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ABSTRACT , 

This study was a first attempt to investigate, a posteritxi, the 

continent;;/ide decline OF Aphidius smithi Sharma & Subba Rao, an 
9 - - 

possible reasox'% for the 

introduced parasite of the 

pea aphid in North America Two hypotheses, among many possible. were tskd FirsL 

because A. smithi was established with small founder populations, it was hypothesized that the 

resulting genetic impoverishmentr may have precluded its long-term establ&hment To test this, 

divergence levels in quantitative characters among three populations each of two introduced 
- 

species, A.  smrht and Aphidiq e m  Haliday, were compared with each other and with those 
- 

among three populations of a native species, Pram pequdomrn Viereck, to detect any 

evidence of random genetic drift Second, becawk A. ervi rapidly became the dominant species 
- - 

of the pea aphid subsequent to the decline of A. smithi, the possibility of displacement due 

to differences in life history traits was tested 

- 
_T- 

Inuaspecific studies indicated that the divergence level between populations of the two 

introduced 'species did not consisterrtly differ from each other. But the distance between any 

two populations of the 

corresponding populatioris 

suggesting drif~ of alleles 

intrbduced *species was consistently greater than that between 
, I  

of the native species in both life history and morphologiml traits, 

qfiecdnp these two characters. The results suggest rhe possibility of A 

drift of other alleles which may have also contributed to the decline of A. smithi. The drift 

does not appear to have affected the establishment of A.  ervi, probably because of larger and 

more diverse founder populations. In addition. A .  ervi appears to p ess a "general purpose" c 7 . 
genotlpe as cvidcoced b! its predpinance of the parasite guild of &ds i R C g s U q  alfalfa in 

< 

3 wide la-nge gf climates. Both these factors may have enabled ir to oucrca;ne any I1P1PtPnnus 
- 

cll'ccn on adaptauon of random g n c t i c  drill. 



least at no obvious disadvantage, relative to A. ervi. Aphidius pisivcwus Smith or P. 
3 

p e q d m m  It had a higher fecundity. a shorter developmental time and generally performed 
- 

better than my of the above speaes under the experimeqtal conditions. This suggests that 

differential reproductive capacip m d  thermal coeflicients did not contribute significantly to the 

decline of A. smithi. d e  protocol for the introduction. and the dynamics of pea aphid 

paritsires in North America, sugeesr a mong need for ire- and post-release m@ies on 

introduced biological control agents. t 



QUOTATION 

"There as successive generations bloom, * 

New powers acquire and larger limbs assume. 

Whence countless groups of vegetation spring, 

.. And kmthing realms of fur and feet and wing." 

Erasrnus Darwin 
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, . CHAPTER I 

GEWER4L INTRODUCTION 



Sustained or long-term establishment of introduced natural enemies is one of the goals 

of cdssial biological control of insect pests (Coppel and Menins 1977. DeBach 1969). Once 

implemented, biological control is expected to provide pest population regulation for a number 

of years, with little or no further human input However, as 'in many natural .colonizations 

(Mayr 1965). some introduced natural enemies may decline after an initial flush 3 a s e  

(DeBach 1965, Turnbuli and Chant 1961). By contrast, other speaes may increase in relative 

\ abundance from inilially low densities after a few years. Although many explanations have 

been given for such changs -(e.g.. DeBach 1965). very few cases have in fact been studied in 

derail (e.g., DeEach and Sundby 1963, Kfir and Luck 1984. Luck et al. 1982). In order to 

understand the dynamics of introduced species and therefore make success of introductions 

more predictable, there is a need to examine the factors underlying such changes. In this 

study. I shall attempt to identify, a posteriori, the possible reasons for changes in the relative 

abundance of parasites of the pea 'aphid in North America that occurred after the introduction 

of several species from Europe and India. 

IJistory gj the wa i& parasites North Americat 

The pea aphid, Acflhauphon psurn (Harris) (Hornoptera: Aphididae), was inadvertently 

~nurxiuced into North America from Europe early in the 19th -century (Halfhill et &-1972). 

The first damaging populations were noticed in the lale 1800s. By 1900. the aphid had spread 

from rhe cawm seaboard to Wisconsin and, by 1926, to the 'Padific coast and to parts of 

Canada and Mexico (Hagen et af. 1976). The pea aphid, on occasion, is considered a pest of 
1 .  

alfalfa (hiedicago 'saliva L), peas (Pisum sutivum L), and some other Leguminosae in North 
- 

Arncnca (Campbell 1974). 



Baker, '~&xtonus pmclensis Ashmead, .Praon occidenfale Baker. Praon pequodwrrm Vicredk 
-. 

(Hymenoptera: Aphidiidae), and Aphelinus sermJavus Walker (Hymenoptera: Aphelinidae) were 

reported to parasitize t h e w  aphic! in North America early in this century. although yme 
ons may be questionable (Hdfhill et i 1972. Madcauer and Finlayson 1967). b m e  

1 -c f 

parasites se re  possibly accidentally introduced from Europe together with theif hbst. 

ers are native to North America. The general consepsus among early workers was 

arasites had little or no impact on pea aphid populations (Halfhill et al. 1972). 

To supplement the native parasite species, a number of aphidiids were introduced into 

North - America: Aphidius avenae Haliday, Aphidius ervi Haliday, Aphldius medicagin~s 

Marshall, Aphidius smithi Sharrna & Subba Rao, and Aphidius wticae H'aliday (Clausen 1978). 

Of these, only A. smithi and A. ervi are *known to, have become established. A. medicagms 

was later identified as A. ervi (Unruh et al. 1986). ' 
- 

A. "smithi was imported from India in 1958. The original samples consisted of two 
I - - 

shipments, collected at one location in northwestern India and shipped to the U S A .  at about 

the same time. One sample was sent to California and subsequently used for releases in 

western North America; it consisted of 5 males and 4 females (Dr. K.S. Hagen, pers. comm:). 
* .  

The second shipment 'was received in New Jersey and included 17 females and an unknown 

number of males (Angalet and Coles 1966): it served as a sou& for releases in eastern 

North America. In order to produce a large number of parasites for field release. thew 

samples were expanded 'by insecrary propagation between 1958 and 1960. A.  smllh bccamc 
.r ' 

readily established at all release sites in California (van den W R  er at. 1966, fY67, H a p n  

and Schlinger 1960). Releases were also made during the same period from Ma~ric lo Flor~da 



in h e  eastern U.S.A. in Colorado, and in the Pacific Northwest (Clausen 1978). The first - 
evidence of A. milhi's arablishment in eastern North America was obtained by ~ a c k a u e r  

. - 

and Bisdce (1%5a), who found the parasite in southern Ontario. They suggested that A. 

smithi may have immigrated from- the U.S.A. through either the Niagara Peninsula or the 

. Upper St  Lawrence River area. Surveys carried out in the early 1960s in eastern North 

America revealed that A. smithi was the most common pea aphid parasite west of longitude 

80•‹ W. but A. p i s i v m  was generally dominant east of that line (Mackauer 1971). 

- 
After an apparently successful establishment, A. smithi started to decline in relative 

abundance in eastern North America and was virtually extinct by the early 1970s .Campbell 
Y P 

* 7 
and Mackauer (1973) suggested that neither a presumed inability to survive the -low winter 

- - 
temperatures as proposed by Hagen and Schlinger (1960). nor direct competition with native or 

other introduced parasites. shown to be unlikely by Mackauer (1971). could satisfactorily 
= 

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

A. smithi colonized western Canada probably from Washington and Idaho and was 

found in British Columbia and Alberta in 1965 (Mackauer and Campbell 1973, Mackauer and. 

Finlayson 1967). In British Columbia. it constituted 22% of the total ~arasite population in. 

1969. and 80% in 1971 in the Kamloops area. over the same period. the relahe abundance 

of ,4. pmvwtu. declined from 51.6% to 11.5% and h a t  of P. pequdomm from 26.4% to 8.28 

(Campbell 1974). Kecen~ surveys of alfalfa fields in the southern interior. however, indicated 

h a t  A. smithr represents' k s  than 1% of the pea aphid Hasite population (Mackauer and 

Kambhampati 1986). A similar decline of A.  smithi to less than 10% of the total parasite 
-- 

population was rcported from California (Gonzalez et a/. 1978). - 



The second exotic parasite. A. m i .  was imported f r o A i 6 u s  locations including 

France, 'g" 
Germany, Spain andC Sweden, and was released in North America between 195t 

and 1981 (DJ. RW. Fuester p e d  corn) .  The importation consisted of a total of 36 

shipmen$,which yielded 9148 males and females. Most of the releases, however, took place in -- -_. - 
the eastirn U.S.A. between 1959 and 1968 and in the western U.S.A. between 1961 and 1964 

(Halfhill et d. 1972, Stary 1974). Although A. ervi became well established, it stayed at 
1 

relatively low densities at most release sites (Hagen et d. 1976. Halfhill e d. 1972). 
. . 

Subsequent to the decline of A. smithi in eastern .North America, A. ervi became the most 

common pabsite of- the pea aphid. 

A. ervi was found in British Columbia for the first time near Kamloops in 1970, 

presumably as a result of immigration from release sites in the U.S.A. It remained at 

relatively low levels in the Interior. constituting less than 1% of pea aphid parasites, between 

1970 and 1972 (Campbell 1974). However. A. ervi constituted between 70% and 80% of the' 

parasite population in the coastal regions Df British Columbia dnd Washington sfate (Campbell - 

1974). Surveys conducted between ' 1983 and 1985 in the Interior and the coastal region of 

British Columbia revealed that A. ervi, is the most common pea aphid parasite constituting 

between 80-85% and between 98-1w0 of the parasite populations, resnectively (Mackaucr and 

Kargbhampati 1986). At present. A. erui is the most common pea aphid parasite in virruailq 
e 

all pf North Aheriy (Gonzalez et d. 1978. Mackauer and Kambhampati 1986. Mertin* 1985, 

Dr. R.W. Fuester, pers. comm.). Changes in relative abundance of sevcral pea aphid parasilc 

species in British Columbia are summarized in Appendix I. 

Although many 
- 

declined in numbers. 

cases are known in which established exodc parasites subsequently 

these changes were usually confincd to locali~ed arcas (c.g., 1)cBach 



y h i d  parasite complex is the fact that the changes in relative abundance have taken place on 
7 

continent-wide basis. apparently with a lag time between changes , in eastem and western 

North America A number of &tors such as genetic impoverishment, differential reproductive 

potential and host utilization, extrinsic and intrinsic competitive ability, climatic adaptednh etc., 

m a y  have contributed either singly or in combination to the decline of A. smithi. The first 

and second of- the above factors are examined in this thesis. - 
'a" 

T - 

In nature. new populations are often established by a small group of emigrants (Mayr 1965, 

Hanl 1980). The genetic consequences of such founding events are known collectively as 

' founder effects. The genetic variation in the new population is initially limited to th e alleles T 
that are present in the FouIders and, thus, the variation m y  not necessarily be representative 

of that in the parent population. Erratic changes in gene frequency due to random genetic 

drift and linkage disequilibrium may also ensue (Wright 1949). Loss or fwtion of alleles is 

disadvamageous~o the population when a rapid adaptation to the new environment is 

required, as is the case with speaes introduced ' for biological control. and may lead* to 

eventual extinction (Nei er at. 1975). Experimental and theoretical evidence for founder effects 

1s available in the literature for both plants and animgls (e-g., Avise and Selander 1972,' 

Barton and Charlesworth 1984, Bonnell and Selander 1974, Bryant et al. 1986a. 1986b. Carson 

and TempTeton- 1983. Chakraborty and Nei 1978, Haigh and Maynard Smith 1962, Lewontin 

i974. b k a s h  T9T, 1V3. 1977, Pnkash et al. 1969. Rich et d. 1984. Schwaegerle and Schaal 
1 

19'9, Selandcr- and Kaufman 1973. ~ a ~ l o ;  and Gorrnan 1975). 



As in natural colonizitions, deliberate introductions for the purpose o f ,  bfological control 
\ .  * 

often ievolve small founder populations, as* in the case of A. srniihi. and to a lesser ek t en~  

A. end &fore release, the initial sample is propagated in insectaries for a few generations 
9-. 

where further loss of alleles and inadvertent selgction may take place (Mackauer 1981). All 

these factors may contribute to the decline of introduced biological control agents. Founder 

effects, however, may not__be apparent depending on the size of the founding population. the 

rate o f a  population growth and the mutation rate subsequent 10 the foundtag event 

(Chakraborty and Nei 1978. Nei et d. 1975). 

- 
Considering the evidence for genetic consequences of founding events, and the protocol. 

for the introduction of pea aphid parasites, it is possible that'-p6pulations of A. smithi were 

subjected to founder effects, which 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 divergence levels between a number of populations 

derived from a small number of founders with those between pop~ilations derived from a '  

. large number of fqnndeii. Greater divergence between the populations derived from a small - 
v 

by 
number of founders relative to those derived frgm a large number of founders is taken as 

indirect evidence of drift (see, e.g., Bonnell and Selander 1974, Bryant er d. 1986a. 19X6b. 

Ilobzhansky and Pavlovsky 1957, Rich er al. 1979, 1984, Schwaegerle and Schaal 1979, 

, Templeton 1980). This is because random genetic drift may cause large flucruations in allelc 
\ 

frequency between different generations ultimately leading to loss or lixation ol' alleles (Hcdrick 

1983). i n  a large, well-established population. the allelic frequencies are rciauvely stable ovcr 
-, 

4 

time. Ar a given sampling time, then, replicate p p u l a ~ m  estab4ishe4 with a mdf n&er eC -- 
* 

fwders  ma> displa? a grcaccr wialicm in charactcr mcam herwccn ppdamns. rchuvc LO - 

thosc established with a large number of founders. For [his pan of' Ihc  \ tud~. .  I carrlcd oul 



a comparison of divergence levels. bemeen populations of t h e  i&oduced parasites of the pea 
- 1 

aphid, established 'reqently with a small number of -founders, and native parasites, which had + - 2 

been in North America for a long period of time, to detect evidence, if any, of random 
? 

genetic drift in the fdfinir. , - - - 
A 

/ .. 
The first objedve of this thesis, then, was to measure geographic variation in 

I 

-quantitative characters and to compare divergence levels between populations of the introduced 
,- - 

and the native pa:asites of the pea aphid in North 'America. As a result of small founder 
s a 

populations, i t  is conceivable that populations of the introduced species may exhibit a different 
k 

degree of genetic variation relative to populations of the native species. In addition, 

populations of introduced species established with a smaller number of. founders (i.e., A. 
) * .  

smithi) may exhibit a different degree of genetic 'variation relative to that among populations 

of introduced s cies established with a larger number of founders (i.e.. A. ervi). In either > 
m e .  measurable and consistent differences in divergence levels may be taker-as indirect 

evidence of random genetic drift 

f3 Re~roductivc attributes 

Although it is known that & ervi became the most common parasite of the pea aphid fairly 

rapidl! after the decline of A. smithi, it is less cemin if the former species competitively . - 

dis~iaced the latter, or simply moved into an empty niche. If A. smithi was competitively 

displaced. differential reproductive potential and/or &&a1 coefficients could have been one of 
- - - 

t h e .  conuibutinp factors. Some of the characters that define the reproriilctive attributes of a 

parasitc include average , fecundity, searching efficiency, host utilization efficiency, etc.; 

oharac~eristics that c2q be measured and compared among members of a parasite guild 



atracking the same h&t or host complex (Coppel and Mestins 1977. Mackauer 1983). 

'r 

Thet  second part of this thesi? is concerned with examining in detail the possibility that 

the decline of A. smithi (or the increase of A. ervi) was a consequence of measurable 

differences in reproductive 'amibutes and thermal coeficients that could be considered important 

in the field dynamics of pea aphid 

oviposition rates, developmental times and 

o U a l f a  are, relatively scarce (Campbell 

art probably more imponant than total 

paratites, e.g.. host utilization. searching efficiency, 

threshold temperatures. In spring. when pea aphids 
, 8 

1974). searching efficiency and threshold* temperatures 

clutch size. In summkr, however, when hosts are 

usually abundant, average fecundity and relative developmental times mays determine the relative 

abundance of a species. i 

-Ideally, to compare parasite performance &d host utilization, the functional response of 

parasite females to .various host densities must *be  known. Because a large number of 

populations were involved in my studies. I decided instead to assess the performance 
. - 

characteristics of each population at one, reasonably high host density. Attributes that directly 

-'.. 
or indirectly indicate reproductive potential and host u t i l i e  efficiency can be measured with 

ease in the laboratory under conublled conditions. For example, Force and Messenger (1964) 

assessed q e  intrinsic rate of increase QC Trioxys complanatus Quilis Perm. Praon exrdetum 
> 

( ~ e e s )  and Aphelinus mychis Walker. all parasites of the spotted alfalfa aphid, Therimphis 

lrifdii. (Monell) at different temperatures. Force and Messenger (1965) also carried 'out . . 
laboratory. studies on competition in rec species of parasites. Kambharnpaii pl. . '  

4" 
fi 

(1987) and Mackauer (1983) quantified 'mance ,  hosl utilizatio and o & e y  li&q 
, ~ --- ~ y, 

// 

uaiti of A .  smirhi as affected by' lms The remlui of ali t h e s e s m c h c a r c  that - :- - - - 
man); performmce criteria* measured i borator can be uscd as indices of' parasi~c 



aphidiids include those of Chua (1979). Cloutier (1984). Cloutier et d. (1984), Collins et a[. 

(1981). Dransfield (1979). Force and Messenger (1968). Hart er d (1978). Messenger (1968). 

and Shirota et af. (1983). Although laboratory evaluation can be a useful tool in comparing 

reproductive characteristics of various parasite species, caution should nevertheless be exercised 
s # 

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

The second objective of this thesis therefore, was to compare, under- laboratory 

7 conditions, the various life history traits, including repmductive potential, parasite performance. 
d 

. host utilization and thermal coefficients, between species d th in  the pea aphld parasite complex 

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

differential reproductive potential and/or thermal coefficients. 



I i ,  CHAPTER I1 



Aphids: p e a  aphids used in the experim 

/i 
Canada Research Station in North KamlTps in 1972. 

maintained in the laboratory 

The bean plants were grown in 

cultures were kept at 19-20 

the aph~ds in a 

bean plants once 

/ 

collected on alfalfa 

Large stock colonies 

(Vicia faba L, cv. 

with 6-7 seeds per 

at the -re 

of the aphd were 

"Broad Windsor "). 

12.6 cm pot The 

16h L: 8h D photoperiod to 

The aphids were transferred 

maintain 

to fresh 

To obtain a coho of even-aged aphids for experiments and for rearing of parasite n' a 
material, about 200 re reductive aphids were caged on a pot of broad bean plants for 8h. P 
After that period. abulrs were removed from the plants. Thus, all the nymphs that were 

produced were wi d n +4h of one another 

until needed. ,,,,,,I 

colonies of pea aphid 

Populations from a 

in age. The nymphs were then reared at 2&1 OC 
-r 

parasites ,used in this ,study were established from - f 

given area were collecied from a single, cultivated - 
The Chilliwack alfalfa field is located near the Fraser River. It was about 2.5 

Q 

and was usually under an alfalfa monoculture. P o ~ o n s  from Kamloops were 
2 

an alfalfa field on b e  property of the Agriculture Canada Research Station in 

North kandoops. Sussex populations were obtained from laborat00 colonies at Fordham 

in New ?'ark. U.S.A. These parasites were originally collected in an alfalfa field 

Susses County. New Jersey, U.S.A. 



Pupal stage of the parasire inside a mummy was collected in the field and brought 

back to the laboratory. The mummies were individually placed in gelatin capsules (Parke 

Davis, XOO) and adults were allowed to emerge in a growth chamber at 2021 'C. l3ekuse - 

the color of the parasites is influenced by the temperature -regime under which they complete 

development identification of field d c t e d  parasites to the species level is often difficult and 
< 

sometimes unreliable. To overcome this problem. a 'male and a female, presumed to be 

conspecifics. were allowed to mate and the progeny of each such pair was raised under 

known, controlled conditions. For each species. 20 such p'sirs were set up. A small proportion 

of the progeny was killed and prepared for scanning electron microscope identification ,-, 
7 - 

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 34 x 44 

an) fitted with fine mesh. To avoid contamination among v k o u s  species and populations 

during rearing, cultures were kept temporally and spatially seg~gated.  All colonies were 

maintained at 20-22 OC. 55-60% RH., and 24h light About 200 third-instar (3-4 day-old) 

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

cups (9.5 x 11 cm). The parasites were then removed and the aphids were placed on bean ----, 
Two such cups were set up once approximately ever) two weeks Tor each species 

I 

popula n. The mummies, which formed after about 9 days under the rearing cond~~ions, * n, .'.: re collecied by gently scraping them off the leaves. They wer; placcd in wax papcr a cup5 

with a 9 crn plastic Peui dish lid, and the adults werc allowcd LO emerge. The adui~s wcrc 
. - 

fed a 50% honey solution ("Heavenly Honey", S.F.U.) sueakcd on the insidc of the lid. Thcy 

were allowed to mate for two 'days, d r e r  which the whole process was rcpcatcd. All ,colonies 

were mainuined a1 an average size of about 300-500 Insccts. 
w 



i 

All experiments were undertaken soon after 

in the laboratqry, usually after about 5 
I .  

described by Mackauer and Bisdee (1965b). 

the cultures of the parasit& were well established 
- - 

generations. Small plastic cages, such as those . 

were used for rearin%-field collected material and 

for feplicating experiments. Depending on the experiment, two sizes of cages were used: 8.5 

cm diameter x 3.5 cm high. or 15.5 an diameter x 4 cm high. The cages were fitted with 

fine mesh covers and hadha 1.5 cm hole in the side wall. A broad bean or an alfalfa shoot 

.was inserted in the hole and held in blace with non-toxic plasticine. which also sealed the 
- 

hole. The cage was t h q  placed on top of a milk bottle containing fresh tap water, so that 

the cut end of the plant shoot was immersed j n  water. 

Experiments and rearings requiring controlled temperature. humidity, and photoperiod were 

conducted a "ConvironW Model El5  growth chamber (Controlled Environments. Winnipeg. 

Manitoba). Temperature inside the plastic cages was monitored with' a "Keithly" Model 871 

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

Study a m  

As s u e d  earlier. populations of pea aphid parasites were obtained from three geogrghic 

areas. Each area has a unique histon. of pea aphid parasite inuoduction/colonization and 

relalive abundance. 

Chi l l i~ack ,  British Columbia (49.10" N, 121.57O W): This area is characterized by a 

coasul climalc. Some slfalta is srown here and the pea aphid occurs on alfalfa, 
- 

*ild&r. A.  ervi ha>-ban the most common pea aphid parasite since the 

mild, wet 

peas and 

late 1960s 



(Campbell 1974, Mackauer and Kambhampati 1986). A. piavorus, A. smithr and P. peqderum 

. .. 
are- rare. Species collected: A: end, A.  smithi, '8. pequodonun. - 

Kamloops, British Columbia (50.40•‹ N* 120.20•‹ W): Kamloops and vicinity is the maor 

alfalfa-growing area- in British Columbia. Hot summers and cold winters characterike the 

Kamloops area Precipitation, both ,. 

are found here, 

1974, Mackauer 

early 1970s to 

namely A. ervi, 

and Kambharnpati 

probably the late 

species. Species collected: A. ervi, 

rain and snow, . is  low. Four species of pea aphid parasites 
i '  

'A. pisivwtcs and A. smithi and P. pequadwum (Campbell 

1986). A. smithi was the most common parasite from the - - 

1970s. Since then A. ervi has been the most common 

\ A. p l s i v m ,  smithi, P. pequodwum. 

Sussex, New Jersey- (41.13O N, 7437O W): Sussex and vicinity is predominantly an 

area. The summers are moderately hot and the &inters very cold. Frecipitation is 

New Jersey was one of the many eastern states in the U.S.A. where large scale releases of . 
e / 

A. smithi and A. ervi were made. A. smithi was presumably the most common pea aphid 

parasite in this region unu'I about 1970-71. Later, A. ervi became the most comrhon parasite 

with' rare occurrences of P: pequodmrn. A .  p i s i v m  and A .  snrthi are probably cxtincc 

Species collected: A.  ervi, P. p e q u o d m .  

Climatographs for each of the three study areas are shown in Figure 1 



- 

FIGURE 1: Long term averages of temperature (19561981) and) precipitation for the three 

study sites. (a): Mean annual maximum and minimum temperature in Kamloops, (b): Mean 

annual &mum and minimum temperanue in ' Chilliwack, (c): 

maximum temperature in Sussex, (d): Mean monthly precipitation 

Sussex. I, s 

Mean annual minimum and 

in Kamloops. Chilliwack,  and 







24 Characters studied 

.& 

Three broad qtegories of characters were quantified to study h e r -  and inuaspecific variation 

among 

control 

pea aphid parasites. The importance of each of these character groups to biological 
\ I I 

is discussed in respective chapters. 

1. Life history traits: These included lifetime fecundity and longevity. parasite performance and 

host utilization patterns, life table statistics, and analysis of frequency distribution of eggs. all 

measured at a host density of 40 aphids per day per female. a 

2. Temperature requirement.: This ,category included developmental time from egg to adulr 
* 

emergence at four constant temperatures, lower threshold temperature for development. and 

degree days required to complete development from egg to adult 

3. Morphology: Variation in morphology, was quantified using rnbrphomeuic techniques. For 

each parasite female, 34 morphological characters were measured. 



VARIATION IN LIFE HETORY TRAITS 



3.1 introduction 

probability, fecundity, and development time and they can jointly be thought of as being 

synonymous with fitness (Istock 1981). Any other behavioral and *physiological adaptations that 

directly or indirectfy influence the primary life history 

, definition. Secondary characters that may influence one 

characters in protelean parasites include host utilizikon, 

ability, and host discrimination ability. ' 

traits are implicit in the above 
- 

or more of the above primary 

intrinsic and exmnsic competitive 

r - 

In general, there is considerable variation in life history traits among populations of a 

specis- (Mayr 1970). Spatially segregated pbpulations, are presumed to be adapted to. or 

shaped by, their #ocal abiotic and biotic environmen~ Life history traits and polygenic variation 

in fitness characters provide selection regimes and essential raw material for microevolution 

=l (Istock 1981). Physical extremes of a locality set the ultimate constrainy on seasonal rate of 

reproduction and population growth. Within these limits. interspecifiF interactions (e.g., 

arurrence of hosts. natural enemies' &d competitors) and intraspeci!~ interactions (e.g.. 

occurrence of mates) may also shape a species' life history pattern (Tauber and Tauber 1982). 

Variation, of course, is also limited by an organism's genotypic plasucitv. The interaction 

between the environment and rhe peneuc plasucity of an 5rgahism deiermmes h e  Pife history 

pattern. In some cases, such variation between pofilations ma! lead to reproductive isolauon 

and to speciation. 

Life history traits and parasire performance chamterislCLj can be w f u l  ~mls for 

eva1uauri-g biological control agents. I t  has bcen suggcsred (see, c& Coppcl and M c r u  1977, - 

DcRach 1964. Huffakcr 1971. Huffakcr and Messenger 1976) Lhal a high rcproduuvc p o m ~ i a l  -- 



is one of the desirable attributes of a *didate biological control agent Once an introduced 
- 

' parasite becomes established. r@roductive potential may play a role in its effectiveness' as a 
- 

- -biological control agent -- - 
This chapter has two stFjectiues. (1) To quantify geographic variation in life history traits 

of pea aphid, parasites and compare the degree and pattern of variation among populations of 

the introduced species with that among populations of the native species. I will use 
/ 

dim-minant function analysis and generalized distance analysis to compare on a multivariate 

basis. the divergence levels between populations 'of the introduced and the native species. (2) 

To interspecifically compare parasite performance criteria-==and host utilization patterns to 

determin; if the decline of A. srnithi and the relative abundance of pea aphid parasites in 

the field could be attributed to r&roductive characteristics. To this end, several performace 
- - 

criteria derived from the egg distribution ldata will be used to draw conclusions regard& 

interspecific differences in reproductive potential, host utiliqtion, searchin efficiency and -2 
oviposition rates. I will compare these criteria on a univariate and a multivariate basis. 



3.2 Materials methods . 

3.21 Experiments 

A cola@- of parasites ,was established using third-instllr pea aphids as described in Chapter I1 

to obtain a cohoh of parasite females for use in the 'fecundity experiments Upon emergence. 

an unbiased sample of 0-24h old adult parasites was collected from the co<or~ It was 
- 

ensured that all females intended for use in the experiments were mated. After mating, the 

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

dish lid until needed. 

Reproductive attsibutes 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 fecuhdity and oviposition rate of A. srnithi are not measurably influenced by host density 

- (Mackauer 1983). Experiments were performed . in smallj plastic cages (15.5 cm diameter x 4.0 - * I 

r ' 

cm high) which enclose the apical portion of a young broad bean shodt as described in 

Chapter 11. All experiments were conducted at 23.521 OC inside the cage (20.5 OC ambient), 
-4 

55-6mK .R.H., and a 16h L: 8h D photoperiod in a " ~ o n v i r o n ~ o n u o l l e d  environment 

ch=r. A mhon  of forty 2-3 day old aphids. obtained from a synchronous colony (Chapter 

11). was introduced into each cage with the help of a moist camel hair brush on the dayL 

preceding the' introduction of parasites., This enabled the aphids LO settle freely on bean 
* 3  

shoots..-Ma~ed female parasites were inuoduced InLo replicate cagcs and were no1 provided 

with any supplementary food but had free access to aphid honeydeG and plant sckxionh. The 

aphids were exposed to parasites for a period of 24h, after which the parasites wcrc 

transferred to new, idenfical ca@& This was continued unljl-all parasite females in thc 
, -- 

esperimental cohort died. The exposed aphids were allowed LO develop lor a I'urthcr 72h. This 



enabled 'the parasite progeny to develop to late embryonic stage or first larval instar and 

ensured easy recognition 

subsequently dissected. For 

per day dwas estimated by 

aphids under a dissecting 

(age of peak reproduction; 

within the aphids, which were preserved in 7Wo alcohol and 

each individual parasitwfemale, number of eggs laid per aphid and 

dissecting an unbiased sample of 20 aphids from the original 40 

microscope. Parasites that did not survive a minimum of 4 days 

Mackauer 1983), or those that escaped or were injured during the 
i 

experimenL were not included in the analysis (see Appendix I1 for details). 

Because of the optimal conditions 

performed. it is likely that parasites had a 
2' 

L 

under which -the fecundity experiments were 

longevity (and therefore reproductive potential) thit  

is greater than what is generally realized in the field (Gilbert and Gutierrez 1973, Mackauer 
I # 

1983). Some adjustment should thus be made to obtain a more realistic estimate of a 

parasite's reproductive potential. . F o r  this purpose, in addition to lifetime fecundity and . 

longevity, another c d r i o n  was used to cornpae the reproductive potential of various' parasite 

species and populations i.e.. period of intensive egg laying (PIEL). PIEL was defined by 
d 

Mackauer (1983) as the time from day one of adult life (which i? the age of first 

reproduction in aphidiids) to that day in each parasite's life when oviposition showed a 

yrparked decline and one -half or more of the available aphids ,escaped parasitism. A number 

1% 
of PlH. eria that indicate general parasite performance and host utilization 

paucmr were also derived from the fecundity dara for each individual parasite (after Mackauer 

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



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. 

Code name . ' 
4 

Description 

1. PIELL 
2. PIELFEC 
3. FOUR 
4, PFOUR 
5. NAPHIDS 

PAPHIDS 
7, EGGS 
8. NESCAPE 

- 9. PESCAPE 
10. SUPER 
1 1 .  WASTE 
12. PWASTE 
1 3 .  MEANEGGS 
1 4 .  MEANDAY 

,-:- 
Length of period of intensive- egg laying 
Total fee-ity during PIEL 
~umber,df eggs laid in the 1st four days 
Proportion of eggs laid in the 1st four days 
~umbe? of aphids parasitiked 
Proportion of aphids para'sitized 
Number of aphids parasitized per egg laid 
Number of aphids escaping parasitism 
Proportion of aphids escqping parasitism 
Proportion of aphids supeyparasit.ized 
Number of eggs lost due to superparasitism 
Proportion of eggs lost due,to superparasitism 
Mean number of eggs laid pet aphid 
Mean number of eggs laid per day 



Each of these variables was initially analysed by one-way analysis of variance (ANOVA) 

I and Student-Newman-KeuI's (SNK) test to ascertain if any 
h 

discernible inter- and intraspe@fic 

trends were evident in the 'data. I used the multivariate procedure, multiple discriminant 

analysis (MDA), which includes discriminant function analysis and generalized distance analysis, 

to determine the the divergence levels getween populations as well _as to compare the various 
c 

species. Detailed accounts of, and &thematical basis for, discriminant analysis can be found in 

Blackith and Reyment (1971). Cacoullos (1973). Cooley and @hn& (1962). Klecka (1981), 

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

ANOVA - and MDA wereqerformed using SPSS (and SPSSx) su%programs ONEWAY 

and DISCRIMINANT (Nie et af. 1975, SPSS Inc. '1383) and BMDP subprogram 3D (Dixon 

-L981).- analyses were done using either SPSS, SPSSx, BMDP or computer programs 

written In FORTRAN. All analyses were run on Simon Fraser University's IBM 3033 

computer system. Unless otherwise stated. statistical significance was assessed at a probability , 

level. ~f 5%. 



3.3 Results 

63 

3.31 Fecundity and longevity . 

Intwpecihc comparisons: The fecundity of pea aphidz considerably among 

ns of a species (Table 11, Appendix 11). Average fecundity of A. erwi females at 

Kamloops and Sussex was estfdnated as 361.8. 283.7 and 582.8 eggslfemale 
I 

respectively. The lifetime fecundity of the Chilliwack and Kamloops opulations did not differ d 
significantly from each other. Fecundities of these two populations were, however, significantly 

different from that of the Sussex' population. Females of A. srnlthi at Chilliwack had an 

average fecundity of 666.9 eggs/fernale, whereas fecundity for the Kamloops population was 

estimated as 734.8 eggs/female. Difference in fecundity between the two A.  srnlthr populhtions 

was not significant Among P. peqdonrm populations. the Chilliwack females had the highest 

average fecundity (635.0 eggs/female) followed by Kamloops (520.0) and Sussex (440.0). Mean ' 

fecundity of the Karnloops population was not significantly different froin that of either 
L 

- 7 

Chilliwack or Sussex population. Chilliwack and Sussex populations of .this species, however. . 

differed significantly from each other. 

In surnmaq. the fecundity of populations of a given species at Chilliwack and Kamloops 

did not differ from each other. Populations at both these areas. however, diffcrcd from the 

Sussex population. No discernible regional vends were apparent in mean total fecundit) ol' the 

populations. That is, populations of -all species originating in a region did nor cons~slen~ly 

displa). a higher or a lower fecundity reIative to populations in other rcpons. 
- 

Mcan longcvi~!, of females also varied between populations (Table I l l ) ,  although thc 
i 

differences were significan~ on]! among the P. p~puodomrn populations. hican iongevi~) of A.  



TABLE 11: Intr'aspecific comparison of mean lifetime fecundity -- 

teggs/female) among pea aphid parasite populations. 

Species ,. n Mean SEM F-Ratio P 

-. 
Significance of differences between populations within a 
species tested by one-way ANOVA and Student-Newman-Keuls 
test. Means followed by the same letter qre not 
significantly different from each other at a probability 
leAvel of 5%. 
n = sample size: number of females tested. [r 1 



TABLE 111: Intraspecific comparison pf  mean longevity 

(in days) of females among pea aphid parasite populations. 

Species Mean SEM 

A .  smithi (Kam) 

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 Table 11. 

* 



- 
- 

ervi females was 7.4 days at Chiniwack, 9.4 days at Kamloops and 10.3 days at Sussex. 

- Females of A. smithi a t  Chilliwack had a mean longevity of 12.8 days, whereas those at 

Kamloqx lived for 12.7 days. Among P. pequadwwn, the Chilliwack popylation had a 
$ 

longevity of 16.5 days. the Kamloops population 14.6 days, and the Sussex population 11.4 
9 , . 

days, The Kamloops and billiwack populations did not differ significantly from each other, 
< 

while' they differed from the Sussex population. 
d 

Interspecific comparisons: Comparisons among spegies at each study site showed significant 

difJ6rences in mean total fecundity (Table IV). At Kamloops, the mean lifetime . fecundity 

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

A. ervi. The mean fecundities of- A. p i s i v m  and P. pequdwum were 457.8 and 520.0 . 

eggs/fernale, respectively. At  Chilliwack, the mean fecundity of A. ervi, A.  snithi, and P, 

p e q d ~ ~ m  was 361.8, 666.9, and 635.0 eggsifemale, respectively. At Sussex, the mean 

- fecundity of A. ervi females was 582.8 eggs, and it differed si@ficantly from that of P. 

p e q d w w n  'females with 440.0 eggs. 
.. . 

In summary. A .  smthi had the highest mean total fecundity among all parasites tested. 

at both Chilliwack and Kamloops. A .  ervi had the lowest fecundity at Chilliwack a n d - .  

Kamloops, but its fecundity at Sussex was higher than that of P. pequadwum. 

In~erspecific variation in .longevity among the pea aphid parasites was also significant in 
. .  

all three localities (Table V). A t  Karnloops, P. pequadwurn females had the longest lifespan of 

13.6 dajs. Thq were followed by A. srrufhi (12.7 days), A. pisivmrrs (113 days) and A- ervr 

(9.4 dals). P. pequodonun females also had the longest lifespan (16.5 days) at Chilliwack. 

T h e  were followed b> A.  smirhi (12.8 days) and A. ervi (7.4 days). Although Lhe Sussex 

wpulatlon of P. pequcdwum had a longer lifespan (11-4 days), i t  did not differ significantly 



TABLE IV: Comparison of mean lifetime fecundity (eggs/f-emale) - 
among pea aphid parasites from three regions in North America. - 

LOCAL1 TY Mean SEM . F-Ratio . P 

Species . . (DF) 

RAMLOOPS 

A .  ervi 283.7 a 27.8 .16.073 <O. 000 1 

A .  smithi 734.8 80.3 (3,401 

457.7 A,. pisivorus 53.8 . 
C P . pequodo r urn 520.0 24.6 

CHILLI WACK 

A. ervi 361.8 a 30.3 15.530 <0.0001 

666.9 A. smithi '31.1 . (2., 27) 
- .  

P. pequodorum 635.0 4 9 . 2 .  
6 

58'2.8 a 53.8 0 .0370 A .  ervi 4 . 9 5 4  

4 4 0 .  o . ~  32.3 P . pequodorum, (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 level of 5 % ~  
Sample sizes as in Table 1 1 .  



f 

-7 - z  

TABLE V: Comparison of mean longevity (in days) of females 

among pea aphid parasites from Oree regions in ~'orth America. 
h 

3 
P LOCAL1 TY Mean SEM F-Rat io - 

Species 

KAMLOOPS 

A.. ervi 

A. smithi 

A .  pisivorus 

P. pequodorum 

CHILLIWACK 

A. ervi 7.4a - 0.6 

A, .  smithi 1 2 . 8 ~  0.8 

P. pequodorum 16.5 '  
4 

0.8 

SUSSEX 
A. ervi 10.3~ 1 .O  0.744 0.3980 

P. pequodorum ' I  1 .4a 0.8 ' (1,211 

Significance of differences between species within-a region 
tested by one way ANOVA and Student-Newman-Keuls test. 
Means fo'llowed by the same letter are 'not significantly 
different from each other at a probability leOel of 5%. 
Sample sizes as iii Table 11. 

* 



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

Correlation between fecundity and longevity was significant for six of the nine species , . 

and populations tested. h e  exceptions were A. smithi at Chilliwack. and P. pequddwwn at 

Chilliwack aqd at Kamlwps. 

3.32 Period' of intensive 

In general. the PIEL attributes (Table I)  had small standard errors. Although mosl k 
attributes for'the v+rious species and populations had non-signi 

kurtosis, all proportions were transformed to arcsine x, where 

Intraspecific comparisons: Intraspecific comparisons were made by one-way ANOVA and SNK 

test for several PIEL performance criteria derived from the fecundity data. In general, 'the 

PIEL amibutes were similar to those observed for lifetime fecundity. The two A. idZ 
smithi populations did not differ frgm each other in 9 of the 14 (64.3%) variables tested 

(Table VI). Values of the variables number of aphids parasitized per egg laid, proportion _of 
B 

aphids superparasitized, proportioh of -eggs lost due to superpar~sitisrn. mean number of eggs , 

laid per day and per aphid were significantly different between thew !wo pbpulations. The 

three A. ervi populations differed from one another in all but two performance criteria, - 
namely proportion of eggs laid in the lirst f ~ u r  days and number of aphids escaping 

9 
parasitism ' (Table VII). The Chilliwack and Kamloops populations did not differ from ' each t 

other in 7 of the 12 (58.3%) significantly different variables. These variables were length of 

PiEL, PIEL fecundity, number of hosts parasitized per egg laid, proprtion of aphids 

superparasitized. number and proportion of eggs lost due to superparasilism, and mean number 
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of eggs laid per aphid. Differences in 7 of 

for the three P. p e q d ~ r t u n  populations- were 
. - - - -  -+:* -, 

differ in numkr of eggs laid ,in ~ r f i f i r s t  four days, pmruon of aphids parasitized. numkr  

the 14 (50.m) PIEL perfo&ce criteria tested. 

s@E&mt /Table VIII). The populations did not 
- - 

and propordon of aphids escaping parasitism, number of eggs- lost due to superparasitih, and 

mean number of eggs laid per day and per aphid The Chilliwack and Kamloops populations 

did not differ from each other in 2 of the 7 significantly different variables (28.6%). namely. 

length of PlEL and number of aphids parasitized. 
. \ 

\ 

Interspecific comparisons: Differences in most 'PIEL performance criteria were significant among 
p 

the species 'in all three study are.asGA! Chilliwack, A. ervi, A. srnithi and P. pequodmm did 
B 

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

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

criteria. relative to other species. These were number of aphids escaping parasitism.. and mean 

number of eggs laid per aphid. They did not, however, differ significantly' from A. srnithi 

females in both these variables. P. peguodanun femdiles were superior in number of aphids 

parasitized (did not differ from A. smithi), number of aphids parasitized per egg laid, length 
--- 

. of PIEL, number of eggs lost due to superparasitism (did not differ from A. ervi), and 
6' 

proportion of eggs lost due to superparasitism In the remaining performance characteristics. A. - .  
smithi females were generally superior. 

The trend at Kamloops was similar to 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 superparasi~ism (did not differ fiom P. pequodotum or A. pisivm). P. 

pequcdwum females were better as judged by the number of aphids parasitized (did not differ 

from A. smirhi), number of aphids parasitized per egg laid (did not differ from A. e m  or 
-1 
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\ 
A. pmvorus), len$th of PIEL, and proponion of aphids superparasitized (did not differ from 

efficiebt at utilizing b e  
1 

A. srnithi performed better as measured by the remaining criteria 

between A. smithi and A. ervi, the former species appears to 

experimental conditions. Females of - A .  ervi were, however,. more 

available hosts as indicated by the variable number of aphids 

parasitized per egg laid, at both Chilliwack and Kamlopps. A. ervi and P. pequodorurn at 

Sussex did not differ frob each other in the length of PIEL and in the number "of aphids 
'\ 

parasitized (Table XI). In ',most of the host utilization criteria, P. pequodorum [emales were 

superior, while A.  ervi fe les were generally i 
potential and oviposition rate. \ 

Q \ I t  is worth noting, howe er, that some 
\ 

PIEL fecundity and with' h e  ler;$th of PIEL 

superior in variables that 

PIEL performance criteria 

Moreover, PIEL fecundity 

indicate reproductive 

were correlated with . 

and length of PIEL 

were also positively correlated wi each other in all species and populau'ons, except- in the . 
case of P. pequadorum at Number of eggs laid in- the first four days of 

reproduction and number of were both positively correlated with PIEL 
-- 

fecundity. ~ r o ~ o r b o n  of eggs days was negatively correlated with PIEL 

\t fecundit! except in the case of P. peg o d m m  populations at Karnloops and Chilliwack. The 

number: but not the proponion. of eggs host due to superparasitism was correlated with PIEL 
\ 

fecundll) In all species and populationf ECieiations for the remaining variables were 

inconsislent acroa species and populations. \$ 

Number of aphids parasiuxd and number of eggs losl due lo sttperparasitism were 
\ 

ol rcproducuon uas negau~el! correla~ed. Again, c rreiations for olher variables were nor con* '9 
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sistent across species and populations to suggest. any meaningful patterns.. The lack ,of ' a  

correlation between PIEL fecund& cu length of PIEL and most performance criteria suggests 

that each species has a unique oviposition pattern. oviposition rate and host utilization 

? efficiency that is independent of fecundity and longevity. 

33;1 ,Multi~le discriminant paivsis of PEL pttributes 

Some Rends were apparent in the univariate analysis of PIEL attributes. For example, mean ' 

values of many variables for Chilliwack and Karnloops populations were not significantly 

different from each other. In order to understand how the various species and populations are 

related to one another when all the variables afe cohsidered simultaneously and visually 

represent /the spatial relationship among them, eight non-redundant variables from the original 

14 PIEL atuibutes were included in a stepwise discriminant analysis: PIELL, , PIELFEC, 

PFOUR. PAPHIDS. EGGS. SUPER. MEANEGGS, and MEANBAY.> The minimum tolerance 

level for the exclusion of a variable from 'the analysis was set at 0.001%, assessed on the 

maxihum Mahalanobis distance between the groups. 
1 

The analysis was done in two parts. The first part included all species and popul&ons 
3 

of pea aphld parasites with the exception of A. p ~ v o ~  for which only one population was 

available. The second part of the analysis was camed oul separa~el! n populations of A. P 
rmrfhi. A .  ervr and P. pgudmrn io q,uanuf! geographic variation. 



3.331 DiscrirNmt analysis of @l groups excluding A. pisivorus 

&en of the eight variables included in the analysis made a significant contribution to 

disaimination. The variable mean numder of eggs laid per day was. not included in the 

anafysrs- as it did not meet the minimiun tolerance requirements It is clear from the 

scatterplot of individuals projected onto the first and second discriminant functions (Figure 2) 

that all populations of any given species were plotted close to one another, albeit with some 

' . overlap. This indi&es that the variables. used in the analysis were species-specific and 
9 

contained sufficient information to enable discrimination both among species and among 

populations of a species. The percent of correctly classified cases for each group is shown in 

the ~Iassification table (Table XIf). On average, 72.6% of the individuals in each group were 

correctly classified. An examination of the misclassified  individuals indicated that. in general. 

the values of some of their. variable5 were closer to the mean of the group into which they 

were classified than to the mean of their true group. 

Five discriminant, functions that had a significant chi-square associated 

lambda were used in. the analysis. .The first function accounted for 63.7% 

with Wilk's 

of the total 

among-group variation The second through fifth function< explaCned 19.4. 8.6,. 4.0, and 3.1% . 

of among-group variation, respectively, with 98.8% of the total vaeauon accounted for. 

The standardized discriminant function coefficients, which indicate the relative conuibuuon 

of each vanable to discriminantion, are shown ii Table XIII. Considered over thc five 

functions, the variables, MEANEGGS, PIELFEC. SUPER, PIELL and EGGS contribuscd thc 
L 

most LO discrimination in t h a ~  order. While h e  other two variables i.e.. PAPHIIIS and 

PFOL'R, also contributed to overall dimm~nallon,  t h e  were rclativei> less ~rnporunl. The 





C 

 able XIII: Standardized discrilhinant 'function C-oefficients 
I 

for PIEL attributes included in discriminant analysis of 

populations of A. e r v i  , A.  smi t hi and P. p e q u o d o r u m .  

See Table I •’0; details of variable names. - 
, 

Dl SCRIM1 NANT FUNCTION' 

Variable 

, 

PIELFEC -0.95083 1.30241 1.06276 -2.89975 -0.59399- 

PI ELL . 0.86904 - 1 . 19822 -0.52980 2.37346 

PFOUR 

% 

PAPHIDS 0.56765 0.02735 -0.85133 

EGGS 

- SUPER 2.23733 1 .07085 

MEANEGGS -0.95622 -1.53763 



FIGURE 2: Scatterplot of _ populations of A. ervi. A. smithi and P. peqtrodc#um projected 

onto &scriminant axes 1 .and 2 from discriminant analysis of P E L  attributes. The ellipses 

enclose the 95% confidence limits around the group centroids, which are represented by 

asterisks. The numbers beside the asterisks refer to the species and populatiobs listed .below in 
C 

tha~ order. CI : A. muthi (Karnloog;). a : A .  m t h i  ( i l l i k ) ,  0 : A .  ervi (Kamloops). . : A .  

emf (Chilliwack). W : A .  ervt (Sussex). A :P. ~ q d m  (Kamloops), C, :P. p e Q u c d m  3 

(Chilli wack), + : P. pequaicrum (Sussex). 





in variables related to reproductive potential and host utilization and to a lesser degree in 

aspects of oviposition rate. 
1 / . 

3.332 DiscrimiMnt analysis of populations of each species 

In this part of the analysis. A. srnithi, A, ervi and P. p e q u o d m  poPulations were compared . 

among themselves. Differences between populations from the various localities were accentuated 

wiihout cross-species now. The average percentage of correctly classified cases was 1Wo for 

the two A. srnirhi populations. 90.Wo for the three A. ervi populations, and 90.6% for the 

three P. pequodorum populations. In the case of A. ervi populations, three individuals were 

misclassified into the Chilliwack population A total of three P. pequodcmtn individuals were 

misclassified. Two individuals from Chilliwack and one from sussex were classified into the 

Kamloops population. 

Scatterplots of various populations of each of the three s p h  are shown in Figures 3. 

4 and 5. The first .and second discriminant functions explained 79.74 and 20.3% of the total . * 

variation. respectively, for A.  ervi, and 81.3% and 18.71. respectively, for P. pequadomm 

populations. Standardized discriminant function coefficients for this part of the analysis are' 

given in Tables XIV, XV and XVI. The number of variables included in the analysis was 6 

for A.  smitht. 7 for A .  ervi and 4 for P. pequodmrn populations. 

A mauir of b values (square root of Mahalanobis D? statistic) (Mahalanobis 1936). 

obtalned froin comparisons between all possible pairs is shown in Table XVII. The phenotypic 

distance beween a pair is diredy proporuonal to the magnitude of the Mahalanobis distance. , P 
I 

J 

.A11 D values shown in the m a m  were s i ~ i c a m  (P 4.Q1 or 0.05). The matrix indicated 

thar thc phenoiypic distances between populations of A. smrthi and A. erw were greater than 

those berwccn concsponding populahons of P. pequodwurn The mauls also indicated that h e  



Table XIV: Standardized discriminant function 

coeff icie,nts for PJEL attributes included in 

discriminant analysis of populations of A. s m i r  h i .  

See Table I for details of variable names. 

DI SCRI MI NANT FUNCTION 

Variable 

PIELFEC 3.78670 

- 

PFOUR 

PAPHIDS 

EGGS 

SUPER 



?. 

Table XV: Standardized discriminant function'coefficients 
' 

- 
for P I E L  attributes included in discriminant9 analysis of 

populations of A. c r v i  . See Table I for details of 
variable names. - -- 

DISCRIMINANT FUNCTION 

PI'ELFEC 
, 

PAPHIDS 

SUPER 



Table A1 : Standardized discriminant function coef fk-c ients  
p. 

- - 1 - 
for PIEL attributes included in discriminant analysis QP - 

populations of P. pequodorum. See Table I for details 

of variable names. 

'i " 
DISCRIMINANT FUNCTION . . 

variable 

. 
EGGS 

SUPER 
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FIGURE 3. Scatterplot of populations of A. srnlthi projected onto discriminant axis 1 from 

discriminant analysis of PIEL amibutes. The arrows indicate group centroids. Each individual 

parasite is represented by four symbols for both populations. : A .  smithl (Kamloops), a : A .  

smitffi (Chilliwack). 
5 





FIGURE 4. Scatterplot of populations of A. ervi projected onto discriminant axes 1 and 2 

from discriminant analysis of. PEL attributes. The ellipses enclose the 95% confidence limits 

'I around the group centroids, which are represeated by asterisks. The numbers beside the 

asterisks refer to the populations listed below in that order. 0 : A .  ervr (Karnloops). 0 :A. ervr . 





FIGURE 5. Scatterplot of populations of P. pequadonrm projected onto discriminant axes 1 

and 2 from disaiminant analysis of PIEL attributes. The ellipses enclose the 95% confidence 

limits around the group cenrroids, which are represented by asterisks. The numbers beside the 

asterisks refer to the populations listed below in that order., 0 :P. pequodwum (Kamloops). o 

: P. pequodwwn (Chilliwack), A : P. pequodwurn (Sussex). 





3 

1 

generalized distanre between ~populauons of A. ervi and P. pequod&m oripinaring in 

' Chilliwack and Karnlmps is smaller than that obtained by comparing either of the above two 

' populations with Sussex populations, as indi ted ,by univariate analysis. 

. 6 
334 table analysis 

1 

Based on the daily fecundity and survival schedules measured in the laboratory. mx 

(agespecific fecundity) and l x  (age-specific survival probability) values..were calculated for each 
?- 3 

parasite species and population, The intrinsic rate df increase (rm, in females/female/day) was 
? 

calculated by iteratjvely solving h e  htka-Euler equation (Andrewanha and Birch 1954): 

. . 
Gross reproductive rate (GRR ={m~ ' i n  females/fernale~eneration). net reproductive rate ( R ,  = 

. '  , 

r .  . tiunr. in fernales/fehale/generation). finite rat; of natural increase ( > = , in 

females/female/day). the generation. time (T=ln R,/r .  - in  days) and doubling time (DT= In 2/r ,  ' 

Z 

in days), were also' calculated. A sex ratio of 1:1 ma1es:females was assumed for all 

calculations, although the field sex ratio of aphidiids is slightly female biased . (Cohen 1985. 
8 ' 

Karnbhampati unpubi.. Mackauer ' 1976). Pa. :site larval and pupal mortality was assumed to be 

zero. The age to' first reproduction was based on h developmental time esumated at 23.6 "C 

(Chapter IV), which closely approxirnatcd h e  tempcraturc inside the cage in fecund~~y 

experiments. . 
Life uble statistics do not have. an error term associated wlth them bccausc t h e  arc 

population parameters rather than measurements of individual parasites. Thcrclore difkrcncc5 in 

life uble slatisria of varioub spccics of popuktions canno1 be s u u ~ ~ ~ c a l l ~  cxamined b), 



mdinary techniques. To ovemme this prohlem, jack-knife, a m&mmUm , . technique ' which 
- 2  

allows a reduction. in bias 'of an esiimate of the population value of a sta$stic. war-ytilized 
1 

. I  

(Lenski and Service 1982. Meyer et uf. 1986. Sokal and Rohlf 1981, p. 795). % iL4 

The intrinsic rate of increase varied considerably both within and between species. Life 
- I .  

i 

table statistics and lx  and rnx curves for species and populations of pea aphid parasites are 

shown in Table XVIII and Figures 6 thiough 9, respectively. Intrinsic rate of increase for the 

Knsmloops, Chilliwack and Sussex, populations of A. ervi was estimated as 0.371, 0.384, and 

0.416 fernales/female/day, respectively. Populations of A.  srni~hi at Kamloops and at Chilliwack 

had an rm value of 0.454 and 0.486. .-respectively. The- Chilliwacb population of P. 
1 

.pequodwrn had the largest value at 0.336, followed by Karnloops (0.321). and Sussex (0.306). 

The value of rm f ~ r  A. p m i v m  from Kamloops was estimated as 0.383. Similar differences 

9' 
were also apparent " in -the finite 'rate of increase and in doubling time. 

Significant differences in Iife rable statistics were also apparent among species attacking . 
the pea aphid in each' of the three , b d y  sites. However. the values did not ,reflect the 

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

had h e  largest value for inuinsic . rate Of increase and was generally' superior in other life 

uble statistics. At Kamloops, ,A. smlfhl *was followed by A.  p ~ s i v m ,  A .  ervl and P. 
- 3 

pequodwum. A 1  Chilliwack, 11 was followed b) A. ervr and P. pequodorum. At Sussex, P. 

-pequodwrn had a lower rate of populauon growth than A .  ervr. Despite h e  relatively high 

ft.cundi~h of P. pequodmm. especiall> at Chilliwack, rm value for this species was - low 
* 

because of 2 longer developmenral- time compared with .o&er species- 

' L  ---- 
Jack-kniled . e s ~ i m n ~ o  of rm values along wi l t i  their .standard errors and 95% confidence 

lirn~~s are shown in Tablc S I X .  The jack-knifed valucg differed from Ihc original ,values and 
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FIGURE 6: Agespecific survival (a) and agespecifrc fecundity (b) of populations, of A. mi 

estimated at 23.5 t I OC. 5 5 6 0 %  RH.. 16h L: 8hz D photoperiod and a host density of 40 - 

- aphids per day per female. A zero larval and pupal mortality and 1:l ma1e:fernale sex ratio 

was assumed. 
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F~GURE 7: Agffptfific survival (a) and agespecific fecundity (b) of populations of A. 

smithi estimated a t  23.5 2 1 V, 5540% RH.. 16h L: 8h D photoperiod and a host P1 - 4 
density of 40 aphids per day per female. A zero larval and pupal mortality and 1:l 

C ma1e:female sex ratio was assumed . - 





4 FIGURE 8: Agespecific su al (a)' and age-splecific *fecundity (b) of A. p i s i v m  estimated 

at 23.5 2 1 "CC, 5 5 6 0 %  ILH., 16h L: 8h D photoperiod and a host density cf 4.0 aphids 

per day per female. A zero larval and pupal mortality and 1:l rna1e:female sex ratio was 

assumed 
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FIGURE 9: Agespecific survival (a) and agespecific fecundity (b) of populations of P. 

pequodwum estimated at 23.5 +, 1 O C. 5 5 6 0 %  R.H., 16h L: 8h D photoperiod and a host 

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

\ ma1e:female sex ratio was assumed 





were often smaller.. 

remained unchanged. 

limits indicated that 

The general trend among the various species and populations, however. 

The Fact that none of the values overlapped in their 95% confidence 

the differences in rm values were statistically significant. 

Lewontip (1965) proposed a model whereby changes in the values of the inbinsic rate 

of increase ' can be quantified as a function of changes in life histoly traits such as 

developmental time (age to first reproduction), fecundity, etc. Using his conceptual framework. 

one could pose the question: ,how much of an adjustment in developmenla1 time or fecundity 

of other species of parasites is required to match the greater rrn value of A. smlthl? 11 can 

be "shown, for example, that a reduction of about 1.5 days in developmental time of pea 

aphid parasites has the same effect on rm values as doubling 'fheir fecundity. For the 

Chilliwack population of A .  ervi, a reduction in developmental time of two days y~elded an 
I 

rm value of 0.456, whereas doubling the fecundity yielded 0.439. A reduction of almost three" 

days in developmental time of A.  ervi is required to match the rm value of A. smrthi 

(0.486). Similarly, for the Kamloops population of A.  ervi. a reduction of two days in 

developmental time .resulted in. an rm value of 0.44&--.while doubling the fecundity yielded 
-33 

0.427. To match the ' rm value of A.  smithi (0.454). , a reduction in developmen~al time of 

about 2.5 days of A.  ervi at Kamloops is required. A two day reduction in developmental 

time for A .  p i s i v m  on the other hand, resulted in an rm value of 0.453, which i \  a 

,= 

comparable to that of A. smrthi. A doubling of fecundity of A.  p~srvom yielded an rm 

value of 0.437. In the case of P. pequodorum populations: eirher a reduction h developmenial 

time of three days or a doubling of fecundity did no1 raise their rm to a value grcatcr than 

that of A. smithi. A reduction of four days or more in the *dcveloprnental time IS requlrcd 

to yield a rm value of 0.45 or greater for P. pequodorum populauons. 



A factor perhaps more important in the. field than magnitude- of the rm value itself, is 

the' rate at which this value is realized, i.e., how does the value change as a function of 

female age. Due to an uncertain enviromnment in the field, the lifespan of the parasites is 

limited and therefore, the rate rather than the magnitude becomes important Each age class 
4 

of a life table cohort which has a positive age-specific fechdity makes a contribution t c ~  that 
, 

cohort's growth rate. The ultimate value of intrinsic rate of increase is, then, the sum of all 

agespecific contributions to rm (King 1982). It can be examined by progressively summing 

the proportionate age-spqcific contribution from day one of reproductive life to deathi and 

plotting the rm value as it is realized each day after the initiation of parturition by parasites. , 
B 

This relationship is shown for the various species and populations of pea aphid parasites in 
' 

Figures 10 through 13. Differences in h e  rate at which various species realize their lifetime 
- 

rrn values were not as striking as those in the total rm values. A. smithi at Chilliwack and 

~ i m l o o ~ s  .realized 96.1% and 95.6% qf their total rm, respectively, in the first four days of 

adult life. During the m e  period. A. ervi populations at Chilliwack. Kamloops and Sussex 

relaized' 95.840. 92.746. and 96.7% of their lifetime rm, respectively. Populations -of P. 

I p e ~ u d w u m  from the three regions realized 94.5%. 95.6% and 94.8% of lifetime rmL value. 

respectively. 

3 s  Analysis .L?f freuucncv distribution o_l e m  

Statistical analysis of frequency disuibutions of eggs is generally 'used as an indicator of host 

discrimination ability of a parasite female. P parasite female that distributes her eggs among 
L 

available hosts in a non-random fashion can considered to be exercising some- degree of host 

discrimination sbilh!.. This is applicable in particular lo solitary parasites. in which only one . > 

cpg dcvelops to marurit! and all supernumerary eggs arc. in efkck inviable. In other words. 

Y 



FIGURE 10: Relationship between pivotal age and percent of total inmnsic rate of increase 

realized by the three populations of A. ervi. See text for details. 
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FIGURE 11: . Relationship between pivotal age and percent of total intrinsic rate of increase 

realized by the two populations of A. smithi. See text for details. 

t 
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FIGURE 12: Relationship between pivotal age and percent of total intrinsic rate of increase 

realized by females of A. p i s i v m  See text for details. 
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4 

the female must be able to discriminate between parasitized and unparasitized 

to minimize the loss of eggs resulting from oviposition in hosts already 

. presence of a number of conspedfk competitors inside the aphid may also 

hosts. in order 

parasitized The 

have deleterious 

effects on the fitness . attributes of the one parasite that e v e n m y  emerges. While some 
-- 

parasites show virtually CGmplete host discrimination e.g.. Aphelinus semijIavus (Mackauer 1982), 

this process tends to fail in many others over a range of parasite:host ratios leading to 

superparasitism or multiple parasitism (van Alphen and Nell 1982. Bakker et al. 1967, Cloutier 

d 
1984. Mackauer 1983). 

Quantification of host discrimination using some form of goodness of fit test (e-g.. 

Bakker cr d. 1967. 1972. Cloutier et /. 1984; Liu and Morton 1986. Rogers 1972. 1975) is 

inadequate for two reasons. Laboratory studies are not always suitable for predicting parasite 

behawor under natural conditions except in a general way (Mackauer and van den Bosch 

1973): The second problem arises from an attempt to fit an observed frequency distribution to 
/ 

a theoretical distribution that is dependent on the validity of a set of statistical assumptions 

(Iwao and Runo 1971. Patil ad Stitder 1974. r 1984). These problems were discussed in 

' more detail by Kambhampati er d. (1987). 

To overcome or avoid these problems in 

among species and populations.. .a computer-aided 
- - 

- assumpons was developed lo quantify agespecific 

The -y is derived 'from, and is 

comparing frequency distributions of eggs 

k h m d  that is not dependent on statistical 
- - 

patterns of egg laying by parasite females. , 

similar to. pattern analysis as applied to 

digitized images of tell nuclei (hrtels et al. 1972. Nair et d. 1980, ~ a n a r  and Nair 1975. 

Panno and Nair 1984. Sprenger er a(. 1973. Vidal et a/. 1973). 



I 

Kambhampati er ai. (1987) used this method to analyse changes in frequency distribution . 

of eggs by A. smithi .remates Bs a function of host density. It was shown that pattern - at 

analysis confirmed and expanded on the results obtained by conventionaf analysis of the same it 

data set by Mackauer (1983). In addition, the analysis also provided more information on 

parasite behavior than -could be obtained by methods based on goodness or fit tests. 

3.351 Methaidogy of p4ttern recognition 

For each parasite female. the number of eggs andlor larvae found in dissected hosts were 
, -  - 

compiled into a rectangular integer array. Yrc. with dimension r; rows and 5 columns (Figure 

14). The number of rows in each array was 20. corresponding to the number of aphids ' 

dissected for each female. The number of columns corresponded to the number of days that 

the parasite survived. @ch el em en^ Y e '  i n  the array represented the number of parasite 9' ' 

eggs/lanae found in a particular aphid from the subsample dissected for a given day. The 
' . \  

elements in each column were arranged in an ascending order beginning with the lowest 

number. The* arrays are in effect visual represenrations of oviposition rates ' for each parasite 

female. with the columns representing parasite age and the corumn totals representing 

agespecific fecundity. 

The procedure for analysing the arrays is as follows. First. each array was divided into 

three distinct domains 1, 2, and 3. by a computer program. based on the iaherent pattern of 

changes in the age specific fecundity of the parasite. That is. domain 1 corresponded to the 

ea r l  days of adult lire when fecundity was high (and increascd). while domain 3 

corresponded ro the final days when fecundit) was low (and declined). T h ~ s  pattern is clearly 

visible in Figure 14. The computer program hen  calculaied an initial boundar) ( I R )  ha[ -  
/ 

diwdcd the array into two, not necessaril] equal sections, S, and S: (Flgurc 15a'). Thc valut 



FIGURE 14: An example of a two-dimensional fecundity array which was constructed for 

each individual female of the nine species and populations of pea aphid parasites for pattern 

analysis. Each digit in the array represents' the number of parasite eggsflarvae found in each 

of the 20 aphids dissected 'Each column represents the fecundity for any given day and the 

number of columns represents the longevity of the female. Note the inherent age-specifrc 

pattern in the array.  See text for further details. 
- - 





FIGURE 15: Diagrammatic representation of the computer algorithm used for assigning each 

of the array elements to one of the three domains 1. 2 and 3. See text for deatails 





of IB was obtahed by multiplying 

variable called domain factor (DF). 

the number of columns in the array with a user-selected 
- - -- 

The value of the domain factor depends on the objective 

of the d y h .  In the present analysis, the criterion used was an equitable size .,distribution 

among the three domains. and by trial and error, a domain factor of 0.3 was chosen. The 

sections S, and S, were each divided into two triangles 6fmqual area, S, into triangles A 

and B with base bl ,  and S2 into 'triangles C and D with base 6,. The height h of all four 

mangles is the same, equalling the number of array rows (Figure 15b). Domain 1 now 

includes mangle A, domain 2 triangles B and C, and domain 3 triangle D. The tangents of 

the angles 0 ,  and for uiangles B and D, r-esgectively, were calculated as 
<-- 

where r+ is the total number of rows in the array and b, is the base of the mangle 

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

4 

The second step in the analysis was to assign all elements Y;j  in each array to one of 

the ~hree  domains' in accordance with a decision boundary. The boundary was obtained by 

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

where n = 1 for all dements in section S1 and n = 2 for all elements in section S,.  

However. because the array consisted ofl integers rather than real coordinates, Equation 
- - 

I 3  was modified to - -  - 

where s h e  new, boundari. r a the expected row according to Equation 121 and r, =" tan  



(c-I,! The calculated value of rJ was converted t o ' p  integer by adding 0.5 and rounding off 
- - - - 

+ to the nearest whole number (Figure 1%). 

I -- 
The algorithm then calculated symmetries Tor  all three domains on a scale from 0 to 

10. For the purposes of this analysis, domain 1 was assigned a maximum symmetry score of , 

. 10 when all the elements within the domain belonged to frequency class 2 or greater. 
I 

Similarly, domains 2 and 3 were assigned a score of 10 when all array elements in these 

+mains belonged to frequency class 1 and 0, respectively. Once 'the sums of the three 
/ 

frequencjl classes had been atcwulated, for each domain, the program calculated three 

symmetry features (SF) according to the .generalized expression 

where N is the domain number from 1 to 3, M is the particular frequency class for domain 

N, s t h e  total number of elements of class M in domain N, and Adthe area or the total 
-. - 

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

means of a global symrneuy feature 

GSF + (SF,)'+(SF,)'+(SF,)' (6)  

In practice, frequency classes of .greater. than 2 can be analysed if the dennilion of 

maximum symmeuy for a particular domain is chanped. Six frequency classes. ranging from 0 

eggs per aphid to 25 eggs per aphid, were defined for each array. in order LO increase Lhe 

resolution of the analysis. Thai is, two frequency classes per domam were defined. Domain 1 
- - 

was defined in Lerms of frequency classes 2 and 15, 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 Icfi LO 



right in aum&nce wig the age - spec i f i cmdi ty  pattern of @e ~~JZS@X (see Figure 14). In 
1 

subscript refers to the domain number and the second subscript to the frequency class 

evaluated. The first globaI symmetry feature, GSF,, refers to the squarkd total symmetry score 

of frequency classes 0. 1, and 2 and the second global symmetry feature, GSF,, to the 

squared syrnmeuy score of frequency classes 3. 4, and 25 as defined in Equation 161. 
? - 43 

In addition. six quantitative features were also extracted, corresponding to the six 

frequency classes definsd above. These were obtained by toqlipg the number of aphids in 

the array with a given number of parasite eggs, i.e., summing all the aphids belonging to 'a 
-- 

particular frequency class. To reduce the bias due to differences in longevity among species 

and populations, the frequencies were converted to percentages aqd bansformed to their 
-4. 

arcsines according to the equation ( ~ n s c o m b ~  1948): 

0 -. - 

FEC = n + 0.500 arcsin (f + 0.375)/(n + 0.750) (7) , 

where x is one of the various frequency classes from 0 to 25, n is the number of aphids 

dissected per day (20). and f, the number of aphids in a given frequency class. For tE'- 

- quan!.italive features. FEC.. FECI. FEC,$FEC,. FEC. and FEC,. the subscd+ refer to the 

six frequency classes of parasite kggs/larvae. -- 

The 14 variables .thus 'exuacted from each array were compared among the species and 

ppulauons by one-way ANOVA and a stepwise discriminant analysis using SRSS (Nit er d. 
- 

1975). The minimum tolerance level for. the exclusion of a variable was ser at 0.001% 
% .  

awssed on the masimum Mahalanobis distance between h e  groups. The matrix of 



BMDP subprogram 3D (Dixon 1981). . j 

As a final step in the analysis, a representative array was selected for each of the 

species and populations This was achieved by another program that compared all the arrays 

in each- group with m w  values of the features that were -provided, and indicated the one 

array that corresponded closest to the mean values. Because none pf the individual arrays are 
- - 

likely to agree with the means of all fourteen variables. the selection prdcedure gave the 

greatest weight to those variables that conuibhted most to among=group dirrimination. 
I 

*, 
3.352 Results 

-* 

The mean and standard deviation for each of the 14 variables extracted from the fecundity 

arrays of pea aphid parasites by pattern analysis are given in Appendix 111. ~ e a n s  of all the 

variables had small standard errors ass6ciated with -them. The values of the distribution 
I 

statistics, skewness and kurtosis were non-significant for a majority of cases. Some variables, 

such as FEC., FEC5, Tind SF,,,. had significant kurtosis values. Despite this. because of the 

robusafless of both ANOVA and MDA, all variables were included in the analysis. . 

3.353 Univariate analysis of image features 

7 

There was considerable variability in the mean value of the various species and populations 

for any given character. One way ANOVA was. carfied o u ~  to determine i f  the variables 

enabled differentiation between populations when ciamined one at a lime. 

The two populations of A. smflhr at Chllliwack and K r t m b p s  did not difkr fwrn each . " 

other in 10 af the 13 characlen (743%) (the variable SF,, had a s y m m u y  u x c  QE Lcm 

for> both populations). The three variablcs the populations differed In were F K , .  F K ,  and 



SF*,,. Trends in lthe frequency distributions of eggs for , - -  these - -  populations were similar to those 
--- -- - 

- 
observed for lifetime fecundity iind PIEL attributes. 

4, 

The -three populations of A. ervi differed in all but two variables, namely FEC, and 
-/ - - 

SF,,,. .The number of variables from SNK test that had homogeneous subsets composed of A. 
rd 

ervi (Chilliwack) and A. ervi (Kamloogs), and. A. ervi (Kamloops) a& A. ervi (Sussex) was 

five each. Two variables had three subsets each. 

Mean values of the 14 features were most consistent for the three P. pequedomm, 
-- 

populations. Consequently, they differed in only 5 of the 14 (35.7%) features. They differed in 

=I. FECI. %. SF,,, and GSF,. In 4 of the 5 significantly different variables, -the 

Chilliwack and the k&mloops populations did not differ from each other but differed from 

the Sussex population. 

- 
- 

3.354 M ultl pie discriminant anaiysis of image features e - 

I? 
As in the case of discriminant analysis of PIEL attributes, A. '$siv- (Kamloops) was not 

included in the analysis to enable an easier interpretation of differences among populations. A 
-- 

scatte~plot of group centroids projected onto first and second di&minant axes is shown in 

Figure 16, I t  is clear-. From the scatterplot that populations of  any given species resemble each 
- 

obcr in variables extracted from the fecundity arrays. However, there was also a certain 

degree of separation between populations of a species. Table XX shows how individuals of 

each population and species were classified by discriminant analysis. On average. 84.5% of &e 
-. 

cases were correctly classified. Of the 14 original variables included in the analysis. 12 made 
--- - 

a significant contribution to group discrimination. while SF,, and SF,,, were excluded Of the 

5 discriminant runctions used in the analysis. (rhc other two functions had a ;;bnzsignificant 

chi-square value assmia~ed with Wilkys lambda), the first function accounted .for 58.2% of ihe 
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R G P E  16: Scatterplot of populations of A. emi. A.  smithi and P. pequadonun projected 

onto discriminant axes 1 and 2 from discriminant 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 nurnbek beside the asterisks refer to the species and 

populamns listed below in that order. : A. smithi (Kamlsops), a : A .  sdrhi (Qilliwack). 

0 : A .  emf (Kamloops), : A. ervi (Chilliwack), . : A .  ervi (Sussex), A :P. pequedwwn 

(Kamloops). 0 :P. pequodwum (Chilliwack), + :P. p e q u a f m  (Sussex). - 





- - 
uxd among-group variation. The remaining four functi~ns exphned L84, 10L &1 and 3,0% 

af among-group variation, respectively, for a total of 979%. 

Standardized discriminant function coefficients for each of 12 variables and five functions 

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

discriminayon followed by FEC,, SF,.,. SF,., and FEC,. L 

- - 
Populations of each species were also analysd among themselves. Average percent of 

correctly classified cases was 94.7% for the two A. smithi populations. 1 W o  for the three A. 

w v r  populauons and 96.9% for the three P. pequcdonrm populations. One individual of A. 

srnlthl from Kamloops was misclassified. In the case of P. pequadwum, one individual from - 
Kamlcmps was grouped with the '~hilliwack population. Number of variables included in the 

analysls was 5 for A. smthl. 9 for A. ervi, and 11 sfor P. pequodwwn populations. 

Scatterplots for populations of each of the species are shown in Figures 17, 18 and 19. and 
" - 

the srandardized discriminant function coefficients in Tables XXII. XXIII. and XXIV. 

C ,  

A matrix of Mahahobis generalized distance derived from pairwise comparisons of 

groups based on the variables from pattern analysis is shown in Table XXV. ' All but 9 of 
A- 

h e  palwise comparisons were significant at a probability level of 5% or =smaller. The general 
/- 

lnuaspccific uend in image features was identical to the one observed for the ~ E L  attributes. 

The values for palrw~sc comparisons between populations of A.  smithi and A.  ervi were 

greater than between the corresponding populations of P. pequodwum. In addition, the 
. - 

Chil l~wack and Karnloops populations resembled each other more than either resembled the 



' I 

< '  

Table =I: Standardized discriminant function coefficients -- 
for image features extracted from fecundity arrays and 

included in MDA involving all pea aphid parasites except 

A. pisi v o r u s ,  See text f o r  details of variable names. 

DISCRIMINANT FUNCTION 

- variable 

FECo -0.45767 

FEC 1 -0.01 155 

PEC p -0.91204 

FEC 0,J 0252 

FEC 1 .04320 

FEC 5 0 .49015  

SF2 1 4  -0.56448 

S F 3 t o  -0.06491 
GSF I 0.56089 

GSF ;! 0.20733 0.58516 0.94613 0.22868 0.52067 



. .> Z 

Table X X I I  : Standardized discriminant function 

coefficients for image Features extracted from 

fecundiqy arrays and included in discriminant 

analysis of populations of A. smi I hi. See text 

for d e t a - i l s  of variable na-mes. 

DI SCRI  MI NANT FUNCTION 

variable 

FEC 3 



. ,  T a b l e  = I l l :  Standardized dipscriminant function coefficients 

f o r  image features extrscted from fecundity arrays and 

included in discriminant analysis of populations of A. t & v i .  

See text for details of variable names. 

DI SCRIM NANT FUNCTION 

variable 

1 2 

FEC 3 

FEC, 



T a b h  XXIV': Standardized discriminant f w c t i o n  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. 

DI SCRIM1 NANT FUNCTION 

Variable - 

FEC 1 

GSF 1 

GSF 2 1.97641 -0.69330 
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F ' I G L ~ J ~  17: Scatterplot of populations of A. smithi projected onto discriminant axis 1 From 

discrirnim't analysis of image features extracted from fecundity arrays. The arrows indicate - 
group centroids. Each individual parasite is represented by four symbols for both populations. 

: A.  smithi (Kadoops). A : A .  smithi (Chilliwack). 





FIGURE 18: - - Scatterplot of populations of A. ervi projected onto discriminant function '1 and 

2 from discriminant analysis of image features extracted from fecundity arrays. The ellipses 

enclose the 95% a confidence limits around the group' centroids, which are represented by 
- 

-asterisks. The numbers beside the asterisks refer to the populations listed below in that order. 

: A. ervi (Karnloops), A : A .  ervi (Chilliwack), 0 : A .  ervi (Sussex). 
. . 

\ 





T 

FIGURE 19: Scatterplot of populations of P. peqzuxicnun projected onto discriminant function 

1 and 2 from discriminant analysis of image features extracted from fecundity arrays. The 

ellipses enclose the 95RL confidence limits around the group cenuoids, - which are represented 

by asterisks. The numbers beside the acterisks refer to the populations %sted below in that 
' I P & ~  
%B 

order. 0 : P.i peqrcadwum (Kamloops), A :P. pequafwwn (Chilliwack), o : P. p e q u o d m  





As the final step in t h ~  analysis. a represeniative array depicting the typical pattern of 

egg distribution for each species and population is shown in Figure 20. Eacb array was 

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

first part of the analysis. 

The univaiate and the rnul@variate analyses suggested that the image features extracted 

fro& fecundity arrays are, to a certain extent, species-specific. This is substantiated by the fact 
\ 

that only two of the six quarititative features are consistently correlated with lifetime fecundity, 

namely FEC, -and FEC,. That is, the intensity of superparasitism" was correlated with fecundity, 

but only to a certain degree. FEC, was the second most important .vpiable for grobp 

' discrimination in discriminant analysis of eight groups, a fact suggesting that the h,mts were a 
* .  

lirnlung factor leading to a 'breakdownw of host discrimination process at higher fecuddities. 

There was no particular pattern of correlation between the symmetry features and 
C 

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

differences in age- * laying pattern independent of fecundity. Indeed, GSF,, which 
A 

represents the overa on pattern, contributed most to am~ng-group variation. The next 

three variables h a {  conmbuted substantially to discrimination i.e.. SF,.,. SF,.,, and FEC,, ari 
also related to ag&specific oviposition pattern and searching efficiency. In summary. it appears 

that the differences in host discrimination and oviposition rates among the various groups were 

rnherent, rather Lhan being an artifact of fecundiiy. The results of pattern analysis suggested 

~t-131 h c  egg laying pattern of pea aphid paraPsites is underlain by a number of different 

factors such as oviposition rate. host-searching efficiency, etc, in addition to age-spedfic 



FIGURE 20: C o m p h m i e c t e d  average fecundity arrays for species and populations of pea 

aphid parasites. (a): A. ervi (Kamloops), (b): A. ervi (&illiwack), (c): A. ervi (Sussex), (d): 

A. smithi (Chilliwack). (e): A.  smithi (Kamloops), (f): A. pisivonzs (Kamloops). (g) : -? ' 

pequaiwum ( W o o p s ) ,  (h): P. pequcdorum (.Chiiliwack), (i): P.pequodonun (Sussex). See text 

for details. 







Discussion 

-- - 
T h e  observed variatron in life history itiits among populations of pea aphid parasites is 

- - - - -- 

comparable in degree u, that reported for other $ecies of Aphidiidae. The .average fecundity 
1 

of a European strain of Diaereriella r a p e  (M' Intosh), a common parasite of the cabbage 

aphid, Brevrcayne brussicae (L) ,  was estimated as 190 eggs/female by ~ a f e i  (1%1). But 

fecundity of an Australian strain of the same species, originally imported from Europe, was 

estimated as 320 eggs / fede  (Gilbert and Hughes 1963. Hughes 1963). Flint (1979). in a - 

stud) of geographic variation in three populations of Trioxys complanutus, a parasite of the 

spotted alfalfa aphid. Thenoaphis maculota, also reported sigdicant $ariation in' fecundity Ad 

developmental time. The lifetime fecundity of an Iranian, an Italian, and a Californian 

population was 349, 437 and 588 eggs/female, respectively. The populations, however, did not 

differ 'in longevity. y 

A 

A number of studies on a variety of insects have also reported significant variation 

between populations in life history traits (see, e.g., Baldwin and Dingle 1986. Birch et af. 

1963, Denno and Dingle 1981, Diehl and Bush 1984, h g l e  1978, Futuyarna and Peterson 

1985. Fried and Pimentel 1986. Gilben 1984, 1986, Labeyrie 1978). 

- 1 
. . 

The results of inuaspecific comparisons. indicated that the introduced ,and native pea . 
aphid pararites differed from one anorher in ihe divergence levels between their ppuiatjons. 

bizhafanobis generalized distances for PIEL attributes and egg frequency disuibutions between 

&K populauons of " A ,  smlthl and A. en1 were greater than those between the populalions of - 

Populsuon~ estabi~hhcd from small numbcn of fo.undcn that show a greatcr .degree of 



variability in their character means. relative 

mentioned in the literamre (e.g., Bryant et 
h to population derived from larger numbers. are 

a(. 1986a. 1986b. Dobzhansky and Pavlovsky 1957, 

Rich, el d. 1984). This phenomenon can be bbserved in some populations withB? known 

history of a genetic bodeneck or a founding event and is generally attributed to random 

genetic drift, I will disc& this aspect of variation further in Chapter V1. 

The introduced and the native speaes did not however. differ .in their .pattern of 

variation. The ChilIiwack, and bmloops populations of all t h e e  species resembled each other 

in many of the va And in the case of A .  ervi and P. pequcdonrrn, populations from 

the above two areas were significantly different from the Sussex population. Matrices of 
- 

generalized distances between populations for PIEL criteria and egg distributions. when 
I 

examined specieswise, clearly show this uend. . 

, 

It is possible that Chilhwack and ~amlodps  share common abiotic and biotic natural 

selection agenrs btcause of their geographic proximity. Organisms living in. these areas may 
'1 . 

therefore be subjected to similar selection pressures, leading to convergent evolution (see, e.g., 

Elenton and Uetz 1986, h d l e r  1977. 1982, 1986, Gould and Johnston 1972, Johnson 1976, 

Mooney 1977. Packard 1972). In addition. migration h m  a common climatic retime or+  pene 

pool 'ma! have conuibured ro this pattern. No sustained releases of pea aphid parasites have' 
-+ 

been made in British Columbia except for about 13.000 specimens of the "orange" phenotype 

of A. smithi, which were released ,near Karnloops in 1972 (Ca bell and Mackauer 1973). No P . r 
specimens have been recovered since. As mentioned earlier, there \had been numcrous large 

0 

wale ;eleases of A .  smirhl. and A.  ervi in h e  '~acific Northekst. including the ;tale\ of 

Uashingron a n L I d a h o  (Haifhill et a!. 1972). The firs1 repon of ,A. smrthl occurring in 

B r i M  Columbia was in 1965. at Christina Lake in the Columbia Kivcr Hasin clmc to ihc 



Canada-Unilcd States border (Mackauer and Finlayson 1967). The most plausible routis of 
v 

migration are: the Okac~gan .and Columbia River system into the Interior., and along the 

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

- ihe lower Frasc~ River Basin (Campbell and Mackauer 1973). There is some evidence that A. 

- e>t also spread through these two routes, but perhaps mainly through the cool and wet . 
coastal area. Migration within British Columbia is aided by two f a m :  hum& transport, in 

pa@cutar, transportation -of parasitized aphids and murnmi'es on baled. alfalfa hay, and wind 

(Campbell and Mackauer 1973, Taylor and Palmer 1972). It is likely that such migration 

through all avenues is, an ongoing process: The indigenous parasites are also probably subject 
.. 4 

to the same movement pattern.- The migration that Campbell and Mackher (1973) proposed 

is possibly a m k l  and of a low density or rate. It may, however, be sufficient to result in 

4 \ 
an in'creased similarity be en Chilliwack and Karnloops populations, depending on We 

L, ' intensity of selection. 

-b Regardless of the factors responsibi; for the variation in li 

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

potential is considered to be an important attribute. In biological conuol practic , one seeks to F 
l m p n  and establish the most fecund phenotype into a niw area, alaough fecundity may vary 

3 

depending on the local abiotic and biotic factors. 

- 
Buk . apparenlly, a higher reproductive potential does not assure a parasite's greater 

reiative abundance or ib long-term establirhmen~ At both Chilliwack and Kamloops. A.  smithi 

had l h c *  hished fecundity. followed by P. pe&odonun A. p L u v ~  had the third highest 

fecundip a1 Kamloops. The fecundity of A.  ervl the most common species in ail rhree study 
t 

s ~ m .  *a3 h e  lowes~ and about one hall' of ha1 of A. smithi. A1 S~isscs. however, A. ervi 



* 
females had a greater fecundity than that of P. pequadorum fmales. 

In terms of longevity. A. srnithi females had the second longest lifespan. aft& P. 

p&donun a t  both Chilliwack -and Kamloops. At Kaq~loops. A.  pisivrmr had the third 

,% . longest lifespan. In all three study areas, A. enti females had the lowest mean life expecrancy 
7 

h ' -  

of all pea aphid parasite species. 

From these data, it is clear that A. ervi did not simply outnumber A. smilhi because 

of a greater fecundity or longevity. Moreover, the relative abufidance of pea aphid parasites is 

correlated neither with lifetime fecundity nor with longevity. Assuming the hierarchy of 
I 

fecundity of the .various species rernaihed the same between 1971-72 and now (see e.g.. 

Mackauer 1971), it appears that the relative abundance then war correlated with lifetime 

fecundity. If this was indeed the case, and .since A. smithi still retains the high fecundity, 

the data indicate that interspecific differences in lifetime. fecundity or longevity did nQt ,play a 

role in the decline of A. smithi. 

It also app& that A: ervi is highly unlikely to have displaced A. srnithi because of a 

. ' more eficient host . utilization and/or searching efliciency. As I have mentioned earlier. 

although lifetime fecundity may determine relative abundaxe in the mid-growing season. . 

searching ,efficiency is probably more important during spring and late summer, when host 

density is relatively low. The defi i l~d analyses that I have carried o u ~  to explore h i s  
. . 

possibility indicated that A.  srnithi females were superior or at least at no clear disadvantage 

relative to chose of other species in the complex. A .  srnithi females generally performed better - * 

in 6 of the 14 PIEL performance criteria that were consibdercd. These included variables 

pertaining to reproductive potential (PIEL fecundil)~, number of eggs laid in b e  Iirst JOur 
# 

days) and searching efficiency (number and proportion of aphids parasi.tizcd , or cxaping 



parasitism). P., peqwdwum performed the best in variables pertaining to host utilization 

efficiency (number of hosts parasitized ' per egg laid, proportion of eggs lost due to 

superparasitism, proportion of aphids superparasitized). Although A. ervi had a higher 

oviposition rate (proportion of eggs laid in the first four @ys. mean number of eggs laid per 

day), judged by most other criteria, i t ,  did not perform as well. 

Pairwise comparisons between 'A. ervi and A. smithi revealed that the former performed 

better, albei~ marginally. in variables pertaining .to host utilization and oviposition rate. The - . 
latter performed- significantly better in variables pertaining to reproductive potential and 

searching efficiency. The analysis of egg frequency .distributions confirmed some of these 
P 

findings. The image features extracted from the fecundity arrays indicated that A. smithi had 

a greater tendency to superparasitize under the experimental conditions, relative to the o ' ~ e r  

species. The results of the analysis also indicated t h a t b e r e  were differences in the 

age-specific egg laying pattern (i.e.. oviposition me), between the v ous species. However, 
. P 

because some of the indices of host utilization obtained from both PIEL attributes and pattern 

analysis were correlated with fecundity. the results should be interpreted with caution. This 

low host utilization efficiency of A. smithi, rehected in variables such as number of hosts 

parasitized per eggs laid. proponion of aphids superparasitized, number and proponion of eggs 

lost due to superparasitism. FEC,, and FEC,, is likely to have resulted because of two aspects 

of' thc experimental set-up. First, the parasite females were not at liberty to leave the 

experimental cage once all or most of the hosts had been exploited. Alternately. the number 

of h o s ~  available in a 24h period period is finite, leading to repeated encounters wilh some 

hgst individuals: If  these constrainE are nwn-existent, as in the fieid, it is likely that A. 

smirhi's host utiliz.alion eflicicncy would improve significantly. In fact. Mackaucr (1983) using a 

different strain of 4. smithi, showed that the host utilimion efficiency of the females 



improves as a function of host density and predicted that at a host density of 150 

aphids/day/female, there would be little or no superparasitism. In other words, if the number 
I 

I 
of available hosts was a limiting factor in my studies, and at higher host densities A. smirhi 

can be expected to perform better than or as well as A. ervi. then it can be concluded that 

differential host utilization, searching efficiency and oviposition rate can not explain the5 

changes in relative abundance of pea aphid parasites. 
/ 

Multivariate analysis of PIEL performance criteria and egg frequency distributions 
- 

-. \ 
indicated that many of the variables were species-specific. This suggests that both the variables 

and the methodology that were employed can be useful for discriminating between species, as 

well as between populations of a species. In discriminant analysis of PIEL attributes. the 

various species differed mainly in variables related to reproductive potential and oviposition 

rate, in that .Aorder. All the groups were well-separated when projected onto discriminant 

functions 1 and 2, especially along species lines, with some overlap between populations of a 

) species. Discriminant analysis of image features confirmed the results of analysis of PIEL 

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

and oviposition rate. 

e life table analysis indicated h a t  A. srrirhi had the highest potential rate of 

population growth of all species at both Chilliwack and Kamloops. A.  ervis intrinsic rate of 
t 

increase. gross and net reproductive rates were significantly lower than those of A. smrrhi's. 

However, the difference between these two species becomes ' less striking if one were to 

consider only the effective number of eggs and disregard all supcrparasitism. Moreover, in the - 
8 

first rcur days of adult life, females of A. smithi had realized a greater proportion of' their 

lifetime rm value than the females of A. ervr. A.  sm~rhf also had a considcrablj shorter 
1 



generation and doubling times than other species in the complex> It appears from a 
- - 

/ 

preliminary analysis that a reduction of approximately 2.5 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 of lifetime fecundity and 
', 

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

relative to A. ervi or other species in the complex. ' 

Iq summary. there is no evidence to indicate that the changes in the relative abundance 

' of pea aphid parasites were due to interspecific differences in reproductive potential, PEL  

performance criteria (host utilization, searching efficiency, oviposition rate) or rate of population 

growth. On the contrary, the univariate and the multivariate analyses showed that A. smithi 

outperformed not only A. ervi, but also A. ptsivwus and P. pequcdwum in virtually all 

aspects of reproduction. The results of the inter- and intraspecfic studies in combination 

indicate that A. ervi did not displace A. smithi, but moved into an empty niche subsequent 

to the decline of A. smithi due to genetic impoverishment 



VARIATION IN THERMAL COEFFICIENTS 
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Temperature is p e r h w  the most important climatic variable affecting poikilothermic animals, 

including insect+ It affects both their physiologi& as well as behavioral activities. In order to 
* 

survive and reproduce, an insect must be adapted to the temperahue 'cycles of its 

environment P 

The thermal coeffbents of both pest and beneficial insects are of importance to applied 

studies. The coefficients include, among others, developmental time and rate for any given 

stage, lower temperature threshold for development and degree days required to complete -- 
- - 

develop men^ For classical biol~gical control, thermal coefficients are important for three 

reasons. Firsf quantifying how the coefficients vary _among specie and populations may 
i 

eventually aid in predicting the likely threshold value of a population from ii region with a 
t 

given climatic profile. Second, the imported parasite population should be compatible with the 
5 

intended region of introduction. In other worck;' introduction of a-parasite with a threshold 

temperature too h i s  or too low relative to the target host should be avoided. In the first 

case, i t  is likely the parasite will not be an effective biological control agent In the latter 

situation, the parasite may fail to become established, unless it is polyphagous and can find 

other hast species. The thi~d, related reason is that one would want to introduce a population 

wi th  the lowest possible threshold temperature, but above that of the host 
. . 

i 
The relationship between rate of development and temperature is usually a shallow 

J 

s~gmoid curve (Figure 1 in Campbell er al. 1974). Over a range of temperatures, the 

relatiortrftip is linear, and w h e ~  the snaight fine is exuapdated. hreshdd tempemure ( t )  is J 

doc lop men^ takes place. The ratc of, development is not linear close to t and i t  curv s to f 



- 
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the left, into the lower temperature range. The rate of development also deviates from a '  

I *  linear relationship in the high temperature range. The straight line is best characterized in 

terms of t ,  and number of degree days required to complete development, K (Campbell et al. 

1974). K is calculated as the reciprocal of slope b in the 'linear regression equation employed 

to estimate developmental thresholds. To obtain an accurate estimate of thermal coeffici,ents a 

large sample of insects (250 individuals) are reared and time-to-adult or to the 'desired stage 

is noted. A rmmber of models can then be used to estimate constants. 

A large body of literature on geographic .variation in temperature requirements of a 

variety of insects has appeared in the past few decades (see, e.g.. Andrewanha and Birch 

1954, Baldwin and Dingle 1986. Bonnemaison 1951, Bursell 1964, Campbell el d. 1974. Denno 

and Dingle'l980, Dingle, 1978, Dingle and Hegmann 1981, Liu and Hughes 1984). 'As noted 

earlier, because insects must adapt to their local temperature regime to survive. populations of 

a species almost invariably differ in their temperature requirements. within the constraints set 

by their genotype. Variation in thermal coefficients among populations of a specig, from 
i. 

climatically different regions can therefore be taken as evidence of a degree of adapataion to .  

the local climate through directional selection (Campbell et d. 1974). Based on the obserwd 
3 f , 

variation, conclusions can be drawn as to the degree +and pattern of 'variation among 

populations of huoduced and native' species. - 
25. 

v 

This chapter has the following objectives: (1) LO quantify gcographlc" variation in thermal 
, . 

cefficients and conpare its degree and parreyp,among inuoduced and native species of pca 
t' 

aphid parasites from different regions, and (2) to ascertain if interspecific differences in 

thermal coefficients could explain the observed changes in relative abundance of the pea aphid 

parasites in North America. 



4 2  Materials methods 

Development$ time from egg to adult eclosion for the pea aphid parasites was estimated at 
4 

four constant temperatures. Temperatures inside the experimental cages were 14.0, 16.5. 20.3, 

and 23.6 OC (21 OC) (ambient = 12.0, 15.0, 17.8, and 20.5 OC respectively). All experiments 
B 

were conducted a t ,  55-60% RH. and 24h ,light For each experiment involving a species or a 
-- 0 

population, a cohort of 200 two to three day-old aphids were obtained as described in 
t 

Chapter 11. This cohon of aphids was divided into five groups of 40 qh ids  each. Aphids 
Z 

were parasitized individually by placing one aphid and one mated parasite. female in a gelatin 

capsule (Parke-Davis. #W). The parasite was allowed only one ovipositional strike per aphid 

to prevent superparasitism. About 25 parasite females were used to parasitize the 200 aphids. . 

- The h e  it took to parasitize 40 aphids was 'noted and typically it took between 10-20 

/ minutes to prasitize one group. The parasitized aphids were riansferred into small plastic 
d 

cages (8.5 an diameter x 3.5 cm high) containing -a- young bean shoot Each cage had a 

densrty of 20 aphids. Cages containing the parasitized aphids were q s f e r r e d  to a "Convironn 
e 

conlrolled environment chamber immediately after parasibzation. The resulting mummies were 

gently scraped from the leaves and placed in wax paper cups fitted with plastic 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 to be ~ i t h ~ n  t0.5 OC of that in the original experimental cages. 

Median emergence time (IT,,) was estimated by a quanta1 response methy (Finney " a 
1962, Hewlen and Plackett 1979). This method is akin to the methodology used. to estimate 

LD,,, From doie-response curves, also known as probit analysis (Gaddum 1933, Bliss 1934. 
a 

% 

1%:5). I h s c  in this case is time in hours. and response, percent emergence of adult parasites 



at any given time. A dry run was performed at each- temperature to obtain a rwgh estimate 

of median emergence time. Each of the kve subgroups was then observed once a t  a 

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

Percent emergence and sex of the emerged parasites i~ each subgroup were then recorded. 

The resulting five data points were transformed to probits (Finney 1962). and regressed against 

loglo(time). The predicted probits were incorporated into a probit analysis as described by 
-- 

Finney (1962). This enabled the determination of median emergence time. is slandard enor 

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

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

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

was then estimated by extrapolation of the regression equation. Because a number of authors 

have shown that there was no significant difference between the median emergence time of 

male and female aphidiids (e.g., Cohen 1985, Campbell 1974, Liu and Hughes 1984). data for 

both the sexes ,were p l e d  for the analysis. In some cases. the point for the highest 

temperature was in the non-linear range of the temperature curve (Figure 1 in Campbell er 

d. 1974). In such cases, the calculation of threshold was based on developmental dme at 

three temperatures excluding the highest temperature. 



4.31 I)evelo~meatal ti& from ggg am 

Median .developmental time from egg to 

temperaiure and increased linearly with an 

between species and between populations 

adult of pea aphid parasites- was influenced by 

increase in temperature. It varied considerably both 

of each species. at all four temperawes (Table 

Among species, A. smrthi at both Chilliwack and Kamloops had the shortest 

developmental time at all temperatures. except at 16.5 OC, at which A. ervi at Karnloops had 

the shonest developmental time. At Kamloops. A. smithi was followed by A . .  p i s i v m  and P. 

pguodwum. while at Chilliwack it was followed by A. e 4 i  and P. p e q z u x l m  At Suaex. 

A .  ervi had a shoner developmental time 

Threshold 

a species, 

all species 

temperatures varied considerably 

and are shown along with the 

had highly significant (P4.01) 

than p. pequodonun at all four temperatures. 

between species, as well as 

regression equations in Table 

regression coefficients of rate 

between Npulations of 

XXVII. Populations of 

of development against , 

temperature. 

Among species, h e  threshold values ranged from a low of 5.6 'C ( A .  pisivorus at 

M o a p s )  to a high of 7.8 "C (P. pequodwwn at Karnloops). A1 Kamloops. A. pisivwus was 

followed by A.  ervl (6.0 "C), A. smfhr (6.3 OC), and P. pequcdmm (7.8 OC). At Chilliwack, 
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however, A.  smithi had the lowest threshold temperature of 5.9 OC, followed by A. ervi (6.4 * 
OC) and P. pequodwum (7.2 OC). At Sussex, P. pequodanrrn (6.0 OC) had a lower threshold 

than A. ervi (6.7 OC). The number of day degrees above the threshold temperature required 

by an insect to complete development from egg to adult generally reflected the trend observed 

in developmental time from egg to adult A. smithi populations at Chilliwack and Kamloops 

had th'e smallest value of K followed by A. ervi, A. ptsivtnus and P. pequodwum. At Sussex. 

A. ervi had a lower value'of K compared with P. pequodwurn L 

There was considerable variatifi:~ in temperature thresholds between populations of all 
\ 

species. However, populations of introduced species differed from those of native species .in . 
- b 

. . 

their degree of variability in <threshold temperatures. A.  smithi and A: ervi at Kamloops and 

Chilliwack differed from each other 'by 0.4 OC, while P. p e q d w u m  populations differed by 

0.6 OC. Populations of A. ervi at Karnloops and Chilliwack differed from the Sussex 

population by 0.3 and 0.7 OC, respectively, while the same comparison for P. jwquddwum 

yielded 1.2 and 1.8 OC. The K values 

at Kamloops and Chilliwack differed 

po3ulations did not differ from each 

pequaiwum populations yielded 21.31 

Chilliwack diyred from their Sussex 
/ 

a I 

popuiauons differed" <by 26.51 and 47.82 
A , <  - 

also showed a similar trend. Populations of A ,  smithi 

from each other by 6.86- day OC. while A. ervi 

other in this respect The same comparison for P. 

day OC. Populations of A.  ervi at Kamloops and 

counterparts by 10.49 day 'C ,  while P. pequodomm 
. 9 

day OC, respectively. 
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4,4 Discussion- 

Inter- and intraspecific variation in t h e d  coefficients of several pea aphid parasites was 

examined in this chapter. The data indicated that considerable inter- and intraspecific variation - 
exisis in thermal coefficients In general, the data are comparable to those reported for pea 

3. 

aphid' parasites (Campbell and Mackauer 1975). and other aphidiids (Campbell et d. 1974, 

Cohen 1985. Flint 1979. Liu and Hughes 1984). The patteqi in developmental times reported 

by Campbell and Mackauer (1975) and by Campbell et d. (1974). i.e.. A. srnithi with the 

shortesl developmental time and P. pequodorum the longest, was confirmed in this study. Liu 

and Hughes (1984) reported small differences in both developmental times and thresholds of a 
s 

French and a Japanese stock of Aphidiur sonchi Marshall, a parasite of the sowthistle aphid, 

-- Hyperompus lactucae (L).' 'Flint (19791 estimated developmental times of three populations of 

Trmxys cmplanutw at six constant temperahues and found significant differences among them. . 

She reported differences of up to 0.65 'C in thfeshold temperatures among the three - 
populations. which ranged from 8.48 to 9.09 OC. 

. 
--. 

A number of models hav'e been proposed to estimate the developmental thresholds of 

insects (e.g, Bieri et uf. 1983, Schaffer 1983, Wagner et uf. 1984). One drawback of the 

Ilnear model, i.e.. dependent on estimates of develop~ental times in the linear range, used 'in 

this study is that the threshold temperatures tend to be slightly overestimated. This is because. 

at lower temperatures the developmental rate is non-linear. ,This may preclude the use of 

wch estimates in field si~uations and in phenoiogy models that are dependent on field data. 

However. a number of authors have found the linear model LO be adequate both foi relating 

- ttte 7thmMd to Lhc host and for inter- and inuaspecific comparisons (e.g.. Cohen 1985. 

Campbcfi er d. 1971, Huru and' Mckwen 1981. ~ o h n b n  ' e l  d. 1979, Obrycki and Tauber 



1982, Tauber and Tauber 1982). Linear models have two advantages over the more romp1e.x 

models. Many of the latter models require estimation of developmental times in the non-linear 
- 

range of the development- curve on. both ends. This could be laborious and time consuming. - * \  

particularl'y at temperatures dose to threshold value and at high temperatures. wherein 
a 

developmental time is prolonged. The range of temperatures for which developmental times 

need to be estimated for linear models can be easily carried out in a laboratory. These 

models also eqable a relatively easy calculation and interpretation of thermal constants. 

Thresholds estimated from linear models will suffice for coaparative purposes. as long as the 

extent of '  overestimation can. be assumed to be the same for all species and populations. 

Moreover, estimates of t and K are negatively correlated (Campbell et al. fi74). A small 

positive error in t then, is automati~ali~ corrected by a corresponding error in K. so- that 

predicted rates of development are affected minimally. 

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. pequadovurn,. although populations of the latter, species were slightly more 

variable. The divergence in threshold temperatures between populations of the introduced ' - 0 

spe'cies was, however, less than that between corresponding populations of the native species. A 
, . 

simiiar trend was apparent for the K values. I can only speculate that this lowerC variability 

in *threshold temperature is of significance in the field, and that i t  is a result ol. the small 

founder populations. It  is possible. however. that the introduced species have not been in 

North America long enough to permit a "fine tuning" of their threshold Lemperaiures. They 
. - 

a may thus show the same degree of divergence as the natfve species in evoluuonar): Lime. I 

will discuss this further in Chap~er V1. 11 is also of intercsl . to note tha~,  as In thc case 01' , 
* 

life history trah, populations of both introduced and nauve parasltc species irom Kamloops 



and Chilliwack are more similar to each other in threshold values than eifher is to the 

- - Sussex population (see Section 3.4). 

The idea that variation in developmental times and threshold temperatures is an 

indicator of adaptation to the local environmeni is widely accepted (e.g.. Baldwin and Dingle 

1986, Campbell et al. 1974, Diehl and Bush 1984, Tauber and Tauber 1982, see, however, 

Lamb et al. 1987). It has been reported that there is an inverse relationship between latitude 

and threshold values within a hemisphere. That is, populations inhabiting warmer climates have 

a higher threshold than those from cooler climates so that the threshold temperature closely 

corresponds to the onset of the growing season. Lower t values then, generally occur in 

populations that experience cool vernal conditions, while higher t values typify populations 
P - 

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 Canada 1982). Kamloops 

has the warmest spring temperatures followed by Ghilliwack and Sussex. As was expected, the 

Kamloops population of A. smithi and of .  P. p e q u d m  had a higher threshold than the 

Chilliwack population. ' P. pequodancm at Kamloops also had a higher threshold than that of 

the Sussex population. A. ervi populations however, did not follow this trend. for which the 

Sussex population had the highest threshold followed by those at Chilliwack and Kamloops. 

Campbcll el al. (1974), in a study of geographic variation in t he .  thermal constants of a 

number of aphids and parasites, also found a few exceptions to this .rule. Three out of five 

populations of various species of aphids and parasites they studied did not show the expected 

trend. I t  is of interest that in the study b y  Campbell et d. (1974). A. srnithi populations did 

not conform to the expected trend. while A.' ervi populations' did. 



. 
It is often difficult to amibute such anomalies to any particular factor. They could 

r'esult from errors in estimation of 

be affected by a variety of factors. 

laboratory population is in r e l a ~ o n  

preclude detection of clear adaptive 

the thermal constants. On the other hand, thresholds may 

For example, they may depend on how representative the 

to the population in the field. Migratory -events may also 

patterns because such evenrs result in gene !low. Finally, 

such anomalies- map also result from small numbers of founders colonizing a new area. 

because they are not representative of their parent population. 

Interspecific comparisons among the pea aphid parasites in the three study sites revealed 

that the developmental times and threshold temperatures of all species were within a fairly 

narrow range. A. smlrhi had the shonest developmental .time of all sfiecies at virtually all the - >  

temperatures at both Chilliwack and Karnlmps: A consistently shorter developmental time over 

a number of generations throughout the season gives A. smlthi a cumulative advantage 
i 

analogous to compound interest (Stearns and Koells 1986). In addition to the high fecundity 

reported in the previous chapter, a .shorter developmental time has conui6uted to its high rate 

of population growth. A. ervi, on the other hand, had the third longest developmental time 

among the species. preceded by A.  pisivorus and followed by P. pequcdorum at all 

temperatures. As with high fecundih. a shorter developmental' time does not appear to  confer 

any advantage as far as the relative abundance of pea aphid parasites is conccrned. Thc trend 

in developmental times expressed in degre'e days. not surprisingly. was similar LO that observed 

for developmental times expressed in days. A. srnithi required 

days, followed by A. ervi, A. pisivorus and P. pequdorum. 

With regard to threshold temperatures, again. A.  srnithi 

other species in the complex. In Chilliwack, A. srnithi had the 

f 

the smallest number of degree 

was superior or comparable to 

lowest threshold temperaw -es  



of h e  three species studied Although at Karnlaaps A, -suzitlu had drily h e  third l o w t  

threshoid temperature of t$e four spedes studied, the differences bepeen Aphidius spp.- were 

small (range: 0.4O C). It is unlikely that such a small difference would place a parasite at a 

disadvantage in the beginning of the season. In other words, if A. en i  and A. pisivwur were 

to emerge from diapause. 

temperatures, thex possibly 

shomr developmental time. 

disadvantage. I 

say. a day earlier 

could not deprive 

A. smithi is likely 

In conclusion, the results of 

abundance of pea aphid parasites 

differences in thermal coefficients. 

compeNve , disadvantage either early 

interspecific 

in North 

than A. smithi due to their lower threshold 

A. smithi of hosts. Moreover, because of a 

to quickly make-up this apparent early season * 

studes indicated that the changes in relative 

America were not a consequence of large 

Specifically, A. smithi does not appeaf to be at a 

in the season due to higher threshold temparatures, or all 

_- -through the season due to a longer developmental 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 results of intraspecific . 
comparisons were not as conclusive. The populations of the introduced species did not vary in 

their -threshold temperatures as much as those o f '  the native species. It would be speculation 
9 

to suggest that this is a result of their introduction to North America. In order to confirm 

fiat thd lower variability observed in this. study i s  in fact real. many more need --" 

ro be studied. The next step would be to explore by simulation modelling. the consequences 

of such lower variability on the population dynamics of the introduced species. 
4 



CHAPTER V 

VARIATION IN MORPHOLOGICAL CHARACITRS 



A large number of studies concerning geographic variation ia morphology of insects have 

appeared in the past few y e a n  (exahples in Atchley and Bryant 1975. Blackith and Reym - - 
*  ̂
---1 7 

1971. Bryant a n d  Atchley 1975, Daly 1985. Gould and Johnston 1972, ~i&rrtz-~979, Reyment 

et d. 1984, Sneath and Sokal 1973, Thorpe 1976). T3e study of geographic variation in 

morphological attributn is of importance to systematics as well as evolutionary theory. Many 
k 

taxonomic studies rely on the study of form as a basis for taxonomic judgments. On the 

other hand, the study of geographic variation mn be used ras a tool to understand selection 

agents and mechanisms involved in morphological evolution (Thorpe 1976). Morphological 

variation is important to biological control because it may ultimately lead to reproductive 

isolation and speciation following re1 es of biological control agents. Moreover, morphological r4F 
variation rarely occurs in isolation, a d  is often accompanied by variation in other characters. 

The study of geographic variation in morphology is more informative when it involves , 

populations of closely related speaes and is done, in conjunction with a study of variation in 
g 

ecological characters. Because rates of life histdv and morphological evolution may differ 
a 5 

within thkme organism (Arthur 1984). study!ng both types of variation facilitates an 

9. 
examination of their patterns of variation and the degree o!' congruency between them. Despite 

h e  potential differences in their evolu~onary rates. congruency between these types of variation 

can sometimes be observed because hey have some factors in' common, such as polye~nic 

conuoi. 

.4 number of statistical "techniques can 
-7 

morphotogy. However. [he multivariate methods 

involve consideration of a number of characters 

be used to qiiantify geographic variation in 

provide a number of advanuges, because they'  

simultaneously. They also provide a great deal 
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of information*such as identifying the relgtive 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 ol' mmparative morphology 

(Blackith and Reyment 1971. Ezzentel 1979, Reyment et al. 1984, Sneath and Sokal 1973). 

fi 

The objecti2 of this chapter i s  to quantify ge&raphic variation in the morphology of 

pea aphid parasites from three regions in North America and to compare the divergence 

levels between populations of the two introduced species and between the introduced and the 

native species. Although it is unlikely that functional or "non-functional" morphology had a 

direct role in the decline of A. smithi, I used morphological variation as' an additional 

measure to compare the degree and pattern of geographic variation in introduced and native 

species of pea aphid parasites. i will compare the results from this chapter with those from 

Chapter III to assess the degree of congruency between them. A high degree of congruency 

suggests that the observed differences in divergence levels between introduced and native 
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Materials methods 

Ideally. for a morphometric study, field collected material should be used.: Hoiyever, the only 
r 

species that -could e obtained in sufficiently large numbers from all three regions was A. 
-. 

em.  The other three species of pea aphid, parasites were either locally extinct or encountered 

too infrequently to form a large enough sample base for this study. To overcome this 

problem, specimens of all species for this study were reared in the laboratory under optimum 

conditions using even-aged host aphids. One advantage of this procedure is that simple ~ i z e  ' 

variation due to a number of extraneous environmental factors can be eliminated. Any 

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

el al. 1984, Thorpe 1976). 

Parasite colonles were set up as described in Chapter I1 in order to obtain specimens - 

for the morphomeuic study.. Even-aged third-instar aphid aymphs were exposed to parasite 

fernzles overnight in a wax paper cup. Aphids exposed to the parasites were then reared at 

20.5k1 k. 55-60% R.H.. an % 16h L: 8h D photoperiod. The resulting mummies were 

gently scraped from the leaves, and the adults were allowed to emerge under the same 

conditions. The parasites were preserved in 7Wo ethanol within 24h of emergence. This 

prevented any age-related )changes in body size and shape. Only female parasites 'were used 

in this study because sexual dimorphism in characters may render the cumulative distribution . 

of' characteri of the two sexes platykurtic or bimodal. 

Microscope slides were prepared according to Hille Ris Lambers' (1950) procedure for 

>oft-bodied insects. Parasites, were first boiled in 95% ethanol in a water bath for 3-4 

minmcs ro remove some of the pigments. N e x ~  the! were cleared by boiling in 10% 
4 

potassium hjdroside (KOH) for 3 minutes. In the final stage, parasites were boiled in 



chloralphenol for 2 minutes to soften body parts and to further clear the specimens. After 

clearing, the head, the body, and the wings were mounted dorsally under separate cover 

glasses on the same micr~scope slide in Hoyer's .medium (Hille Ris Lambers 1950). a water 

based mounting medium. Measurements were made after air drying of the slides. Only those 

specimens whose 'body parts were all intact and were mounted to enable accurate measurement 

were used. A uniform sample size of 20 female specimens was used for each species and 
% 1 

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

parts were measured whenever appropriate. 

5.21 Selection and measurement of 'characters 

Three criteria were used to select characters for *measurement (after Foottit 1979): 

(1) Characters should be ame,mble to measurement withsa reasonable degree of precision. i.e., 

a low coefficient of variation. 

(2) Body parts to be measured shouId be resistant to dis~ortion 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 
I 

chosen. These are shown in Table XXVIII. For paired structures, only one of the two paru 

was measured and the measurements were restricted to the same side for all slides whenever 

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

Measurements were taken using a compound microscope fitted with an ocular micromctcr 

etched with 100 divisions. All characters were meawred at a ,  magnification of XOX. cxccp~ 

abdomen length and wing- length, which . were . measured at 20x. The measuremenb were then 

transformed to millimeters b) multiplying them with a conversion factor ob~aincd b) calibraunp 
. 

the ocular micrometer with a stage micrometer. 
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Table XXVIII: Code names and description of morphological 
characters of pea aphid parasites measured to study 
geographic variation in morphology. See Figure 2 3  and text 
for details. 9 

Code name Description 

1 .  TL 
2 .  TW 
3 .  PL 
4 .  PW 
5. AL 
6. OSL 
7, FFL 
8 ,  FTIL 
9. FTAL 
10. FSL 
1 1 ,  FSPINE 
12. MFL 
13. MTIL 
1 9 . MTAL 
15. MSL 
16. HFL 
17. HTIL 
18. HTAL 
19. HSL I 

20. HW 
21, ALI 
22. Awl 
2 3 .  AL2 ' 

2 4 .  AW2 - 
2 5 .  SEG 
2 6 .  MAX 
2 7 .  LAB 
2 8 .  MAND 
29. WINGL 
30 .  CSCL 
3 1 .  BCW 
32. CCW 
33. PIT 
34. TRACH 

Thorax length 
Thorax width 
Petiole length 
Petiole width 
Abdomen length 
Ovipositor sheath length 
Front leg femur length 
Front leg tibia length 
Front leg tarsus length 
Front, leg spur length 
Number of spines on f'ront tibia 
Mid leg femur length 
Mid leg tibia length 
Mid leg tarsus length 
Mid leg spur length 
Hind leg* femur length 
Hind leg tibia length 
Hincl leg tarsus length 
Hind leg spur length 
Head width > I 

First flagellar antennal segment length 
First flagellar antennal segment width 
Second flagellar antennal segment length 
Second flagellar antennal segment width 
Number of flagellar antennal segments 
Maxillary palp length 
Labial palp length 
Mandible length 
Wing length b 

Costal + sub-costal vein length 
Basal cell width 
Cubital cell width 
Tracheal pit length (on the wing) 
Number of tracheal openings (on the wing) 



FfGURE 21: Schematic d i ~ r a m  of a generalized Aphtdivs showing the operational dimensions 

of morphological characters measured for studying geographic variation among pea aphid 

parasites 'see text for details of characters. The numbers refer to the variables listed in Table 





5.22 Data analysis 

The characters were i&tially examined with regard to measures of central tendency and 
i 

dispersion and distrikution statistics and were then G y s e d  by one wag ANOVA and SNK 

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

) 

Data were also m y s e d  by- multivariate methods. i.e., srepwise multiple discriminant 

analysis. discriplinant function analysis and UPGMA (unweighted pair group method using 

arithmetic averages) cluster analysis (Rohlf 1963. Sokal and Michener 1958), to quantify 

geographic variation. The minimum tolerance level for the exclusion of a variable from 

discriminant analysis was set at 0.001% of the maximum Mahahobis disrance among groups. 

Cluster analysis was performed using the SPSSx subprogram CLUSTE3 (SPSSx Inc. 1986) 

incorporating the Mahalanobis distance mamx. 



V a r i a w  ~ormalitv of data " 

The mean and the sm@d deviation for each of the 34 morphdogid charactkrs for 'various 
-. 

species and populations of pea aphid parasites are. given in Appendix IV. Standard deviations 

of all variables were - small, a fact -indicating a high 'precision of measurement. Coefficient of 

variation (CV), which is a measure of sample variability relative to the mean- of the variable, 

was fairly consistent for all variables across species. Most characters had CV values ranging 
- + 

from about 2% to -about 8%. This range is considered optimal because for 'most taxonomic 
b 

characters. comparisons made with variables that exhibit some, but not unreasonably large, 

variability are more reliable (Simpson et id. 1960). The only character that had a relatively 

large CV was abdomen length, ranping from. about 5% to about 14%. 

Both the univariate and the multivariate analysis used in this study assume, a normal 
1 

distribution of variables. In addition. discriminant analysis assumes an equality of group 

& 
covariance matrices. For m&t charicten. values of skewness and kurtosis were nonsignificant 

i 1 

/M.05). Meristic variables, i-e.. FSPINE, -SEG, and TRACH, deviated from the n o d  

distribution. Because of the robustness of both ANOVA and MDA, however, no attempt was 

made LO transform or eiclude these variables. To avbid any bias due, to. heteroscedasticity of 

proup covariance mamces, the chi-square ass&ated with Wilk's lambda was used to determine 

h e  number or discnmmant ,funclrons to be included in the analysis (Klecka 1981). 



5.32 Univariate trends momholoeical charactep 

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

parasites for any given character. For' a majority of characters. the Chilliwack population of 4' 
i 

A. srnithi and P. pequcdarwn, and Kamloops population of A .  ervi had the largest means. . 

Oneway ANOVA was performed t~ detect any trends in sample means of each . 

character. The analysis was carried out in different combinations cif species. and populations, as 

follows. 

5.321 Species of Aphidius including A. pisivorus 

Differences between means 6f all characters of vahous 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 A. pisivorus from Kamloops. A .  ervl . . 

'k 
from Chilliwack had the smallest mean for many characters and was 'usually different from all 

t 

the other groups. The two A.  smrthi populations and A.  e m  from Sussex were often grouped - 
together in one subset 

1 

5.322 Popdutions of A. srnithi 

The Chilliwack popul:.tion of A .  srnithi had a laipcr mean for 28 of the 34 character5 

(82.4%) compared with Kamloops population. which indicates !.hat in general, the I'ormer had a 

larger body size. However, differences in means of the two populations were significanl for 

only 19 of the 34 characters (55.92). 



5.324 PopuCattons of A. ervi , 

i 

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

As mentioned earlier, the ~arnlobps population had thes largest mean for a majority of 

characters. Consequently, for 1-1 characters two subsets were derived, one comprised of 

Chilliwack and Sussex populations and the other comprised of Kamloops 

for 17 characters three subsets were derived comprised of one A. enti 

the remaining six characters. two subsets were derived, of which one was prised of A. 4 
ervi frob Chilliwack and Kamlwps, and the other of A. ervi from Sussex. . 
5.3.55 Popadations of P. pequodorum 

Ehfferences between means of 30 of the 34 characeters (88.2%) among the three populations 

of P. pequcdwurn -were significant Means of the variables TL, AL, AL1 and Awl were not 
d 

significantly different among the three populations. , For 15 of the 30 significantly different 

variables (50.0%). homogeneous subsets from the SNK test were comprised of Karnloops and 

Sussex populations. For the remaining characters, either 'three subsets or two subsets with 

various combinations of the populations were derived. 

"0 In summary. the univariate analysis indicated that ~tatistimlly significant differences exist 

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

Although there was some grouping along species lines in the SNK tesC for a number of 
?h 

variables dii~erences exist in sample means, and mnsequenth no clear uends could 

be observed. 



5.33 Multivariate analssis of momholoeical 

The 34 variables were analysed by multiple discriminant analysis, discriminant function ahalpis, 

and cluster analysis. e data were analysed in two parts. First, various species 'and 

populations in the genus Aphidiur were included in the analysis to determine how well ihe 

characters could discriminate between dec ies  and populations . in this genus Second. the 

populations of each of the three species (excluding A. -p is ivm;!  were analysed among - 
themselves to quantify geographic variation. 

5.331 Species and populations of the genus ~ p h i d i u r -  

Multiple discriminant d y s i s  of the genus Aphrdius indicated that the characters measured 

/- 

had sufficient information to enable discrimination among the various species. Separation among -- 

the six groups was complete. i.e., 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, i.e., FTIL, FTAL, MTAL. -- 
AW2, and M A N D .  were included in the analysis based on the minimum tolerance level. 

Five discriminant functions. the maximum number that a n  be derived for SIX groups. 

were included in the analysis. The first discriminant function accoun~ed for 38.1% of 

among-group variation. while the second through fifth functions explained 26.4. 16.1; 14.1. and 

5.4%. respectively. Variation explained by the first function in morphometric studies is generally 

tonsidereti to represent. to a large exLen4 simple size variation (Gould .and Johnston 1972, 

Kambhampati el d. 1984. Sneath and Sokal 1973). Hecause the first Sunction In thls a s o  

explained only aboul 38% of total variation. i t  is clear that separation among the groups wa\ 







, 
based on attributes other than simple size variation. In other words, about 6% of 

among-group variation was based on variation in boa M y  shaqe and size; rather than size 

alone. Of course. changes in shape a d d  result from changes & 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 

analysis based on --. .& 

1 --.. ' 

we6 signikcant (P 

Mahalanobis generalized distance values derived 

pairwise comparisons is shown in Table XXX. 

4.0: or 0.05). There was a wide range of D 

from discriminant function 

All values in the matrix 

values among the various 

species and populations in the genus Aphidius, ranging from a low of 12.85 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) relative to the other two A.  ervi populations. A phenograrn derived from UPGMA 

cluster analysis for the. Aphidius speties is shown in Figure 23. 

5.332 Andysis of populations of each species 
< 

The second pan of'disirimi?iant and cluster analysis. included populations of each of the three 

species. The- results indicated that morphological variation among spatially segregated populations 

1s pronounced. Discrimination among populauons of all three species was complete. i.e., 100% 

of ,the cases< were correctly classified. Separation between the populations of A .  smithi was 

achieved with 16 of the original 34 variables. and among A. ;hi and P. pequadorum 

, poputauons wirh 21 of f i e  34 variables. ~cane$lors with the relative positions or vz5ous 

ppufsaom of each species arc sh~wn in Figurcs 24, 25 an'd 35. h is cfear from the stand - 



,- - - I  

Table XXIX: Standardized di'$criminant function coefficients 
for morphological characted included in discriminant analysis 
of populations cf A. , e r  v i  , A .  smi f hi , and P. pequodor urn. 
See .Table  X X V I I I  for details of variable names. - 

D1,SCRIMI NANT FUNCTION 
~ a r  iable 

Tw 
PL 
PW 

r/ 

AL 
OSL 
FFL 
FSL 
FSPINE 
MFL 
MTI L 
MSL 
HSL 
HTI L 
HTAL 
HSL 
HW 
AL 1 
AW1 
AL2 

. SEG 
MAX 
LAB 
WI NGL 
CSCL 
BCW 
CCW 
TRACH 
PIT 
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FIGURE 23: Phenograrn derived from UPGMA cluster analysis for popllaltions of A.  e m ,  A.  

p i s i v m  and A. smithi incorporating the matrix of Mahaknobis g'eneralircd distance for the 

morphological characters. (1): A. srnithi (Chilliwack). ( 2 ) :  A .  ervi (Kamloops). (3): A.  smlrhr 

(Kamloops), (4): A. ervi (Sussex), ' (5 ) :  A.  p i s i v m  (Karnloops). (6):  A.  ervi (Chilli wack). 
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FIGURE 24: Scatterplot of populations of A. smithi prqjected onto discriminam axis 1 from 

discriminant analysis of morphological characters. The arrows indicate .group cenuoids. Each 

individual parasite i s .  represented by four symbols for both populations. A : A .  smith1 

(Kamloops), : A .  srnithi (Chilliwack). - 
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FIGURE 25: Scatterplot of populations of A. ervi projected onto discriminant axes 1 and 2 

from discriminant analysis of morphologid characters. The ellipses enclose the 95% confidence 

limits around the group centroids, which are represented by asterisks. The numbers bes~de the 

asterisks refer to the populations listed below in that order. o : A .  ervi (Karnloops), 0 : A .  ervr 

(Chilliwack), A : A. ervi (Sussex). 
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FIGURE 26: Scatterplot of populations of- P. pequodmrn projected onto discrimmafit axes 1 

and 2 from discrirninqt analysis of morphological characters. The ellipses enclose 95% 

"confidence limits around the group centroids, which are represented by asterisks. The numtkrs 

beside the .asterisks refer to the populations listed below i n  that order. 0 9. pequaiwurn 

(Kamlwps). A : P x  peq&* illiwack). 0 :P. pequadonrrn (Sussex). - 





ardized discriminant function coeffiaents (Tables XXXI. XXXII. and XXXIII), that the variable 

that conmbuted the most to discrimination were not necessarily the same for populations of 

all three species. The first discriminant functions for A. ervi and P. pequodanun populations 

accounted for about 6040 and 64% of the total variation. respectively. Their respective second 

functions explained the remaining variation, indicating that while size variation was a 

component, shape .ariation also played an important role in discriminating among the various 

populations of both species. 

When considering the matrix of' Mahalanotis generalized distance (Table XXX), in the - 
a 

context of this part of the analysis, it is most memingful to consider the generalized distance 

between populations of any given species. The pairwise distance between populations of the 

introduced species was greaier than that between populations of the native species. The mquix 

also indicated that the .populations of Pjpequodomm at Chilliwack and Kamloops were more 

similar to each other than either was to the Sussex popularion. The univariate analysis has 

already indicated that the two populations of A. smithi did not differ from each other in 

44% of the characters. For populations of both these species then. the uend in molphological 

characters was similar to that ,observed for life history traits. The populahons of A. ervl. 

however, deviated from this trend The Sussex and Kamlaops populations were more similar to 

each other than either was to the Chilliwack , population. Phenograms from thc UPGMA 

cluster analysis base'd on a dissimilarity matrix of generalized distances confirm these 

observauons (Figures 29 and -30). 



Table XXXI: Standardized discriminant function coefficients 

for morphological characters included in discriminant 

analysis of populations of A. s m i r f t i .  S e e  Table m T  for 

details of variable names. 

DI SCRf MI NANT FUNCTION 

Variable 
1 

FFL 

FTI L 

FSL2 

FSPI NE 

MTAL 

HTAL 
* 

AL 'I 

- MAX 

LAB 

WI NGL 

BCW 

CCW' 



Table -11 : standardized discriminant function coefficients 

for morphological characters included in discriminant 
analysis of populations of A .  e r v i  . See T a b l e  XXVII fo r  

details of v a r i x b f e  names. 

* 
DISCRIMINANT FUNCTION 

Variable , 

1 2 

TW -0 .20583 0 .40916 . 
PL -0 .48716 -1 .43930 

OSL 0.47223 -0.46593 

FTI L -0 .39767 0.91418 

FTAL -0 .53382 0.03080 t 

FSL 0.24737 0.35768 - 

MFL 0.91951 0.36307 

MSL - 0 .11941  0.45412 

HTI L 0.12978 0.52506 

HTAL -0 .76934 -0.26720 

HSL 0.0247 1 -0 .64766 

HW -0 .39889 -0 .23190 

AL 1 0,37589 -0 .25935  

A L 2  -0 .43371 -0.43594 

SEG 

, MAX 

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 



Table XXXIII: Standardized discriminant function coefficients . 
for morphological characters included in discriminant 

analysis a f  p~pulations of P. p e q d o r m .  See  ??able XXtt'II 

for details of variable names, 
* 3 

I 
DI SCRI MI NANT FUNCTI ON 

Variable 

AL 

FTI L 

FSL 

FSPINE 

MFL 

MTI L 

MSL 

HFL 

HTAq 

HW 

AL 1 

AL2 

SEG 

MAX 

WI NGL 

CSCL 

BCW 

CCW 



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

based on the matrix of Mahalanobis generalized distance for morphological characters. (1): A. , 

ervi (Kamloops), (2): A. ervi (Sussex), (3): A. ervi (Chilliwack). 
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FIGLkE 28: Phen~gram~ derived from UPGMA cluster Ytalysis for populations of P. 

&quodonrrn bdsed on the manif of Mahahobis generalized distance for morphological 

characters. (1): P. pequodonim (Kamloops). (2): P. pequodwm (Chilliwack). (3): P, 
\ 

pequodwum (Sussex). 
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5.4 Discussion 

\ 

6- i 

The results of this study revealed \ the existence of well-defined geographical variation in 

morphological traits among popdations of pea aphid parasites in North America. In general. 

the degree of variation is comparable to that reported for other insect species (e.g.. Atchley 

1971, Atchley and Cheney 1974, ~lackhh  and Reyment 1971, Foottir 1979, Sneath and Sokal 

1973, Reyment et al. 1984. Zirnrnermann 'and Ludwig 1974). The observed morphological vends 

are a likely result of the interaction between the size of the founder populations, the effects 

of selection, 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 the populations of all species differed significantly from one another in many of 

the variables. The multivariate analysis confirmed and expanded on the results of Ihe 
C 

univariate analysis. In all the discriminant analyses that were dsne, each with a different 

combination of species and populations, the discrimination between groups was comple~e. i.e., 

104% of the cases were correctly classified. From the results of the univariate . analysis. it 

appears that a high degree of separation could have been realized 'in the discriminant analysis 

with a fewer number of characters. Variables from all parts of the "body conui'buted 

subslantially to among-group variation: the general body (thorax length, petiole length). t d '  
head (length of first antenna1 segmenl. maxillqry palp length. labial palp length): the legs 

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

The values of the generalized distance between populations of all spccics 01' thc pea 

aphid parasites calculated based on morphological characters werf considerably iareer than thosc 

based on PIEI. attributes and egg frequenq distribu~ions. This could bc a likcl) rcsuh ol thc 

f a a  thar the rates of life hislory and morphological evoluuon p&y var) evcn within thc sarnc 



organism (Anhur 1984). f i e  phenotypic distance analysis intiicated that the introduced species 

differed from 

species were 

populations of 

populations of 

the native -species iri their ,divergence levels. Although the populations of all 
1 

completely separated by the discriminant analysis, the distances between 

the introduced species was consistently greater than those between corresponding 
-% 

the native species. In other words, the results of intraspecifx variation in 

morphological characters were -consistent with the effects of random genetic drift (e.g., Bryant 

el al. 1986a. 1986b. Dobzhansky and Pavlovsky 1957, Rich et al. 1979, 1984). They confirmed 

k the results from the study of intraspecigc variation in PIEL attributes and egg frequency 
4 

disuibutions, which also showed that the populations of the introduced' species diverged to a 
II 

greater degree relative to the native species, There was, however. no measurable difference in 

the divergence levels between the populations of the two introduced species, A. ervi and A. , 

stnithi. While it is unlikely (hat the drift of morphologitd alleles had contributed directly to 

the decline of A. smithi in North America. this pan. of the study served two important 

purposes. First the results confirmed the observed differences in divergence levels between the < 
q ' 

introduced and the native species in life history traits, suggesting that the differences are 

indeed reliable. Second, although they may not have had a direct role, the drift of these 

al le lg points to the. possibility .of drift in other alleles that may have had an effect on the 

long-~erm establishment of A smithi. I will discuss this aspect of variation further in Chapter 

The qattern of varidtion in morphological traits was also identical to that observed in 

life bstory traits in two our of three pirasite species. Populations of A. "sithi from 

Chilliwack and Kamloops did not differ from each other in 15 of 34 (44%) characters on a 

tintrariate basis. althouph they were cornptetcf!, separated by discriminant analysis.' The 

phenotypic distance between P. pequd&m populations indicated that the Chilliwack and 



Kamloops populations were more similar to each other than either was to @ie S g g g x  

population. As suggested for life history traits. in addition to common selection agents (e.g,. 

Endler 1977, Gould and Johnston 1972, Johnson 1976, Mooney 1977, Power and Ainley 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 Karnloops. 

The patiem of variation for A .  ervi populations was ambiguous. The univkate analysis 

indicated that in 508 of the characters, all three populations differF? f i o m  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, the 
I 

' Kamloops and Sussex populations resembled each other. A number of factors could potentially 

explain the deviation of pattern in populations of A. ervi, relative, to the other species. It 

may be a function of sampling of populations. While every effort was made to obtain a 

representative sample of the population, there is no assurance that this in fact was realized. 

As I have mentioned earlier. Arthur (1984) also pointed out that in general. morphological 

evblution 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 morphological traiw: n;ay have resulted 

from eack of these traits evolving independently of each otbcr. On thc other hand, an 

identical pattern could result from pleiouopic effects of 'genes favored by selection or 
J' 

"hitchhiking" of genes. In other words. because most ecologically imporlan~ characters arc 

controlled by polygenes, and polygenes almost cer~ainiy have pleiouopic effects (Clut~on-Hrock 

and Harvey 1979, Johnson 1976, Lande 198 1 ). morphological varia~ion is ~ m e u m c s  incidcnul 



8 - 

m the sense that tt results from a selection for embgycaf or other characters. Fur e x m e .  

Palmer and Dingle (1986) recently showed that in Oncopltus ~ c i a m ,  some traits responded 

rapidly to directional selection, and that a number of pther characters, both morphological and 

ecological. showed correlated responses to selection due to genetic 'correlation and pleiotropic 
' -  

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

behavioral, physiological 

constraining the other. to 
i 

1979. Levins - and Lewontin 

and morphologid evolution interact each 'complem&ting and 

produce the observed design of an organism (Gould and Lewontin 



CHAPTER VI 
- 

GENERENERAL DISCUSSION AND CONCLUSIONS 
i 



In the prece,ding chapters. 

pea aphid parasite species from 

I have examined inter- and intraspecific variation in several 

North America. This was done to identify the possible reasons 

for the cbntinent-wide decline 'of A. smithi,. whjch had been introduced with apparent success, 

as a biological control agent of th "P9 aphid. Two hypotheses concerning the decline of A. 

smithr in North America were considered; other explanations are possible but are outside the 
' 

I? 

rope' df this thesis. In the ensuing discussion I will overview the results to ascertain i f  they 

provide evidence for or against' one or both, hypotheses. 

A comparison of geographic variation among populations of pea aphid parasites (Chapters 111, 
- 

IV and 'V) indicated that the introduced .species differed from the native species in the 

-&egret. but not in the patt&. of variation. The divergence in mean character values between 

populauons of the introduced species was consistently greater than that between corresponding 
P 

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

PIEL performance criteria, egg frequency distributions and morphoIogica1 paits. 

As I have mentioned in Section 1.2. a large body of evidence in the literature indicates 

that increased divergence levels 'occur in natural and experimental populations after a founding 

ficnt or a genetic botlleneck. Dobzhansky and Pavlovsky (1957) referred to this phenomenon 

as deprec of indeterminacy and attributed i t  to random genetic drift. They tracked Changes in 

the frcquency of PP chromosomes in two sets of 10 experimental populations each of 

Lkaso~hila pseudoabscura: one- set of which was initiated from 20 flies and the othkr from 

--IC#)U flies. Four and 19 generations after the bottleneck, both the range and the variance bf 
+ 

Ihc  mean frequency were significantly greater in populations initiated wilh a small numbebof 



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

I 

More recently, Bryant el uf. (1986% 1986b) studied the effect of experimenlal bottlenecks 

of varying &verity on quantitative genetic variation of morphomeuic traits and morphoiogicaI 
'b 

differentiation in the housefly. Musco dwnestica L Divergence between replicate populations 

derived from groups that had been subjected to bottlenecks was significantly greater than that 

in the control population. Rich el 111. (1979. 1984) reached a similar conclusion in studies of 

genetic drift in Tribdium cusraneurn L. Changes in pupal weight reproductive fitness and 

body color were tracked for a number of generations in control and bottleneck populations of 

varying severity. Again, divergence between replicate populations in means of all three traits 

was inversely proponional to the 'size of the bottleneck. 
\ 

Other examples relating bottlenecks or founding events to genetic variation were given 

by Bur= (1956), Carson (1968). Dodeswell and Ford (1952. 1953). Ford (1953). Frankham 

(1980). James (1971), Lowe (1955). Powell (1978). Powell and Richmond (1974),, Prakash et d. 

(1969). Schwaegerle and Schaal (1979). Templeton (1980). Watterson (1984) (see also Section 

1.2). The subject was recently reviewed by Barton and Charlesworth, (1984) and Carson and 

Templeton (198'4). 

In light of the above theoretical and experimcntal evidence. the results of thts study arc 

consistent wich the effects of random genetic dr ik As the above studies suggest, divcrgcnce 

levels in reproductive and morphological traits between any two populations of the introduced 

pea aphid parasite species were greater than those between corresponding populaiions of the 

native species. I t  appears, then. that the decline of A. srntthi was due to smaH f'ouncter 

populations and the accompanying genetic impovcrishmtnt. I t  is diffic& 10 say i f  the det-ftne 
I 

rcsuhed as a direct consequence of drifi ol' the uaiu in question. The significance ol' the 



rest& lies in the fict that fhey suggest drift of many ather alleles, which m y  haue had a 

dire~q influence on the long-tern establishment of A. smiihi. 

The long-term &tablishment of a populatiofi is influenced either by the fixation or lo& 

of alleles under drift The loss or fixation of alleles is detrimental to the survival of the 

population because it may prevent the formation bf a that .permits a rapid adaptation 

to the n w environment (Nei .et d. 1975). In other words, such phenomena deprive the t 
t~ population of the genotypic flexibility that is needed to adapt to the new environment In 

addition to the obvious effects of loss or fixation, a small founder population may result in a 

number of other unpredictable effeus and lead to the eventual extinction of a newly 

established population. The founder population differs from the parent population not only in 

' ' the amount of genetic variation present but also in the new biotic and genetic environment it 

faces. The new environment often presents selective pressures which are harder to cope with 

due' to the absence of a full complement of alleles in the population, which results in density 

independent monality (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 due to emigration and immigration producing viable heterozygotes, such gene flow is' 

abruptly cut-off in the new population. In other words. unless the extant genome of the 

population is preadapted to the new environhtmt at least to a certain degree, the probability 
\ 

i\ of its eslablishment and further expansion in ra@e is grcatl, reducid. While t is theoretically Z 
\ possible Ihar, in spite of reduced genetic varitaion, a small founder population h a v  indeed 
\- ' 

find an "adaptive peakn and rapidly expand in the new environment (see, e.g.. && and 
\ 

Stcbbins 1965. p. 123-125). more often than not, the population ends up in an " a d a p h  



to increased homozygosity and in turn. to reduction in fertility and viability. Also, as a 

consequence of their increased frequency in the founder population, homozygotes will be more 

exposed to selection and genes that are specially viable in a homozygous condition are 

favored, regardless of their selective value in the parental population (Map  1963. p. 533). 

Whereas a newly established population requires an accelerated evolutionary rate to enable a 

rapid adaptation to the new environment Haldane (1957) postulated extremely 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 p@uded 

A. smithi from rapidly adapting to the North American climate. Since A. ervi too showed 

effects of drift an important question to ask is why did it not also decline? There are a 

number of possible' explanations. Because of its European origin. A. srvr was likely preadpated. 

at least to a degree, to the North American climate. In addition, large and diverse founder 

populations would have the effect of minimizing any deleterious effects of drift (cf. -Rich er 

al. 1979, 1984). Finally, A.  erui appears to possess what can loosely be termed a "general 

purpose genotype", i.e., it is adapted to a broad range of climates and habitats. It has been 

reported as the most common parasite of aphids infesting alfalfa in such diverse regions as 

high plateaus, deserts. temperate and subtemperate zones (Gonzalez et d. 1978). All the 

above factors could have enabled A. ervl to rapidly adapt to the North Amencan climate. 

Since the results of this study are an indirect evidence of drift in populatioils of' A. 

smirhi, factors other than drift should also be considered as pwible explanations b r  the 

observed differences in divergence levels between the intraduced and h e  naive species. bar 

example, the observcd differences in divergence levels could be a rcsuh of' intcrspcciiic 



- 

differences in evolutionary rat& (Arthur 1984). Two importi:nt factors, however. suggest that 

this is unlikely. First, the various species within the pea aphid parasite complex are 

ph y logene tically very closely related and sometimes even h yi~ridite (Mackauer 1969, Stary 1970) 

and likely share a number of common genes. Second, they are ecologid homologues. 

inhabiting the sarne habitat and exploi&ng the sarne host The) are therefore likely subjected 

to similar selection pressures, both direct ones andB those mediated through the host 

Nevertheless, before 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 

population site was small enough (2) that the populations were completely isolated with no 

gene flow between them and (3) that the genes concemed are subject to little or no 

selection. 

Variation in temperature 'thresholds among populations' of the introduced species was 

measurably less than that among populations of the native species. This may be a result of 

alleles lost subsequent to their introduction to North America. It is also possible that the 

introduced pea aphid parasites may not have had sufficient time in North America to 

"fine-tunen the thresholds throughout their range. lack of variation in threshold temperatures 

may have potentially serious consequences as far as parasite survival and effectiveness are 

concemed. As mentioned earlier. threshold temperatures almost always vary among populations 

of poikilortherms as a function of climate, a condition reflecting adaptedness to the local 
1 

temperature cycles. I f  there is no variability in threshold temperatures, reaching towards an 

optimum for each localit). the insects would emerge at different times of the growing season 
4 

in ditTcrent places. Although the calendar dates may vary, a well-adapted insect should emerge 

a1 approximalcl~ the same stage of the gowing season throughout i t s  range. Specifically, a 

parasitc is espccted to emerge either at the same time, or shortly after the host emergence. If 



the observed variability in the introduced species is in fact real, &eir threshol,& are. h e  - 
i 

tuned to only a part of their range. In other areas, they may emerge too early in the 

season and not find any hosts, or emerge too late and find that most of the hosts are 

already parasitized by "better-adapted" competitors. The apparent lower variability did not 

effect the establishment of A. ervi in North America, a fact suggesting that perhaps an early 

season advantage is not critical in determining the relative abundance of pea aphid parasites 

in North America In addition, an oligophagous species such as A. ervi can reproduce and 

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

In summary, the intraspecific studies suggested that the decline of A, smithi has 

occurred as a conseqeunce of small founder populations and the accompanytng effects on the ---- 
genetic structure of its populations. Although A. ervi also displayed the effects of drift. i t  had 

a number of factors in its favor, including the size and the diversity of its fo~nder  

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

enhance the probabaility of establishment 

6.2 Interswcific com~arisons 

,An interspecific comparison of repoductive attributes (Chapter 111). and thermal copstants 
7-  

(Chapter IV) among pea aphid parasites indicated thaC in general, A.  smilhi was ar no 

obvious disadvantage relative to other species in the complex. A. s r k t h l  had the highest 

fecundity at k t h  Chilliwack and Kamloops. In addition, its females performed better under 

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

of aphids parasitized. PIEI. fecundity, number of eggs laid in  he firs1 bu r  days and the 

number and propor!-ion of aphids escaping parasiusm. That is, A .  smlthl I'cmalcs pcrS0rrnc.d 



better in variables pertaining to reproductive potential and searching efficiency. A. ervi females 

were margindIy superior in some aspects of performance as indicated by the variables number 

of hosts per egg laid and the proportion of eggs laid in the first four. days.. i.e.. 

host utilization effiqfency and ovipusition rate, respectively. The life table analysis revealed-,&at 
+ 

A. smithi had, a significantly higher rate of papulati n growth than any of the other species fl 
and generally was superior in other life lable statistics including gross and net reproductive 

rat;s,-fmite rate of natural increase, doubling time and generation time. 
eb - v - 

A .  smithi also had the shortest developmental time from egg to adult emergence of all - 
species at both Chilliwack and Kamloops. Threshold temperature for the development of A .  

smithr was comparable to that of A. ervi at Kamloops, and lower than thal of A.  ervi at 

Chilliwack. The ZlTerences in variables in. which A. ervi had performed better than A .  smlthi 
4 

are probably too small to put either species at a disadvantage in the field. Indeed, ~ h c  

relative abundance of the pea aphid parasites is correlated neither with reproductivc attributes 

nor thermal constants. Previously published comparisons of fecundity (Nackauer 1971). and 

thermal constants (Campbell 1974, Campbell and Mackauer 1975, Campbell et al. 1974) 

reported arridentical 

The fact that 
0 

reproductive potential 

studies. 11 is highly 

pattern of interspecific variation. 
1 

the. decline of A .  smithi was not a direct result of diflercnccs in 
t, 

between the various species is clear from thc r e a l &  of ~ h c  in~crspccific. 

unlike]? that mtnor differences in iifc hls~or) ualts ol A .  mirhr and A 

ervi may have conuibuied to c h a n g a - i n  relative abundancc, although this necds LO be. 

, verified. For this purpose, more detailed studies. incorporating funcuonal rcsponsc and  

simulatior, models to explore the long-term consequences of such minor diffcrcnct.4 rn 

pcflorrnance cr~reria, ma! be needed. 
3 

,'- 



In conclus~on, &ere fs no evidence to suggest that . A .  enti displaced A. smithi because 

of supenor life h~story uaib. On the contrary. the rputts'frum inua- and interspecific s dies T 
in combination suggest that A.  e m  simply occupied the niche as the most common parasite 

of the pea aphid subsequent to the decline of A. smithi d u e  to genetic impoverishment 

- - 
I. - 

6.3 Conclusions for biolo~ical control 

3 

Changes In the relative abundance of pea aphid parasites in North America suggest a strong 

need for long-term. post-inuoductorq studies of introduced species. Such studies may help in 

identifying the critical characteristics of founder populations that-  result in establishment 

Ult~mately. the phenotype and/or genotype of candidate biological control agents that is t - 
likely to result in esta.blishment can be defined. 7 

The results from this study and the dynamin of pea aphid parasite relative abundance 

suggesr that the various "desirable attributes" (e.g., Coppel and Menins 1977, Debach 1964, 

Huffaker and Messenger 1976) and Clausen's ( 1 9 5 1 n - m r  or generation" rule are of little 

. or no consequence when the basic principles of population genetics and evolutionary theory 

are ignored in practice. A .  smtlhi has many of the attributes of a desirable biological control 

agent, such as high fecundity; short developmental time, high searching efficiency and high .; 

hosr specificity. Three year5 after irs inuoducuon. i t  was the most common pea aphid parasite 

In man) parts or North Amenca. Yet. 11s predominance was short-lived, apparently as a 

consequence of small founder populations. I do not suggest that small founder populations 

~nvariabl! result In the extincuon of natural coloni7auons and deliberate inuoductions. However, 

rt great majorit! of natural colonizations. which are ~ene.rail!- typified by a small number of 

iouniicrs, rcsuit i n  cxuncuon aster an initial flush phase.  presumably due to geneuc 



impoverishment ( M ~ ~ T '  1965). Because the aim of biological control is a sustained establishrnen~ 

the probability of such eimbiishent is erihanmd if inmxhactiuns are based on sound generic 

and m l q i c a i  principles. 

Three ispeas in particdar should be considered in this regard. Firstly, the founder 

population should be large, so that it is representative of the parent population as a whole 

(see, e.g., Beirne 1975, Mackauer 1981). Secondly, an array of locations should be sampled to 

make the founder population diverse, so that many alleles are included in the sample. Thirdly, 

pre- and post-release studies should be made an integral pan of the biological control 

protocol. Biological control should be an ongoing process. ra&r than the typical 2-3 year. 

posr-inuoductory study trr report establishment or non-establishment Long-term monllonng of' 

changes in relative. abundance and in variation may suggest ways of enhancing LhL. 

establishment rate. - 
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APPENDIX I 

Percent composition of pea a6hid 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 nor 

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

from Mackauer and Kambhampati (1986). 



Species 

N j .  localities 18 6 

No. parasites emerged 4501 1193 

Aphidius ervi O.D9 0 .08  

Aphidius pisivorus 12.04  18 .44  

: 
Aphidius smithi 

- 
Monoctonous paulensis 

Praon pequodorum 6.56 10 .23  

COASTAL REGION OF BRITISH COT.T.MBI.4: 

No localities 1 1 1 1 

No parasites emerged 304 109 170 9 8 
- 

Aphidius ervi 
: . 88.16 82 .57  l O C ) . O O  98.98 

Aphidius pisivorug 0 . 6 6  0 .92  0 .00  1.02 

Aphidius smi thi 1 . 6 4  2.75 0.00  0 .00  

Praon  pequodorum 9.54  13.76 0 . 0 0  0 .00  



APPENDIX I1 

Agespecific fecundity data of pea aphid parasites. The total numb& of eggs produccd 

& 
by each female was estimated by doubling the number of eggsllarvae found In 20 

aphids that were dissected from the original 40 exposed to the parasite females. See 

Chapter 111 for details. 
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A p h i d i u s  e r v i  ( C h i l l i w a c k )  

------------------------------------------------------------------------------- 
T o t a l s :  282 3 4 6  306 370 340  538 4 6 4  368  242 
................................................................................ 
* P a r a s i t e  i/ 11 d i e d  on d a y  2 ,  # 6  and  112 d i e d  o n  d a y  3, and  1/10 was 

i n j u r e d  d u r i n g  t r a n s f e r .  A l l  e x c l u d e d .  f r o m  a n a l y s i s .  



A p h i d i u s  e r v i  (Kamloops) 

A 

Day PARAS I TE NUMBER ___  



Aphidius - erv i  (Sussex) . 

* 
PARASITE NUMBER 



Aphidius smithi (Chilliwack) 

T o t a l s  436 710 636 722 698 704 6 6 2  756 6 7 8 

* P a r a s i t e  /Is 6 , 7  and 11  e s c a p e d  d u r i n g  t h e  e x p e r i m e n t .  



8 -- 
A p h i d i u s  s m i t h i  (Kamloops) - 



Aphidius p i s ivorus  (Kamloops) 

Day PARASITE ?!!lBER . 
h 1 2 3 4  5  6  7 8 9 10 1 1  13  13 

............................................................................... 
T o t  5 9 2  6 2 8  4 0 8  124  384 4 9 2  546  5 4 4  4 2 4  486  558 4 3 6  3 2 8 ,  



Praon pequodorum (Chilliwack) 

i 

Day PARASITE NUMS ER 



P r a m  pequodorum (Kamloops) 

* '  
Day PARASITE NUMBER 

P *Parasite # 2  injur4 during transfer, # 4  died on day 3 and #8  escaped 
during transfer. All excluded from analysis. 



Praon pequodorum ( S u s s e x )  

T o t a l s  4 1 4  458  402  316 4 6 6  678 362  3 5 6  432 .  586  3 7 0  

* P a r a s i t e  6 1 0  escaped d u r i n g  t r a n s f e r .  Exc luded  f rom a n a l y s i s .  



,' APPENDIX 111 

P 

Mean and standard deviations of image features extracted from the fecundity anavs by 

' b m  analysis for species and populations of pea aphid parasites. 7$e quantitative 

features are unuansformed values and expressed as average percentage of aphids 

belonging to , a  given frequency class. See Chapter iII for further details. 



' J a t i a b l e  - A .  s m i t h i  (Kam)  - A .  s m i t h i  (Chwk) - A.  p i s i .  ( R a m )  
_____--__-_-__-_-_---________________________________________--------------------------------------*----------------- 

FEC 
0 

2 4 . 8 5 0  + 17 .392  - 12 .661  - + 8 . 3 7 2  28 .714  - + 8.240 

F E C  3 4 . 3 6 5  - :  + 7 . 9 8 3  52 .550  - + 7 . 1 3 2  4 7 . 1 6 2  - + 6 . 1 0 5  

F E C ,  22 .515  - + 7 . 6 3 4  2 2 . 2 9 3  - + 4 . 4 3 3  18 .745  - + 6 . 4 7 3  
& 

GSF, 
L 



Variable  A.  e r v i  (Ram)  - - - A .  - e r v i  (Chwk) - -  A .  e r v i  (Suss) . 

FEC 



Variable - P. pequodorum(Karn) - P. pequodorum (Chwk) - P. pequodorum .(Sus) 
---------------------------------------------------------------------------*----- 

FECO 

FEC 

FEC2 

FEC3 

FEC 
4 

FEC5 

S F  
1 , 2  

SF 
1,5 

SF 
2 , l  

SF ?,4 

SF 
3 , o  

SF 
393  

CSF 

GSF, 
L 



APPENDIX i\' 

Mean and .standard deviation (in mm) of morphological features measured for species 

and populations of pea aphid parasites. See Chapter V for details of characters 

measured. 

- 



- 

Variable - A. s m f t h i  (Kam) - A .  s m i t h i  (Chwk) - A .  pisivorus ( K a m )  

TL 0.904 - + 0.036 
TW 0.461 0.034 
P L 0.445 0.023 
PW 
AL 
OSL 

;:;& ::% 
0.177- 0.006 

FFL 0.661 0.026 
FTIL 0.663 0.024 
FTAL 0,664 0.022 
FS L '. 0.117 0.005 
FSPIXE 18.850 1.387 
MFL 0.685, 0.021 
MTI L . 0.716 0.024 
MTAL 0.585 0.024 
MSL 0.079 0.003 
9 FL 0.717 0.032 
HTIL 0.891 0.036 
HTAL . 0.369 0.035 
HSL 0.068 0.003 
HI9 0.579 0.021 
AL 1 0.159 0.005 
Awl 0.052 0.001 
AL 2 0.158 0.006 
AW2 0.052 0.001 
S EG 17.150 0.366 
MAX 0.426 0.017 
LAB 0.138 0.008 
PIAND 0.178 0.006 
WINGL 2.665 0.072 
CSCL 1 .078 0.033 
CCW 0.252 0.013 
B CW 0.052 0.004 
TRACH 11.250 0.967 
PIT 0.077' 0.003 



~ a r  iable A .  e r v i  (Kam) - -  - -  A.  ervi (Suss) 
i - -  

A. ervi  (Chwk) 

TL 
T'K 
PL 
PW 
AL 
OSL . 
FFL 
ETIL 
FTAL 
FSL 
FSPTNE 
Ff FL 
MTIL 
MTAL 
MSL 
RFL 

/ <  -- 
y +JlTIL 

I -:&TAL 
/ST- 
'* HSL 

HW 
AL 1 
AW 1 
AL 2 
AW2 
S EG 
MAX 
L a  
MALQ 
WINGL 
CSCL 
CCW 
B CW 
TRACH 
P I T  



P .  pequodorum (Chwk) P. pequodorum (SUS) P .  pequodorum ( R a m )  - V a r i a b l e  - _ _ _ _ _ _ _ _ _ _ _ _  - 'c. 
TL . 0.824 - + 0.030 0.832 - + 0.023 0.833 - + 0.033 
T1J 0.295 0.020 ' 0.325 0.023 ',\, 0.315 0.018 
P L 0.221 0.026 - 0.234 0.019 0.212 0.023 
P W 0.235 0.015 - 0.218 0.021 0.223 0.016 
A L  1.724 0.123 1.709 0.119 1.653 0.098 
OSL 0.189 0.008 0.202 0.006 0.187 0.012 
FFL 0;658 0.037 0.709 0.033 0.655 0.031 , 
F T I L  n 0.737 0.029 0.766 0.039 0.725 0.033 
FTAL 0.596 0.025 0.617 0.029 d.600 0.022 
FSL ' 0.085 0.005 9.092 0.005 0.085 0.005 
FSFINE 14.950 1.191 14.750 0.639 13.950 0.887 
PlFL -0.656 0.036 0.723 0.040 0.648 0.039 
MTI L 0.763 0.050 0.828 0.033 0.753 0.033 
MTAL 0.459 0.028 0.496 0.024 0.478 0.926 
MS L 0.065 0.005 0.070 0.005 0.066 0.004 
IlFL 0.646 0.051 9.707 0.050 0.582. 0.044 

. HTIL . ,,, , 0.898 0.059 0.988 0.042 0.936 0.041 
HTAL "6. '8~1 ""0.035Jz , ., ,<+. ,,,, 0.887 0.047 0.800 0.043 
HSL 0.077 0.005 0:'081' 0.a0fi12, 

<, 
0.078 0.004 

HW 0.483. 0.021 0.510 -9.029 , ' *". L* 4L 5L5,, ,* ,2;*03 1 
AL 1 0.196 0.007 0.205 0.008 0. L 8 8  _-_- 0.6*U7'kic L C ( e ~ t y p  w t N e ,  

AW 1 0.039 0.001 0.040 0.001 0.040 0 0 m -  
A L 2  0.143 0.006 0.150 0.006 0.133 0.005 
AW2 0.039 0.001 0.039 0.001 0.039 0.001 
S EG 18.450 0.510 19.000 0.324 18.900 0.553 * 
MAX 0.445 0.018 0.488 0.021 0.454 0.016 
LAB 0.140 0.008 0.150 0.008 0.142 0.908 
MAM) 0.182 0.0% 3.191 0.007 0.174 0.008 
WINGL 2.428 0.080 2.581 0.080 2.481 0.085 
CSCL 0.972 0.029 0.996 0.633 0.939, 0.032 
CCW 0.226 0.009 0.239 0.015 0.220 0.014 . 
B CIJ 0.078 0.006 0.079 0.005 0.069 0.005 
TMCH 4.950 0.224 5.500 0,513 5.050 0.224 
P I T  0.054 0.003 0.056 0.005 0.059 0.005 



ERRATA 

TABLE V I :  

Column 1: P I E L L  should'reaa 9.40 - + 0.32 

Column 2: MEANEGGS should r e a d 4 3 4  - + 0.03 

TABLE V I I :  

Column 1: P I E L L  should read 5.17 - + 0.30 

NESCAPE should read 42.33 - + 4.56 

NWASTE should read 84.00 - + 11.47 
'P 

TABLE V I I I :  

' Column. 2: 

TABLE I X :  

COI-umn 1 : 

0 

Column 2: 

Column 3: 

TABLE X :  

Column 1: 

Column 2: 

Column 3: 

Column 4: 

TABLE X I :  

Column 1: 

SUPER should read 0.36 - + 0.03 

J 

MEANEGGS should read 1.54 - + 0.03 - P" 
MEANDAY should read 61.53 - + 1.63 

MEANDAY should read 55.29 - + 2.01 

NWASTE should read 175.67 

P I E L L  should read 9.40 - + 0.92 

P l E L F E C  should read 708.80 

MEANEGGS should read 1.85 - + 0.11 

P I E L L  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 

MEANEGGS should read 1.10 - + 0.06 

P I E L L  should read 8.46 - + 0.58 

NAPHIDS should read 300.92 - + 23.73 

NESCAPE should read 37.54 - + 6.29 

I) 

P I E L F E C  s h o u l d  read 557.83 - + 4 9 . 4 1  


