l*l National lerary :
| - ofCanada - du Canada

‘BTbliothéque natioriale

Canadian Theses Service Service des théses canadiennes '

Ottawa, Canada
K1A ON4

NOTICE

The guality of this microform is heavily dependent upon the
quality of the original thesis submitted for microfiiming.
Every effort has been made to ensure the highest quahty of
reproduction passible.

Y

the degree.

“Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Previously copyrighted materials (journal articles, pub-
lished tests, etc.) are not fitmed.

Reproduction in full or in part of this microform is governed
by the Canadian Copyright Act, R.5.C. 1970, c. C-30.

N(-333 (1. 8804

If p dges are missing, contact the umversnty which granted :

AVIS

La qualité de cette microforme dépend grandement de la
gualité de la these soumise au microfilmage. Nous avons
tout fait pourassurer une qualité supérieure de reproduc
tion.

- Sl manque des pages, veuillez communiquer avec

funiversité qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser 4
desirer, surtout si les pages originales ont é1¢ dactylogra-
phiées a I'aide d'un ruban usé ou si Funiversité nous a Lul
parvenir une pholocopie de quaﬁé inférieure.

Les documents qui font déja l'objet dun droit d'auteur
( les- de revue, tests publiés, elc) ne sont pas
rofilmes. :

La reproduction, méme partielle, de cette microforme et

‘soumise a la Loi canadienne sur le droit d'auteur, SIIC

1970, c. C-30.

Canadi



INTER- AND INTRASPECIFIC VARIATION IN INTRODUCED AND NATIVE PARASITES
(HYMENOPTERA: APHIDIIDAE) OF THE PEA APHID IN NORTH AMERICA: LIFE
HISTORY TRAITS, THERMAL COEFFICIENTS AND MORPHOLOGY

a——

by

Srinivas Kambhampati
B.Sc. (Agric) Andhra Pradesh Agricultural University, 1979

M.P.M. Simon Fraser University, 1981

“THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE R;EQU]REMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
in the Department
cof -

Biological Sciences -

®  Srinivas Kambhampati 1987
SIMON FRASER UNIVERSITY

7 October 1987

All nghts reserved. This work mav not be
reproduced in whole or in part. by photocopy
or other means, without permission of the author.



Permission has been granted
to the National Library of
Canada
thesis and to lend or se11
copies -of the film.

The author'(copyright,owner)
has Treserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

to microfilm this

extraits de

L'autorisation a &té accordée
a la Bibliothéque nationale
du Canada de microfilmer
cette thése .et de préter ou

'de vendre des exemplaires du =

film.

L'auteur (titulaire du droit
d'auteur) se réserve les

‘autres droits de publication;

ni la thése ni de 1longs
celle-ci ne
doivent étre imprimés ou
autrement reproduits sans -son

autorisation écrite.

ISBN 0-315-42586-5



APPROVAL

Name: - " Srinivas Kambhampat i

Degree: . Doectot of Philosophy
Title of Thesis: : ‘ ///

~ INTER - AND INTRASPECIFIC VARIATION IN INTRODUCED AND
NATIVE PARASITES (HYMENOPT : APHIDIIDAE) OF THE PEA
"APHID IN NORTH AMERICA: IFE HISTORY TRAITS, THERMAL
COEFFICIENTS AND MORP ' ’ T

Examining Committee:

r. L. Druehl

2

Chairman:

//// Dr. Mé# Mackauer, Professor, Senior
~ Supervisor

Dr. B. Roitberg, Assistant Professor,

BISC, S.F.U.
\

LA U VAR i
Dr. M. Winston, Associate Professor; "

BISC, S.F.U.

Dr. A. Harestad, Assistant Professor,
BISC, S.F.U./ Public Examiner
‘ 4 A

esearch Station Canada
cou

Agr B.C., Public Examiner

Dr. K..Hagen; Dept. of Entomology,
University of Caglifornia, Berkeley, Cal.,
External ExamIfier :

Date Approvea ¢ //;M'-Av ?/7 -

ii



PART 1AL COPYRIGHT LICENSE

z

| horeby granf to Simon Fraser Unlversl:v rho right to lend
‘my thesis, proJecf or extended essay (the Itle of whlch Is shown below)
to users of the Simon Fraser University lerary, and to make partial or
single coples only tor such users or In response to a request from the -
library ot any other university, or other educational--tnstitution, on
"its own behalf or for one of Its users. | turther agree that permission
~tor muitiple eopylng of this work for scholarly purposes may be granted
by me or fhe Doan of Graduafe S?udles. It Is understood that copylng
or publlca#lon of thls work for flnanclal galn shall not be alliowed |

without my written permission.

Title of Thesls/Project/Extended Essay

" INTER - AND INTRASPECIFIC VARIATION INﬁINTRODUCED AND NATIVE

PARASITES (HYMENOPTERA: APHIDIIDAE) OF THE PEA APHID IN NORTH
\

AMERICA: LIFE HISTORY. TRAITS, THERMAL COEFFICIENTS AND MORPHOLOGY.

“Author:
(slgnaturd?f

- BINIVAS KAMBOAMEATL

{name)

AL AJ) 6veann Loy ]%’%

(date)

7~



 ABSTRACT

.This_study was a first aaempi to investigale, a posteriori, the pos$i_b1é reasoﬁs ‘for the
continent-wide deciine of Aphidius smithi Sharma & Subba Rao, an introduced parasite of the
pea aphid in North Americaa Two :ypomes‘es,lambngv many possible, - were tested. First,
':Bec:{pse. A. smithi ‘was established with- small founder populaln.ions, it was hyﬁdthesjzed' that the
:esuiung"genedc impoverishment - may  have precluded its long-term establishment To test this,
divergence levels in quantitative cimryactersl among three populations each of wo. ipt:roducéd
species, A. smithi and Aphidiu;;i Haliday, were c;oméared_ 'WiLh- each .other and with those
among three ‘populations ~of a native species, Praon pequadorum‘ Viereck, t; détéct ‘any
cvfdence of random genetic drift Second, because A ervi rapidly became the dominant species

of Lhe pea aphid subsequent to the decline of A. smithi, the possibility of Adisplac'ement due

lo differences in life history traits was tested. -

& ——— -

InLraspeciﬁc studies indicated that the divergence level between populatidns of the two
introduced * species did not consistently differ frbm each other. But the distance between any
two ﬁopuladons :of the introduced . species | was  consistently greater,* than thai between
corresponding populations of the native species in both life history ‘and» morphological traits,
suggesting  drift of alleles affecling these two _characlé_rs. The H results Suggest the possibility ‘off
drift of other alleles which may have also contributed to the decline of A. smithi. Tﬁe drift
does .not appear to have affected the establishment of A. ervi, probably because of larger and
more diverse founder populations. In addidoﬁ,’ A. érvi appears 0 ) ess a "genera] que"
genotype as evidenced by s predominanc# of "the parasite guild of Gzlmds infesting alfalfa in
a wide range of clima}es. Both Lhcsc factors may have enéblcd it 10 ;vcrcome -any deleterious

effects on adaptation of random genclic drift
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Interspecific comparison . of life history traits indicated that A. smithi is supetior, or- at-
- least at ‘no obvious disaqvantage, relative to A. ’ervf. Aphidius pisiv&is Smith or P.
pequodorum. It had a higherk ft;c’undity, a shorter deyélopmenwl tiine and generally performed
better than any of the above séecies ‘under the experiméq,tal conditions. Thisq sug‘ge;ts> that
differential reproductive capacity and thermal coefficients did not contribute -si‘gniﬁvcandy to the
decline of Ab. smithi. The protocol for the ~introdﬁcu'on, and the dynamics of pea aphid
parasites: iﬁ North America, suggest a stong need for prc.h ~and post—rcleésc stadies on -

introduced biologiéal control agents. 2
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QUOTATION

"There as successive generations vbloorn,
New poWers acquire and larger limbs assume,
Whence countless  groups of vegetation spring,
__And breathing realms of fur and feet and_lwing."

Erasmus Darwin
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GENERAL INTRODUCTION

=4



Sustained or long-term establishment qfi introduced natural encmies is one of the goals
of classical _biological control of insect pests ‘(Coppél and Mertins 1977, DeBach 1964) Once
implemented, biological control is eipected m-p}ovide' pest populat.ioﬁ reg@ﬁon for a 'numﬁep :
of years, with liwe or no further human .inI;u; Hdwéver, as in many natural :coldﬁizations
(Mayr 1965), some introduced natural enemies ’r-nay decline ‘after an initial flush- ?hase
(DcBéch 1965, Turnbull and Chant 196}1).‘ By contrast, otﬁer species méy' increase fn relative'
- abundance vfrorvn initially low densities éftcr a few years. Although man§ explanations have
been givenj for such changes (e.g. DeBach 1963), veryv'few msés have in fact been ._smdied in
>deLa1'l (e.g. DeBach and Sundby 1963, Kfir ‘am-i Luck 1984, Luck er al. 1982). In order to __
understand the dynamics of inﬁoduced species and therefore make success of intrpductions
more predictable, th'efe"is a need FLo examine the factors underlying such changes. In this
study, I shall attempt to :idenu"fy, a posteriori, .the possible reasons for 'changes in the relative
‘ abundance of parasites of the pea -aphid in North America that Qccurred after the intrbduct.ion

of sezveral species from Europe and India.

1.l ‘History of the pea aphid and its parasites in North America

The pea aphid, Acyrthosiphon pisum m(Hafris’) (Homoptera:  Aphididae), was 'inadvcr't'ent]yf
introduced into North America from Europe early in the l9th“éentufy (Halfhill et ak~~1972).
'The first damaging populanqs were notuiced in the late 1800s. _B_v 1900, the aphid had spread
from the easicrn scaboard to Wisconsin and, by 1926, o the Pacific coast and to paﬁs of
- Canada and Mcxico (Hagén et al. 1976). The pea aphid, on occasion, is considcréq a pest of
alfalfa (Medicago sativa L.), peas (Pisum sativum L), and some o'theereguminosae in North

Amenca (Campbell 1974).
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A number of native parasxtes 'includivngr Aphidius pisivorus SmiLh, Ephedmxahfomicus
Baker, ‘Mén‘qctonus paulensis Ashmead. ,.Praon_ occidentale Baker, Praon' peq'uodo)um Vicreék
(Hymenoptera: Aphidiidae), and Aphelinus sehziﬂavus Walker (Hymenoptera: 'Aphelinida_e) wefé
reported to barasitize the—pea aphid iﬁ North- America eaﬂy in this century, although some
iden ﬁcauons rnay\ be - questionable (Halfhill et al 1972 Mackauer and Finlayson 1967). E
of thed pa:asnes were. possibly accidenually introduced from Europe together wuhf thetrj hosL

whereas{ others are native to North Amenm. - The general consensus among “early workers was

that ¢ parasites had litde or no. impact on pea aphid populations (Halfhill et al. 1972).

To supplement the natwe parasite species, a number of aphldnds were introduced into
North - America:  Aphidius 'avenae Hallday, Aphidius ervi Haliday, Aphidius médzcagtms
Marshall, Aphidius smithi Sharma & Subba Rao. and Aphidius urticae Haliday (Clausen 1978).
‘Of ‘these, only A. smithi and A. ervi are vknoﬁvri to, have bécome eétablished. A. medicaginis

was later identified as 4. ervi (Unruh et af. 1986). ' .

A. smithi was imported from india in 1958; The original samples cor{sisted of two
shipments, collected at one location inlnorthwestern India and shipped to the U.S.A. Aa: about
the same tme. One sample was sent to California and subsequenily used for releases in
western North Ameriéa; it consisted of 5 males and 4 females (Dr. K.S. Hagen, ‘pers.' comm.).
The second‘,shipmem ‘was received in Néw Jersey and iAnél’uded 17 female$ and an‘unknown
number of males (Angalet and Coles 1966). it served as a soufcé for releases in castern
North America. In order to produce a large number 1)f parasites for ficld rcleasc’, these
samples were expanded by insectary propagatlion belween 1958 and 1960. A. smithi bccamc'l

readily establi;hcd at all release sites in California (van den Bosch er al. 19060, 1967, Hagen

and Schlinger 1960). Releases were also made during the same period: from Mainc (o Florida

-



in the eastern US.A., in Colorado, and in the Pacific l\‘Jorthwest (Clausen 1975). Ther ﬁrstw
evidence of A. smithi’s establishment in eas:tem North Amerim was ob'traiﬁrerd' l.ayr Mackauer
| and Bisdcé (196573.); who found the parasite in sOuthefn. Ontario. They suggested v‘fhat A.
smithi may h#ve -immjgratcd frorh- the USA through eithér the Niagara Peninsula or tﬁe
Upper- St Lawrence River area. Surveys carried out in the early 1960s ih castern  North

America revealed that A. smithi was the mosi common péa aphid- parasite wést of longitude .

80° W, but A. pisivorus was generally dominant east of that line (Maékausr 1971).

" After an apparently successful establishment, 4. smithi staned to decline in relative
abundance jin easterﬁ North America and was virtually extinct by the ézgly 1970s. ~Campbeil'
and MacicZuer (1973) suggested Lhét;qeirther a pfesumed inabrivlit)y’ ;o survwethe “low winter
lemberatures as proposed by Hagen and Schlinger (1960), rlor direct competition with :ative or
other \inLroducgd parasites. shown to Abe unlikely by Mackauer (1971), could satisfactorily

.

account for the parasite’s gradual decline and apparent extinction.

A smit;u' colonized western Cahada ‘pro-bably‘\ from Washingion and Idaho and was
fqund in Bm.iﬁh Columbia and Alberta. $in- 1965 (Mackauer and Campbell 1973, Mackauer and
Finlayson 1967). In British Columbia, it constituted 22% of the total parasite population in-
1969. and 80% in ]9 71 in t}xe Kamiobps lare;vl. Over the same "pen'od,‘ the relative abundancAer
of 4. pisivorus declined from 51.6% to 11.5% and that of P. p’equqdorurﬁ. from 26.4% to 8.2%
{Campbell 1974)', Récem surveys of 'alfalfa fields in the soulhernA imerior. however, .iﬁdi;ted

that A. smithi represents” less than 1% of the pea aphid parasite population (Mackauer and

Kambhampat 1986). A similar decline of A. smithi 10 less than 10% of the total parasite
i \

population was reported from California (Gonzalez et al. 1978).



The second exotic parasite, A. ervi, was imported from.{arious locations  including
France, Germimy, Spain and' Sweden, and was released in North A'merri;:; :b;‘;twéeﬁ 1932,
and 1981 (Dr. RW. Fuestei pers. comm.). The imp&rtamion consisted of a towl of 36
shipmgr’l/tg/w'ﬁic_lg’ yielded 9148 males and females. Most of the releases, however, took place in
the eastern U.S.A. between 1959 and 1968 and in the western US.A. between 1961 and 1964
(ﬂalthill et al. 1972, Stary 1974). Although A. ervi became well established, it stayed  at
relatively low densities at mosi release sitesr (Hage’n} et al. ,197‘6, Halfhill et al. 1972).
Subsequentr to the decline of A. smithi in eastern North Amen'ca, '-‘A. ervi became ihe' most

common pajrafsite of the pea aphid.

A. ervi was found in British Columbia for the ﬁrst time near Kamlobps in. 1970,
presumably as a result of immigration from release sites in the "US.A. It remained at
relatively low levels in the Interior, constituting less than 1% of pea 'aphid pdrésites, ben'vueen
1970 and 1972 (Campbell 1974). However, A. ervi copstitutéd between 70% and 80% of the’
. parasite pdpuiation in the coastal regions of British Columbia alnd Washington sfate (Campbell
1974). Surveys conducted between 1983 and 1985 in the Interior and the coastal r_egioh of |
British Columbi.a revealed that A. ervi is the most common pea aphid parasite constituting
bet§veen 80-85% and bétween 98—106% of the parasite populations, resnectively (Mackauer and

Kambhampati 1986). At present, A. ervi is the most common pea aphid parasite in virtually

A_—

all of North Afneriga (Gonzalez et al. 1978, Mackauer and Kambhampau' 1986, Mertins 1985,
Dr. R.W. Fuester, pers. comm.). Changes in relative abﬁndancc of scveral pea aphid parasite

species in British Columbia are summarized in Appendix [

Although many cases are known in which established exolic parasites subsequently

declined in numbers, these changes were usually confined 10 localized arcas (c.g.. DcBach

<



. 1965, DeBach and Sundby 1953, Turnbull and Chant 19%1). A unique feature of the pea ',

qphid 'pafasite complex is the fact ‘that the changes in relative abundance have taken place ;on
3 conu'neni—wide basxs apparenty . with a lag time between changeé Cin easterxi, and western
North America. A number .of Tactors such as lgenet.ic impoveﬁshment, - differential reprodu'ctl:ve
potenual and host utilization, extrinsic and intrinsic competitive ability, climatic adaptedness elc.,
may have conmbuted enher smgly or in combmauon to Lhe declme of A. srmthz The first

and seqond of- the above factors are examined in thlS thesis. .

o . -o-

12 Founder effects

In nature, ‘r]ew popixlations are often ’established by a small group of ernigrants (Mayr, 1965,
Hard 1980). The geénetic consequences of such founding events are known collectwely as
founder effects. The geneuo variation in thé new populauon is mlually limited to these alleles
- that are present in the founders and, thus, .the variation ‘may not necessarily be representauve
- of that in the parent popu.lauon. Errat1c changes in gene frequency due to random genetic
drift and linkage disequilibrium may also ensue (Wright 1949). Loss or fixation of alleles_ is
diSadvamageous‘ 1o - the ~population when a rapl;d adaptation to the new eﬁvironment is
required, as is the case with species introduced 'fora biological control, and may .lead to
eventual extincion (Nei er al. 1975). Experimental and theoretical evidence for)‘ founder effects
15 available in  the literature for both plants and animals (e.g., Avise and'Selander 1972,
Barton and Charlesworth 1984, Bonnell and Selander ]974‘1, Bryant et al. 19865, ‘1986b. Carson
and Templeton. 1984, Chakraborty and Nei 1978, Haigh and Maynard Smith 1962, Lewontin -
1974, Prakash 1972, 1973, 1977, Prakash et al. 1969, Rich e .al. 1984, Schwaegerle and éghaal"

1979, Selander- and Kaufman 1973, Tavlor and Gorman 1975).
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‘As in nawral colonizations, deliberate introductions. for the purpose of . bfological “contol

often involve sm'aLIl founder' f)opulatjons; as, in the case of A. smiilri‘ and 10 a‘” lesser extent, N
A 'erw'. Before release, the initial sample is propagated in msectanes for a few generatmns‘_
where - further loss of a]leles and inadvertent sel:cnon may take place (Mackauer 1981) All
these factors may contnbute to the decline of introduced bnologm.l control - agents. . Founder'
effects, however, may nOL:be apparem depending on the size of the founding population, the
‘ rate of - population _growth and the mutation rate subsequént to the -formdtng event

(Chakraborty and Nei 1978, Nei et al. 1975).

Consi’cblering the evidence for genetic consequences of founding events, and the protocol”
for the introduction of pea aphid parésites,b it is possible Lhar;pOplrlauons of A. smithi were"
subjected to founder effects, whreh in turn, may have led to their decline. Random 'genetic
drift, one of the more common phenomenon in founder populations, is generally studied by
comparing after many generations, the diverg‘ence levels between a number of populations
derived from a srnall number of founders with those between poprilaLions"derived from a’

large number of founders. Greater - divergence between the populauons derived from a small _‘ e

number of founders relative to those denved from a. large number of founders is taken as
indirect evidence of drift (see, e.g. Bonnell and Selander 1974, Bryam el al 1986a, 1986b,
Dobzhansky and Pavlovsky 1957, Rich er al. 1979, 1984, Schwaegerle and Schaal 1979,

. Templeton 1980). This is because random genetic drift may cause large fluctuations in allele
N ' \

frequency between different generations ultimately leading 1o loss or fixauon of alleles (Hedrick -

1983). In a large, well-established populauon, the allelic frequencies are relatively suable over

'8

ume. Al a given sampling ume, then, replicate populations established with a small number of .. — -
. - LY

founders may display a grealer varialion in character mcans between populadons, relative o

Lhosc‘esmblished.with a large number of founders. For this part of the study, | carricd out
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‘aphid, established ,‘rcqcﬂqﬂy with  a small number of ,founders, and native parasites,: th_ich had .
been in North America for a long period of time, to deteci evidence, if any, of rar;dom
genetic drift in the fofier. g -

o=

- The  first objective of this thesis, then, was: t0 measure geographic variation in . . "
—-quantitative characters and to compare divergence levels between populations of the introduced

‘and the native parasites of the pea aphid in North- America. ‘As a result of §m1 founder

»
L]

populations, it is conceivable that populations 6f the introduced sj)écies,may -exhibit a different
* degree of geneLic. ‘variar.ion relative to populations of the native speciers.‘ In éddir.ion,
populations of introduced species established Mm a Wler number of: founder.s (ie.. A_.
smithi) may exhibit a different degree 6f genetic 'variau'orpr relative to that among populations
”,o'f introduced }cies established with a lérger ‘number of 'founders _(i;e., A. ervi). In”either

<ase, measurable and consistent differences in .divergence levels may be taken ~as indirect

evidence of random genetic drift

«

L3 Reproductive attributes - ' - :‘—

Although i[, xs known that A. ervi became the most common parasite 'of the pea aphid faiﬂy
rapidly afier the decline of A smithi, it -is less certain il the former species competitively
d_is'placed., the ‘l‘atle'r, or simply moved into an empty niche. If A. smithi was.compe_tiLively
displaced, " differental regroducﬁve potental and/or UTé;rnal coefTicients could have beeh one of
the . contributing  factors. Sdme of Lhe» characters that define the réproducr.ive at'trrribut'es‘ of a
parasite  include averagev ; fccundil,\". -searching efficicncy, host utilization efficiency, i etc.;

characleristics that c¥y be measured and compared among members of a parasite guild

”



anackihg the same host or host complex (Coppel and Mertins 1977, Mackauer. 1983).

' 'Thecseco_nd paﬁ of this thesis is concerned with exar;iim'ng in detail dle possibility .thrn
vthc“rdecﬁne"of"’ "4 smithi (or the increase of A. ervi) was a consequence of measurable
differences ‘i1'1 repfoductive atributes and thermal coefficients that could be considered irhportant,
in the ﬁeld ‘dynamics of pea ' aphid parasites, &.g., host im'lizau‘dh ‘searching efﬁciency.
owposmon 1ates, developmcntal umes and threshold temperatures. In ‘spring, when pea aphlds
on_alfalfa are relat.wcly scarce (Campbel] 1974) searching efﬁcxency and Lhreshold tcmpcratures
aré probably more. Ilmponant’ than total clutch size. In summer, howeve'r, when hosts are
usually abundant, average feeundity and relative developmental times ndaS" deLerrm'ne the relative

-

- abundance of a species. ‘ v

___Ideally, to compare panrasit;e performance and host uu‘lizau‘on: the functional response of
pafasi;c' females 1o .varidus host densities must .be known. Because a lerge numbef ‘of
lpopulat.ions were 1involved"in‘ my studies, I decided instead 1o assess ‘the performance
charactenstms of each populauon at one, reasonably hlgh host density. Atmbutes that directly
or indirectly indicate reproducm} pq;enual and host utilizatien ef‘ﬁcxency can be mcasured with
" ease in the laboratory underl conudiled condiu'ons. For example, Force and Messenger (1964)
assessed Lhc intrinsic rate of increase of Trioxys ¢omplanatus Qu1l|s Perez, Praon exsdetum_
(Nees) and Aphelmus asychis Wa]ker all parasites of the spotled alIalIa aphid, Therzoaphls
trifolii, (Monell) at different temperatures. Force and Messcnger '(1965) also carried ‘out

rec species of parasites. Kambhampali et al

4
s

laboratory. studies on competition in these ~

(198?V) and Mackauer (1983) quantified tfe performance, host uuhzauor\and ome%‘ﬁnslory

traits of A. smithi as affected by host Mensity. The results of ail these studies indicate that

many performance criteri® measured in’ the laboratory can be uscd as indices of parasite



performance. Other laboratory- studies' that quantify. parasite perfox*{rtarice ‘and h.ost utitization of -
aphidiids‘incl'ude those of Chﬁa (1979),-Cloutier (1984), C]dutjerf et >al. (1984), Collins et al
(1981), Dransfield (1979), Force and Messenger (1968),'Han7 et al. (1978), Messenger (1968),
and Shirota et al. (1983).‘ Although laboratory evaluation ‘can be a useful tool .in comparing

rg:produ'cu've characteristics of various parasite species, caution should nevertheless be exercised

in extrapolating such data to field performance (Mackauer and van den Bosch 1973).

The second objective of this thesis therefore, was to compare, under - laboratory
f\\ conditions, the various life history iiaits, including reproductive potential, parasite performance,
host utilization and thermal coefficients, between species within the pea aphid parasite complex

from different regions, to determine if A. smtfthfs decline in numbers could be attributed to

differential reproductive potential and/or ‘thermal coefficients.

10
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= 1(20!1@'011 M'rgﬁng of insect ylerial /

“ "Aphids: Pea aphids used in the experim/zé wete collected on alfalfa at th?i‘@icn’lﬁlre
Canada Research Station in North Kaml9t{ps in 1972. Large stock colonies of the aphid were

, rrlaintained in the laboratory on potted »broad ‘beans, (Vicia faba L., cv. "Broad Windsor").

The bean plants were grown in "Garden Mix" soil with 6-7 seeds per 126 cm pot The

cultures were kept at 19-20 °C, /55-60% R.H., and ’a' 16h L: 8 D photoperiod to maintain
the aphids in a parthenogenetic, viviparous condition. ‘The aphids were transferred to fresh

bean plams Ol'lCC every week _
| VA S . ,
To obuin a coho of even—aged aphlds for experiments and for rearing of parasite
material about 200 re roducuve aphids were caged on a pot of broad bean plants for 8h. "
After cllat period, a/%l?rs were removed from the plants. Thus, all the nymphs‘ that were
produced were wi% *4h of one another in age. The nymphs were then reared at 2011 °C

until needed. /’

Parasites: Lab ralory colonies of pea aphid parasites used in this study were established from- §$

field collecte material. Populauons from a given area were collected from a single, culuvated

-

alfalfa field

The Clllillllwack alfalfa field is located near the Fraser River. It was about 2.5
ha in- size and was usually under an. alfalfa monoculture. PopMftions from Kamloops were

~collected/ in an alfalfa field on the property of the Agriculure Canada Research Station in

North / Kamloops. Sussex populations were obtained from laboratory colonies at . 'Fordham
University in New York, U.S.A. T_hese parasites werc originally collected in an alfalfa field

near/ Sussen, Sussex County, New Jersey, U.S.A.

Ly S o
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éﬁpal stage of the parasite inside a mummyA was collected in the field and brought

back to the | laboraiory. The‘ mummies were individuall_vb placéd in 'gélatin capsule§ (Parke

Davis, #00) and adults were allowed to emerge in a growth chamber ‘at 20+l °C. Because

" the color of the parasites is influenced by the temperature Tegime under which they comﬂplem h
- development, idénﬁﬁmﬁon of field golleéted parasites to the species level is often difficult énd
sometimes unreliable. {To overcome this problem, a '.male and a female, presumed to be

conspecitlc;s,_ were allowed to mate and the progeny bf each such pair ‘'was raised under

known, controlled conditions. For each s;Secies, ﬁO such pairs were set up. .A small proporuon

of the progeny was> killed and prepared for scanning electron microscope idenUﬁcann

according to the key provided by Marsh (1977). After identification to the species level,

conspecifics obtained by the above prodcedure were merged to establish a laboratory culture.

Stock colonies of parasites were maintained in plexiglass rearing cages (33 x 4 x &4
cm) fitted with fine mesh. “To avoid contamination among various species and populations
during reéring, cultures were kept temporally and spatally segregated. All colonies were
maintained él 20-22 °C, 55-60% R.H., and 24h light About 200 mi'rd—instar.(3-4l day-old)

nymphs of ‘the pea aphid were exposed to 20-25 female parasites ovemigfu in wax. paper ©

cups (9.5 x 11 cm). The parasites were then removed and the aphids were placed on bean

seédli . Two such cups were set up once approximately cvery two weeks for each specics
popula n. The mummies, which formed after about 9 da-ys under L}1€ rearing conditions,
%re'collccied by gently scraping them off the leaves. They were placed in wax paapcr cups

with a 9 cm plastic Petri dishv]id, and the adults werc allowed o emerge. The adults were
™ fed a 50% honey soluton ("Heaven]_v Honey", S.F.U.) sureaked on the inside of the lid. Thcy_

were allowed 1o mate for two days, after which the whole process was repeated. Al colonies

were maintained al an average size of about 300-500 insccls.

—
W
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2.2 Experiments

All ;expen'me'ms were undertafen 'soen after the cultures of the parasites were well established
'in the' laboratory, usually after about 3 generations. '-Small plastic cages, such as those
described by Mackauer- aind ﬁisdee (1965b) were used for. rearirjg field 'mllec&d materiél and
for repllcaung experiments. Dependmg on the expenment, two sizes of mges were used 8.5
cm dlameter x 3.5 cm hlgh or 15.5 cm diameter x 4 cm high. The cages were f' tted “with
fine mesh covers and had_a 1.5 cm hole in the side wall. A broad bean or an alfalfa shoot
was inserted in ’Lhe hole and ‘held in \place with non4;oxic plasticine, which also sealed the

hole. The cage was then placed on wp of a milk bowle containing fresh tap water, so that

the cut end of the plant shoot was immersed in water.

Experirr)xems and rearings requiring controlled temperature, humidity, and photoperiod were
conducted i a "Conviron” Model E15 growth chamber (Conuolled Environments, Winnipeg,
Manitoba). Temperature inside the plastic cages was monitored with” a "Keithly" Model 871

digital thermometer, with a probe (Keithly Instruments Inc., Cleve'lénd. Ohio, U.S.A)).

3. Study areas | | IR

As stated carlier, populations of pea aphid parasites were obtained from three geographic
areas. FEach area has a wunique historv of pea aphid parasite introduction/colonization and

relauve abundance.

Chilliwack, British Columbia (49.10° N, 121.57° W): This area is- characterized by a mild, wet

coasal ‘climate. Some alfalfa is grown here and the pea aphid occurs on alfalfa, peas and

" wild—etover. A ervi hay been the most common pea aphid parasite since the late 1960s



(Campbell 1974, Mackauer and Kambhampati 1986). A. pisivorus, A. smithi and P. pequodorum

_are rare. Species collected: A- ervi, A. smithi,P. pequbdorum. . X

Kamioops, British Columbia (50.40° N, 120.20° W): Kamloops and vicinity is the  major
alfalfa-growing a:ea in British Columbia. Hot summers and cold winters characterize lh»e.
Kamloops area. Prccipita!:ion, both rain an_d snow, - is low. Four species of pea aphid parasites

r

are found here, namely A. ervi, A. pisivorus and A. smithi and P. pequodorum (Campbell

1974, Mackauer and Kambhampat 1986). A. smithi was the most common parasite from the

early 1970s to probably the late. 1970s. Since then A. ervi -has been the most cor;monh

species. Species collected: A4. ervi, A. pisz‘vom;,\t sniithi, P. pequodorum.

Sussex., Nefv Jersey (41.13° N, 74.37° W): Sus,se; and vicinity is predominantly an agricultural
area. The surﬁmérs are moderately hot and the wimérs' very cold. f‘recipitation is m&eratc.
New Jersey was one of the many eastém states in the U.S.A. where large scale releases of
A./ smithi and A. e.rvi were made.v A. smithi was presumably Lr/1e host common pea aphid
pa:asite- in this region - until about 1970-71. Later, A.'ervi became the most common parasite
with’ rare 6ccurrences of P: pequodorum. A. pisivorus and A. smithi are probably ‘e.xLincL

Species collected: A. ervi, P. pequodorum.

Climatographs for each of the three swudy areas arc shown in Figure [

15
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FIGURE 1: Long term QVerages of temperature (1950-1981) and. precipitation for the. three -
study sites. (a): Méan ‘annual maximum and kmim'mum 4temp_evramre in Kamloops, (b): Mean
annual maxi'm‘um and minimum Lemperarurej ix;.'Chilliwack, (c): Mean annual minimum and
maximum tempcréture in Sussex, ?(d): Meén monthly precipitation in Kamloops, Chilliwack, and

y .

Sussex. b s
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2.4 Characters studied

&

Three broad categoriés of . cha:acters wére'quanﬁﬁed to‘ study inter- and intraspéciﬁc variauo.nv
among pea aphid parasites. The im’pprtémce of each ‘of these chafacter grdups to Dbiological
éontroli is discussed ‘in respective ch:apters. S - . -

'_ 1. \Life history traits: These included lifetime fécundity and longevi;y. parasite performance and
hOS_l utilization p‘aﬁems, life table statistics, and analysis of freqhency diétribuuon of eggs.' all
measured at é host density of 40 aphids per day per female. . |

2. Temperéturé requiret;lents: This category included devélopmemél time from egg to adult
‘ er;lergence at four constant temperatures, lower ‘ threshold temperature for development, and .
" degree Adays -required to complete development from égg to adult |

3. Morphology: Variation in morphology. was quantified using mbrpho‘memc “tech,niques. For

each parasite female, 34 morphological characters were measured.

19



CHAPTER III .

VARIATION IN LIFE HISTORY TRAITS
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31 Introduction I | L
Life history traits of an .brgam'sm are defined by fthreé primary ‘cha.racters. namely; suriné]
probability-, fecundity, and development time and they can joindy be vthopght’ of as be’iné .‘
synonymous with ﬁm‘ess‘ (Istock 1v9481\).' Any other beh_aﬁoral and “physiological 'ad_apta,tions that
directly or indirectly iﬁﬂuence ‘the primary life history traits are implicit in the above
- definition. - Secondary characters that ﬁlay inﬂﬁencé one or x'no;e of .‘the ‘above primary
characters jn piotelean - parasites include host uﬁlimbon, intrinsic and 'extrinsié cgmp’eu’ﬁw:
ability, and host discrimination ability.v‘ e —

7 In general, there is considerable variation in life hisﬂtory\ traits among populations of a
. species  (Mayr 1970). Spe.m'allyr segregated populations  are -,presumed to be ada.p.ted 0, or
shaped by, their ﬂomlb abiotic and biotic environment. Lifehistory traits and polygenic vaﬁétionA
_in fitness charagters provide selection regimes' and essential raw ‘material for microervolutjoen_,
(Istock 19}8;1).’ Physical- extremes‘of a locality set the ultimate constralin‘ts’on seaéor%l ra.te‘o.f '
reproduction and  population growth. With'in these limits, imerspecifl:lgc" interactions (e.g.,
occurrence of hosts, natural enemies - and competitors) aﬁd intiaspepiﬁc interactions (c;g.,
o&urrence of mates) may also shape a- spe.Cies’. life history pattern (Tauber‘and Taﬁber 1982).
Variation, of course, is also limited 'by an grganism’s genotypic piaspicily. The imeracu’bn
between Lhé environment aﬁd “the genelic plasu'city of ‘an Bfgaﬁism del'ermines the _Tife_ history
paigcm, 'ln' some ‘cases, such variation’ betweéen po;ﬁ:ladon_s may lcad to reproductive isolation -

and 10 speciation.

Life history tails and parasite performance characterisics can be useful lools for
evaluating biological control agents. It has been suggesied (see, c.g.. Coppel and Mecruns 1977,

DecBach 1964. Huffaker 1971, Huffaker and Messenger 1976) - that a high rcprodutﬂi\_/c‘ potential

21



is one of the desirable attributes of a candidate biological control ‘agent. Once an introduced
parasite bccpmés established, reﬁroduc].ive; potential may play»‘a role in itsjeffeCLivene,ss' as a .

- -biological control agent

This chapter has two objectives. (1) To quantify geographic va.riation in life . history traits
of pea gphidl parasites and compare the degree and‘pattem of variation among populations of-

the introduced . species with that among pop_ulétions of the native species. 1 will use

-

discriminant  function analysis and gereralized distance analysis to compare on a multivariate
. basis, the divergence levels ﬁetweeﬁ populations :.of ‘the “introduced and the native speéies. (2k)-
To interspeciﬁ;:ally compare parasiie pérformance criteria-—and  host utilization patterns  to
determine if the decline of A. smithi and the re]ative, abundance of pea aphid parasites in
the field could be attributé-d, 10 réproducﬁve characteristics. To this end, several performace
criteria derived from the egg distribution 'data will be used to draw conclusions regar‘dfrig
interspecific differenceg in reproductive _potental, host uulization, ‘seirc\hi_ry efﬁciehcy' and

oviposition rates. I will compare these criteria on a univariate and a multivariate basis.



3.2 Materials and methods -

3.21 - Experiments

A colony of parasites ,was established using third-instar pea aphids as described in Chapter II
to obtain a cohbft_ of pargsite females for use in the fecundity experiments. Upon emergence,
an unbiésed ‘sainple of 0-24h old adult parasites was collected from ihe cohorL It was
ensured that all females intended ;or use in the experiments were mated. After nfxalingﬂ,i the

females were placed in a wax paper cup with 50% honey solution streaked across a Petri

dish lid until needed.

Reproductive attributes of pea’ aphid -parasites were determined at a host density of 40

aphids per day per female. This host density was chosen because at 240 aphids/day/female.
the fecundity and oviposition.rate of A. smithi are not measurably influenced by host density

(Maickauer 1983). " Experiments were performed in smalls plastic cages (15.5 c¢cm diameter x 4.0

e

cm high) which enclose the apical porton of a young broad bean shoot as described in
Chapter II. All experiments were conducted at 23.5t1 °C inside the c;age (20.5 °C ambi’eni)’,
55-60% ‘R.H., an.d_ a 16h L: 8h D photoperiod in a "Conviron" “controlled - environment
" chamber. A cohort of forty 2-3 day.old aphids, obtained from a syn'ch.ronous coloﬁy (Chapter
II), was int.roddéed imo'each; cage. wi_Lh [hé help of a moi’st camel hair brush on the dayé
pr\eceding ‘the” introduction of parasites, This -enabled the aphids 1o secttle freely on bean
shoots...#Mated female parasiﬁes were introduced into replicateh cages and were not provided
witﬁ any supplementary food but hadvfrec access 1o aphid hone,y—de‘\i}r and plant sc-:\crcktjons. The
aphids were exposed to parasites for a period of 24h, after which the parasiles "were
irénéferred to new, identical cagés. This was continued untl- all parasite females in  the

experimental cohort died. The cxposed aphids were alloWed 1o devvclop for a further 72h. This

i
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enabled *the parasite prbgeny to : de.veIOp, to late embryonic stag'e or first larval instar aﬁd
‘ensured easy | recognition within the aphids, which were: preserved - in  70% alcohol and
subsequenﬂy dissécted. For each individual barasiﬁeg;female number of eggs laid per aphid  and
per day «was estimated by dxssccnng an unbxased sample of 20 aphids from the ongmal 40
- aphids under ‘a dlssectmg mlcroscope Parasxtes that d:d not survive a minimum of 4 days
(age of peak reproduction; Mackauer 1983), or those that escaped or were injured during the N

experiment, were not included in the analysis (see Appendix Il for de’tails).

.22 Data a(g:d ysis

Because of thé ”opﬁmal conditions under which -the fecundity experiments were
performéd, it is lbikelyh\that parasites had av longevity (and therefore reproduc;tive ‘potential) that
Zis greater Lhah what is gene{al]y realized in ;he field iGilben and Gutie'rre,zl 1973, Mackauer

1983). Some adjustment '_shoﬁuld thus be madé to obtain a more réa»ljsitic “estimate of a
parasite’s reproduc‘Li\'/e potential. - For this ‘purpose, in addition to :lifetime fecundity and
longevity, another cﬁén’on was used to compatre' the reproducﬁ?e,_ p_otgntial of 'various: parasite »
species and populations ie. period of intensive égg laying (PI.EL).‘, PIEL was defined by.
Mackauer (1983) as the tme from day one of adult life (which is® the age of first
- feproducu'on in aphidiids) 1o that day in each parasite’s life when oviposition ‘showed a
ered decline and one half or more of the ayailable aph>ids .escaped parasiLiém. A number
of PIEL performance. criteria that indicat%: general parasite -pcr;formance and host‘ utilization
patierns were also [Qi/:: from the fecundity data for eachi individual parasile‘ (after Macka~uef'

1983). This enabled a muluvariate comparison of the performance of the various species and

populations. The variables are shown in Table L ' 33



Table I: Code names and description of performance criteria
derived from the fecundity data pertaining to period of
intensive egg laying (PIEL). See text for details.

Cooe name

F

Description

PIELL
PIELFEC
FOUR
PFOUR
NAPHIDS
_—6+_ PAPHIDS
7. EGGS
8. NESCAPE
9. PESCAPE
10. SUPER
11. NWASTE
12. PWASTE
13. MEANEGGS
14. MEANDAY

U W N
[ ]

Length of period of intensive egg laylng
Total fegnndlty during PIEL

Number ©f eggs laid in the 1st four days
Proport1on of eggs laid in the 1st four days
Number of aphids para51t1éed

Proportion of aphids parasitized

Number of aphids parasitized per egg laid
Number of aphids escaping parasitism
Proportion of aphids escaping parasitism
Proportion of aphids superparasitized

Number of eggs lost due to- superparasztlsm
Proportion of eggs lost due to superparasitism
Mean number of eggs laid pet aphid

Mean number of eggs laid per day ‘
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~Each of these vanables was initially analysed by one—way analy51s of variance (ANOVA)

and Student-Newman—KeuIs (SNK) test. to ascertam 1f any dlSCCI‘ﬂlble inter- - and mtraspegxﬁc

wends were v-evxdent in the data. | used the multivariate procedure, multiple discriminant

analysis (MDA), which includes discriminant funcu'dn‘ vanaly_sis and generalized distance analysis,

© to determine ‘the the. divergence levels between populations as well .as. to compare the various

’ specie§ Detailed aecounts of, and 'rﬁathemat.ical basis for, discriminant analysis can be found in

Blackith and Reyment (1971), Cacoullos (1973), Cooley and Johnes (1962), Klecka (1981),

Lachenbruch (1975) Reyment et al. (1984) and Sneath and Sokal (1973).

ANOVA and MDA were performed using SPSS (and SPSSx) subprograms ONEWAY
and DISCRIMINANT (Nic er /. 1975, SPSS Inc. “I%83) and BMDP subprogram 3D (Dixon
-1981).—Most—other analyses were done{jusing eir.hef SPSS, SPSSx, BMDP or compnter_ ~programs
“written in FORTRAN.“ All analyses were run onv Simon Fraser University’s IBM 30_3:'5
computer system. Unless otherwise stated, statistical signiﬁcance_ was assessed at a probability

level of 5%.



3.3 Results

3.31 Fecundity and . longevity

Intraspeﬂﬁc comparisons: Tﬁe fécundity of pea aphid‘ parasites v\aZ considefably among
populations of a 'species (Table 1II, Appendix 'Ii). Average fecundity of A. ‘ervib females  at
Chilliwa:ck,‘ Kamloops and Sussex was estifnated as 361.8, 2837 and 5828 egg:;;female
respectively. The lifetime fecundity of the Chilliwack and Kamloops ;{opulau’ons did not differ
significantly. from each other. Fecundities of these two populations were, however, Sighiﬁcantly
different fromA that of the Sussex' population. Females of A. smithi at Chilliwack had an
averagé' ercundity of 666.9 'eggs/femalé, whereas fecundity for the Kamloops population was
estimated as 734.8 eggs/female. Difference in fecundity between the two 4. sm;thi populations
was not srgmﬁcam. Among P. pequodorum populations, - the Chilliwack females had the highest -
averagé fecundity (635.0 eggs/female) foll»owedﬁby Kamloops (520.0) and Sussex (440.0). Mean 4
fecundity of the Kamloops population was not significantly different from ‘thal of eit)zer'
Chilliwack or Sussex population. Ehﬁliwack and Sussex populations of this species, ho@ever,

differed significandy from .each other.

In summary, the fecundity of populations of a given species at Chilliwack and Kamloops
did not differ from each other. Populations at both these areas, bhowcvcr, differed from the
Sussex population. VNo discernible regional' trends wereA apparent in mean tlotal fecundity of"thcr
populations. That is, populations of -all species originating in a r?gion did not consistently
display a higher or a lower fecundity re?zﬁiye to populations in omef bregions.

Mcan longevity of females also -varied between populatons (Table 1), although the

® . « : . ‘ . - )
differences were significant only among the P. pequodorum populations. Nican longevity of A,

N
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TABLE II: Intraspeéific cbmparison of mean lifetime fecundity SR

{eggs/female) among pea aphid parasite populations.

v

Spe¢ies . ‘ n  Mean SEM F-Ratio‘

(Locality) - L o - (DF)
“A. ervi(Kam) 12 283.7a 27.8 15.560 <0.0001

A. ervi(Chk) .. 9 361.8°% '30.3 (2,30) '

A. ervi(Sus) 12 s582.8°  53.8

smithi (Kam) 10 734.83 80.3 . 0.571 0.4602

A. smithi(Chk) 9 666.9 a 31.1 : (1,17)
~ P. pequodorum(Kam) 9  520.03b 24,6 '6.718 * '<0.0001
P. pequodorum(Chk) 12  635.0° 49.2 (2,29) '

P. Peguodorum(Sus) 11 440.08  32.3. ) '

Significance of differences between populations within a
species tested by one-way ANOVA and Student-Newman-Keuls:
test. Means followed by the same letter are not
significantly different from each other at a probablllty
level of 5%. A

n = sample size: number of females tested. E o
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TABLE IiI: Intraspecific comparison Qf,meaﬁ longevity

(in days) of females among pea aphid parasite-populatibhs.

Species . ~ Mean SEM - F-Ratio . P

(Locality). : | ~ (DF)

A. ervi(Kam) 9.4% - 127 ¢ 1,668 0.2100
"A. ervi(Chk) . 7.4° 0.6 (2,30) |

A, ervi(Sus) 10.3°2 1.0 '

. L

A. smithi(Kam) 12,79 0.8 . 0.005 0.9500
A. smithi(Chk) 12.8% 0.8 (1,17)

P. peguodorum{Kam) 14.6% - 1.2 g9.260 1 <0.0001
P. peguodorum(Chk) 16.53 0.8 (2,29) s

P. Peqguodorum(Sus) - 11.4% 0.8

Significance of differences between populations tested by
one-way ANOVA and Student-Newman-Keuls test. Means followed
by the same letter are not significantly different from
each other at a probability level of 5%. Sample

sizes as in Tgble I1I.
. .
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ervi females was 74 days au Chilliwack, 94 days at Kamloops and 103 days al Sussex.
Females of A. smithi at :Chilliwack had 2 mean l»ongevity of 12.8 days, whereas those at
Kamloop? Jdived for 127 days. Among P. pequodorum, ~the Chilliw_acl; popjﬂat.ion ‘had. a
longevity of 165 days. the Kamloops population 146 days, and the Sussex population ‘114
da'yi./ 'I'he "Kaml'oops.v and Chilliwack populations did not differ signiﬁmnﬂy» from each other,

while’ they differed from the Sussex population. A SN
. N *

Interspecific comparisons: Comparisons among species at each study sitt¢  showed significant

'dif‘fe'rences in mean total fecundity (Table 1V). At Kamloops, the mean lifetime - fecundity

. Tanged from a high of 734.8 eggs/female for A. smithi, to a low of 283.7 eggs/female for

A. ervi The mean fecundities of* A. pisivorus and P. pequodorum were 457.8 and 520.0

eggs/female. respectively. At ChilliWéck, the mean fecundity of A. ervi, A. smithi, and P.

.pequodoru‘m was 361.8, 666.9, and 6350 -eggs/female, réspectively. At Sussex, the mean

fecund’ily' of A. ervi females was 582.8 eggs, and it differed sigaificantly from that of P
pequodorum females with 440.0 eggs.

In summary, A. smithi had the highesi mean total fecundity among all parasites tested,
al both Chilliwack and Kamloops. A. ervi had ‘the lowest fecundity at Chilliwack and"v-i

Ka_mloops. but its fecundity at Sussex was higher than that of P. pequodorum.

Interspecific variation  in -longevi[;v among the pea aphid parasites was also significant in
all three localities (Table V). Al Kamioops, P. peqz;odorum females had the lvongest lifespan of -
14.6 days. Tjncy were followed by A. smithi (12.7 days), A. pzstmms (il.3 ‘days) and A. ervi
(9.4 d;)'s‘). P. pequodorum females also had the longest lifespan (16.5 days) at éhilliwack.
They were followed by A. smithi (128 dayé) vand A ervi'(‘7.4 days). Although the Sussex

populaton of P. pequodorum had a longer lifespan (114 da'ys). it did not differ significandy

® 30
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TABLE IV: Comparison of mean lifetime fecundity (eggs/female) —

among pea aphid parasites from three regions in North America.

" LOCALITY Mean SEM - F-Ratio . P

" Species ] - " (DF)

KAMLOOPS |

A. ervi 283.7° 27.8 16.073  <0.0001
A. smithi 734.8 °  80.3 (3,40)

A. pisivorus 457.7 € 53.8

P. peguodorum 520.0 ¢ 24.6

CHILLIWACK |

A. ervi 361.8 ° 30.3 15.530 ~ <0.0001
A. smithi , 666.9° - 31.1 (2,27)

P. peguodorum 635.0 P 49,2 E

SUSSEX o oo v
A. ervi ' 582.8%  53.8  4.954  0.0370
P. péquodoru% 440.0.° 32.3 (1,21)

Significante of differences between species within a region
tested by one-way ANOVA and Student-Newman-Keuls test.

Means followed by the same letter are not s1gn1f1cantly
different from each other at a probab111ty level of 5%.
Sample sizes as in Table II. .
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TABLE V: Comparison of mean longevity (in days) of females
. among.pea aphid parasites from tbree regions in North America. -

LOCALITY - Mean -  SEM " F-Ratio P
Species | , | (DF) |
KAMLOOPS | , | |

‘A. ervi 9, 43" 1.3 3.908 ° . 0.0154
A, smithi. 12,78 0.8 - (3,40)

A, pisivorus 11.38’b 0.9 |

P. pequodorum 14.6b

CHILLIWACK | A

A. ervi 7.4 0.6 39.340 <0.0001
A. smithi 12.8° 0.8 C(2,27) |
P. pequodorum 16.5° , 0.8
SUSSEX |

A, ervi 10.3° 1.0 - 0.744 0.3980
P. pequodorum 11,42 0.87‘ (1,21) ‘

Significance of differences between species within .a region
tested by one way ANOVA and Student-Newman-Keuls test.
Means followed by the same letter are not significantly
different from each other at a probability leGel of 56
Sample 51zes as in Table II.



from that of A. ervi females (10.3 days).

Correlation between fecundity 'and,\longevity was significant for six of the nine species .
~ and pdpulations tested. The exceptions were A. smithi at Chilliwack, and P. pequodorum at

Chilliwack and at Kamloops. .

- 3.32 Period’ of intensive egg laying

In general, -the PIEL attributes: (Table 1) had small standard errors. Although most

attributes for ~ the various species and populations had non-significant values of skewness and

kurtosis, all proportions were transformed to arcsine x, ‘where x is proportion.

Intraspecxﬁc comparisons: Intraspecific comparisdns -were made by onewway ANOVA and SNK
test for several PIEL performance criteria derived frbm the fecimdity data. In general, 'thé
. 't;rends fdh.\PIEL atributes  were similar to those observed for lifetime fecundity. The wwo A.
smithi populauons d1d not dlffer from each other in' 9 of the 14 (64.3%) variables tested
(Table VI). Values of the variables number of aphlds parasmzed per egg land, proporuon of
- aphids sﬁperparasiﬁzed, pr0portidh of ‘eggs lost due 'to superparasilism, meaﬁ number of eggs
laid per day and per aphid were sngmﬁcantly different between these two populauons The
three "A. ervi populations differed from one anoLher in all but two performance cmcrna'
namely proportion of eggs laid m the first four days vand .number of aphids escaping
parasitism ~(Table VII). The Chilliwack and Kamloops populations did not differ rrolm‘“each
other in 7 of the 12 (58.3%:)‘ significantly different variablés. These variables were length! of
PiEL; PIEL fecundity, number of hosts parasitized per cglgv laid, propcrion of aphids
superparasitized, number and proportuon of eggs lost due 10 superparasitism, 'and mean number

Y
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of eggs Jaid per aphld leferences in 7 of the 14 (50.0%) PIEL performance cntena tested“
ig t (Table VIII) 'Hre populauons did not - .

for the three P pequodorum populauons were.

differ in nmald m‘; Ihe?ﬁrst four days, p:oporuon of aphids parasmzed, number
and proportion of aphids escaping parasmsm, number of eggS' lost due to superparasitism, and
mean number of eggs laid per‘ day and per aphid. The Chilliwack and Kamloops populations

did not dlffer from each  other in 2 of the 7 sngnlﬁcam.ly drff‘erent ‘variables (28 6%), namely,

length of PIEL and number of aphrds parasmzed ' ' ' ‘ .

_ _ . .
Interspecific compansons Differences in most PIEL perforrnance criteria were significant among

the species ‘in all three study areas;, At Chllllwack, A. ervi, A. smithi and 'P. pequodorum did

not differ from one another ,in only one variable, .namely, proportion of aphids

. superparasitized (Table IX). A. ervi females were marginally superior in two performance

criteria, relative to other species. These were ‘number - of aphids esmping' parasitism, - and mean
number of eggs laid per aphid. They did ndt, howeuer, differ si'gniﬁcantly‘ from A. smithi
females in both these variables. P. pequodorum females were superior in number of apmds
parasmzed (did not differ from A. Smuhl) number of aphids parasmzed per egg laid,; lenglh .‘
of PIEL, number of eggs lost due to superparasitism (did not differ from A, e.»;:”i)’ and

proporuon of eggs lost due to superparasitism. In the remaining performance characteristics, A.

- smithi females were génerally superior.

The wend at Kamloops was similar 10 that at Chilliwack (Table X) A. ervi females

- were superior in proportion of eggs laid in the first four days of reproduction, and number

of eggs lost due to superparasiusm (did not differ from P. pek;uqdomm or A. pr";sivgrus).r P.
pequodorum females were better as judged bv the numbcr of aphids parasitized (did not differ

from A. smithi), number of aphids parasitized per egg laid (did not differ from A. ervi or
— - ) . 7\ .
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A pisivorus), len\%th of PIEL, and proporion of aphids superparasitized (did not differ from

\

A.\ pisivorus). Females of A. smithi performed better as measured by the remaining criteria.

In pairwise Pcomparisons between A. smithi and A. ervi, the former species appears to
Y

perform better - under| the experimental conditions. Females of “A. ervi were, however, - more

1

efficient at utilizing the available hosts as indicated by the variable number of ‘_aphids
_ parasitized per egg lajd\\ at both rChi'lliwac‘k and Kamloops. 4. ervi and P. pgquodbmm at
Sussex did not "differ fro\x;P each other in the length of PIEL and in the ‘numb¢r “df aphids
parasitized (Table XI). In \\rnost of the host utilization cri}eri‘a, P. pequ_odorum f,enialés were

superior, while 4. ervi females were generally superior in variables that indicate reproductive

- potential and oviposition rate. \

¢

It is worth noting, how&er, that some PIEL perfonhance criteria were correlated with»
PIEL fecundity -and with the length vof PIEL. Moreover, PIEL fecundity and iength of PIEL
- were also positvely correlated 'wim\' each other inl*:ill species anc{ -populatfons, except - in the

case of P. pequodorum ai Kamioops. Number of eges laid in- the first four days of

_ reproduction and number of | aphids\ parasitized were both pdsitively correlated with PIEL

fecun'dil_v. Proporijon of eggs laid in the first four days was. negatively correlated with PIEL
fecundity - except in the éase of P. peé odorum populations ‘at Kamloops and Chilliwack. The
number; but not the proportion, of egés ost due 1o superparasiism was correlated wiih PIEL
Fccxindiliy lin all- species and populaliopé\ Correlations for the remaining variables were

inconsistent across species and popuiations.

Number of aphids parasiuzed and number of éggs lost due to _supmparésiljsm were
posiuvely correlated with the length of PIEL. Rroportion of eggs laici in the first four days

of reproducuon was negatively correlated. Again, correlations for other variables were not con=

\

i
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_sistent across ' species and populations to suggest,"any meaningful patterns. . The lack .of "a ;
- correlation between PIEL fecundity kror_ﬁlength of PIEL ahd most performance criteria suggests
that each species has a unique oviposition pattern, oviposition rate and host utilization

efficiency that is indepe_ndem of fecundity and longevity. o ‘ -

.3.33 Multiple discriminant analysis of PIEL attributes

Somé wends were épparcm inA the univariate analysis of PIEL attributes. For eXamplt’:, mean
values of i'nany variables for Chilliwack and Kamloops’ populations were not sigriiﬁcanﬂy
different from each other. In order to understand how the various spcdeS’ar;d populations are
reléted 'tp one - another Qhen ali the variabl;:s are corsidered simulaneously and ’visually
represent -the spatial relatonship among them, eight non-redundant variables frqm, the -original
14 PIEL auributes were included in a stepwise dis‘,criminantv analysis: PIELL,‘ PIELFEC,
PFOUR, PAPHIDS, EGGS, SUPER, MEANEGGs;’and MEANDAY.R The 'minimum tolerance
Alevel for the exclusion of a variable from the analysis \;vas set at 0.001%, assessed- on ﬂ1e

maximum Mahalanobis distance between the groups.

The analysis was done in two parts. The first part included all species and p_opulafﬁons
of péa aphid parasites with the excepuon Qf A. pisivorus for which only one population was
available. The second part of the analysis was carried out separatel;»/'/on _populations of A.

smuhi. A. ervt and P. pequdorum o quantfy geographic variation.



? : _ h 5

3.331 Discriminant ana!ysis' of all groups ex'cludifzg 'A. pisivorusA

Seven of the eight variables includéd in the Anélysis madé | a significant \c'ontJ:ib'Uqun o
discrimination. The variai)le‘ mean number of teggs ~laidA per day waanot includedbir-n"th:
ahainiS' as it did not meet the minimum lbleran'cg | requirements. It i§ clear from the,
scatterplot of indjvidﬁa]s projected onto _Lhe ﬁrgt and second ; discﬁmiﬁant functions (Fi’gurc 2)
“that all pqpula_tipné of any given species were plotied close lob one an:othef; albeit lwihthzsome
- overlap. This indicates that the variables used in the analysis ‘were  species-specific -and’
contained‘ sufficient information IO ,enable‘discriminaLion both émbng species and among
populations of a speties._ The percent of éorrectly classified cases for each group is shown in
‘ fhe classification table (Table - XII). On ‘averége. 72.6% ofv‘ the indiyidﬁa]s in eachA group ’wcre :
correctly classified. An examination of the .misclassif;e‘d individuals indicated that, in. general,

the values of some of their variables were closer 1o the mean of the group into which they

were classified than to the mean of their true group.

Five discriminant functions that had a signiﬁcém chi-square associated with Wilk's
lambda were wused in' the analysis. The first function accounted for 63.7% of the total
among-group variation. The second through fifthr functions explained 194, 8.6,-4.0, and 3.1% -

of among-group variation, respectively, with 98.8% of the t1otal vax;iauon'accouméd for. -

The standardized discriminant funcuon coefficients, which indicate the relalive conLﬁbuu’bn
~of each variable o discriminanuon, are shown m Tablé XHI. Considered over the five
functions, the variables MEANEGGS, PlELFEC.l SUPER, PIELL and EGGS contribujed  the
most 10 discriminadon in that order. While ‘Lhc other two variablés ie. PAPHIDS and
PFOUR, aiso conin'buted 'to_ overall discrimination, they were relauvely less imporant. The

. ® B .
siandardized discriminant funcuon coefficients indicated that the vanous groups differed mainly
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“

| Téble XIII: Standardlzed dlscr1m1nant ‘function- coeff1c1ents
- for PIEL attrlbutes 1ncluded in dlscrlmlnant analysis of
populat1ons of A. erv:,’A. smithi and P, pequodorum

See Table I fcr detalls of varlable names.

3

DISCRIMINANT FUNCTION

Va;iable

| 1 2 3 4 5
 PIELFEC -0.95083  1.30241 - 1.06276 -2.89975 =-0.59399 .

PIELL . 0.86904 -1.19822 -0.52980  2.37346 0.35799

PFOUR  -0.58190 . 0.61055  0.13999  0.09785  0.14806

PAPHIDS ~0.56765  0.02735 -0.85133 =-1.0117C =-0.82976
| N , |

EGGS  1.69430°  0.63630  2.27687 -0.07519  1.89346

SUPER . * 2.23733 1.07085 2.19933 -0.10768 ° -0%7912

MEANEGGS -0.95622 -1.53763  0.70321 2.09998  -2.93342
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FIGURE 2: Scatierpiot of ;populations of f A. efvi, A,' smizlu" and P quM projegted_

onto discriminant. axes 1.and 2 from discriminant analysis of PIEL amributes. “The ellipses

enclose the 95% conrﬁc'lence- limits around“ the group cem:oidé, which are represented by -

asterisks. The numbers beside the asterisks refer to the species ahd.‘poﬁulatiohs listed .below in

that order. O : A. smithi (Kamloops), A A smithi (Chilliwack), E):A. e;rvi "(Kamloops), @A

ervi (Chilliwack), = ‘A, ‘.ervi (Sussex), A :P. pequodorum (Kamioops), {» :P. Vpequodorum
(Chilliwack), @ :P. pequodorum (Sussex). o
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ER

in variables related to reproductive potental and host utilization and to a lessgr degree in

aspects of OViposition rate.

3.332 Discriminant analysis of populations of each species
" In this <part of the -analysis, A. smithi, A ervi and‘P. peéuodorum populations were comp:aré\d
among themselves. Differences ’between populations from ttg}e various localities were accentuated
without crosﬁ-species ‘noise. The ‘avgragev percentage of ‘correctly classified cases was 100% for
the tw‘o “A. smithi populations, 909% for the three A -ervi mpulatiof;s, and 90.6% for the
three P. pequodorwh populétions. In the case of A. ervi populau'ons,» thfge -individuals were |
Amisclassiﬁed iﬁlo the Chilliwack p’opula"tjon.' A twotal of three P. pequadonun individuals were
misclassified. Two individuals from Chilliwéck and one from Sus_se)i were classified into the
Kamloops populéu'oq. ' ) |
7SCatterplots of various populations of each of the tinreé species are shown in Figures 3,
4 and .5. The vﬁrst and second discriminant func}u'ons explained.79.7% and 20.3% of the total
" variation, respectjvely: forﬂA.‘ ervi, and 81.3% »and 18.7%, respectively, for P. ;v:e_quadommty
populations. Standardized discriminant »functi;m coefficients for this part of the -analysis are
given in Tables XIV, XV and XVI. The number of variables included in the Ana]}*sis was 6

for A. smitl';i, 7 for A. ervi and 4 for P. pequodoruin populations.

A matrix of D values (square root of Mahalanobis D? statistic) (Ma_halanopis Ir9’36),4
obtained from comparisons between all posv‘sible‘.pairé A\is shown inA Table XVII. The phenotypic
dislance between a ba_if 1s direcly proporuonal to the mégnitude of the Mahalanobis disxAnCc.
All D values shown in the m:aLm were s;gmﬁcam (P <001 or 0.05). The matrix indicated
that Lhc phenotypic distances between populations of “A. smithi and A. ervi were greater than

those between corresponding populations of P. pequodorum. The matrix also indicated that the

48



Table XIV: Standardized discriminant function
coefficients for PJEL attributes ihc1uded‘in
discriminant analysis of populations of A. smithi.

See Table I for details of variable naﬁes.

DISCRIMINANT FUNCTION

Variable ‘ ~ .
1
PIELFEC 3.78670
PFOUR 3.34526
PAPHIDS -1.02055
EGGS o 3,95976
SUPER 3.32445 |
\ .
MEANDAY - - 0.93669
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Table XV: Standardized discriminant func;ion’coefﬁic,’igg}:s,e
for PIEL attributes included in 615criminantianalysis of
populations of 4. ervi. See Table I for details of |

variable names., e, e

DISCRIMINANT FUNCTION

Variable
1 2

éi"ELFEc . 1’.45954 194639
PAPHIDS -0.22496 S1.19465
'PFOUR 1.20534 1.27567 |
E;hs - -0.4823i | ~2.96816 /
SUPER : -0.2309 312816
MEANEGGS ”.'-1.26’9309 o 2.6239
MEANDAY : ; ‘t;85595 ‘-2.32334

f .
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Table XVI: Standardized discriminant fﬁnction éoefg\cients
for PIEL attrlbutes 1nc1uded in discriminant ana1y51s Qi
populations’ of P. pequodorum. See Table 1 for details

of variable names.

u

_ DISCRIMINANT FUNCTION

Variabie
| 1 2 - -
l N
PEOUR . -0.82654 - 0.02673 i
EGGS . 2.07573 1.04763 !
SUPER 1.63843 2.45493 o
MEANDAY 0.57538 : -0.89954 o
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)
FIGURE 3. Scatterplot of populations of . 4. smithi projected onto discriminant axis 1 from
‘ dlscnrmnam analysis of PIEL attributes. The arrows indicate group centroids. Each individual
parasite is represented by four symbols for both populations. @©l: 4. smithi (Kamioops), a :A.

5

smithi (Chilli\_vack).
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FIGURE 4. Scatierplot of -populations of A. ervi projected 6mo disciminant axes 1 and 2
from discriminant analysis of. PIEL attributes. The ellipses enclose the 95% confidence limits .
around the group centroids, which are fepresemed >by asterisks. The numbefs beside the

astensks refer o the populauons listed below in that order. O :A. ervi (Kamloops), O : A. ervi

_ (Chilliwack), A : A ervi (Sussex)r ‘ ' _' ‘ S
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FIGURE 5. Scatterplot  of populations of P. peqﬁodorum _projected onto discriminant axes 1
and 2 from discriminant analysis of PIEL attibutes: The ellipse§ enclose the 95% conﬁdcnce
limits around thé group centroids, which are represented by' asterisks. The Unumbcré _beside the
asterisks refer to the populations listed below in that order. O :P'. pequodorum (Kamldops), @)

:P. pequodorum (Chilliwack), A :P. pequodorum (Suésex).
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5

genefﬁ’lized distarice between 'pcpulau'ons of A. ervi and P. pequada‘mm‘ originating - in
'Chllllwack and Kamloops s smaller than Lhat obtamed by comparing. ether of the above two

‘ populauons with Sussex populauons as md&d _by univariate analysis.

" 334 Life table analysis

Based on the dally feeundnv and survival schedules measuréd in the laboratory, - mx
' (age—spemﬁc fecundxty) and lx (age—specific survxval probablllty) values were calculated for each
“parasite spegies. and populauon The intrinsic rate &f increase (rm, in females/female/day) was

calculated by ueratgvely solvmg the Lotka—Euler equation (Andrewartha and BlI'Ch 1954):

< J 2pX : - ' '

> : ier" Ix mx =1 ¢ . (1)

Gross reproductive rate (GRR =£mx,‘in females/female/generation), net reproductive rate (R, =
ilxmx, in  females/femnale/generation), finite - rate of natural increase (>\= e" | in

fen’lales/female/davy),_ the generation time (T=/n R;/r,'in days) and doubling time (DT= n 2/r,
in dayé), were also- mlculated A se;f rauio of 1:1 males:females was assumed ‘for- -z;ll
calculations, although the field sex rau'd of aphi.diids is slightly female biased(((‘:ope‘n 1985,
Karnbhanipau’ unpubl., Mackauer 1976). Pa :site larval and pupal mortality was assumed to be
zero. The age to first reprg)ducLion was based on the deveciopmental time esumated at 23.6 °C
(Chapter I\/)‘ which  closely approximated the (emperature inside the cage in fecundity

experiments.

Life 1able statistics do .net have an error term associated with them because they are
population parameters rather than measurements of individual parasites. Therefore differences in

lifc table suaustics of various specics of populations cannot be staustcally  cxamined by
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ordinary Lechm'qucs. To overcomc this problem, jack-knife, a randormzauon techmque wmch

allows a rcducuon in blaS ‘of an esnmate of the populauon value of a smUSuc wwulued

(LenskJ and Service 1982, Meyer et al. 1986, Sokal and Rohlif 1981 p- 795) : A [N

The intrinsic rate of increase varied considerably both within and between species. ‘Lifef‘

table statistics énd Ix and mx cu)rves for species and populations of lpea aphid - parasites are
hown in Table XVIIl and Figutes 6 through 9, respectively. Intrinsic rate of increase for the
Kamloops, Chilliwack and Sus.sex‘populations of A. ervi was estimated as 0.371, 0.384, ‘and
0.416 females}female/day, respectively. Populations of A.Asmithi at Kamloops and at Chilliwack
had aﬁ rm value of 0_.454‘ and 0.486, -‘respec:tively. The Chilliwgck population of =~ P.
-pequodorum had the largeét value ar 0.336, followed by Kamloops (0.321), and Sussex (0.306).
| The value ’of rm for A. pisivorus from Kamloops waslesu'mated as 0.383. Simjlai differences

P . N . > \ , .
were also apparent in -the finite rate of increase and in doubling time.

’Signiﬁcam differences in life table statistics were also apparent among species  attacking

the pea aphid in each of the three :study sites. 'However, the values did not .reflect the

relative abundance of each species in the field. At both Kamloops and Chilliwack, A. smithi

had the largest value for intrinsic -rate of increase and was generally superior in other life

lable staustcs. At Kamloops, A. smithi was followed by A. pisivorus, A. ervi and P. »

pequodomm. At Chilliwack, it was f'ollowed by A. ervi and P. pequodorum. ALE Sussex, P.

»k;eqyodorum had a lower rate of population growth than A eri Despite the relatively high

ﬂfccundily of . P. peqyodarum. especially  at 'C_hilliwack, orm  value for "this species was” low
because of a longer developmenial- Ume compared with - other species.

sy - -_—

Jack-knifed ,esumates of rm \alues along with Lhelr standard errors and 95% confidence

limits are’ shown in Table XIX. The jack-knifed valuey differed from the original values and
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PIGURE 6: Age-specific survival (a) and age-specific fecundity (b) of populations of A. ervi
esimated at 23.5 * 1 °C, 55-60% R.H. 16h L: 8h- D photoperiod and a host density of -40
aphids per day per femal’e.‘ A zero larval and pupal mortality and 1:1 male:female sex ratio

~was assumed.
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FfGURE 7: Age-specific survival (a) and age-specific fecundity (b) of populations - of A.

- smithi estimated at 235 # 1 ° C, 55-60% RH. 16h L: 8 D 'photo'p'eriod 'and a host
- F ' . :

density of 40 aphids per day per female. A zero larval and pupal mortality and 1:1

: . ¢
male:female sex ratio was assumed.
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FIGURE 8: Age-specific surwival (a) and age-Speciﬁc fecundity (b) of A. pisivorus estimated
at 235 £ 1 ° C, 55-60% RH., 16h L: 8h D photoperiod and a host density of 40 aphids
per day per female. A zero larval and pupal mortality é‘md’ 1:1 male:female sex ratio was

assumed.
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FIGURE 9: Agé—speciﬁc survival (a) and age-specific fecundity (b) qf populations of P.
pequodorum estimated at 235 * 1 ¢ C, 55-60% R.H. 16h L: 8 D photoperiod and a host
density of 40 aphids per day per female. A zero larval and pupal morality and 1:1

male:female sex ratio was assumed.
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were often smaller. The general trend among the various species and populations, . however,
remamed unchanged. The fact that none of the values overlapped in their 95% conﬁdence

limits mdlcated that the differences in rm values were stausucally sxgmﬁcant. v

Lewonr.i'n (1965) proposed a model wﬁereby changes in ‘the values of the in’h'insic rate
of in’treaée 'can. be quantified as a function of changes in life; histoty mraiis such as
developmental time (age to first reproduction), fecundiiy, etc. Using his concepmal framework,
one cohld pose the question: how much of an adjustment in developmental time or‘ fecundity
of other species of -parasites is required to maich the gréater rm value of ‘A. smithi? It can
7be shown, for example, that a reduction . of about 1.5 days in developmemal time of pea
aphid parasites has the same effect on rm values as doubhng their fecundity. For the
Chilliwack population of A4. ervi, a reduction in debvelo‘}:;memal time of two days yielded an
rm value of 0456, whereas doubling‘the fecundity yielded 0.439. A reduéu’on of almost three
- days in developmental tme of A. ervi is required 1o match the rm value .Qf A. smithi
(0.486). Similarly, for the Kamloops population of A. ervi. a reduction of iwo “days .in.
developmental time .resulted ‘in an rm value of O.M&»Qwhilewdoubling the f{ecundity yielded
0.427. To match the®rm value of A. smithi (0.454), a reducton in developmemal' time of
about 2.5 days of A. ervi at‘ Kamloopé is required. A two day reduction in devclopménlai
time for A. pisivo}us on ‘L'he other  hand, resulted in an rm. value of 0.453. which is
comparable 10 phat of A. smithi. A déubling ‘of fecundity of A. pisivorus yicldcd an :m
vaiue of 0.437. In the case of P. pequodorum populations, either a reduCLionri'n dcvc}op{mcniAL
time of three days or a doubling of “fecundity did not raise their fm o a value g[calcf than

that of A. smithi A reduction of four days or morc in the "developmental ume is rcquiicd

1o vield a rm value of 0.45 or greater for P. pequodorum populations. -

7]



A factor pérhaps more important irn the. field than magnituéle»of the rm value itself, is\’
the rate at which this value is realized, ie., how does Lhe value change as a function of |
fgmale age. Due to an uncertain enviromnment in_ the field, the lifespan of the pai'asites is
limited and- therefore, - the rate rather than the magnitudekbecomes imponafx_t. Each age class
of a life table cohort which has a positive age-specific fecdndity makes a contribution to- that
~ cohort’s growth rate. The ultimate value of in'tn"nsic rate of increase is, then, the sum of all
age-specific co'nm"buu'ons to rm (King 1982). It can be» exémined by progressively summing
the proportionate age—épqciﬁc contribution from day one of reproductjve life to death’ and
ploiting the rm vglue as it is realized each d:ay after the initiatioﬁ of parturition by paiasites.
.This ’reIaLion;hip is shown for the vaﬁous species énd populations of pea aphid parasites in
Figures 10 through '13. Differences in the rate at which various spécies realize their lifetime
rm values were not as striking as those in the total rm valueg. A. smithi at Chilliwack and‘
Khmloqps Tealized 96.1%‘ and 95.6% of their total ’rm, respectively, in the ﬁrét .four days of
© adult life. During the same period, 4. ervi poi)ulations at Chilliwack, Kamloops and Sussex
relaized 95.8%, 92.7%, and 96.?% of their lifeliﬁle rm, respectively. ﬁopulation_s lvof P
pequodorum from the three regions realized 94.57%, 95.6% and 94.8% of »lifetjme fm‘ value,
~ respectively. |

3.35 Analysis of frequency distribution of eggs

Statistical analysis : of frequency ‘disuibuu'ons of eggs is generally used as an indicator Vof host
discrimination ability of a parasite fen}ale. A parasite female that distributes her eggs athng
avéilable hos{s in a non—randomAfashion can consi‘dered 1o b‘e exercising some? 'degree >of host‘
discrimination :{bili}ﬂ'._ This 1s applicable in particular 10 solilar,\'. parasites, in which only ohe-
cgg develops 1o maturity and all ;upemu'merar_\' cggs are, in effect, inviable. In other words,

g
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FIGURE 10: Relationship between pivotal age and percent of total " intrinsic rate of increase

realized by the three populations of A. ervi. See text for details.
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FIGURE 1l1: Relationship between pivotal age and percent of total intrinsic rate of increase
realized by the two populaﬁons of A. smithi. See text for details.
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FIGURE 12: Relationship between pivotal age and percent of total intrinsic rate of increase

realized by females of A. pisivérw See text for details.
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FIGURE: 13; Rélati_onship between pivotal age and percent of total inwinsic rate of increase

realized by the three populations of P. peguodorum. See text for details.
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the female must be able to discrirrﬁnaté between ﬁarésitizéd and unparasitized hosts Vinr order
1o minimize the loss of ‘eggs resulting froxﬁ lbﬁipos‘ition in .hosts already parasiﬁzéd The
"pfeséncc of ‘é numbc; ’-of conspecific competitors' inside the aphid méy also have. deleterious
efTects oh thé ﬁmess - attributes of the one pérasite that eventually emergés. While SOm:
parasites. show virtually complete host disc'rimin;tion e.g.,k Aph'elinds'semiﬂavys (Mackauer 1982),
this Nprocess ‘Lends to fail in many others over a range of parasite:host ratios leading to
superparasit‘;smb or multiple parasitism (van Alphen and Nell 1982, Bakker et al."1967, Cloutier

¥

1984, Mackauer 1983).

Quantification of host discrimiqation using some fo}m of goodness of fit test (eg.
Bakker er al. 1967, 1972, Cloutier et V.al. 1984. Liu and Morton 1986, Rogers 1972, '1975) is
inadequaté fo; two reasbns. iaboratory studic_s) are notbalways suitable for- predicting parasite
behavior under natural conditions except in a general way (Mackauer and van den Bosch
 1973) The s;:cond problem arises. from an attempt to fit an observed frequé’ncy distribution to
a theoretical distribution thai is dependent on the validity of a set of statistical assumptions
{Iwao ahd Kuno 1971, ‘Patil ahd SLitcler’ 1974, Taylor 1984). Thesé prpblems were ‘discussed in

" more detail by Kambhampati er al. (1987).

To ove.rcomc or avoid these problems ‘in comparing f.requency distribuLioﬁs of eggs
among species and populations, a computer-aided rln‘e/moc'l’that is not dependent oﬁ statistical
ars;u;r;pLions was developed (o quamify age-specific patterns of egg laying by- parasite femaiéé.
The hasir%mnmmcgy 18 d::rivcd ‘from. ar_ld is similar to, patiern analysis as applied 10
digiuzed images of ‘éell nuclei. (Bartels er al. 1972, Nair er al. 1980, Panar and Nair 1975,

Panno and Nair 1984. Sprenger er al. 1975, Vidal er al. 1973).

&1



Kambhampati et dl. (1987) used this method to analyse changes in frequency distribution
of eggs by A. smithi .femgles as a ‘functionr of host density. It- was sh‘own thélA pattern
analysis confirmed and exrpz’mded on thek results obtaiﬁcd by conventi;naf analysis of the same
data set by Mﬁckauer (1983). In addition, the analysis also prbvicied’ more. information on

I

parasite behavior than could be obuined by methods based on goodness of fit tests.

3.351 Methodology of pattern  recognition

For each parasite female, the number of eggs and/or larvae found in dissected hosis wcré
compiled into a rectangular - integer ar'ray,’)’rc. wim dimensioﬁ— r;_— rows and ¢ columns ('Figure
>l4). The number of rows in  each array’ was’, 20, correspohding to the number of aphids
dissécted for egch female. The number of columhs corresponded to the number of da)?S "LhaAl‘
the pérasite Survived. Each element, Y.J m the aﬁa)f represented the number of parasi(c
eggs/larvae found in a particulﬁr éphid from the subsample dis§ecled for. a-'giveh day. The
elements in each column were arranged in an ascending ordq'r beginning with the lowest
number. T_'heﬁ arrays are in effect visual representations - of oviposition rates " for each paragile

female, with the columns representing parasite age and the column totals repAr'escming.

age-specific fecundity.

The procedure for analysing the arrays is as [ollows. FirsL each array- was divided ‘into

three distunct domains 1, 2, and 3. bv a computer program, based on the inherent pattern of

changes in the age Spe&iﬁc fecundity of the parasitc. That is, domain ! corresponded o the
early days of adult life when fecundity was high (and increascd), whilc * domain 31

corresponded +to the final ‘Tdays when fecundity was low (and declined). This pattern is clearly

visible’in Figure 14. The computer program then calculated an initial ‘boundary (IB)' that_

rd

divided the array into two, not necessarily equal sections, S, and S; (Figurc 15a). The valuc
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FIGURE 14: An cxample of av rwo-dimcnsional fecundity an'ay which was constructed - for
each individual female of the nine speaes and populations of pea aphxd parasites for pattern
a.nalysz& Each digit in the array rcpresents the number of parasite eggs/larvae found in each
of the 20 aphids dissected. Each column represents the fecunchty for any given day and the
number of colun_ms represents the 10ngev1ty~r of the female. Note the inherent age-specific

pattern in the array. See text for further details.
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- FIGURE 15: Diagrammatic representation of the corhputer algorirhm used  for assigning each

of the array elements to one of the three domains 1, 2 and 3. See text for deatails.
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of IB. was obtained by multiplying the number of columns in the array with- a user-selected: o

variable called domain factor (DF). The value of the domain factor depends 'or; the objective’
of the analysis. In the presém anaiysis, the . criterion used was an equjtable sizc . distribution
among the. three 'domajns. and by tnal 'and error, a domﬁih factor of 03 was chosen. The -
sections S, and S, were each Vdivided into two triangles 6f “equal area, S, into triangles A
and B with base b, and S, 'ir_'no"triavngleé‘C' and D with base b,. The hejghi h of all four
triangles is the s#me, equalling the number of “array rows (Figure 15b). Domam 1 now
includes _tri‘anglc A, domain 2 triangles B and C, and domain 3 triangle D. The tangents of
. the angles @, and @, for triangles B and/?, respectively, Were calculated .as |

an,= 1./ b _’“‘ | « (2)

~ where r‘b is the total number of row;: rin' the array and by is the base of the‘ u'iangle»

measured in the number of columns, with n = 1 for triangle B and n = 2 for triangle D.

The second step in the analysis was to assign all elements Y i in each array to one of
the three domains” in accordance with a decision boundary. Thei boundary wés obtained by

solving the following equation for a specific row r in each column ¢

I = C tang ' (3)

where n = 1 for all clements in secion S, and n = 2 for all elements in section S,.

However, because the array consisted of. integérs rather than real coordinates, Equation

{3 was modified to _ . o
o= - {1/ C | (4)
where M is the hew‘ boundary, r is the e'xpeaed. row according o Equaton {2} and r, ="1an
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(c— 1). The mlculated value of r' was converted to’,an mteger by addmg 0.5 and roundmg off

to the nearest whole number (anure 15c)

The algorithm then mlculéted symmetries “t‘or all -th.ree domainsﬂ on a scnle from 0 to
10. For the purposes of this analysis, domain 1 was assxgned a maximum symmetry score ol‘ E
.10 - when aJl' the velements within the - domain belonged o frequency class 2 or greater.
~ Similarly, domains 2 and 3 were assigned a score ovf 10 when all array elements in these
- domains belonged to frequency elaes 1 and 0, respectively. Once the sums of the three
frequency classes / nad been atcumulated. for each do'rnainv.' the program calculated three
syrnrnen'y features (SF) according to the -generalized expression | |

SEy= 108y Ay ®

where N is the domain number from 1 to 3, M is the part.icular‘ frequency' class for domain
, N,'Snthe ‘total. number of elements of class M in domain N, and Aythe area or the total

number of array elements in domain N. The symmetry of the entire array was estimated by

means of a global symmetry feature

GSF = (SEy+(SE+(SE) (6)

In practice, frequency classes of. -greater. than 2 can be anélysed if the definition of
maximum symrneLry for a particular domain is changed. Six freqhency classes, ranging from 0
eggs per aphid 0 =5 eggs per aphid, were defined for each -array, in order o increase .lhe
resolution of the analysié. Thal‘ is, two frequency‘_classcs;ger domainv wereﬁocﬁned.‘ Dornajn ]

was defined in terms of frequency classes 2 and 25, domain 2 in terms of 1 and 4 and

domain 3 in terms of 0 and 3. The frequency classes follow a descending order- from left 1o

\
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 right 'in accordance with‘the age—speciﬁc /_ecundity ‘pattern  of the parasites*(see Figure 14). In»
summary, based on’ the six frequency classes, eight symmer.ry features were extracted from
\‘euch array namely, SF,,, ~SF.s, SF,,,. SF, .4, SFM, SF,,,, GSF, and GSF,, where the first
subscript refers to the dornam number and the second subscript to Lhe frequency class
evaluated. . The tj_rst global symmetry feature, GSF, refers to the squared total symmetry score
of frequency classes 0, 1, ‘anu 2 and the second global symmetry feature, GSE,, to Lhe,

| squared symmetry score of frequency classes 3, 4, and 25 as defined in Equation {6}.

In addit.ion six quantitative features were also. extracted corresponding to Lhe‘ six -
frequeney classes defined above. These were obtamed by tota]lmg the number of aphxds in
the array with a given number of parasite eggs, i.e., sumrmng all the aphids belonging to -a
particular frequency class. To reduce the bias due to differences in blongevity among speae’s.
and populauous, the frecjuendes were converted to percentages and iran_sformed “to the;r

‘arcsines according to the equation (Anseombe\ 1948):-

FEC = n + 0500 arcsin (f + 0.375)/(n + 0.750) ™

e

where x is one of the various frequency classes from O to 25, n is the number of aphids
dissected per day (20), and f the number of aphids in a given frequency class For the™
* quantitative features, FEC,, FEC, I-TEC,“JFEC3 FEC. and FEC,, the subscnpts refer to Lhe

pue——

six frequency classes of parasue eggs/larvae

The 14 variables .thus extracted from each array were compared among the species and
populations by one—wa) ANOVA and a stepwise dxscnmmam analvs:s using SPSS (Nie et al.
1975). The mmlmum tolerance level for. the exclusion of a vanable was set at 0.001%

assessed on the maximum Mahalanobis distance between “the groups. The matrix of
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Mahalanobl,s generahzetha.nce was obtamed by an au—p%snbl&wmwemmnwn%mg ﬂxer s

BMDP subprogxam 3D (Dixon 1981)

As a final step in the ana]yms a repreéemativé anéy_ was selected for each of the_ )
spedes and populations. This was achieved . by anothé’r program that comf:ared all the arrays
in each’ group with mean valuesv of the features that wé’fe ’provide‘d,‘ and indicated the one
array,ihat corr'espondhed closest to the.mean vaiues. ]_3ec2use none of the ihdividual arrays are .

likely to agree with the means of all fourteen variables, the selection pr0cedure ‘gave the

Y
greatest wexght o Lhose vanables that contributed most to among“‘group d:scnmmauon

%

3.352 Results

kThe mean and standard deviatipn for eéch of the 14v variableé extracted from the fecundity .
arrays of pea aphid parasi‘tes by patterﬁ aqalysis are given in Appendix III Means of all Lhé
‘variables -had small standard errors associated with -them. The values of the distribution
statistics,r skewnes§ and kurtosis were non—éigniﬁcnnt for a _majorily ;f‘ cases. Some .van'ab'les,
such- as FEC,, FEC,, and SF,, had significant kurtosis values. Despite this, ‘because of the

-

robustness of both ANOVA and MDA, all variables were included in the an.ilysis.

3.353 Univariate analysis of imagé features
There was considerable variability in the mean vah;é of the various species and <populations A
for any given character. One way _ANOVA was . carfied out 1o determine if the  variables

enabled differentiation beiween populations when' cxamined one al a tlime.

The two  populations of A. smithi at thlﬁliwac_k and- Kamloops did not differ from cach
other in 10 of the 13 characlers (76.3%) (the variable SF,,. had a symmetry score of icro

for both populations). The three variables the populations differed in ‘were FEC, FEC, and

kS

% | B



SF,.. Trends in »the freqﬁency dirsufi.bvut.ions of eggs for these populations were similar to those

-~ observed for lifetime fecundity and PIEL attributes.
. 4 ,

~ The “three -populations of A. ervi differed in all but two variables; namely FEC, and
SF,,,. "The number of vaﬁablé; 7.from SNK test that had homogeneous subsets compbséd of A.
ervi (Chilliwack) and A. ervi 4(Kamloops), and, 4. ervi (Kamloops) an‘de. ervi (Sussex) was

five each. Two variables had three subsets each.

Mv'ean values of the ‘14' features were most consi;e,tent for ;he mree“ P. - pequodorum_
pobulat.ioﬁs. C_onéequehtly, they differed in dnly 5 of the 14 (35.’7:7;) features. :They differed in
FEC,, FEC,, FEC, SF;.‘,A and -GSF,. In 4 of the 5 sigmﬁmhtly different variables, “the
Chilliwack .and the l%@mloops populations did not differ from éach other but differed from
.Et.he Sussex pobulatiohﬂ | |

43;}‘754 Multipleb discriminant analysis of image features ;
As 'in the case of discriminant analysis of PIE'LF ‘attn'butes? A. \iisivoms (Kamloops) was not
included in the analysis to enable én easier r_interpretation of 'difféfericesramrong populaﬁons. A
scatterplot of gr@up’ centroids projected ”c‘mto ﬁr_st and f second discriminant axes is shown' in
Figure 16, lt‘-is dear- from the scatierplot that populations of any given speciés resemble each
other in variables extracted from the ?e&undity arrays. THowever, ‘there wa.; also .a certain
dcgrc'e of separalion between populations of a species. ‘Tébl;é XX shows how individuals of
each population and sbccies were classiﬁed_ by discrirhinanl analysis. On average, 84.5% of Lhe
bcases were correctly classified. (Sf the 14 original variablés includved in the analysis, 12 made
© . significant " contribution 16 grou.p _discfiminau’dri. while SF,.. and SF,; were excluded. Of the )
S discriminant [unctions ‘used in lh-C apalyﬁs. (the other two functions had a ﬁ?h%iéﬁi‘ﬁcanﬁ

chi-square value associaled with Wilk’s lambda), the first function :accounled for 58.2% of the
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FIGURE 16: Scatterplot of populations of A. ervii A. smithi and P. pequodorum projected
" onlo discriminant axesiylk and 2 from diécriminant analysis of image features extracted from
fecundity arrays. The ellipses enclose the 95% confidence limits around the group centroids,
which are represented by asterisks. The numbers beside the asteri:s.ks refqr- to the species .and
populations listed below in that ordef. O : A. smithi {Kamloops), A :A4. smithi (Chilliwack),
O :A. ervi (Kamioops) @ :4. ervi (Chilliwack), W :A. ervi (Sussex), A :P. | pequadorum
(Kamloops). O :P. pequodorum (Chilliwack), 4 :P. peqdodorurh (Sussex). ’ |
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" iolal among-group variation. The remaining four functions explained 184, 10.2, 8.1 and 30%

of among—groub variation, respectively, for a towal of 97.9%.

Standardized discriminant function coeflicients for each of 12 variables and five fu'nctioné

are given in Table XXI. Considered over the five. functions, GSF, contributed most t0 group

discriminagion followed by FEC,, SF.,, SF,, and FEC,. | .

Populationé of ;:ach specics were also analysed among me_:mselves._ ‘Average 'ﬁercent of
correctly classirﬁed cases was 94.7% for the two A. smithi populations, 100% for the three A.
-ervi populations and 96.9% for the three P. pequodorum populations. One individual of A.
;lelhl. from Kamloops was misclassified. In the case of P. .pequadomm, _one individual .lfrom '
Kamloops ~was grou;iéd with the Chilliwack population. Number of variables included in the
ahalyéis was 5 for A. smithi, 9 for A. ervi and 11 “for P. pequodM mpuﬁﬁom._ ‘
Scatterplots for populations of each of the species are shbwn in Figures 17, i8 and 19, and

the standardized discriminant funcu'on‘ co:efﬁciems, in Tables XXII, XXIII,' and XXIV.

A matrix of Mahalanobis generalized distance derived from pairwise —compan'sons’ of
_groups based on the variables from pattern analysis is shown in Table XXV.;AI_IF but 9 of
Lhe"pairwise comparisons weré significant at a probability level of 5% or _smaller. The genera]_
Pi;:aspcciﬁc ;fend in image fcalures -was identical to the one observed for the PIEL a_gtributes.
The values for pairwise comparisons between populations of A. smjthi and. A. ervi. were
greater  than belween the corresponding populations of P. pequodorum. In addiLién, the

Chilliwack and Kamloops popujatons resembled each other more than either resembled the

Sussev populaton.
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Table XXI: Standardlzed dlscrlmlnant functlon coefflc1ents
for image features extracted from fecundlty arrays- and .
included in MDA involving all pea aphld parasites except
A. pisivorus. See text for details of variable names.

DISCRIMINANT FUNCTION

Variable - ‘ . ' : A <
R | 2 3 4 ' 5

FECo -0.45767  0.66281 -0.14642 0.10735  1.66413 -
FEC, -0.01155 =-0.78755 . 0.71184 =-0.12254 =-1,46738
. FEC, , -0.91204 1.44415 -0.63020 0.78477 0.94891
FEC, ~0.10252 -0.57546 0.54183, =0.16243 -0.54233
FEC,  1.04320  0.24278  0.14871  0.45446 _0.25099
FEC; . . 0.48015  1.00395 -0.45315 =0.41911 -0.06319
SF,,  0.62900  0.72117  -0.11814 -0.18088  0.41708
_SFu, 4 -0.42777 - 0.70287  0.25696 -0.61277  1.77162
. SF,,, -0.56448  0.36385  0.70772  0.15194 - 0.27072
SFy,o  -0.06491 . -1.88176  0.961T8 0.12315  ~-1.02383
GSF, 0.56089 1,13475 -1.,10883 0.92485 -1,01963
GSF, 0.20733 0.58516 0.84613  0.22868 0.52067
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Table XXII: SténdardizedTéisctiminaﬂt function
coefficients fqrrimage featurés extractea from
fecundiﬁy arrays and included in discriminant
analysis of popUlations of 4. smithi.‘Séé text

for details of variable names. .

S

DISCRIMINANT FUNCTION

Variabié
] ! B
FEC, . 0.98508
FEC, | . 0.71072 - .
FEC, ~1.11465
SF,, 4 -0.77157
GSF, -0.77157
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Table XXIII: Standardlzed dlscrlmlnant function coefflrlents
for image features ext:acted from fecundlty arrays and

included in dlscrlmlnant analysis of populations of 4. ervi.

See text for detalls of variable names.

DISCRIMINANT FUNCTION

Variable
1 2

FEC, ~ -0.54166 0.59684
FEC, 0.50794 1.04348
FEC, | 0.78776 ~2.59238
SF,,s -0.52937 1.93259
SF,, 0.15169 © 2.29325
Sy, 0.24389 2.10000
GIBy 0.24454  -4,51268
GSF, 1.21298 - -1.81468
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‘Table XXIV: Standardized discriminant funpction coefficients -
for image features extracted from fecundity arrays and
included in discriminant_analysis of populations of

. P. pequbdorum. See text for details of variable names.

DISCRIMINANT FUNCTION

Variable —
1 | 2

FEC, -1.93659 -0.80009
FEC, . ~ -0.17897 | 1.00137
FEC, O 1.11637  -0.21611
FECy, -1.11210 0.30121
SF,,, 1.69476 ~1.26531
SF,, | 2.80884 0.85668
SF,, . ~1.15751 0.46771
SFy,0 2.49244 : -3.87600
SF, 5 0.40762 : 0.70026
GSF, ' -4.11323 4.03278
GSF, | 1.97641 ~0.69330
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; FIGURE 17: Scatterplot of populations of A. smithi projected onto \discrimjném axis 1 frdm
discriminérit analysis of image features extracted from fecundity arrays. The arrows indicate
group ccntronds Each individual parasite is represented by four symbols for both populatnons
oA smxtht (Kamloops) A A smithi (Chllllwack)
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'

FIGURE »18:,_>$m'uerp'lot of populations of ~A. ervi projected onto discriminant fi.mction 1 and
‘2 from discriminant anavlysis of image features extracted‘ from fecundity arrays. dThé ellipses
enclose the 95% - conﬁdencé hmxts around the group‘ centroids, which are represented by )
--asterisks. The nurhbers besnde the asteh'sks tefer td the pobulaﬁons 'listed below in that order. '

@: A. ervi (Kamloops), A :A. ervi (Chilliwack), O :4. ervi (Sussex).
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[y

- FIGURE 19: Scatterpiot of populauons of P. pequodorum projected onto dxscnmmant functmn.-'
‘1 and 2 from dnscmmnant analysis of 1mage features extracted from fecundity arrays. The
elhpscs cnclose the 95%. confidence limits around the group centroxds whnch are represented
‘by asterisks. The numbers beside the asterisks refer to. the populanons hsted below in that
order. O : Ps pequodorum (Kaxnloops) A P pequadomm (Chl]hwack) O :P.  pequodorum

(Sussex).
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- Tepresents the overall

As the final step in the analysis, a representative array depicting the typical pa’ttém of
cgg distribution for each species and populaﬁon is shown in- Figure 20. Each array was

extracted based on ’mean values of 10 most important variables of the twelve included in the

first part of the analysis.

‘The um’vériate and the multivariate anajyses suggested' that the jma'ge featufeg extracted
from fecundity arrays are, to a certain extent, species-specific. This is substantiated by the fact
that only -two of the sixkquaﬁt_itau've features are consistently correlated with lifetime fecuﬁdity,
namely FEC, and FEC,. That is, the intensity of superparasitism'was correlated with fecundity,
but bnly to a certain degree. FEC, was the second inost important‘»varirablc for groip
‘citiscriminau‘on in discriminant analysis ‘of ejght groups, a fact suggesting that ihe hosts were a-
limiting _factér leading to a "breakdown” of host disdﬁirﬁﬁadon ﬁrOcess at higher fécuﬁditiés.,

There was no bam’cﬁlar pattérn of ~corr‘elau'on,‘ between the symmetj"y,’ features and

. fecundity. However, the major - contribution of symmetry features to discrimination suggested

differen‘ces' in age-specific egg laying pattern independent of * fecundity.. Indeed, GSF,, which

P

sftion pattern, contributed most to among-group variation. The next

three variables tha 'conm'buted substantially to discrimination i.e., SF,;,,, SF,,,, and FEC;, arél
al-so related o 'age-speciﬁc oviposiion pattern and searching efficiency. In summary, it ai)pears
that the diffqrences. in host discrimina'_idn and oviposition rates among the vvarious -groups 4were
inhcre‘nl: ramer ‘tha‘n being an arufact of | fecundity. The results of patLemvana‘lysis suggested
that the egg laying pauern of pea aphjd pardsites is underlain by a number 'of different
factors such as oviposition tate, host-searching efficiency, ete, in addition td age—speciﬁé

fecundity.
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FIGURE 20: Complter—=selected average fecundity arrays for species and populations of j;ca‘
~ aphid parasites. (a): 4. ervi (Kamloops), (b): A e(vi (Ghilliwack), (c): A. ervi (Susscx).v(d): .
A smiti.u' (Chilliwack), (e): A. smithi (Kaxnioops), (H: A pisi»ohzs (Kamloops), (g):__ A
- pequodorum (Kamloops), (h): P. peguodorum (‘Chilliwack), (i): P.pequodatum» (Susscx).l See text

. for details.
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3.4 Discussion

The observed variation in life history :{rits among. populations of pea aphid parasites is
corbpérable in dggree o ;hat reported for other species of Aphiinid:e. The .average fecundity
of a European strain of Diaeretiella rapae (M’ Intosh), a. i:oinrnon para\site o'f’ the cabbage
aphid, Brevicoryne brassicae (L.), was estimated as 190 veg‘gs/female ~b’y Hafeéz?' (1961). But
fecundity of an Australian strain of  the same _rspecies, originally imported from 'Europe, was
‘esu'maLe'd as 320 eggs/female (Gilbert and Hughes 1963, Hughes- 1963). 7F1im~(1979), in a-
study o_f geographic variation inr three populations of Trio,x}s complanatus, a ‘parasite of the
spotted alfalfa aphid, Theriocaphis macu!éza, also reported significant variation in’ fecund;ty and
developmental ume. The li‘feu‘me fecundity' of an Iranian, an Italian, and a Californian

| population was 349, 437 and 588 eggs/female, respectively. The populations, ho.wever,‘ did not

differ *in longevity. - -

A number of studies on a variety of insects haQe also reported significant variation
between populations in life history traits (‘see,, e.g., Baldwin and 'Dingle 1986, Birch et al.
'1963, Denno and Dingle 1981, Diehl and Bush 1984, Dingle 1978, Futuyama and Peterson

1985, Fried and Pimentel 1986, Gilbert 198‘4, 1986, Labeyrie 1978).

~ The results of intraspecific comdparison& lindicaled that [he.. inroduced .and native bea,”
aphid parasites differed from one another in the divergence levels belwéen their populag‘oné.
Mzhalanobis gencralized distances for PIEL auributes and egg frequehcy distributions  between
the populauons of “A. smithi and A. ervi were grealér than those between the pbpula‘h’ons of.. -
P. pequa.‘i.omm. The wo | introduced species, despite being .initated Wﬂh fourider populations |

different both in size and diverwns, did not difTer méasurably from cach other in this respect

Populauons established from small numbers of founders that show a greater - degree of
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‘variability in their cha:acter means. relative tonpopulatiorzi derived from larger numbcrs are»
'”mennoned in Lhe hterature (eg Bryant et al. 1986a, 1986b, Dobzhansky and Pavlovsky 1957,
Rich et al. 1984). This phenomenon can be observed ~in  some popu_la_uons wrth o known
' history of a genetic bottleneck or a : founding event and is genernlly attributed to r,hndom

genen‘c drift, I will discuss this aspect of variation further in Chapter VI.

The introduced and the native species did not, however differ -in - their - patterm of’
variation. The Chilliwack and Kamloops populauons of all three species resembled each other
in many of the vanées And in Lhe case of A. ervi ‘and P. pequodorum populations from
the aboye two areas were significantly different from the - Sussex population. Mamces of
generalized ‘dist'ances berween populaLionS' for PIEL criteria and’ egg distribntions. When
examined speciéswise, clearly show this trend

‘It, is- possible that Chilliwack and Kamloops .share common abiotic and biou"cb natural
selection agents bécause of their geographic proximity. Or§ani5ms living‘ in. these areas may
therefore be subjected t0 similar selecnon pressures, leading _to convergent evolution (see, e.g.,
Benton and Ueu 19\86,, Endler 197~7, 1982, 1986, Gould and Johnston 1972, Johnson 1976,
Mooney 1977, Packard 1972). In additon, migration from a comrnon _climatic regime or- gene
pool may have-conerbuted lo this patrem. No susrained releases of pea aphid parasites have ™
been made in British Columbia except for about 13,000 specimens of the "oran-g.e"' phenotype
‘of A smithi, which wére released near Kamloops in ]97é (Campbell and Mackauer 1973). No
specimens have been recovered since. As mentioned earlier, Lhere Vhad been numcrous large
scale releases‘. of A. smithi> and A. ervi in the Pacific NothwésL including the sates of

Washington and- Idaho (Haifhill er a/. 1972). The first report of -A. smithi occurring in

British Columbia was in 1965. al Christina Lake in the Columbia River Basin close u') the
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. intensity of selection. -

Canada-United States border (Mackauer and Finlayson 1967). The most plausible routés of
mig‘ration are: the Okan2gan .and Columbia River system .into the Interior, and along the

coast from northwestern Washington state into the Vancouver area and from there east into

~the’ lower Fra.écr River Basin (_Campbell and Mackauer 1973). There is some evidence that A.

ervi also spread through these two routes, but  perhaps rhainly through the '»cool_ and wet
coastal area. Migration within British Columbia is aided by two factors: human transport, in

particular transportation _of parasitized aphids and mummies on baled. .alfalfa hay, and wind

“(Campbell and Mackauer 1973, Taylor and Palmér 1972). It is likely = that such n}igratjon

through all avenueg is- an ongoing pfocessg The indigenous parasites are also probably subject
to the same movement patierns.- The im'grau'on that Campbell and Mackauer (1973) pi'opqsed
is possibly annual and of a low density or rate. It rhay, however, be sufficient to result in

an increased similarity be&?én Chilliwack and Kamloops populations, depending on the

N

‘&s/ Regardless of the factors responsibi‘:\ for the variation in lifeﬂstory traits, the variation

itself has important implications for biological control. As mentioned earlier, reproductive

. potential is considered to be an important attribute. In'biologi'czl control pract.ic}f,w one seeks to

import and establish the 'most fecund phenotype into a new area, although fecundity may vary

depending on the local abiotic and biotic factors.

Bul . apparently, a higher reproductive potential does nof aséurc a parasite’s_ greiter
relative abundance or its long-term ‘establifshmem_ At both Chilliwack and Kamloops, A. smithi
had the’ highest fecundity, followed by P. pequodorum.  A. pisivorus  had the third highest
fecundity at Kamloops. The fecundity of A. ervi;Lhe most common species in all three sLu‘dyv

b

sites, was the lowest, and about one hall of that of A. smithi. At Sussex, however, A. ervi
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' feniales had a greater fecundity than that of P. pequodorum females.

In terms ’ofr longevity, A. smithi females h}ad me second longest _lifespan.’ after P
pequodorum at both Ct»lilliwa'ck‘ -and Kamloops. At Kamloops, A. pisivorus had the third
lc;ngest lifespan. In all three study‘ areas A. ervi ferhale’s had the lowest mean life cxpeclancy'
;f all pea aphid parasite _s’pecies.v

From tﬁese data, it is clear ‘athat A, ervi did not simply outnumber A. smithi because
ofk a greater fecundity or longevity. Moreover, the relaLivre}abundance of pea :éphid- parasites is
éorrelated “neither with lifetime fepundity nor with longevity:.; Assuming thf{ hierar\c.'hif of
fecundity of | the .various species remained the same between‘ 1971-72 and now (see e.g.,
Ma‘ckauerv 1971), it appears that the relative abundance then was correlaied with lifetime |
'fccundi‘ty. If this was indeed the case, and .since A. smithi still réx{ains the high fecundity,
the data indicate that interspecific differenc;s in lifetime. fecundity or longevit'y ‘did riot play a

role in the decline of A. smithi.

Ilt also appears that ‘H.i ervi is highly unlikely to have displaced 4. snﬁ'zhi because of a
."more - efficient host , utilization and/or searching efficiency. As | have mentioned earlf.er,
although lifetime fgicunf:l'ity may determine relative abundance in the mid-growing season,
searchi“ng‘)eﬁ'lciency is probably more important during spring and laie summer, when host
density is r;e.la_Livel_v low. The detailed analyées Lhai I have carried oul (o cxplore this
‘possibility i'ndicated that A. smithi femal‘es‘ were superior\‘or at least at no clear disadvaniage
relative 1o those of other species iﬁ the complex.'_A.’smithi females generally performcd better
in 6 of the 14 P[EL performance criteria that were constdered. These included :variablcs
periaining lo reproductive potenual (PIEL fecundity, number of eggs laid in the [first four

days) and searching efficiency (number and proportion of aphids parasitized or cscaping
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parasitism). - P.. pequodorum performed the best in variables pertaining - to host utilization
efficiency (m;mber of Ahosts _bparasitized“ perA egg laid, plloportion‘_ of eggs lost due to
‘supcrparasit'isrin, prdponion 6f aphid§ ' supgrparasiu'zed).. Althoug‘hr A ‘e’rvi had a higher
,ovipdsition rate (rproportion‘ of eggs laid in the first four giay's, mean number .of eggs laid ﬁer‘
day), judged by most other criteria, it did not perform as well. |

_Pairwisc ‘comparisons betwee‘n A‘A.' ervi and A. smithi revealed that the former performed

better, albeit margin.ally, in variables pertaj.m'nkg 1o host utilization and oviposition rate. The
latter performédv significandy better in variablés pertaiﬁjng ‘lo reproduﬁﬁve‘ _poténtjal and
séiféhing efficiency. The analysis of egg frequency .distributions | confirmed ' some bf these
findings. The image features .extracted fron{. the fecuhdity arrays indicated that A. smithi had
a grcater tendency to superpzﬁasitize uqder the * experimental coﬁditions. relative‘ to the other
species. The results of the analysis also indicated that /d(ere were differences in Lﬁe
- age—specific egg laying pattern (i.e., oviposiujon rate), betweeh the ;ﬁéus species. However,‘
because some of the indices of host utilization obtained from :boﬂ; PIEL ém'ibutes‘ and pattern
analysis were correlatéd with fecundity,ﬁ the results should bé interpreted with caution. ~This
low host utilization ef]‘nciency of A. smithi, reflected in variables .‘such as number of hosts
parasitized per eges laid; proportion of apflids suﬁcrparasitized, number and proportion of eggs’
lost due to superparasitism, FEC,, and ’FEC,. i; likely to have resulted because of two aspects
of the experimental set-up. First, the parasil¢ females werc not at liberty 0 leave the
experimental cage once all or most of the hosts had been aexploiled. Alternately, the number
of ho$ts available in a 24h period peﬁod is finite, leading 10 repeated encounters with some
hgst individuals. If these constraints are non-existent, as in the fieid, it is likelyr that A4.
smithi’s host utlization emciéncy would improve significanty. In fact, Mackauer (1983) qsiné a

different strain of 4. smithi, showed that the host utilization efficiency of the [emales
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improves as a function of host density and: predicted '.Lhat at a' host V'(Vjernrsiiyr of 1507
aphids/day/female, theré would bef litte or no superparésitisrh. In othe.rr wofds.r“if | thenumber
of avgiiable 'hos‘ts was a' liﬁﬁﬁng factor in my studies, and at h{gher host densities A smiz‘hz‘
can be expected to perform better“than or as well as A. ervi, then it can be concluded" Lhat‘

differential host utilization, searching efficiency and oviposition rate can not explain the:

~ changes in relative abundance of pea aphid parasites.

-~

Multivariate anflysis ovf ) PIEL‘ performance criteria and | egg frequency& disiributioné‘
ilndicated that many of the variables were species-specific. Thjs suggesls -L;;t both the Varia,bles
" and the methodology that were employed mn be useful for ‘k'dis'criminating between species, as -
well as between populations of a specieé. In discriminant analysis of PIEL attributes, ' the
- various species differed mainly in variables related to reproductive potential and oviposition
- rate, in that ,order. All the groups were well-separated when projected onto discriminant
functiohs 1 and 2, especially along species lines, with some overlap between populations of a
species. Discriminant analysis of image features confirmed the results of anaiysis of PIEL

attributes. It indicated that Lhe various species  differed mainly in the degree of superparasitism

and oviposition rate.

Thg life table analysis indicated that A. smithi had the highest potential rate of
population growth of all species at both Chilliwack and Kamloops. 4. ervi's intrinsic rate of
increase, gross and .nel' reproductive rates were significanty ‘lower than those of A. smithi’s.
Howe‘ver, the difference between these (wo species becomes ' less striking bif one werc 10
consider only the effective number of eggs and disregard all supecrparasitism. Moreover, in the -
first four days 6f aduft life, females of A. sny'thi had realized a greater proportion of their

lifetime rm value than the females of A. ervii A. smithi also had a considerably shorter
, ) e
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generation and doubling u'més than other sbecies in the '“com‘plex. ’k ,h,, abpears fibm~ a
Vprehmmary analysis that a reducuon of approxjmately 25 days in the developmental time, or
a reduction of approximately 1 day and a doubling of fecundity of A. ervi, is required to
match the intrinsic rate of increase of A. smithi. As in the case v,of lifetime fecundity and

PIEL auributes, A. smithi females were at no disadvantage with regard to life table statistics

relative: to A. ervi or other species in the complex. =

In_summary, there is no evfdence to ihdig:ate that _the changeg in ihe relative abundance
of pea aphid barasites were due to interspecific differences in reprbducﬁve potential, PIEL‘
performance cﬁteﬁa' (host utilization, searching efficiency, oviposition rate) 6r rate of population
growth. On the contrary, the univariate and the multivariate analyses showed that A. smithi
outperformed not only A. ervii but also A. pisivorus and P péquad_orum in virwally all
aspects of reproduction. The' results of the inter- and intraspecfic studies in cdmbination
indicate that A ervi did not displaceL A. smithi, but moved into an empty niche subsequent

to the decline of A. smithi due to genetic impoverishment

117



CHAPTER IV
VARIATION IN THERMAL COEFFICIENTS |

@
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41 Introduction .

Temperature is perhags the most important climatic variable affecting poikilothermic animals, |
i'nclu’ding insects. It aff;cts both their physiologiizl as well as behévioral activiu‘gs; In order to
survive and reprbduce. an insectA mﬁsf be adapted to the ternpérature "cycles bf its

environment. ‘ -

The thermal qoem'ciénts' of both pest and beneﬁda]‘ insécts are of importénce to gpﬁlied,
.'studiés. The coe:fﬁcient._s inclu,de,\ among others, devé10pmehtal time and fate for any Vgiven‘
stage, ‘lower temperature thresﬁold for develwﬁent and degree. diyi required to complete ..
. development. For claésical biological control, thermal coefficients ~ are imponam for,.« mrée‘
reasons. First, q\uamifyi-ng hqw the coefficients vary _among species aqd populations may
eventuéily aid in predicting the likely - threshold value of a populan'or_l from a- regjon with a
given climatic profile. Second, the imported parasite populau'bn should be compan'ble_: with‘ the
.imen'ded' region of introduction. In other worcl's',' introduction of a parasite wiih a thresh‘old
le'mperalure; too high or too low r‘elativé to Aj.he target host shouI_d be avoided. iIIn tﬁe first
case, it is likely r.hé parasite will not bgf,an effective biological control agent. In the latter

situation, the parasite may fail to become estat_)lished, unless it is polj;phagous and can find

other host species. The third, related reason is that one would want to introduce a popula{Lion
with the lowest possible threshold temperature, but above that of the hosL

The relauonship between rate of development and temperature i(s uéually{- a shallow4
sigmoid- curve . (Figure- 1 in -Campbgll el al 1974). dver_ a range of temperatures, the
relationship is }inéar, ‘and when the straight line iy extrapolated, threshold temperature (1) 13
the point al which the lihe cus the x-axis. Below this ’rfe%npe_rawxe no measureable

development takes place. The ratc of development is not linear close 10 ¢ and it curvges to
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~ the left, into the lower temperature range. The rate of development also deviates from a-

“lineér relatlonship in the 7hig.h iemperature 'rarrge. The ' straight line is bes't"k characterized in
terms of ¢, and number of degree days required to complete developmen'l.v K (Campbell et al.
. 1974). K is calculated as the recrproml of slope &b in Lhe "linear regression equation employed
to estimate developmental t.hresholds To obtain an accurate estimate of thermal coefficients a
1arge sample of insects (250 mdrvnduals) are reared and Ume-lo—addlt or o Lhev desired stage

is noted. A nmumber of models can then ‘be used 1o estimate .constants.

.A large body of literature on geographic variation in temperature _Tequirements of a
variefy of insects has appeared in ‘Lhe past few decedes (see, e.g., Andrewanha and Birch
1954, Baldwm and Dmgle 1986, Bonnemarson 1951, Bursell 1964, Campbell et al: 1974, Denno -
and Dmgle 198() Dingle 1978, Dingle and Hegmann 1981, Liu and Hughes 1984) As noted
earller because insects must adapt to their local temperature regime" 10 . survive, populauons of
a species almost mvanably differ in thelr lemperature requirements, within the constraints  set
_by their genotype. Variation in thermal coefficients among populau'ons of a speciegu from
‘climatically different regions can therefore be taken as evidence of a degree of adapalaion to

the local climate ‘through directional selection (Campbell et al. 1974). Based on the observed

=

3

variation, conclusions ~can be drawn as to the degree *and pattern of ‘variaion among

populations of ntroduced and native’ species. ' - s

-

This chapter has the following objectives: (1) 10 quantify geographie“'variaLion in thermal
cefficients and compare its degree and pauerr;»c;,among introduced and native species of pea
aphid parasites from different regions, and (2) 10 ascertain if mlerspecrl'c dxffcrcnccs ln
thermal cocfficients could explain the observed changes in relative abundance of .Lhe pea aphid

parasites in North America.

v

) "
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42 Materials ‘and methods

'Developmental Ume from egg to adult eclosion for the pea aphld parasnes was estimated at
four constant lemperatures. Temperatures inside - tl;e e)rpenmental cages were 140, 165 203
\and 236 °C (£1 °C) (ambient = 120, 15.0, 17.8, and 20.5 °C respect.wely). All ex_pe_rxments
were copd’ucted at, 55-60% R.H. and 24h light For each experiment involving a species or a

. 'populau'on. a cohort of 200 two to- three day-old aphids were obtamed as described in
Chapter* Il Thls cohort of aphlds was d1v1dfed into ﬁve groups of 40 e;phlds each. Aphids
_were parasxuzed 1nd1v1dually by placing one aphld and one mated- parasne female in a gelatin
capsule (Parke—Davrs, #00). The parasite was allowed ~only one ov1posmonal strike per. aphld
to prevent superparasitism. Aboul 25 parasite’ females were used to parasitize the 200 aphlds.
The tme it 1ook to parasmze 40 aphldS was noted and typically it took between 10-20
minutes 10 parasitize one group The parasitized’ aphlds were %transferred into small plastic
dages (85 cm diameter x 3.5 cm high) containing -a- young ‘bean shoot Each cage - had a
density of 20 aphids. Cages containing the parasitized aphids were t.ra.qsferred 0 a "Convrron
controlied environment ‘chamber immediately after parasiljzation.' The ‘resultjng ‘mummies were
geny scraped from the leaves and placed' in wax paper cups fitted with plestjc Petri dish
lids and returned to the growth chamber. At this time all the\mummies in one group (i.e.,

" 40 or thereof) were placed in one cup. Temperature inside the cup was monitored - and  was -

found o be within 0.5 °C of that in thé original experimental cages.

Mediah egmergence u'mez/(ETm) was eslimated by a quantal response method (Finney
1962, Hewlett and Plackett 1979). This method is akin to the methodology used- 1o estimate
LD, from doSe-response curves, also known - as ,pro}?il analysis (Gaddum 1933, Bliss 1934,

1935). Dose in this case is tme in hours, and response, percent emergence of adult parasites

s
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at any given time. A dry run was perfor'm'ed{ .at‘ each. temperature to obtain a rough -estimate

of median emergence time. Each of ‘the five subgroups was then observed once  at a

predetermined time, approximately evenly spaced around the estimated median emergence time. E

Percent emergence and sex of the emerged parasites in each subgroup wére then recorded.
The, resulting five data points were transformed to probits (Finney 1962), and Vregrless_ed .a'gainst
log,o(time). The predicted» probits were incorporated into a »problil analysis as dgﬁcﬁbed by
Finney (1962). This enabled the \detel"rrﬁnation of median emergence time, its vstandard error

and 95% confidence limits, and the slope and intercept of the regression equation.

Median emergence times for each of the various populations and speeies, were plotted

and a linear regression equation obtained. The lower threshold temperature for development

was then estimated by extrapolation of the regression equation: Becaus¢ a number of authors
have shown mat there was no sigm’ﬁcént difference between the medién emergenée ime of
male and female aphidiids (e.g., Cohen 1985, Campbell 1974, Liu and Hugheé 1984;), data for
both the sexes l';we’re pooled for the analysis. In somé cases, the point for the higheél
Lempérature was in the non-linear range of the temperature curve (Figure 1 in“'Campbe'll .el
al. 1974). In such cases, the calculau"on of threshold was based on devqllopm‘emal ume at

three temperatures excluding the highest temperature.
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4.3 Results

431 Developmental time from egg to adult emergence

Median -developmental tme from egg o adult of pea aphid parasites— was influenced by
ﬁcmperathre and increased lin'ear.lyA with an increase in 'température. It varied considerably both

between species and between populations of each species. at all four temperatures (Table

XXVD,

—

o _ Arﬁong species, A. -smithi é[ both Chilliwack and” Kamloops had the shortest
developmental :Limé at all temperatures, except at 16.5 °C, at which 4. ervi at Kamloops had A
the shonest developmental time. At Kamloops, A. smithi was followed by A.- pisivorus émd ‘P._
pequodorum, while at Chilliwack it was followed by A. ervi and P. pequodorum. Al Sussex,

A. ervi had a shorter dcvelopmémal time than {’ pequodorum at all four températures.

4,32 Developmental thresholds

Threshold temperatures varied considerably between species, as well as between wpdp'ulat.ions of
a species, and are shown alohg with. the regression equations in Table XXVIL Populau'ohs of
all species had highly significant (P<0.01) regression coefficients of rate of development againét

ltemperature.

Among species, the threshold values ranged from a low of 5.6 °C (4. pisivorus at
Kaﬁﬁoops) 1o a high of 7.8 *C (P. pequodorum at Kamloops). At Kamloops, 4. pisivorus was

followed by A. .ervi (6.0 °C), A. smithi (6.3‘ °C), ar}d 'P. pequodorum (7.8 °C). At Chilliwack,
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however, 4. smithi had_ the g)west threshold temperature of 5.9 °C, _féllowed by "A. e}vi (6.4,
°C) and P. pequodorum (7.2 °C). At Sussex P. peéuodorum ‘i6.0 °C) had ‘aA 1ow‘er‘ Lhrpshold
than 4. ervi (6.7 °C). ’i’he number of day degrees above the n threshold temperature required '
by an msectto complete development from vegg to adult ’generally rcﬂected the trend observédA
in developmental time from egg 1o adult A. smithi populations at Chilliwack and Kamloops
had the smallest value of K followed by 4. ervi, A. pisivorus and P. éequodorum. AL Sussélx.
A. ervi had a lower value’of K ,c.omparéd with P. pequodorum.

There was c§nsiderable ‘vanjatjc*:l in temperature thresholds between po‘pulzi;ion;;; of all
_ species. Howe\;/er,npdpulatioris' of introduced - species diffe;ed' from: Lh.ose‘ of nz{tji(e ‘speéiés N
' r.ﬁeir degree ‘of variabil‘ify Jin itimresh_old7 temperatures., 4. ‘fmithi and ‘A ervi at Kamioops and .
Chi]]_gwack differed from each omef'by ‘0.4 °C, while P. pt.?quodorulm populau'ons differed by
06 °C. Populations: of A. ervi ai Kamloops and Chilliwack differed from ‘the  Sussex
pqpulation by 0.3 and 0.7 °C,‘,respectively, while the same conAlpari'so_n» for P. pequodorum
yielded 12 and 1.8 °C. The K values also showea a similar trend. Pbpulations of A. smithi
at Kamloops and Chilliwack dif‘fered from each Qr.her by 6.86- day °C, while A. 'erw'

popuiéu‘ons did not differ from each other in this respecL The same comparison for P.

pequodorum populations yielded 21.31 day °C. ‘\Pqpulat,jons of  A. ervi at Kamloops and -

~ Chilliwack diffred from their Sussex counterparts by 1049 day °C, while P. pequodorum

populatons differed” by 26.51' and)47.82 day °C. respectively.

.
[
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44 Q.Ls.mwm’ - | : A | ; -

'Idter— e.nd intra'speciﬁc variation in thermal coefﬁciems‘of several pea aphid pafasites was
examined in this ‘chapter. The datavindicated that considerable inter- "and intraspeciﬁc variation
e)usts in thermal coefTi cxems In general, the ‘data are comparable to those reported for pea
aphxd parasites (Campbell and Mackauer 1975), and other aphidiids (Campbell et al. 1974,
Cohen 1985, Flint 1979, Liu and H'ughes’l984). The pattern: in developmental times reported
by Campbell and -Mackauer' (1975) and by Campbell et al '(1974)" 'e?, A smithi wit.h the |
shortest developmemal time and P. pequodorum the longest, was conﬁrmed in thls study Liu
and Hughes (1984) reponed small differences in both developmental times and thresholds of a
French and a Japanese stock of Aphtdms‘soncht Marsh_all, a parasite of the sowthiste aphid,
Hyperomyzus lactucae (L.). 'Flint (1979) esdmated developmentali times of three populations of
Trioxys é.omplanatus at six cdnstant tempera‘tures‘ and found significant diffefences' among therd.

She reported differences of up to 065 °C in “threshold temperatures among the three -

- populations, which ranged from 848 to 9.09 °C.

A number of models\ have been proposed to estimate the developmental thresholds df
insects (e.g. Bieri et al. 1983, Schaﬂ”erv 1983,:Wagner et d. 1'984).‘ One drawback of the
linear model, i.e., dependent on esu‘mates)‘of developr.xenfal tmes in the linear range, used ‘in
this study is that the threshold temperatures tend to be slightly overestimated. This is becduse.
al lower lcmperdlures the developmental rate is non-lid‘ea;. _This may-preelude the use of
such estimates in field siuations and in phenology models that are dependent on field data.
However, 2 number of authors have found the lineaf model 10 be adequate both"l'or relating
“the threshold to the host and for inter- and intraspecific  comparisons (e.g., Cohen 1985,

Campbell er al. 1974, Buus and® McEwen 1981, thnéon “et al. 1979, Obrvcki and Tauber
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~ - predicted rates of development are affected minimally.

19§2, Tauber and Tauber ‘1‘982)., Uneér' 'models ‘hakvc twé advanLages over "Lhc,‘ more . complex
models. Many of the latter models require éstimat,ic}n of developmental ti‘mes in the non-_-lineér”
range of the development. cuﬁe on botk; ends. This could be laborious and ti_mé. consuming,
pamcula:ly at  temperatures close to ,Lhreshold‘ value and at- high témpera—tures. wheréiri
developmental }ime “is prolonged. ‘I_'heb range of teniperatures for which déveblopmemal times

need to be estimated for linear ‘n"lodels can be easily carried out in a ‘labOratof_y. These

models - also. enable a relatively -easy calculation and interpretation of thermal _constants.

‘ Thresholds estimated from linear models will suffice for comparative purposes, as long " as the

extent of overestimation can be assumed to be the same for all species and populations.
Moreover, estimates of ¢ and X are negatively correlated (Campbell et al. 1974). A small

positive error in ¢ then, is automatjcalfy corrected by a corresponding error in K, so” that

4
.

The variation in developmental time among populations, of the introduced pea aphid
parasites, - A. smithi and A. ervi, is comparable in degree to that among populations of the
native species, P. pequodorum, although populations of the latter. species were slightly -more

’va.riable. The divergence in threshold temperatures between populations of the introduced

©

<

species was, however, less Lha.nrvthal between cbrrgsponding populations of the native species. A
similar trend. was apparent for the K valués. I- can ;mly speculaie that this lower® variabil_ily
;in'threshold témpe;alu;e is of signiﬁcance in the f';eld, and that it is a ’rcsull of . the small
kfounder populations. It is possible, however, thal the " introduced species have not bgén in
North .America long enough o permit a "ﬁrie 1uning:‘ of their "1hreshold lemperatures. Thc_v}
may thus show the same deg'ree of - divergence as the native species in evolutionary time. |
will discuss this further in Chapter VI. It is also of interest.to note that. as in the casc of

i}

_life history traits, populations of both introduced and nalive parasilc species from Kamloops
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and Chilliwack are more similar to each other in threshold values than either is to the

Sussex population (see Section 3.4).

- The idea that variation in developmental times and threshold temperatures is an
indimtbr of adaptation 0 - thé local envir,onment‘ is widely accepted (e.g., Baldwin and Dingle
vl986,‘ Campbell et al. 1974, Diehl and Bush 1984, Tauber and Tauber 1982, see, however,
larﬁb et al. 1987). It has been reported that there is an inverse _rélationship between latitude
and Lhreﬁhold values within a hemisphere. Thai is, populations inhabiﬁné warmerl climates have
a higher Lhrgshold than those  from cooler climates so that the threshold temperature closély
| corresponds io the onset of the growing season. Lower ¢ values then, generailbyv occﬁr in

populaLionS that. experience cool vernal conditions, while higher ¢ values typify populations
3

experiencing warmer springs.

The predicted trends in thresholds were observed for the pea aphid parasites. Based on
long-term averages considered: over April "and early May (Environment Can_éda 1982), Kimloops '
has the warmest spring temperatures followed by Chilliwack and Sussex. As was expected, the
Kahlmm population of A. smithi and of. P. pequodorum had a higher threshold than the
Chilliwack. populau'on. " P. pequodorum at' Kam100psu also had a higher threshold than that of
the Sussex populalionj A ervi popu'latjons ’howeve_r, did not follow this trend, forb thich the
Sussex population had the highest threshold followed by those at Chilliwack and Kamloops.
Campbell er al. (1974), in a study" of geographic variaton in the - thermal constants of a
number of aphids and parasites, also- found a few ~excepLioﬁs o this yrul‘e. Three out of five
populations of va;'ious spccies of aphids and parasites they swudied did not .show the expected
trend. It is of .imeresl_ Lﬁal in. the study by Campbell et al. (1974), A. smithi popuiaﬁons did

not conform to the expected trend, while A." ervi populations' did.
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ft is often difficult to atribute ‘,such anomalies“ o any particular faclor. They could.
result from errors in estimation of the thermal constants. On the other hand, thresholds may .
be affected by a variety of factors. For éxamplé. vthe)“ inay depend on how represenbtaljv\e the
l'abora'tory population is Vin relatidnv lo\ the populau'ori in the field. Migratory -events may also
rpr‘eclude detection of élear adaptive pauerns because such events. resglt in gene‘ flow. Fin‘ally.'.
such anomalies- may‘ also Tesull from small numbers of founders colonizing a new areav.

because they are not representative of their parent population.

Interspecific comparisons among the pea _apﬁid parasites in the three -study. sites revealed
that the developmental tmes -and threshold températures of all species were within- a fairly
'nanobw: range. A. smithi hgd the shortest dévelopmemal.u‘me of all. species at virtually all the
temperatures at both Chilliwack and Kamloops. A consistently shorter developmental time over
a nﬁmber of- generations throughout the rseason .gives A. smithi a cumuleu've advantage
analogous 10 compoun.d im_erest (Stearns and Koells 1986). In addition 1o the high‘ .fecundity
reported in the previous chapter, a .shorter developmental time has contributed to its high rate .
of population growth. A. ervi, on the other hand, had the third longest .developmemal lime
among the species, preceded by A. pisivorus and followed by P. pequodorum at all
temperatures. As with high fecundity, a shorier developmental’ time does not appéé: 1o confer
any édvamage as far_ as the relative abundance of pea aphid paraSiles is concerned. Thc trend
in developmental times expressed in degre'e days., not sufpris;;ngly, was similar 10 that observed
for developmental times expfessed in days. A. smithi tequired the smallest number of degree

- days, followed bv A. eriai, A. pisivorus and P. pequodorum.

With regard 1o threshold temperatures, again, A. smithi was superior or comparable 10

other species in the complex. In Chilliwack, A. smithi had the lowest threshold temperatu-e:
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of the three species studied. Alhough at Kamloops A. smithi had only the third lowest
threshoid temperature of the four species studied, the .dif‘ferenées between Aphidius -spp. were
‘small (fange: 04° C). It is Vunh'kely that such a small difference would place a parasite,at a
disadvamage in the beginning of me,sea»son. In other; Words, if A erw" and A pisivdms were
o emerge from diapause, say, a day earlier than “A. smithi due to 't‘heir lower  threshold
temperaturés, they -possibly could not deprive A. smithi of hosts.. .Moreover, becausé of  a
shoncr dévelopmental time, A. smithi is likely lobqui;kly make-up this apparent early season

disadvantage. 8

In conclusion, the results of interspecific studies indicated that the changes in feiaﬁve |
abundance of pea aphid paraSites }in North America were not a consequence of large
differeﬁcég in thermal coefTicients. 'Speciﬁca\l‘ly, A. .smithi. -does not appeat o be at a
comggmi\ié disédvantage either early in the season due to higher threshold temparatures, or all

wJ"*mrIC)ugh the season due to a llonger dev.eiopme'ma.l time from egg to adult As in the
fecundity studies, the relative abundance of pea aphid parasites. is correlated neither with
developmental times nor\ with threshold temperatures. However, the resul;s\ //of ‘intraspecific
comparisons were not as conclusive. The populations of ihe introduced species did not vary - in
.Lhe_ir ‘Lhresﬁo]d temberaturés as much as those of “the native species. It would be sﬁeculau'on
to suggest that this is a result of Lhiir introduction. 1o North America. ‘In' order to confirm
that Lhe}_ lowér v;riability observed in Lhisvstuay' is in fact real, many mdre populéﬁoné need
10 be studied.' The next step would be to explore by simulau’dn modelling, the consequences

of such lower variability on the populaton - dynamics of the introduced species.
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CHAPTER V

* VARIATION- IN MORPHOLOGICAL CHARACTERS .
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.A 4’ large: number of .studics c(mcerm'ng éeoérapllic‘ ' \'ariaﬁon in morphology of msects have
appeared m the past few years (examples in Atchley and Bryant 1975 Blacklth and Reym

1971, Bryant and, Atchley 1975 Daly 1985, Gould and Johnston 1972, P1men;el 1979 Reyment |
et al. 1984, Sneat.h and Sokal 1973 Thorpe 1976) The study of geographlc variation in |
morphological atmbutes is of importance to systemaues as well as evolutionary theory. Many
taxonomic studies rely on the study of form as a basis for taxonomic judgments. On r.he_
other hand, the study of geographic variation can be used as a tool to’un_derstand “ selection
agents and mechanisms. involved in morphological évolution (Thorpe 1976). Morphological
variation is important o biOIOgioal control because in may ultimately -lead to reproductive
isolation and speciat.ion following fises of biologiml control agents. - Moreover, morphologiml

variation rarely occurs in isolation, is often accompanied by variation in other charactérs.

The study of geographic variation in rnorph'ology is more informative when it involves
populations of clos'ely related speeies and is done. in conjunction with a vstudy of variation in-
ecological characters ‘Because rates of life hlstcj{y and morghologxml evoluuon may dlffer
within thé/\ me orgamsm (Arthur 1984) studymg both types of vanauon facilitates ‘an
examination ol" their patterns of variation . and the degree o congruency between them. Despite
the polenu'al diflercnoes hin their eVOluuonary rates, congruency between these types of variation
can someumcs be observed because they have some faclore in common, such as polygenic
conuol. | |

A number of statistical ‘"techniques can be used Lo quantify geogﬁraphic.‘ variation in
‘morpholog_\x However, the multivariate -»me’tl?ods provide a number of advantages, becausc they

involve consideration of a number of characlers simultaneously. They also provide a great deal
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of information Jsuch as iqé“htirfyxr'ng the relative importance of variables and how they covary"
within and between ‘populations. With the widespread use of digital computers, these methods

have been developed and are now powerful _tools for the study» or ‘/cémpa’rativc morphology

| (Blackith and Reyinent 1971, Pimentel 1979, Reyment et al. 1984, Sneath and Sokal ‘1973).

_ P
The objectjg of this chapter is to quantify geégraphic variation in the morphology of

bcé aphid parasites from three regions in Nort.h America and to compare the dive;gcnce
levels between populations of the ‘two“.im.roduced species and between the introduced and the
native species. Althougli it i‘s. unlikely that functional or "non—funcﬁon;l” morphology’ had a
direct role in the decline of A. smithi, I ﬁsed morphological variation as an _a‘ddiubnalr
measure tb compare thé ~degree and pattern of geographic variation in introduced énd native
species of pea aphid parasites. I will compare the results from this chapter with those from
Chépter III to. assess the dégree of congruency between them. A high degree of congruency
suggests that the observed difTerencés in divergence levels between introduced and native -

species disqussed earlier are’ reliable.
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‘ 5,_2; Mgtgrinl.;s g_rﬁ metnnds
Ideally,k for a morphometric study, ‘ﬁeld collected materiai should be uséd.s However, the konly B
. species that 4:ould @e obtained in sufficiently large . numbers from all three regions was A.
ervi, The other three specxes of pea aphid - parasites were elther locally exnnct or encountcred
100 infrequently to form a l_arge enough sample base ‘for.‘ this study. To overcome this
problem, .vspecimens of all species for this studyi we’rck»»reare'd in the laboratory under optimum
éonditjons._ using even-aged host 'aphids. vO_ne advamage of f.his procedure is that simple size
variation due to a number of ‘extraneous énvironmental factors can be eliminated. Any

observed residual variation can then presumed to be genetically based (Arthur 1984, Claridge

et al. 1984, Thorpe 1976).

Parasite cnlnnks/@ere set up as described in Cha‘pter. II in order to obtain specimens
for the morphometn'c study. Even—aged third-instar aphid .nymphs were ‘exposedr‘to parasite
females overnight in a wax paper cup:’ Aphids exposed to the parasites were thén reared at_'
: 2C.5:l ‘k:, 55-60% R.H.,, nnn\.\%) l16h L: 8h D ophotoperiod. The resulting rnumnxies were
gendy scraped from the leaVés.-_and the adults were allowed tol emerge under the same
conditions. The parasites were preserved in 70% ethanol within 24h of emergence. This
| prevented any age-related !chan’ges in Vbody‘ size and shape. Only female parasites 'were used
iny this étudy because sexual dimotphism in chara;ters' fnay' rgnder the cumulative distribuu’on .

of characters of the two sexes platykurtic o bimodal.

Microscope slides were prepared according to Hille .Ris Lambers’ (1950) procedure for
soft-bodied insects. Parasites were first boiled in 95% ethanol in a water bath for 3-4

- minutes 10 remove some of the pigments. Next, they were cleared by boiling in 10%

-

L4

polassium hydroxide (KOH) for 3 minutes. In the final stage. parasites were boiled in
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chloralphenol for 2 minutes to‘ soften body parts : and to furthervclear the Specimens. After
clearing, the head, the body, and the wings were mounted dorsally undef separatc' cover
glasses on‘ the same  microscope slide m Hoyer’s medium (Hille Ris L#fnbers‘ 1950), a water
based mounting medium. .Measurements: were made after air drying of the slides. Oﬁly. those -
specimens whose "body parts were all intact and Wwere mounted to enable accurate measurement |
were used. A uniform sample size of 20 female specimens was used ~Vfo.r each species and

.population. To accurately represent size and shape variation, both length and width of body

parts were measured whenever appropriate.

5.21. Selection and measurerﬁent vof "chwécters

Three cﬁ'teria were used to select 'characters for measurement (after Foottii 197'9):

.(1) Charactei‘s shoulrd be amenable to measurement withsa. reasonable degree of precision, i.e.,
a low coefficient of variation.

(2) Body parts tovbe measured should be resistant to distortion by the mounting process.

(3) Characters measured should represent a large proportion of the body.

Based on the above criteria, 31 continuous and 3 discrete (meristic) variables were
chosen. These are shown in Table XXVIII. For paired structures, only one of the two parts
was measured and the measurements were restricted to the same side for all slides whenever

possible.. The character l_ocat.ions on the insect body are shown in Figure 23

Meaéuremems were laken using a compound microscope fitted v?ith an ocular micrometer |
eiched with 100 divisions. All characters were measured at a, magnification of §0X, except
abdomén length and wing length, which were measured at 20x. The mcasurcfnems were  then
transformed 1o rﬁ'illimelers by muluplying them with a conversion factor obtained by calibraung

-~

the ocular micrometer with a stage micrometer.
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Table XXVIII: Code names and descrlptlon of morphologlcal
characters of pea aphid parasites measured to study
geographic variation in morphology. See Figure 23 and text
for details.

.Code name - Description

1. TL , . - Thorax length

2. TW Thorax width

3. PL - Petiole length

4., PW Petiole width

5. AL o Abdomen length

6. OSL Ovipositor sheath length

7. FFL ‘ * - = Front leg femur length

8. FTIL Front leg tibia length

9. FTAL ' Front leg tarsus length

10, FSL Front leg spur length

11. FSPINE . Number of spines on front - ‘tibia

12. MFL Mid leg femur length :

13. MTIL Mid leg tibia length

14, MTAL : , Mid leg tarsus length

15, MSL - Mid leg spur length

16. HFL - : Hind leg, femur length

17. HTIL - Hind leg tibia length

18. HTAL ' Hind leg tarsus length

18, HSL ! : Hind leg spur length v
20. HW Head width ' '
21, AL! - First flagellar antennal segment length
22. AW : First flagellar antennal segment width
23. AL2 - Second flagellar antennal segment length
24. AW2 - ‘ Second flagellar antennal segment width
25. SEG ‘ - Number of flagellar antennal segments
26. MAX Maxillary palp length
27. LAB - Labial palp length
28. MAND . . Mandible length
28. WINGL Wing length - ot
30. CsCL ' Costal + sub-costal vein length
31. BCW Basal cell width
32. CCW , ' © Cubital cell width

- 33. PIT Tracheal pit length (on the wlng)
- 34. TRACH Number of tracheal openings (on the wing)
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FIGURE 21:  Schematic di@ram of a generalized Aphidius showing the operational dimensions
of morphological characters measured for studying geographic variation among pea aphidl
pz{rasjtesn See text for details of characters. The numbers refer 1o the variables listed in Table

XXVIIL
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5.22 Data analysis
The characters were. iriiu'ally examined With ‘regard to measures of cer;t.ral tendency and
-dispérsion and distri%ution statistics.. and were then analysed by one way ANOVA and SNK

test, to ascertain if any discernible ‘trends were evident in the data.
M)

.Data were also analysed by ‘mulu'variate metﬁods. ie., stépwise multiple‘ discrimi;xam'
analysi“s{ discrﬁ:ﬁnam_ function- analysis and UPGMA (unweighted pair group method using
aﬁthmeu'c averages) cluster analysxs (Rohlf 1963.. Sokal andl -Michener 1958), 'io quantify
geographlc vanauorL The minimum tolerance level for the exclusion of a variable from
'chscru'mnan[ analysis was set at 0.001% of the maxim)um Mahalanobis distance among groups.
Cluster ana1y51s was performed using the SPSSx subprogram "CLUSTER (SPSSx Inc. 1986).

mcorporatmg the Mahalanobxs distance matrix.
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m_mmmwo data

%

The mean and the standard deviation for each of the 34 moxphologlcal characters for "various
‘specxes and populauons of pea aphid parasites are given in Appendxx IV Standard devnauons '
of all variables werejsma'll,'a fact - indicating a high premsnon of measurement. Coefﬁcxent of
'van'au'on’(CV_), which is_ a  measure of sample variability relative to Lhe mean of the van'abie,
was fairly consistent for all .var;‘a“bles across species. Most characters had CV - values ranging
from ‘about 2% 1o ’ébout\ 8% This range i considered optimal because for “most taxonomic
cha;actem compansons made wnth variables that exhlbn 'some, but not Unr‘easonably large,
.vanablhty are more rehable (Slmpson et al. 1960). The only character that had a relatively

'large CV was abdomen length, ranging from- about 5% 10 about 14%.

Both the univariate. and}the muluva;;ate an_alysis esed in this sytud'y» assume. a normal '
distribution (;f variables. -ln  addition, discriminant analysis assumes an equality of | group
covariance matrices. For most characters, values of skewneéss’ and kurtosis 'were non-significant
(PSOOS)v VMeristic variables, i.e., FSPINE -SEG, and TRACH deviated from the normal o
-distibution.  Because of the robustness of both "ANOVA and MDA, however no auempt was

made 10 transform or ekclude these variables. To avoid any bias due, 10. heteroscedasticity of

group covariance matrices, the chi-square associated with Wilk’s lambda was . used 1o . determine

the number of discriminant functions to be included in the analysis (Klecka 1981).
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'5.32 Univariate trends in morphological characters

There was considerable heterogeneity among various species. and populations of pea aphid

: parasites‘ for any giver_x character. For a majority of characters, the Chilliwack population of

A. smithi and P. pequodorum, and Kamioops population of A. ervi had the lérgest means.

N Oﬁe—way ANOVA was performed tu detect . any trends in sample means - of - each '

character. The analysis was carried out in different combinations of species .and populationé. as

“follows.

5.321 Species of Aphidius including A. ﬁisivbrus
Differences between means of all characters of various species and populations in the genus

Aphidius were significant. Because of the relatively larger size of Kamloops population of A.

ervi, in many subsets of SNK, it was grouped with 4. pisivorus from Kamloops. 4. ervi

from Chilliwack had the smallesl mean for many characters and was usually different from all

the other groups The two A. smithi populauons and A. ervi from Sussex were often grouped

together in one subset

5.322 Populations of A. smithi

The Chilliwack populi.tion of A. smithi‘ had ;1 la;gcr mean for 28 of LhcA 34 characters
(82.4%) Fompared with 'Kémloopé population, which indicates thal in general, Lhe former had a
larger bod)' size. However, differences in means of the two populations were signiﬁcénl for

only 19 of the 34 characters (55.9%).
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. be observed

5.324 Populations of A. ervi

i

Differences between means of all characters of the three A. ervi populations were significant.

As' mentioned earlier, the Kamloops populaﬁon had the largest mean for a majority of

characters. Consequendy, for 11 characters two subsets were derived, one comprised of

the remaining six characters, two subsets were derived, of which one was

- ervi from Chilliwaclr and Kamloops, and the other of A. ervi from Sussex.

.

5.325 Populations of P. pequodorum

Differences between means of 30. of the 34 characeters (88.2%) among the three populations |

~of P. pequodorum ‘were significant. Means of the variables TL, AL, ALl and AWI1 were not

4

significantly different among the three populau'ons For 15 'of the 30 significantly different

variables (50.0%), homogeneous subsets from the SNK test were comprrsed of Kamloops and

‘Sussex populations. For the remaining characters, either ?hree subsets or two subsets with

various combinations of the populations were derived.

- -In summary, the univariate analysis indicated that statistically significant differences exist

among various species and populations in the 34 morphological characters that were considered.

‘A!Lhough' Lhere'was some grouping along species lines in the SNK test, for a number of

vanables drlTerenees exist in sample means, and consequentiv no clear geographrc Lrends could
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3.33 1 ultlvanate analysis of momholgglca data

The 34 variables' were analysed by multiple discriminant analysis, discriminant function analysis,
and cluster nnalysis The data _were analysed in two parts}‘ First, various species and
populations in the genus Aphtdms were mcluded in the analysns o deterrnme how well the
characters could discriminate between 'éecxes and populauons in this genus. Second the
populations of each .of the three species (excluding - A. - pisivorus) were analysed among

themselves to quantify geographic varation.

5.331 Species and populations of the genus Aphidius
Multiple discriminant analysis of the genus H;;hidius ifdicated that the characters measured
_had sufficient information to enable discrimination among the various species. Separation among
the six groups was complete, ie., 100% of the cases were correctly classified. A scatterplot of
the groups projected along first and second discriminant functions is shown in Figure 22.
Populations of each species, despite some overlap, were differentiated when' projected onto the
two discriminant functions. All but 5 of the 34 original variables, ie. FTIL, FTAL, MTAL,

AW2, and MAND, were included in the analysis based on the minimum tolerance level.

Five discriminant functions, the maXimum number that can be derived for six groups,
were included in the nnalysis. The' first discriminaml function  accounied for 38.1% nf
among—group’ variau‘on.' while “the second through f{ifth functions explained 26.4, 16.1,"14.1, and
5.4%, respectively. Variation explained by the first function. in morphometric studies is generally
considered to represent, to a large exteny simple size wvariation (Gould "and Johnston 1972,
Kambhampati et al. 1984, Sneath and. Sokal 1973). Because the first function in Lhi!; case

explained only about 38% of total varation, it is clear that scparation among the groups was



FIGURE 22: Scaterplot of populations of A. ervi, A pisivorus, and A. smithi)projecied onto
discriminant axes 1 and 2 from discriminamﬁanalysis of morphological ch ers. The ellipses
enclose the 95% confidence limits around tﬁe group cexitroids, which are :represenied by -
' asierisks. The numbers beside the asterisks refer to species and pd,pulations listed below in

that ordes 0O :A. smithi (Kamloops), A :A. smithi (Chxllxwack) O A ervi (Kamloops) . (A b

ervi (Chxlhwack) B :A. ervi (Sussex), & :A. ptszvams (Kamloops).
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\Gé}‘é"sigﬂiﬁcant (P <0.0T or 0.05). There was a wide Tange of D values among the various -

based on auributes other than simple size variation. In other - words, about 62% of

among-group variation was based on variation in both body shape and size, rather -than size

~alone. Of coursc. changes in shape could result ,frdm changes in size itself due to- allometric
interactions - between these two components. Relative contribution of . the variables to

discrimination, expressed as standardized discriminant function coefficients, is given in Table

!

~

XXIX.

A matrix of Mahalanobis generalized distance values derived from discriminant function

analysis based '_on pairwise comparisons is shown in Table XXX. All values in the matrix

tsﬁcies and populations in the genus Aphidius, ranging from a low of 1285 to a high of

43.13. In general, distance between groups was correlated with their taxonomic- proximity, as
was expected. One exception was the  distance between the Kamloops population of A. ervi

and the Chilliwack population of A. smithi, perhaps due to the larger body size of A. ervi

' (Kamloops) rela»dvq to the 'other> wo A. ervi populations. A phenogram derived from UPGMA

cluster analysis for the- Aphidius spec':ieé is shown in Figure 23.

5.332 Analysis of populations of each species

‘The second part ofk‘aiséf’if‘ﬁi‘ﬁa‘nl and cluster analysis, included populations of each of the three

species. The results indicated  that morphological - variation among spatially segregated populations
is pronounced. Discrimination among populations of all three species was complete, ie., 100%
of the cases, were correclly classified. Separation betwéen the populauons of A. smi'thi. was

achieved with 16 of _Lﬁe original 34 variables, and among A. ervi and P. pequodorum

.populadons with 21 of the 34 variables. Scatterplots with the relative positions of vziious

poptlavons of each species are shown in Figures 24, 25 and 26. It is clear from the stand™
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Table XXIX: Standardlzed dlscrlmlnant functlon coeff1c1ents

for morphological characters included in discriminant ana1y51sq7f,” ;

of populations cof 4. .ervi, 4. smithi, and P. pequodorum
See. Table XXVIII for detalls of varlable names.

DI'SCRIMINANT FUNCTION

Var}able ; - -
i : R 2 3 4 5
TL -0.40557 0.14124 0.10298  -0.36021  -0.35255
™ 0.08339 0.36014. -0.711288 -0.10879 ~-0.12835
PL ~ -0.36354 -0.31404  -0.19993 0.80137  -0.22498
PWw ¥ -0.17981 0.00740  0.48233 -0.09220  0.26788
AL -0.22204 0.01687 0.14933  -0.12076 -0.30877
OSL 1 0.38844  -0.12511  0,32347 0.30125 0.14401
FFL ~ 0.38690 -0.20855°  0.35021° -0.51982 0.28505.
FSL -0.00944- -0.15527  0.18709 -0.18949 '-0.44229
FSPINE -0.05175 0.57809 -0.00478 0.18455 -0.21753
MFL  0.72324 0.21015 -0.10303 -0.14126  0.05522
MTIL . 0.07135 0.40656 -0.18505  0.,14754 0.63620
MSI 0.24221 0.45862 0.58501  -0.20322 -0.47873
HSL -0.10248 -0.17571  -0.20335 -0.05349  -0.36198
HTIL 0.16662 0.26373  -0,10469 -0.43589 - -0.00707
HTAL -0.54395 0.27436 -0.00936 -0.06815 ~ 0.10255
HSL 0.05649 0.00204 0.18606 0.46247 0.19597
HW -0.29696 -0.02301 -0.37828 =-0.00353 0.12832
AL1 0.67113 0.09619 0.30621 0.07185 0.43268
AW -0.09594 0.09981 . 0.34977 -0.08741 0.29952
AL2 -0.35615 -0.39363 -0.04430  0.02119 0.09970
. SEG -0.05690 -0.15765 0.08968 -0.32394  0.02521
MAX 0.47561 0.28430 -0.16132 -0.36025 =-0.03087
LAB 10.50500 0.15921 0.32199 0.29775 -0.26712
WINGL -0.26737 = 0.97159  -0.25367  0.27269 =-0.35669
CSCL 0.29575 . -0.78693 -0.64381  0.56077 =-0.33532
BCW 0.01157 0.53022 1.10795 0.21854 0.02014
ccw -0.18493 0.19962 -0.31191 0.18960 0.57942
TRACH -0.19181  -0.48156 0.30157  -0.20700 0.45736
0

PIT -0.15553 0.16588 -0.13258 -0.06418 0.53382

.

-
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FIGURE 23: Phenqgram derived bfrom UPGMA' cluster analysis for popualtions of A ervi, A.
pisivorﬁs and A. smithi incorporating the matrix of Mahalanobis g\eneralized distance . for the
morphological characters. (1): A. smithi (Chililiwack), (2):" A. ervi (Kéﬁﬂobps). (3): A. smithi
(Kamloops),' (4):7 A. eri (Susséx);"(S): A. pisivorus (‘Kamlodps), (6): A. ervi (Chilliwack).
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FIGURE 24: Scatterplot of populations of 4. smithi ﬁi:qiected onto discriminant axis 1 from
discriminant analysis of morphological characters. The arrows indicate ‘group centroids. Each
individual parasite is - represented | by four symbols for both populéﬁons. A A smithi

(Kamioops), @1: 4. smithi (Chilliwack).
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FIGURE 25:\ Scatterplot 6[ populatdons of A. ervi projected bnto disériminanl axes 1 ahd 2
-from discriminant analysis of morphological characters. The rellipses enclose the 95% conﬁdcncel '
- limits around the group centroids, which are 'represgmed by asterisks. The numbers beside Lhe

asterisks refer to the populations listed below in that order. 0 :A4. ervi (Kamloops), O :4. erw‘rl.

(Chilliwack), A :A. ervi (Sussex).

154



&

| UOI}OUN4 JUBUIWILIOSI(
v+ 2+ o 2z

R Ea— T T

o ¢
o .00~
/0 a's.
umm.* gl
o\Noo of
/nu\\x
u}
00Q_0
Q0 6"~
{ O % 00O
00 N0 Z_.7 00
o --

AR
A AA S Av) v/
v [

. v L

v ve-

2 UoiouUN4 JUBUIWIIOSI(]

155



FIGI.}RE 26: Scatterplot of popﬁlziu'ons of‘.P. pequodorum projccted onto discriminant axes |
',and‘ 2; from dlscnmmam analysis of morphological characters. The ellipses enclose  95%
confidence limits around the group centroids, which are represented by asterisks. The numbers
b;esidc the -asterisks refer to the populatons listed below in that order. VD <P, pequodorum
{(Kamiloops), A ‘P pequodwﬁn%illiwack). O :P. pequodorum (Sussex).’
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~ ardized discriminant function 'cbefﬁciems» (Tables XXXI XXXII, and XXXIII), that the -variables
that contributed the most to discrimination were not necessarily the same for populations of
all three species. Th_é first discriminant fun‘ctjoﬁs for A. ervi and P. pequodorum populaﬁoné‘
accounted for about 60% and 64% Vof the total Bvan'au'on, respectively. Their rcspéctive second
' functions explained the remaining variation, indicaing that while size variation was a
component,  shape .ariation also piayed an important role in discriminan'ngv among the various

¥

populations of both species.

When considering the matrix of Mahalanobis generalized distance‘(Tabl‘e XXX)., in the
context of this part of the analysis, it is most 'meaningfull to consider the gehera]ized distance
between populations of any given species. The pairwise distance between populations of the
introduced specie;s was greater than that between populations of the native species. The matrix
also indicated that the -populations of P, pequodorum at Chilliwack and Kamioops " were more
similar to each other than either was to the Sussex population. The uni:/ériate analysis has
already . indicated that the two populations of A. smithi did not differ frdm each other in -
44% of the characters. For populations of both these species then, lht; trend in_ morphologiclal
characters was similar to Lhat’,observed for life history traits. The populauons. of A. ervi
however, deviated from this trend. The Sussex and Kamloops populations we.re more sir;lilar‘ o
each‘ other than either was 1o the Chilliwack ,pbpuladon. Phenograms from the - UPGMA
cluster ana'lysis based on a dissimilarity métrix of >generalizcd . distances  confirm  these

¥

- observations (Figures 29 and -30).

Pl
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Table XXXI: Standardized discriminantrfunction ¢0gﬁfi;igngs o

for morphological characters included in discriminant
analysis of populations of 4. smithi., See Table XXVII for
details of variable names. o ’

. . DISCRIMINANT FUNCTION

Variable-
1
TL | -1.76755 o .
™ 2.24307 | |
FFL ° 1.55591
FTIL 1.44136
FSL2 - 1.20056
FSPINE -1.40977
MTAL -0.90174
HTAL - -0.99466
AL1  2.20043 ‘
AL2 . -1.75482
AW2 0.33810
MAX 1.35036
LAB ‘' 0.60357
WINGL -3.49204
BCW - 1.02078 -

CCwW -1.45305
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Table XXXI1: Standardxzed dlscr1m1nant functzon coeffxcxents
for morphological characters: 1nc1uded in dlscr1m1nant o
banalysxs of pppulatxons of A. ervi. See Table XXV1l for
details of variable names. ' | -

, ~ DISCRIMINANT FUNCTION
Variable

1 2

™ | -0.20583 0.40916
PL -0.48716 © -1.47930
osL- 0.47223 -0.46593
FTIL -0.39767 0.91418
FTAL -0.53382 0.03080 | .
FSL 0.24737 . 0.35768 -
MFL | 0.91951 ©0.36307
MSL - -0.11941 . 0.45412
HTIL | 0.12978 0.52506
HTAL -0.76934 -0.26720
HSL 0.02471 -0.64766
HW | -0.39889 -0.23190
AL1 0.37589 -0.25935
AL2 -0.43371 | -0.43594
SEG 0.29425 0.26593
MAX | 0.64846 . ' 0.53624
LAB -~ 0.77645 © 0.13862
MAND -0.38961 ' 0.27639
CSCL 0.10249 -0.61994
BCW 1.18915 ~0.17985

CCw ~0.34830 0.39785
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Table XXXIIIl: Standardized d1scr1m1nant funct1on coeff1c1ents
for morphologlcal characters included in dxscr1m1nant
analysis of populat;ons of P. pequedorum— See Table XXVII

for details of var1able names. : , .
| .o DI SCRIMINANT FUNCTION
Variable ‘

. | 2

™ 0.79086 . - -0.69291
PL ' -0.71600 -1.47930
W ©0.27659 0.55891

AL -0.00965 -0.70890
FTIL - -0.43997 - -0.34442
FSL™ 55 0.48004 © 0.59513 ;rf
FSPINE 0.34556 -0.47542 7
MFL -1.06365 | -0.48535 ‘ e
MTIL -0.03420 0.53760
MSL ©0.11550 0.50566
HFL ©1.13075 0.37892
HTAN -0.39969 0.47971
HW -1.29172 ~0.49213
ALY 0.24191 -0.49213
AL2 “ 1.19357 -0.10200
SEG ' 0.32411 0.59804
MAX 0.33377 1.09180
WINGL -3.23796 -0.06221
cscL 1.12355 | -0.06311
BCW 1.59150 -0.02776
cew 1 0.35446 -0.02226

161



o>

FIGURE 27: kPhenogram derived from UPGMA cluster analysis for populations of A. ervi

e

based on the matrix of Mahalanobis generalized distance for morphological characters. (1): A.
ervi (Kamloops), (2): A ervi (Sussex), (3): A. ervi (Chllhwack)
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FIGURE 28: Phenogram  derived from UPGMA cluster analysis for populations of P.
}équodorum based on the matrit of Mahalanobis generalized distance for morphological
characters. (1): P.A pequodorum (Kamloops), (2): P pequodorufn (Chilliwack), (3): P

pequodorum  (Sussex).
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AS 4 Dlscussmn ‘ 3

The résults of this study revealed\the exxstence ~of well-defined geographlcal variation m
morphologml traits among populauons of pea aphld parasites in North America. In general,
the degree of variation is comparable o thqt reported for other insect species (e.g.. Atchley
;'1'971, Atchley and Cheney 1974, Blackith 'and\“Reymem 1971, Fooutit 1979, Sneath and Sokal
1973, Reyment et dal. 192;4. 25mmcrmatm“and Ludwig 1974).- The observed morphological ‘Lrends
‘are a l}kely tesult of the interaction _betWeen ‘the size of the founder populations, hthe effecls

. of selecton, the mutation rate and the amount of gene flow between the various populations.

Analysis of variance and the range test ‘on. each of the 34 morphological characters
indicated that ihe populations of all species differed 'gig-hiﬁcandy from one another lin many of
the variablesi AThe multivariate  analysis conﬁrmed .and expandea on the results of the
univariate analysis. In all the discriﬁlinam analyses that were done, each \:vith a different
combination of species. and populau'ons, the discrimination between groups was éompléle, i.e.,
100% of the cases were correcly classified. From the Tresults 6f the univariate ,analy;éis. it
appeai's that a high deéree of separation co,uld‘ have bgen realizéd ‘in the discriminant analysis
with a fewer numbef of characters. Variables from all parts ol" Lhe body‘ contributed
substantially 1o among-group variation: the general body (Lhorax length, pectiole 4’ength) llyé‘\

head (length of first antennal segment, maxillary palp length, labial palp lengthj, the legs

(front feg femur length, mid leg spur length) and the wings (costal + sub-costal vein length).

The values of the generalized distance between populations of all species of the pea
aphld parasites calculated based on morphologlcal characters werc- considerably larger Lhan those
based on PIEL aliributes and egg frequency distributions. This could be a likely resuh of -the

fact that the rates of life history and morphological evolution o3y vary even within the same
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br‘ganism (Arthur 1984). The phénotypic distance analysis indicated that the introduced species
differed- from the nat_ivc -species in their - divergence levels. Althoughm the populations of all
species were completely separated by the discriminant analysis, the distances betwéen
populétions of the Jim:roducéd sp#des was consistently greater than those between éorr#sponding
populations of the ﬁaﬁvg species$rln other words, the resuits of intraspecific variation in
morphological c‘harac'tcrs were -consistent with the effects of rahdom, genetic drift (e.g., Bryam
et al. 1986a, -1986b, Dobzhansky and Paviovsky 1957, Rich et,ra./; 1979, 1984). They confirmed ‘
the results from Dthe study of intraspecific vaﬁa&on in PIEL attributes ,a%d'_egg frcquuency
dism’bu\u’ons. which‘ al.so showed mthat the populations of the introduced species div?rgcd o a
greater ‘degree relative to the native species. There was, however, no measurable difference in
the divergence levels between the - populations of &e two introduced species, A. ervi and A. -
rsmitl'u‘. While it is unlikely that the drift. of _morphologim\l alleles had contributed directly to
the decline of 4. smithi in North America, this part of the study sefved two imp’ortant
purposes. First, the results confirmed the jobs‘erVed' difTerehces in divergence levels between the
introduced and '[he native species in lﬁe history -traits, suggesting ihat the differences are
indeed réliable. Second, athbugh they may not have had a direct folc, the drift of Lheée
allelé; points to the- possibilit;f .of drift in ‘other alleles that may have had an effect 6n the
long-lcrm establishment of A smithi. 1 will discuss this aspect of variation further in Chapter.

4

VL

| The:' ~pattern of " varidtion in morpho'logicai traits was also vide.mical to that observed in
life hstory traits in two out of three péarasite species. Pobulations of A Smithi from
Chilliwack and Kamloops did not differ from each other in 15 of 34 (44%) characters - on a
univariale  basis, although . thev were completely  separated by discrinﬂinam “analysis. 'T‘h'g:‘

phenotypic  distance  between P.  pequodorum populations indicated that the . Chilliwack and

~
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Kamloops populations were more similar to egch other than either was | to the Sussex
- population. . As suggested for life history traits.‘ in addition to common ‘sel‘ectmn agents (e.g..
 Endler 1977, Gould and Johnstion 1972, -Johns;on 1976, M‘oonezf 1977, Power and Ainicy- 1986,
Thorpe 1976), migration between Washington state and British Columbia, and within British
Columbia, may’ have contributed to the similarity between populations originating in Chilliwack

and Kamloops.

The patiern of variation for 4. ervi populations was ambiguous. The univariate analysis
indicated that in 50% of the chz_uacters, all three pbpulations differed Trom one another and
in 33% of the characters, the Chilliwack.and Sussex populations were not significantly different
from each other. Overall, however: as indicated by the phenotypic distance measurements, Lﬁc
'Kamloops and ;Q.ussex populations resembled each o}her. A number of factors could potentially
explain the deviation of pattern in populadoné of A erw relau’ve,m the othter species. 1t
may be a function of sampling of poﬁulations. While ev‘ery effort was made to\- obtain’ a
-represematjve sample of the population, there is no éséurance that this in fact was realized.
As 1 have mentioned earlier, Arthur (1984) also pointed out that in general, morphologicalr

evolution has a relatively more variable rate than life history evolution, resulting in partial or.

complete non-congruence between pattern of variation in ecological and morphological ‘traits.

The congruency of patterns in life history and mprphological traits may have Vr;sultcd
-from each of these ‘Lraits evolving independendy of cach other. On the ‘other hand, 'an_‘
identical pattern could result from pleiotropic  effects of genes favored: by sclection or
"hitchhiking" of genes. In other words, because most ecologically impona;n characters are
controlled by polygenes, and polj/genes almost certainly havc pleiotropic effects (Clu_uon—Brock‘

and Harvey 1979, Johnson 1976, Lande 1981). morphological variation 1s someumcs incidental
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in the sense that it results from a selection for ecological or other characters. - For example,
Palmer and Dingle (1986) recently showed that in Oncopeltus fasciatus, some traits responded
rapidly o dircCﬁbnal selection, and that a number of other characters, both morphological and

>

ecological, showed correlated responses t0 selection due to genetit “correlation and pleiotropic

effects. It is therefore more useful to consider an organism as an integrated whole, in which: '

behavioral, physiological and morphological evolution interact, each 1comp1eme'm.ing and
constraining the other, to produce ‘the observed design of an organ;sm (Gould and Lewontin

1979, Levins:and Lewontin 1985).
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CHAPTER VI

~ GENERAL DISCUSSION AND CONCLUSIONS

N
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“In the precedmg chapters I have examined inter- and mtraspe(af ¢ variation 1;1 several
pea aphld parasite species from Nonh America. Thns was done to identify the p0551ble Teasons
for the continent-wide Qeclme of A. smithi, which- had been introduced with apparent success,
as a biological control agent of m_espég -aphid.' Two hypotheses concerning the decline of A.

’ smtlhz m North Amerlca were . considered; - other cxplanatlons are possible but are outside the

scope - of this Lhems In Lhe ensumg discussion ‘1 will overview the results to ascertain 4f they

provide evidence for or against, one or bot.h, hypotheses.

A comparison of geographic variation ‘among populations of pea aphid parasites (Chapters III,
IV and V) indicated that the'introduced .species differed from the nalive 'species in the'
‘= degree, but not in the patté'n, of variation. The divergence in mean character values between
populations of the introduced spe‘c:ieS was consistently greater than that between corresponding

populations of the native species, as indicated by the Mahalanobis generalized distances for

“‘,
PIEL performance criteria, egg frequency distributions and morphological traits.

As | have mentoned in Section 1.2, a large body of evidence in the literature indicates
that increased divergénce levelsjbccur ia natural and experimental populations after a founding
event or a genetic bottleneck. Dobzhansky and Pavlovsky (1957) referred 15 this phenomenon
as degrec of indeterminacy and atﬁibuled it to random genetic drift. They tracked changes in
the frequency of PP chromosomes in wo sets of 10 experimental populaLioﬁs each af
Drosophila  pseudoobscura; one- set of which was initialed from 20 flies and the other from
4000 flies. Four and 19 generations after the boteneck, both the range and the variance of

the mean [requency were significantly greater in populations initiated with a small numbets of

17}



founders ‘than in populations derived from a large number of founders.

) 4

More recently, Bryant et al. (1986a, 1986b) studied Lhe, effect of éxperimcmal bottlenecks
of varying séven‘ty on quantitative genetic variation of morphometric traits and niorphological
differentiation in the housefly, Musca domestica : Divergence between replicate populations
derivedu from groups that héd been subjected to botdenecks was significantly greater than that
in the ‘confrol population. Rich et uf. (1979, 1984) reached a similar conclusion in studies of
genetic driﬂ' in Tribolium castaneum L. Changes in pupal weight, reproductive fitness and
body color were tracked for a number E)f generations in control and bottleneck populations of

vérying severity. Again, divergence betwgen replicate populations in means of all three traits

was inversely proporuonal to the ‘size of the bottleneck.

Other examples. relating bottlenecks or founding evenls 10 genmeuc variation were given
by "Burn (1956), Carson (1968), Dodeswell and Ford (1952, 1953), Ford (1953), Frankham
(1980), James (1971), Lowe (1955), Powell (1978), Powell and Richmond (1974),, Prakash e al.
‘(1969)., Schwaegerle and Schaal (1979), Templetbn A(1980),v Watterson (1984) (see also Sécﬁbn
1.2). The subject was reéently reviewed by Barton and Charlesworth. (1984) aﬁd Carson and

Templeton (1984).

In light of the above theoretical and expefimcntal eviderllce; the results éf‘ this study are
consistent with the effects of' random genetic drift As the above studies suggest, divergence
levels in reproductive and morphological traits between any two populations of Lhé introduced
pea aphid parasite species were greater than those between corresponding popuiau’ons of the
native species. It appears, then, that the décline of A smithi was duec to srnaHA founder

populations and the accompanying genetic impoverishment It is ‘difficult 10 sav il the decline

5

resulied as a direct consequence of drift of the traits in question. The significance of the
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results lies in the fact that they suggest drift of many other alleles, which may have had a

direct influence on the long-term _establishment of A. smithi.

The long-term establishment of a population is influenced either by Lhe‘ ﬁiation or loss
of alleles under drift The loss or fixation of alleles is detrimental to the survival of the
populaLion_ because it may prevent the formation of a genome that permits a rapid ‘adaptation
to the niw environment (Nei el dl. 1975). In other words, _such phenomena deprive the
popul'aLion’v/t‘)f the genotypic ﬂ‘exibilityb that is needed to adapt to the new ehvifbnment. In
addition to the obvious effects of loss or fixation, a small founder population may result~ in a
numﬁcr of other unpredictable effects and lead to the eventual extinction ~of a newly
established population. The founder population differs from . the parent population not only in
the amdunt of .gerietic variation present, but also in the new biotic and genetic environment it
faces. The new environment often presents sélgctjve pressures which are harder to cope with
due "to the absence of a fullr complement of alleles in the population, which results in density
~ independent ~mortality (Haldane 1956). Moreover, the new population is rapidly transformed
from an open to a small, closed population. While the genome of the parent population is
“dynamic dué‘to emigration .and immigration producing viable heterozygotes, such gene flow is
abruptly cut-off in ‘the new population. in other words, unless the extAm genome of -the
populau'on’ is preadapted to the new er'wironr‘éﬁpt at leést lo a certain Qegree, the probability‘
of its establishmvem ‘and further expansidn in range i§ greatly reduced: thi]‘e_‘ is theoretically -
possible that, in spite of reduced genelic varilaionY a small fognder popu]aﬁbn \mav indeed
find an "adapﬁve peak” and rapidly expand in the new environment (see, e.g., Bak?\r and
Sicbbins 1965, p. 123-125). more often than not, the population ends up inrran “radapure

vallev”.
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Because of the small founder _population. inbreeding depression may also- ensue, leading -
10 incfeased homozygosity. and in turn. to reddcﬁon >in fen_ility and vi;bility. Also. -as a
consequence of their incfeased frequency in the founder population, homozygotes Qill be more
exposed to selectibﬁ -and bgcnes that are specially viable in ‘a homozygous condition are
favored, .regardleSs of their selective value in the parentalA population (Mayr 1963, p. 533).
Whereas a .newly established pbpulatjon requires an accelerated evolutionary rate to enable a
. rapid adaptation to. the new environment, Haldane (1957) postulated exwemely low evolutionary

rates in populations established with a small number of founders.

In addition to random genetic drift, the above and related factors could have pr,ecl,udéd_
A smithi from rapidly adaptng to the North American climate. Since A. ervi 100 showed
effects of drift, an important quesq‘on to ask is why did it not also decline? There are a
number of possible’ explanations. Because of its European. origin, 4. ervi was likely preadpated,
al least to a degree, to the North American climate. In addiuon, large andk diverse,.founder
populations would have the effect of minimizing any deleterious effects of drift (cf. -Rich et
al. 1979, 1984). Finally, A. ervi appears to possegs what can loosely be termed a "general
burpose genotype”, ie., it is adapted to a broad range of climates. and habitaté. It has been
reported as the most common parasite of aphids infesting alfalfa in such diverse regions as
high plateaus, deserts, temperate zind subflemperate zones (Gonzalei' et ‘al. 1978). All the

above factors could have enabled A. ervi to rapidly adapt to the North American climate.

Since the results of this study are an indirect evidence of drift in populations of A. -
smithi, factors other than drift should also be considered as possible explanations for the
observed differences in divergence levels between the introduced and the native specics. For

example, the observed differences in divergence levels could be a result of interspeciiic

[
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differences in evolutionary rates (Arthur 1984). Two impbrt;»:nt, factors, however, suggest tht
- this s unlikely. First, = the vvarious species within the 'pea- aphid- parasite complex afe
phylogenet.ia;lly very closely related and vsdmgu'mes even hybridiie (Mackauef 1969:,_ Stai'y 1970)
and likely share. a number of common kgen&c. Second, they are ecologlml homologues,
inhabiﬁng the same habitat and exploijing the same host They are therefore ljke]y‘ subjected
to ~ similar sclect.ion. pressures, both direct ones and* those mediated ‘through the host
Nevertheless, beforek random genetic drift can be considered the sole factor for the observed
divergence levels, the following must be known (Falconer 1960): ‘(1)_ that the effective
populaton size was small enough; () that the populations were completely isolated with no
gene flow between Lhem and (3) that the genes concerned | are subject to little or no

selection.

Variation in temperature thresholds among populations” of the introduced speciés Qas
measurably less than that among popuiau’ohs of the’ nativ¢ species. This may be a result ofb
alleles lost .subsequent to Lheir.introduction ‘tov North America. It is also possible thai 'thc
introduced pea aphid parasites .may not have had vs_uﬂ'lciem time in North Americé' 10
"fine-tune” the thresholds throughout their range. Ia;k of variation in Lhreshbld‘ temperatures
may have potentially serious consequences as far as parasite survival and effecﬁveness ‘are
concerned. As mentioned earlier, threshold temperatures almost alwéys vary among pbpulations
of poikilortherms as é function of climate, a conditon reflecting adabledness to the local

. . A
temperature cycles. Il there is no variability in threshold temperatures, reaching towards an
opumum for each locality, the insects wdu_ld emerge at different times of the growing séasvon>

. ‘ AR
in different places. Although the calendar dates may vary, a well-adapted insect should emerge
al  approximately Lﬁc same sage of the growing seéson'throughoul its range. Specifically, a

parasitc is expected to emerge either at the same time or shorly after the host emergence. If
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the observed variability in the introduced species is in fact real. their thresholds are fine

tuned to only af part of their range. In other areas, they rhay emerge' too carly in the
season and not ﬁnd any hosts, or emerge too late and find thét most of the hosts are
already parasitized bj "better-adapted” cqmp'et.itoré.- The - apparent lower variability did not
effect the establishment of A. ervi iﬁ North Amerita. a fact suggesting that perﬁaps an early
séason advaniage is not critical in determining the relative abundance of pea aphid parasilesy
in Nor>th'>America. In addition, an oligophagous species such as VA‘ ervi can reproduce and

multiply on other host species and switch to the pea aphid later in,.kahe season.

In summary, the intraspeciﬁc studies suggested that the decline: of A4. smithi has
occurted as a conseqeunce of. Small founder populations and the accompanying effects on the
genetic structure of its populations. Although A. ervi also displayed the effects of drift, it had

a number of factors in its favor, including the size and the diversity of its founder

populations, a degree of preadpaptedness, and a broad adapiedness; factors that are likely to

enhance the probabaility of establishment. -

6.2 Interspecific comparisons

‘/An interspecific comparison of repoductjve attributes (Chapter I[1l), and thermal éonstams

(Chapter IV) among pea aphid parasites indicated that, in general, A. smithi was al no
obvious disadvantage relative o other species in the complex. A. ;ji;qizhl had the highcél
fecundity at Both Chilliwack and Kamloops. In addition, its females performed beuer under

the experimental conditions in most: aspects of performance such as the number and proportion

of aphids parasitized, PIEL fecundity, number of ecggs laid in the first four days and the

number and proportion of aphids ecscaping parasiusm. That is, A. smithi [cmales performed
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better in vvariaibles pertaining to reproductive potential énd searching efficicncy. A ervi fcrﬂgles
were marginally §ﬁpén'or in some aspects of pérforménce as indicated by the .vari‘ables number
of host’s‘parasitizéd.per‘ egg laid and the proportion of eggs laid ih the first four. days,. ie., -
host Llﬁhzadon effigiency and ovipbsiu'on rate, rbespec‘tively. The lifé lable an'alysis revealed that
A. smithi had. a signiﬁcantly\ higher rate of populatiﬁn growth than any of the other 's;):zcicsv'

and generally was superior in other life table suatistics “including gross and net reproductive

rates,~fimite rate of natural increase, doubling time and generation time.

A. smithi also had the shortest developmental time from egg o adult emergence of all
species at both Chilliwack band Kamloops. Threshold temperature for the developmem of A.
smithi was comparable to that of A. ervi at Kamloops, and lower than that of A. ervi at
Chilliwacg. The differences ‘in variables in_which 4. ervi had performed better than A. smuthi
are probably too smallé to put either species kat a d‘isadvamage in the field. Indeed, the
relative abundanée of the pea aphid parasites is correlated neither with reproductive aun’butcs
ndr}t.hermal constants. Previously published comparisons -of fecundity éMack;iucr 1971), and
Lhermal ’constams (Campbell 1974, Caxﬁpbell And Mackauer 1975, Campbell er  al. 1974)

reported an—identical pattern of interspecific variation.

L4

The fact that the. decline of 4. smithi was not a disect rcéulf of differences in
- _

reproductive polential between the various species is clear from the rc®ils of the interspecific

studies. It is highly unlikely that minor differences in lifc history traits of 4. smithi and A

ervi may have comributed 10 changes—-in relative abundancc, although this needs 10 be

verified. For this purpose, more detailed studies, incorpofaling functional  response ;'md

simulatiorn models 10 explore the long-term consequences of such minor  differences  in

performance criteria, may be needed.

A

A}
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In conclusion, there is no evidence to suggest that . A. ervi displaced A. smithi because
of superior life history traits. On the contrary, the results from intra- and interspecific st(xdics
in combination suggest that A. ervi simply occu'pied the niche as the most common parasite

of the pea aphid subsequent to the decline of A. smithi due .to genetic impoveﬁShmem.

-

6.3 Conclusions for bidlogjcal control

o

kY

Changes in the relative abundance of pea aphid parasites in North America suggest a strong'
need for long-term, post-introductory studies of introduced species. Such siudies may help in
identifying the critical characteristics of founder populations that ~ result in establishment

Ultimately, the phenotype and/or genotype of candidate biological controli agents that is t

likely to resuit in establishment can be defined. .

The résulyts from this study and the dynamics of pea aphid parasite relative abundahce.
suggesl' that the various "desirable atiributes® (e.g., Coppel and Mem’ns 1977, Debach 1964,
~Huffaker and Messenger 1976) and Clausen’; (1951 "3=yeéar or generation" rule are of litte
- or no .consequence when the basic principles of population genetics and evolutionary theory
afe ignored i'n pracuce. A. smithi has many of Lﬁe attributes of a - desirable biological control
agent, such as high fec-undity; short de‘vélopmemal ume, high searching efﬁciency and high .
host specificity. Three vears after is introduction, it was the most commdn pea aph{d parasile
in many parts ol North America. Yet, it predominance was short-lived, appafently as a‘
consequence  of sm:all founder pbpulau'ons. I do not suggest t;‘lai small founder populations
mmvanably result in the extincuon of natural colonizatuons and deliberate inuwoductions. However,
a great majority ol natwural colonizauons, which are generally typified by a small number of

founders,  result o exuncuon  after  an  inidal  flush “phase, presumably due (o genelic
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impoverishment (May"ré 1965). Because the aim of biologicali éonLrol 1S a sustained establishment,
the propabiiity of such establishment is enhanced if  intreductions are _based 'on'sound genetic’

“and ecological principles.

Three aspects in particulér should be considered in this regard. Fi;stly, the founder
‘populau'on should be large, so that it is represgniau’ve of the ?arem bpopulau’on as a whole
(see, e.g., Beirne 1975, Maékauer 1981). .Se‘condly, an- array of locations should be sampled 10
make the fouhder population diverse, so that many alleles are included in the sample. Thirdly,
pre- and postffeleasé studies should be made an integral part of the  biological corﬂrol
p'rotocol. Biological control should be an ongoing process, ‘rath‘ér than the zlypical 2-3 year,
post-introductory ‘study‘ to° report cstablishmemv or non-establishment Lor:g-term monitoring of

changes in relative abundance and in genefjc variaion may suggest ways of enhancing the

establishment rate. : %
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APPENDIX 1

-

Percent compo;iﬁon of pea aphid parasites in British Columbia: alfalfa fields. The
percentage values for each species were calculated from the number of male and female
parasites  at each sampling location. Mummies that yielded hyperparasites are not

included. Data for 1971 and 1972 are from Campbell (1974) and for 1983 and 1984

N
3

from Mackauer and Kambhampati (1986).
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INTERIOR OF BRITISH COLUMBIA:

No. localities 18
No. parasites emerged 4501
Aphidius ervi 0.09
Aphidius pisivorus 12.04
Aphidius smithi : - 81.27
Monoctonous paulensis 0.04
Praon pequodorum 6.56

COASTAL REGION OF BRITISH COLIMBIA:

No localities 1

No parasites emerged : 304
Aphidius ervi’™~ | 88.16
Aéhidius pisivoru§Q 0.66
Aphidius smithi 1.64
Praon pequodorum 9.54
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APPENDIX 1I

. - .

Age—specific fecundity data of pea aphid parasites. The total' numbe: of eggs produced .
by each female was -estimated - by doUbling-, the number of. eggs/larvae found in 20
aphids that were dissected from the original 40 exposed to the parasite females. See

Chapter 1l for details.
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Aphidius ervi (Chllllwack)

- —— s " o W o o S . o s o o S —— " 4 " T o s . SO T T > ot A T P B U P B . o T ok s o . o o S o s B U P . Tt s o B . S i e e

Day PARASITE NUMBER.*

—————————— 1 2 3 4 5 7 8 9 13
1 52 56 82 74 56 68 46 38 56
2 48 72 44 72 98 . 60 58 92 78
3 52 76 62 58 66 108 60 68 52
4 68 54 52 60 S8 60 70 44 38
5 3§ 54 3% 36 . 60 50 62 . 34 18
6 26 34 30 16 2 42 46 44

7 2 18 42 56 14 7
8 36 42 R2 24

9 0 42 24 10

10 24

i ———————— —— {7 o = — i ——— g T . . ———— S P o . T A S - T - - ——— i T T —— T ——— T 1 o o S

* Parasite # 11 died on day 2, #6 and #2 died on day 3, and #10 was
injured during transfer. All excluded from analysis.



Aphidius ervi (Kamlopps)

e P i e o i T > i . T o o o e Y . T T T T D D o S T e e o . S Aol Yy o B L S S D W A R . . e i T o o

Day - PARASITE NUMBER :

1 2 3 4 5 6 8 9 10 11 12 13
1 4 34 78 28 56 80 74 60 70 66 46 64
2 70 52 64 60 44 88 80 64 64 82 52 60
3 68 32 . 5S4 44 28 T4 S0 52 28 70 38 44
4 220 14 8 46 12 52 50 18 8 52 30 48
5 30 4L 62 46 4 50 26 28 46 42 30
6 16 46 32 34 30 22 20
7 10 32 .24 0 36 6 16 18
8 0 1.8 18 12 2218
9 0 1212 12 6 410
10 6 6 10 14 14
11 8 8 10 26 14
12 2 2 2 0
13 2 0 0
14 0 0 0
15 0 2
16 0

0

Total 266 136 376 290 144 376 380 296 170 422 302 246

——— ———— T —— ] — ——— P T — — — T —— — - —— T ———— i ————— S ——— " — T — o —— T — ] o e 7 o i

* Parasite f escaped during the experiment.
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Aphidius ervi (Sussex) -

A A - o St o D~ . S o ——— o o (i 2

198

Day 7
T s s e 7 8 9 10 11 12 13
1 88 74 S2 82 S4 70 86 98 82 136 .112 182
2 118 82 100 134 108 98 126 104 74 80 108 98
3 120 74 72..132 90 96 114 104 86 68 126 64
4 66 82 112 76 78 90 70 78 18 62 66 66
5 70 70 78 88 0 20 64 48 0 54 62 56 -
5 60 64 100 62 O 68 SO . 0 48 66 40
7 58 24 108 42 0 54 54 40 52 40 _
8 66 34 40 54 0 22 26 4 32 26
9 44 28 46 40 o 20 20 ' 36
10 46 20 30 0. | 6 42 :
11 36 12 8 30 26
12 46 6 0 8 22
13 16 0 ) 20 26
14 0 6 18
15 22
16 | 14
_.._....__..._.._..__._.___.__...._.._......-...._--_..____.._......__/{. ___________________________
Total834 570 746 710 330 374 604 582 ‘260 492 714 778
5 Parasite § 4 divd on doy 1, exclnded from amalvais.
| v
. - ‘Ii,”~»z
T = —
-



Aphidius smithi (Chilliwack)

T T T T T T T T T T
Day PARASITE «NUMBER '
_________ 1 2 3 4 5 8 9 10 12 o
1 8 70 88 68 76 0 " 120 100 118

2 58 94 94 106 122 100 64 7 90 -
3 86 70 84 7292 106 __ 66 82 104

4 56 68 74 64 82 58 48 70 52

5 S0 68 56 72 68 68 66 62 76

6 56 70 56 70 64 88 50 56 50

7 50 42 40 44 52 46 46 62 38

8 0 60 48 50 48 38 70 64 44 . =
9 52 38 50 38 36 40 56 46

10 40 36 42 44 54 52 62 34

11 34 4 52 8 46 40 44 22

12 34 6 32 4 60 0o 22 4

13 8" 12 0 4 0 0

14 0 0

15 0\

16 0

17 0

Totals 436 710 636 722 698 704 662 756 678

- —— o o — ———— — ————— — . - —— —— — —— ] —— o A T’ - O V" o — e T —— T — — ——_ 2 o o i e

* Parasite #s 6,7 and 11 escaped during the experiment.



Aphidius smithi (Kamloops)

- —— — i o - —— T " — -

Day PARASITE NUMBER™

T 34 5 6 7 8 9 10

1 72 98 60 82 106 126 72 92 88 120
2 112 84 142 96 108 ~ 84 98 124 64 88
3 106 56 62 82 58 88 100 124 26 96
4 88 38 110 94 100 100 96 86 30. 80
5 92 40 110 98 72 -106 92 92 28 68
6 94 16 80 86 58 120 _92 68 « 36 62 .
7 78 & 130 9% 52 128 76 60 .18 26
8 72 2 76 70 56 88 62 56 . 24 6
9 52 0 38 40 66 110 42 48 12 0
10 G2 28 14 48 64 40 32 14

11 36 22 12 40 64 20 6

12 38 4 50 32 4 2

13 34 0 30 12 0 0

14 10 0 16 0

15 10 0 4 0

16 0 |

Totals: 938 340 862 772 864 1122° 770 806 348 526

T T i S O O R L S D il G Gl e D D . e e Tl D Y Tl . . W . T . — S — G " > —— — an —— g - - ——

* #11 removed from analysis because it produced only 32\éggs in 13

days in an irregular pattern.
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Aphidius pisivorus (Kamioops)

Day PARASITE NUMBER
1 2 3 4 5 6 7 8 9 10 11 12 13

""" e

1 22 68 62 28 58 66 727 72 32 56 60 82 56

2. 4 76 -68 18 72 90 70 46 40 72 74 78 88

3 44 90 58 30 48 60 64 54 44 40 60 44 58

4 'S4 74 64 32 44 62 54 S4 52 36 68 —62 74

5 72 66 64 16 - 36 62 40 52 34 36 56 48 52

6 .60 58 48 38 42 42 52 52 36 52 50 0

7 46 52 30 38 48 32 56 52 40 50 40

8 58 62 8 20 S8 44 60 44 42 60 32 .

9 62 48 6 3. 4 50 58 54 52 52 0 b
10 62 34 0 -~ 0 22 30 12 18 12

11 34 0 0 22 6 8 16 14

12 26 0 | 88 2 0 28 0o

13 4 0o 247 2 0 14

14 2 2 .0 0+ 0

15 0 . —

16 0 .

.  — — — — ——— — —— — i —————— —— ] ———— ] —— ————— T ——— o ——————— ] — ——— " T o - iy 7= e S o

Tot 592 628 408 124 384 492 546 544 424 486 558 436 328
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Praon péquodorum_(Chilliwack)

Day %‘;’“ PARASITE NUMBER

1 2 3 4 5 6 7 8 9 10 11 12
1 2 3% 4k 12 0 56 0 52 0 2 0 34
2 12 40 62 40 . 40 32 46 S50 84 6 42
3 30 44 60 48 54 40 54 72 32 18 54
L 65 46 60 60 24 64 36 72 68 36 24 &b
5 W S0 50 60 52 70 76 70 70 72 50 34
6 50 64 86 50 S8 60 72 72 64 56 62 14
7 w76 66 76 82 ®e2 50 76 80 52 365 58
8 56 ° 66 56 72 70 50 68 84 84 36 16 42
9 40 38 48 52 50 70 68 48 82 52 16 . 34
10 46 L 74 52 46 44 34 36 60 48 26 22
11 20 8 46 40 60 46 42 42 58 54 8 16
12 48 66 48 54 34 20 44 38 48 36 24,
13 26 54 54 48 --26 6 32 36 22 20 18
14 22 4e 44 38 10 28 22 50 10 18
15 30 28 26 20 14 10 2 10 4 0
16 36 4220 12 12 4 8 6
17 20 2% 16 6 0 0 8
18 22 2 2 2 2 2
19 12 0
20 4 - | |
______ e s SRR ——— e e
Tot. 607 472 912 770 716 692 572 776 782 548 308 470
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Praon pequodorum (Kamloops)

Day PARASITE NUMBER ;
"1 3 5 6 7 9 10 11 12

1 46 44 44 20 46 28 22 44 42

2 34 20 38 66 40 42 6 42 46

3 28 48 48 44 4h 38 22 44 56

4 60 60 58 40 60 52 32 66 58

5 62 46 64 60 S8 62 34 54 86

6 60 sL S8 62 42 4 70 56 78

7 50 68 52 S0 58 22 40 56 28

8 36 452 sk 42 38 2 36 42

9 . 48 4 28 36 18 32 5444 60

10 56 48 44 28 30 40 42 40 40

11 20 36 26 40 26 28 26 4 0

12 18 32 34 34 36 0 6

13 24 10 26 34 10 38

14 14 4 16 10 0

15 6 2 14

16 8 2 2

17 6 7

18 2 0

19 4 ﬂ 0

20 0 j

A S el G O S . S S T e o W . . T T St e k. i o D " e T ———— " — — o . S . = o= 2o v~ e o

Totals: 582 562 512 596 542 472 350 - 528 Sjg

@
———— " > e . e o o T ——— —— —— - - —— ————

*Parasite #2 injured during transfer, #4 died’gn day 3 and #8 escaped
during transfer. All excluded from analysis.
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Praon pequodorum (Sussex)

.
Day PARASITE NUMBER
-------- 1 2 3 4 5 6 7 8 9 11 12
1o 2 46 62 46 - 44 48 14 28- 46 46 56
2 32 34 26 58 50 50 56 42 56 68 44
3 S6 98 54 74 82 82 56 60 68 42 42
4 26 48 36 62 <46 42 50 32 82 74 48
5 - 62 54 32 36 34 70 38 68 40 82 46
5 48 40 58 8§ 4 58 34 38 52 68 38
7 3238 22 26 64 . 78 78 58 48 64 44
8 46 32 26 6 S0 38 20 28 40 50 36
9 24 30 50 0 44 44 16 2 0 58 16
10 28 16 36 0 6 34 0 34 0
11 16 16 0 0 0 44~ 0
12 18 4 34 ) ,
13 2 2 34
14 , 34 o
15 8
16 0
17 0
18 0
Totals 414 458 402 316 466 678 362 356 432 586 370

* Parasite #10 escaped during transfer. Excluded from analysis.



“ APPENDIX 1II

N\‘ - “Mean and standard deviations of image features extracted from the fecundity arrays by

.;i, . . .
\'\apafr&n analysis for species and populations of pea aphid parasites. The guantilative
features are untransformed values and expressed as average percentage of \aphids'

belonging to a given frequency class. See Chapter il for further deuails.
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v o T - o3 T 22 . S T — T — T - — o — o T . T U [ A . o o o o T T - — ]  —— " . . T S —

FEC, 24.850 + 17.392 12.661 + 8.372 28.714 + 8.240
FEC, 34.365 + 7.983 52.550 + 7.132 47.162 + 6.105
FEC, 22,515+ 7.634 22.293 + 4.433 18.745 + 6.473
FEC, 10769+ 5.690 6.427 % 1.762 3.870 + 2.286
FEC, 4714 + 2,557 2.102 + 1.086  1.104 % 0.973
PEC, 2.784 + 1.450 © 3.967 + 1.694 6.403 + 0.483
S, 4 3.460 + 1.175 3.944 % 1.310  4.301 % 2.093
SF, 1.115 + 0.476 1194+ 0,497 0.212 + 0.311
S 3.781 + 1.609 5.550 + 0.592 5.810 + 1.217
S, 0.426 + 0.409 0.161 + 0.118  0.099 + 0.111
SFy 4 5.898 + 3.160 3.389 + 2.280 6.691 + 1.484
SFy g 0.000 + 0.000 0.000 + 0.000 0.000 + 0.000
GSF, 73.617 + 50.665 64.300 + 15.145 ©  104.466 + 37.65
GSF, 1.779 + 0.993 1.684 + 1.263 - 0.155 + 0.311

- o e - " T T W Y s T — — . 2 S T T S, T S o S T o o S . S it
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e o = e S > o e o i . e e . B S . 2 i i S o o D ot e S Tl T e o T o P T . . #21 W. t  r  PHB  SH emt moe md

e e e i i . e s o . e T o o T S Y T S o S T o i T S e = A S S s At o o . i~ ———— Y . St 2 o e m o . st

FEC, 41.840 + 17.158 20.458 + 9.277 16.160 + 8.129
FEC, 38.557 + 9.368 51.040 + 7.576  ,  40.711 + 4.624
FEC, 14.412 + 5.066 18.775 + 3.618 22.550 + 6.198
FEC, 3.891 + 2.511 6.674 + 2,057 10.762 + 4.027
FEC, - 1,099 + 1.727 1.825 + 0.823 5,767 + 2.765
FEC, 0.201 + 0.484 1228 4 8.7%0 4.051 + 2.256
SF) 4806 + 0.921 3.315 +  0.903 3.461 + 1,311
SF, 5 - 0.086 + 0.168 0.611 + 0.571 ©1.556 + 1.188
(SFp 5.621 + .92 5.308 + | 301 4168 + 1.676
SF, 4 0.065 + 0:150 0.150 + 0.145 0.639 + 0.575
SFy o 8.424 + 2.479 5.047 + 2.316. 4.248 + 2.185
SF, 4 ©0.000 + 0.000 0.000 + 0.000 0.111 + 0.385
GSF, 132.837 + 34.187 71.629 + 31.881 55.935 + 34.410
GSF, 0.058 + 0.143 0.705 + 0.853 4.573 + 3.646
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Variable » P. pequodorum(Kam) P. pequodorum (Chwk) P.pequodorum .(Sus)

FEC, 26.939 + 11.314 130,102 + 14.000 28.412 + 8.079
FEC, 53.962 + 8.7b4 46.134 + 7.867 45.658 + 7.090
FEC, " 14.991 + -3.806 7 20.054 + 7.436 18.467 + 4.187
FEC, 3.793 + 2.645 3.367 + 2.578 5.617 + 3.529
FEC, 0.165 + 0.202 0.283 + 0.396 1.423 + 1.173
FEC, 0.149 + 0.225 0.059 + 0.140 0.424 + ‘0;635
SF) 5 2.011 + 1.055 2.564 % 1.406 . 2.902 + 0.965
SF) 0.027 + 0.083 | 0.000 + 0.000 0.212 + 0.373
SF, | 5.832 + 1.070 5.092 % 1.005  5.085 + 0.929
SF, | 0.019 + 0.037 0.042 + 0.063 | 0.221 + 0.245
S5 ¢ 5719 % 2.257 . 6.041 + 1.780 6.079 + 1.928
SFy 3 0.014 + 0.042 10.000 + 0.000 0.000 +  0.000
GSF | . 77.298 + 35,225 74.646 + 26.601 76.241 + 28.139
GSF, 0.010 + 0.020 0.005 + 0.115 | 0.276 + 0.404
.
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APPENDIX IV

Mean and standard deviaton (in mm) of morphological features measured for species
and populations of pea aphid parasites. See Chapter V for detwils of characters

measured.
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- Variable A. smithi (Kam) » A. smithi (Chwk) v A. pisivorus (Kam)

’ ——— T — ——— T T ————— W S T S - ——— " S s S e s P D D, S ks U D B M W T . D~ " > ) w——

TL 0.904 + 0.036 0.919 + 0.031 0.961 + 0.058
TW 0.461  0.034 0.465 0.027- 0.509  0.030
PL 0.445 0.023 . 0.441 0.017 0.462 0.026
PW 0.24 0.017 0.256 0.018 0.248 0.025
AL 2.067Y\ 0.293 2.063  0.232 2.064  0.308
0SL ©0.177- 0.006 0.181 0.004 -0.197  0.007"°
FFL 0.661 0.026 0.697 0.021 0.751  0.043
FTIL 0.663 0.024 0.698 0.023 0.734  0.036
FTAL 0.664 0.022 0.673  0.022 0.716 0.059
FSL . 0.117 0.005 0.117  0.004 0.117  0.009
FSPINE  18.850 1.387 17.000 1.123 21.200 2.142
MFL 0.685, 0.021 “0.719 0.025 ..0.787 0.042
MTIL 0.716 0.024 0.748 0.030 , 0.824 0.036
MTAL 0.585 . 0.024 0.5947\0.021 0.644  0.045
MSL 0.079 0.003 0.074 0.004 0.092  0.004
HFL 0.717 0.032 0.744  0.027 0.797  0.046
HTIL 0.891 0.036 0.947 0.036 . 1.028 . 0.055
HTAL - 0.969 0.035 10.984  0.032 1.073  0.052
HSL 0.068 0.003 0.065 0.002 0.074 0.008
HW 0.579 0.021 0.582 - 0.029 0.623  0.046
ALl 0.159  0.005 0.170 . 0.006 0.185 0.009 .
AWl 0.052 0.001 0.053  0.001 0.054. 0.003
AL2 0.158  0.006 0.166 0.006 0.181 0.008
AW2 ©0.052 0.001l 0.053 0.001 0.054  0.003
SEG 17.150  0.366 17.300 0.470 17.050 0.224
MAX 0.426 0.017 0.444 = 0.013 0.508 0.025
LAB 0.138 0.008 0.148 0.009 0.164 0.010 °
MAND 0.178 0.006 0.184  0.007 0.191 0.009 -
WINGL 2.665 0.072 2.668 0.076 2.846 . 0.128
cscL 1.078 0.033 1.087 0.036 1.188 0.048
ccw 0.252  0.013 0.274 0.013° 0.277 0.016
BCW 0.052 0.004 - '0.053  0.001 0.054 0.006
TRACH 11.250 0.967 13.800 1.400 11.100 0.852
PIT 0.077 0.003 0.080 0.904 0.081  0.007
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Variable _ A. ervi (Kam) A. ervi (Chwk) - A. ervi (Suss)
TL 0,959+ 0.032 0.880 + 0.037 0.925 + 0.046
TW 0.498  0.027 0.473 0.027 - 0.475  0.024
PL 0.475 0.017 0.433 0.018 0.406 0.017
PW 0.273  0.018 0.249 0.015 0.248 0.022°
AL ©2.042  0.219 1.772  0.182 1.858 0.211
OSL 0.190 0.005 0.169 0.005 0.176  0.006
FFL 0.678 0.016 0.608 0.019 0.667 0.030
FTIL 0.680 0.018 0.625 0.021 - 0.663 0.025
FTAL 0.674 0.018 "0.627 0.026 0.655 0.021
FSL . 0.121  0.008 '0.110  0.007 0.116 0.003
FSPINE 23.050 2.328 21.500 1.192 20.950 . 1.146
MFL 0.722  0.016 0.663 0.022 0.709  0.024
MTIL 0.744  0.018 0.697 0.020 ~0.720 0.021
MTAL 0.626 - 0.019 0.584. 0.017 0.603 0.023
‘MSL - 0.081  0.004 0.079 0.004 0.082 0.004
, BFL 0.747 0.023 0.678 0.023 0.719 0.028
£ LHTIL 0.932 0.020 0.856 0.028 0.913 0.033
" AHTAL 0.996 0.022 0.945 0.033 0.969 0.036
“THSL 0.077 0.004 0.072 0.005 0.069 0.003
HW 0.613 0.021 '0.588  0.015 0.583 0.023
ALl 0.167 0.003 0.157  0.004 0.163 0.006
AWl 0.054 0.002 0.051 0.001 0.051 0.001
AL2 0.167 0.003 0.152  0.005 0.159 0.006
AW2 0.056 0.003 0.052 0.001 0.052 0.001
SEG . 16.500 0.513 16.750  0.444 17.000 0.000
MAX 0.455 0.0l4 0.400 © 0.023 0.443 ~0.018
LAB '0.158 0.008 0.117 0.006 0.140 0.007
MAND 0.185 0.007 0.179 . 0.008 . 0.176  0.007
WINGL 2.662  0.058 2.479 0.072 2.465 0.086
CSCL 1.090 0.031 1.007 . 0.023 0.992 0.036
CCW 0.299 0.009 0.243° . 0.011 0.263 0.012
BCW 0.064  0.005 0.061 0.004 0.053  0.003
TRACH 10.750  1.446 10.500 0.761 9.500 0.607
PIT 0.081  0.008 0.089 0.008 0.080 0.006
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PL
PW

AL

OSL
FFL
FTIL o~
FTAL
FSL
FSPINE
MFL
MTIL
MTAL
MSL

HFL

- HTIL, .

HTAL
HSL
HW
ALl
AWl
AL2
AW2
SEG
MAX

- LAB

MAND
WINGL
CSCL
cCwW
BCW
TRACH
PIT

+035... .,

pequodorum
.824 + 0.030
.295  0.020
.221  0.026
.235  0.015
724 0.123
.189  0.008
7658  0.037
737 0.029
.596  0.025
.085  0.005
.950  1.191
.656  0.036
763 0.050
.459  0.028
.065 0.005
646  0.051
.898  0.059
J8IT
.077  0.005
483+ 0.021
196 0.007
.039  0.001
.143  0.006
.039  0.001
450 0.510
445 0.018
.140  0.008
.182  0.00%
.428  0.080
972 0.029 °
.226  0.009
.078  0.006
.950  0.224
.054  0.003

0. 0 S
0.325 ~ 0.023 -}
0.23¢ 0.019
0.218 0.021
1,709  0.119
0.202  0.006
0.709  0.033
0.766  0.039
0.617 0.029
0.092  0.005
4.750 0.639
0.723 0.040
0.828 0.033
0.496 0.024
0.070  0.005
0707 0.050
0.988 Q.042
0.887 0.047
0voBr 0.006,,
0.510 "0.029 "
0.205  0.008
0.040  0.001
0.150  0.006
0.039  0.001
9.000  0.324
0.488  0.021
0.150 0.008
0.191  0.007
2:581 0.080
0.996 0.033
0.239 0.015
0.079  0.005
5.500 0,513
07056 0.005

pequodorum (Sus)
.833 + 0.033
.315 0.018
.212 0.023.
.223  0.016
.653  0.098
.187 -~ 0.012
.655 - 0.031 ,
.725  0.033
.600 0.022 -
.085  0.005
.950  0.887
.648 0.039
.753  0.033
.478  0.026
.066 _ 0.004
.582. " 0.044
.936  0.041
.800  0.043
.078 0.004
513, 0,031
R VVL&B‘W,,Q{,-Zov 7'”/ T T 3778
.040 0,001 '
.133  0.005
.039 0.001
.900 0.553 v
.454  0.016
.142  0.008
.174  0.008
481%  0.085
.939 ¢ 0.032
.220 " 0.014
.069 0.005"
.050  0.224
.059

0.005

———————————— T = - -

212



ERRATA

TABLE VI:

Column 1: PIELL should'read 9.40 + 0.92
Column 2: MEANEGGS should read-1754 + 0.03

TABLE VII: 1 ‘

Column 1: PIELL should read 5.17 * 0.30
) NESCAPE should read 42.33 + 4.56
NWASTE should read 84.00 + 11.47

/-
TABLE VIII: ‘ '

" Columm 2:° SUPER should read 0.36 + 0.03
TABLE IX: _
Column 1: MEANEGGS should read 1.54 + 0.03

MEANDAY should read 61.53 + 1.63
Column 2: MEANDAY should read 55.29 + 2.01

Column 3: NWASTE should read 175.67

TABLE X:

Column 1: PIELL should read 9.40 + 0.92
PLELFEC should read 708.80
MEANEGGS should read 1.85 + 0.11

Column 2: PIELL should read 5.17 + 0.30
NESCAPE should read 42.33 + 4.56
NWASTE should read 84.00 + 11.47
MEANEGGS should read 1.22 +.0.06

Column 3: MEANEGGS should read 1.10 + 0.06

Column 4: PIELL should read 8.46 + 0.58
NAPHIDS should read 300.92 + 23.73
NESCAPE should read 37.54 + 6.29
.

TABLE XI;: »

Column 1: PIELFEC should read 557.83 + 49.41
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