lactucae. Entomol. Exp. Appl. 37: 41-48 .

Liu Shu-Sheng, & Hughes, R. D. (1984). Effect of host age at-
parasitization by Aphidius sonchi on the development,
survxvai'——anﬂuoreproduction “of the sowthistle . aphid,
Hyperomyzus lactucae. Entomol. Exp. Appl.36: 239-246

- Lip Sho -Sheng, Morton, R., & Hughes, R. D. (1984) 0v1pos:tlona1

preference of a hymenopterous parasite for certain instars
of its aphid host Entomol. Exp Appl 35 217 20 7

- 58




‘» - - _ RS . °- ,,», - — -

77' Mackaueg;ﬁ ﬁ. (}552)“ Antennai amputatlon as ,ar-method)/f\
~ bic-marking aphids. J. Econ. Entomol 65: 1725-27 -

Mackauver, M. (1973). Host selectlen and host suitability in
Aphidius smithi -~ {Hym : idiidae 20-29, in
- A. D. Lowe (Ed.), Perspectives in aphid biology. Bull. .
,-'-‘n,t,:g-o,l. Soc. N. Zeal. 2. U

Mackauer, M. (1983). Determination - of parasite preference by

. choice . tests: The Aphidius smit hi (Hymenoptera:

: Aph1d11dae) -pea aphid (Homoptera: Aphldldae) model. - Ann,
Entomol. Soc. Am. 76: 256-61

»Hackauer; M. (1986). Growth and developmental interactions in
some aphids and their hymenopterous parasites. dJd. Insect )
" Physiol. 32(4): 275-280

*;naékiﬁiifuﬂﬂ}}”’ﬁmwﬁfgaééf'ﬁ”ﬂﬁ - (1965a). Tpo s1mple dev1ces for"q“
rear1ng aphxds. J. Econ. Entomol. 58-*365 66

Hackauer,,‘M., & Blsdee, H. E. (1965b). Aphldlus smit hi Sharma

and Subba Rao (Hymenoptera: Aphidiidae) a parasite of the
pea aphid new in southern Ontario. Proc. Entomol. Soc. .
Ont. 95: 121-124 - o oo

Mackauer, M., & Kambhampatl, S. (1984). Reproduction and

' - __longevity of the cabbage aphid, Brevicoryne brassicae
(Homoptera: Aphidiidae), parasitized by Diaeretiella rapae’
(Hymenoptera: Aphldl1dae). Can. Entomol. 116. 1605 1610

~Mackauver, M., & Kambhampati, s. (1986)@ Structural changes in
the parasite guild attacking the pea aphid in north
America. :¢:n I. Hodek, [Ed.]}, "Ecology of Aphidophaga,
1986" pp. 347-356. Academia, Prague & Dr. W, Junk,
Dordrecht. g ' S .

 Mackauer, M., & ~'van - den - Bosch, ”R'l*“11973)7””’Quantitatfvemww e

- evaluation  of natural enemy effectiveness. General

- applicability of evaluatlon results. J. Appl. Ecol. '10:.
330-335 . . ‘ .

Manly, B. F. J. (1972). Analysis of a selective predaiioﬂ
experiment. Am. Nat. 106: 719-736 . _

‘McCullagh, P., & Neider, J—~2, (1983). Generali'zved li‘ne{ar
models. Chapman and Hall, Lo don, England ’ :

Hessangg:PHE*45+,L19641+485940£411ie/—tab&esu—in——a——b&ee%%matfc—————*
- study of an experimental aphid-braconid wasp host-para51te
system. Ecology 45: 119-131

58



 Miller, M C-ﬂr(1970)f47StudlES——Qfmﬂ%ﬂ%efSpeCTfIC‘CUmDGt ifon
'””“”4”‘between letrastlchus incertus ~and Bat hyplecres

curculi larval epndoparasites of the alfalfa ‘weevil

nis,
(‘/‘Sz's"cu. U.WL. bJ. 719"‘21 B

Nechols, J. R., & Kikuchi, R. S. (1985). Host selection of- theh'”;"”

spherical mealybug (Homoptera: Pseudococcidae) by Anagyrus
indicus (Hymenoptera- Encyrtxdae) Influence of host stage
on parasitoid oviposition, development sex ratio, and
survival. Environ, Entomol. 14: 32- 37 o ' o L

Quednau, F. W. (1967). 'Notes on mating behavxor and ov1poszt10n

of Chrysocharts laricinella, a parasitoid of the larch
;caseborer.‘Can. Entomol. 99: 326-31 : - R

.”Rabb, R.. Lo (1971). -Naturally occurring biological control-
: the eastern United States, with particular reference to,
Tobacco insects. in C. B. Huffaker, [Ed.]), "Biological °

control" pPP- 294 309. Plenum Press New York~~ London.

Baba&me—ﬂif&rfﬂpsﬁahﬂab Efﬂ%~449#9+ iﬂmfﬁemﬁr -du ;mrasxte

Aphidius matricariae Hal. (Hymemoptera: Aphidiidae) sur la

fécondité de son héte Myzus persicae Sulz.. (Homoptera:
Aphididae) & différentes températures. Ann. Zool. Ecol.
Anim. 11: 359-369 -

Richerson,_ J. V.,'& Borden, J. H. (1972). Host finding behavior
of Coe(oides brunneri, Can, Entomol. 104: 1235-50

Richerson, J. «:, & DeLoach, C. J. (1972). Some aspects of host

selection by Perilitus cocc1ne/lae Ann, Entomol. Soc. Am.

=

652 834-39 —
4

e~

Rothschild, G. H. L. (1970). Parasites of the rice stem borers

~in Sarawak (Malaysian Bornec). Entomophaga 15: 21-51. . ..

Samson-Boshuizen, M., van Lenteren, J. C., & Bakker, K. (1974),
“ Success of parasitization ~of Pseudcucoila boche: Weld a
matter of experience. Neth. J. Zool. 24: 67-85
Schlinger, E. 1., & Hall, J. C. (1960). The biologY. behavior,
and morphology of Praon palitans Muesebeck, an internal
parasite of the spotted alfalfa aphid, Thertoaphis
macul at g (Buckton) Ann. Entomol. Soc. Amer. 53: 144-60

~ Schlinger, E. 1I., & Hall. J. C.V(P961)- The biology, behavior,

- and morphology Of Trioxys utilis, an internal parasite of
the spotted alfalfa aphigd, Therioaphis maculata. Ann.

—— ———— Entomol. Soc. Amer., S54: 31-45

Sokal, R. F., & Rohlf, F. J.v(1981) Biometry. W. H. Freeman §
: Co. San Francxsco. xviii + 859 pp.

e 60



'Southﬁeed ;TW7R Ewm(i§66) Ecological methods w1th partzcular‘

reference to the study of 1nsect populations. Methuen &

Stary, P. (1970). Biology of aphi it f cai
Aphidiidae), with respect to 1ntegrated control. Dr. W,

Junk., The Hague. 643 pp. ‘ e e e
'Van'Alphen, J. J. M. (1980). Aspects of the' foraging behaviour

of Tetrastichus asparagi Crawford and Tetrastichus sp.

(Bulophidae), gregarious egg parasitoids of the asparagus N

beetles - Crioceris asparagi L. and C. duodecimpunctata L.
(Chrysomelidae). 1. Host-species selection, host-stage
selection and host discrimination. Neth. J. Zool. 30:(2)

¢ 307-28 e

- van Alphen. J. J. M., & Dn;ver, R. A, B. (1982). Host selection _ . .

by Asobara tabida Nees (Braconidae: Alysinae), a 1larval

parasitoid of fruit inhabiting Drosophila species. 1.
Host-stage select1on with Drosophila melanogasler as host
species. Neth. J. Zool. 32:(2) 215-31

7. van den Bosch, R., & Haramoto,ﬂFi”(TQSO). Progress and status of
' two recently introduced parasites of the oriental fruit
fly, Dacus dorsalis Hendel, 1in Hawaii. Proc. Hawaii.

Entomol. Soc. 14: 29-33 - ’

van den Bosch, R., & Haramoto, F. (1951). Oopius oophilus
Fullaway, an egg-larval parasite of the oriental fruit fly
discovered in Hawaii. Proc. Hawaii. Entomol. Soc. 14:
251-255 - . ' - : o

van den Bosch, R., & Haramoto, F. (1953). Competition among

parasites of the oriental fruit fly. Proc. Hawaii.
Entomol. Soc. 15: 201-206 i

van den Bosch, R., Schlinger, R., Dietrick, E. I., Hall, J. C.,

& Puttler, B. (1964). Studies on succession, distribution,

and phenology * of imported parasites of Therioaphis

‘ trifolii (Monell) in southern Callforn1a. Ecology 45(3):
P 602-621 - - "

van Lenteren, J. c. (1980). Evaluation of control capabilities
" of natural enemies: Does art have to become science? Neth.
J. Zool. 30: 369-3B1 '

‘vinson, S. B. (1968). Source of a substance in Heliothis
- virescens that elicits a searching -response —in——its
habitual parasite, Cardiochilgs nigriceps. Ann. Entomol.

Soc. Am. 61: 8f10

, Vinson, S. B., & Iwantsch, G. F. (1980). Host suitability for
insect parasitoids. Annu. Rev. Entomol. 25: 397-419

%




Waage, J. K., & Hassel, M. P, (1982). Parasitoids as biological :
- . .. .. comtrol ageﬂisgffaffundamental»appfeach—*ParaSTtu'
241268 -

_Aphidius smithi Sharma. & Subba Rao  (Hymenopterd: =
Braconidae), a parasite of the pea aphid, Acyrthosiphon

pisum (Harrxs) (Homoptera- Aphldldae) Pol. Pismo Entomol.
32: 253-310 T

'
o
>
Fs &
—
S
’
'j V — —_
>
N .
. . ‘
e
— LA —_— **krlﬁg/
. Y ;
2

.

62



