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BIOLOGICAL STUDIES OF ERIOSOMA PYRICOLA WITH PARTICULAR

EMPHASIS ON MORPH DETERMINATION

INTRODUCTION

The aphid Eriosoma pyricola is a heteroecious species which

spends the summer on the roots of pear, trees and overwinters on elm.

The overwintering or diapause eggs hatch in the spring and a number

of apterous parthenogenetic generations form bladderlike leaf galls

on the elm. In late spring a generation of winged parthenogenetic

migrants flies to pear where a number of apterous parthenogenetic

generations are produced on the roots. In late summer most of the

population switches to the alate sexuparous morph which flies to elm

and there produces sexes which mate and lay winter eggs on the bark.

A residual population of virginoparae remains year-round on the pear

roots (Baker & Davidson, 1916, 1917; Sethi, 1968; Swenson, 1971).

The production of sexuparae is closely associated with cessation of

shoot growth both in greenhouse experiments and in the field (Sethi &

Swenson, 1967a; Swenson, 1971).

The sexupara-producing stimulus does not affect the entire

population as some individuals remained on pear as virginoparae.

This heterogeneous response may be caused by: (1) the stimulus being

only sufficiently intense to stimulate the more sensitive individuals;

(2) by individuals being responsive at certain times and not at

others; (3) or by the existence of other factors which act in either

a supplementary or antagonistic fashion and which occur patchily
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throughout the population so that the population's response is not

uniform.

A mechanism which affects only the most sensitive individuals

would result in the sensitive part of the species annually completing

the two-host life cycle including the sexual sequence, while the

insensitive individuals continue to reproduce parthenogenetically on

pear. The latter group, having lost the sexual part of the annual

cycle, would be unable to contribute its genes to the population,

resulting in two isolated gene pools. Such a division would long

since have produced two separate species.

A mechanism by which a stimulus could affect only part of a

population of parthenogenetic reproducers without dividing the species

would occur if individual progeny lines are susceptible at some times

and not at others or if secondary factors occurring sporadically

within the population modify the response; that is, if susceptibility

is not simply attributable to mutations occurring within different

clones. In Megoura viciae, which responds to short photoperiods by

producing sexuales, an 'interval timer' prevents young clones from

forming sexuales during spring short days so that they are not formed

until fall (Lees, 1966).

E. pyricola, living underground during the pre-sexual genera-

tions, appears to have no means of receiving direct information about

day-length, and Sethi and Swenson (1967a) have shown that it receives

seasonal information indirectly through the seasonal growth changes

of its pear host, forming winged sexuparae as the pear ceases growth
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and enters dormancy. As pears do not normally become dormant in

spring, it is unlikely that E. pyricola would react to the spring

short days that M. viciae and other such species must counteract.

However, it seems possible that an interval timer may operate

on first-year clones on pear roots, so that descendants of aphids

migrating to pear during any one summer could not produce sexual

forms that fall but must remain on the pear roots as an overwintering

generation until the following season when sexual production could

occur.

It is also possible that local conditions within the population

determine which individuals respond to the stimuli which induce

sexuale production. Both diet type and crowding are known to affect

the production of sexual morphs (Forrest, 1970; Johnson, 1966;

Mittler & Kleinjan, 1970; Sutherland, 1969; Sutherland & Mittler,

1971) and it is unlikely that either of these conditions are homo-

geneous throughout an entire population. Any antagonistic or supple

mentary action they may have on the host plant stimulus will vary in

intensity in different parts of the population.

The occurrence after August 1970 of large numbers of alatae

in stock cultures on dormant roots which had been maintained in the

apterous condition for several years provided a basis for investi-

gating the occurrence of additional stimuli. Two changes in culture

technique made at about this time included an increase in the number

of aphids used to set up a colony and the addition of paper towels

to the culture boxes. Certain American paper products contain an
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analogue of juvenile hormone which prevents the bug Pyrrhocoris

apterus from maturing (Slama & Williams, 1966). It seemed possible

that either a density factor or a chemical in the paper towels was

inducing alate production.

Four major types of plant hormone are thought to be associ-

ated with seasonal changes in plant growth activity. The auxins,

gibberellins, and cytokinins promote plant growth, while the fourth

type, abscisic acid, inhibits growth (Wareing & Ryback, 1970). Some

of the activities associated with the growth-promoting hormones are

retardation of senescence of detached leaves (cytokinins), delaying

of leaf abscission (Indole-acetic acid or IAA, an auxin), and promo

tion of bud growth (gibberellic acid). Applications of abscisic acid

or ABA have been shown to overcome the effects of all three of these

compounds. Wareing and Ryback suggest that this means that ABA

antagonises the effects of each of these growth-promoting hormones

in the various plant systems, rather than interacting specifically

with any one of them. Changes in the levels of growth-promoting

and growth-inhibiting activity have been correlated with the onset of

bud dormancy in trees under natural conditions.

It appeared likely that the physiological change in pear

trees from a growth state to the onset of dormancy in late summer is

accompanied by changes in concentration in one or more of these

compounds that are of sufficient magnitude to be perceived by an aphid

feeding on the plant sap. The chemistry of some of the plant hormones

is not unlike that of some animal hormones. For instance,
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gibberellin has a similar structure to ecdysone in insects (Philips,

1971) and many of the auxins are similar to animal hormones (Dr. W. P.

Stephen, pers. comm.). The adult virginopara is a neotinic morph

having a number of features (such as winglessness, vestigial eyes,

soft body) in common with the juvenile form (Lees, 1961, 1966). As

metamorphosis is controlled hormonally, it is possible that one of

the plant hormones is capable of interacting with the aphid's

hormone balance so that the aphid is 'switched' to the alternative

morph.

The root-feeding form of E. pyricola occurs throughout the

topmost three feet of soil and perhaps deeper (Baker & Davidson, 1916).

In order to leave the root and find an elm tree successfully, the

alate morph must be guided by one or more directional stimuli in

its environment.

The present study was conducted to investigate further the

stimuli influencing alate production in E. pyricola, their mode of

action, and the mechanism of response in the aphid. Investigations

of the aphid's biology and behaviour provided more information about

the annual cycle of the aphid and the means by which the different

phases are implemented. Detached rootstocks were used for most of

the experiments, as variations in the responses of live plants to

environmental conditions obscured other results.
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LITERATURE REVIEW

Aphid life cycles in temperate climates may be holocyclic

(including both sexual and parthenogenetic forms) or anholocyclic

(in which the sexual stage is lost). Some species are heteroecious,

alternating between the primary winter host and one or more secondary

summer hosts. In other species which are monoecious, a perennial

plant is the only host (Lees, 1966).

Aphid terminology is complex and sometimes confusing. Lees

(1966) gives a comprehensive list of terms which clarifies the issue.

In the true aphids the parthenogenetic generations are viviparous

and are sometimes called virginoparae to indicate their method of

reproduction. The first parthenogenetic generation differs morpholo-

gically from later generations, and is called the fundatrix. The

egg-laying oviparae and males are called sexuales. Individuals of

the generation that produces the sexuales may be gynoparous (pro-

ducing oviparae only), androparous (producing males only), sexuparous

(producing both sexes) or more versatile in that they can produce

both gamic and parthenogenetic young. Depending on the species any

of these forms may be apterous or alate, and where relevant a dis-

tinction is made in the terminology, for instance apterous virgino-

parae and alate virginoparae. The terms apterae and alatae,

which occur frequently throughout the literature, usually refer to

the virginoparous morph, except in species where all alatae are

sexuparous. Terms distinguishing between the virginoparae on the
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primary host plants (fundatrigeniae) and secondary host plants

(migrantes and alienicolae) are of little significance in poly-

morphism, there being no obvious morphological difference between the

two (Lees, 1966).

In heteroecious species such as Eriosoma pyricola, Anuraphis

rosea Baker and Pemphigus bursarius L. the aphid overwinters in the

egg stage on the primary host, and, after hatching in the spring,

produces a number of apterous parthenogenetic generations, following

which an alate parthenogenetic generation migrates to the secondary

host, where more apterous parthenogenetic generations are produced.

A sexual generation in fall migrates back to the primary host where

the Qverwintering generations are produced (Sethi, 1968; Borror

and DeLong, 1964; Judge, 1968). However in monoecious species such

as Brevicoryne brassicae L. and Megoura viciae Buckton, whereas the

sexual form occurs in response to daylength and hence appears

seasonally, the winged condition occurs primarily in response to

such conditions as crowding and hence may occur sporadically through-

out the year (Bonnemaison, 1951; Lees, 1959, 1960, 1963, 1966).

Male/female, sexual/parthenogenetic, and apterous/alate kinds

of polymorphism in aphids are all considered to be 'alternative' poly-

morphism, in which the developing individual has alternative develop-

mental pathways (Lees, 1966). In many aphids these alternatives are

independent of each other and may be responsive to different stimuli,

so that a single individual may be capable of having several kinds

of offspring. For instance in Aphis farinosa Gmelin a single
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viviparous female can produce oviparous female, male, apterous

viviparous female and alate viviparous female offspring (Hille Ris

Lambers, 1960). Both winged and wingless individuals of the monoecious

species Megoura viciae can produce wingless virginoparae, winged

virginoparae, oviparae, and males (Lees, 1966). The male or female

sexual/winged or wingless parthenogenetic aspect of this can be

considered irreversible as only eggs are formed by the sexual

alternative, that is the aphid advances one complete step in its

life cycle. However, the winged/wingless condition of the virgino-

parae is reversible in that each condition may revert to the other

in successive generations depending on environmental influences.

Various degrees of restriction in morph production by a

single parent appear in different aphids. For instance, in many

heteroecious members of the family Aphididae (e.g., Aphis fabae

Scopoli, Sappaphis plantaginea Pass.)the males and females are

produced by different parents and in different generations. The

parent produces male and parthenogenetic female winged migrants.

After they reach the primary host the latter produce oviparae or

egg-producing individuals and more parthenogenetic females (Lees,

1966).

The Eriosomatidae exhibit a different form of restriction

in that although one individual can produce both males and oviparae,

all of their morph changes are irreversible. The generations follow-

ing winter-egg hatching on the primary host form leaf galls and

several generations of wingless parthenogenetic forms, until a winged
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migrant generation moves to the secondary host. On this host, a

number of wingless parthenogenetic generations occur until a

winged generation of sexuparous individuals appears and returns to

the secondary host where each individual produces both male and

female progeny. Thus in this group pathway alternatives occur at

only three points in the life cycle - wingless/winged condition on

the primary host, which is irreversible (winged individuals moving

to the secondary host), the wingless parthenogenetic/winged sexuparous

condition on the secondary host, which is also irreversible (sexu-

parous forms moving to the primary host), and male/female production,

which is also irreversible as the males and females form winter

eggs. On the primary host, wing polymorphism among the last genera-

tion of parthenogenetic individuals occurs, but sexual forms do not

appear (Borror & DeLong, 1964).

In species such as Megoura viciae, wing dimorphism and the

appearance of sexual forms may be controlled by different environmen-

tal factors. Sex production appears to be primarily a response to

photoperiod or to both photoperiod and temperature. Long photo-

periods suppress ovipara formation in Megoura viciae while long

photoperiods and high temperatures act in unison to suppress the

appearance of oviparae in Brevicoryne brassicae and Myzus persicae

Sulzer (Lees, 1966). However wing dimorphism appears to be a response

primarily to crowding and/or nutrition relationships (Sutherland,

1969; Johnson, 1966). The winged condition constitutes the dispersal

phase of aphid life cycles and enables the aphid to move away from
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adverse conditions, thus it is to be expected that the stimuli

triggering the production of winged morphs would be related to such

conditions as overcrowding, onset of host plant senility or dormancy,

and ill health of host. For instance crowding induces the formation

of winged rather than wingless virginoparae in the aphids Megoura

viciae (Lees, 1966), Aphis craccivora Koch (Johnson, 1965),

Brevicoryne brassicae (Hughes and Gilbert, 1968), and Acyrthosiphum

pisum Harris (Sutherland, 1969), and the subterranean aphid Pemphigus

bursarius produces alate sexuparae in response to crowding (Judge,

1968).

Sethi and Swenson (1967a) found that whereas cultures of

Eriosoma pyricola on growing plants and on root-pieces from dormant

plants in the field did not produce alate sexuparae, cultures on

plants which were in the process of becoming dormant produced large

numbers of these alatae.

Lees (1966) found that Megoura viciae caged in pairs on mature,

senescent, and juvenile bean leaves produced the most alatae on

senescent leaves and the fewest on juvenile leaves. However, iso-

lated aphids on senescent bean leaves produced no alatae, and Lees

considered that the greater restlessness of aphids on senescent

leaves and consequently the greater number of encounters between

aphids, provided a tactile stimulus inducing more individuals to

become alatae.

Aphis craccivora fed on old leaf tissue of Vicia faba produced

more alate offspring than those fed on young leaf tissue or on
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seedlings, regardless of previous crowding history. However, this

response was weak unless an additional crowding stimulus was provided

(Johnson, 1966).

Dysaphis devecta Walker produced more alatae when the apple

plants it was on were deprived of nitrogen and consequently ceasing

growth (Forrest, 1970). Diets which were amino acid enriched (and

hence rich in nitrogen content) produced fewer alatae than non-

enriched diets (Sutherland, 1969). It is possible that this is a

factor inducing apterous formation in colonies on young plants.

Myzus persicae produces more alatae when the parents or early

stages of the young are crowded (Sutherland & Mittler, 1971). On

radishes M. persicae produces more apterae on younger radish seed-

lings than on an artificial 'complete' diet, when most of the young

become alate. However, when the diet is grossly imbalanced, neither

optimum larval growth nor the production of alatae occurs (Mittler

& Kleinjan, 1970). These authors consider that the larvae are pre-

sumptive alatiforms and become diverted to apterae either by young

plants or by inadequate nutrition. While appearing to contradict

other authors, their work is dealing with diets wholly lacking certain

substances rather than with diets containing small but insufficient

quantities of these compounds, thus their diets are greatly imbal-

anced. Work by Johnson (1966) yields similar results. He notes that

host and 'crowding' effects can either supplement or antagonise one

another. Crowding and old host tissues, both of which favour production

of alatae in Aphis craccivora, are supplementary. However, seedlings
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(which suppress alate formation) and crowding have opposite effects,

thus are antagonistic in action. Exposure of aphids to periods of

starvation favours apterous development in this species. He notes

that although this appears at first to contradict the evidence that

poor host-plant condition favours the production of alatae, aphids

on poor-condition host plants are able to imbibe sap, no matter how

low it may be in some essential nutrients, whereas starved aphids

are prevented from taking in any food at all. Johnson and Birks (1960)

also consider that aphids begin development as presumptive alatae, and

are irreversibly diverted at certain stages during development.

Other factors affecting the occurrence of alate virginoparae

include attendance by ants, temperature and photoperiod. The occur-

rence of winged forms is suppressed in Aphis fabae and Aphis

craccivora when they are tended by ants (El-Ziady and Kennedy, 1956;

El-Ziady, 1960; Johnson, 1959). Higher temperatures suppress alate

production in Macrosiphoniella sanborni Gilette (White, 1946),

Aphis craccivora (Johnson & Birks, 1960) and Megoura viciae (Lees,

1966). Photoperiod has no effect on alate production in some

anholocyclic species which lack the sexual phase but appears to

affect the production of gamic females in other aphid species.

Species and clonal differences also affect alate production. There

is no conclusive evidence that water relations with the host plant

affect alate production (Lees, 1966).

Lees (1960) has postulated the existence of an 'interval

timer' in the aphid Megoura viciae and some other aphid species which
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prevents young clones from forming sexuales in response to short-day

conditions until a certain period of time has elapsed. This prevents

the first generations following egg hatching from immediately forming

sexuales during the short days of spring, so that the sex-producing

generation does not appear until fall. The number of generations

elapsed does not appear to affect the operation of this interval

timer, although temperature does affect it. Lees considers the

mechanism to be located in the cytoplasm, and that it is capable

of self-duplication because it is unaffected by the number of

generations.

It is still not certain whether photoperiod acts directly on

the aphids or acts through the plant. Plants respond to photoperiod

very quickly so that it is uncertain whether aphids on live plants

respond to the photoperiod or to its effects on the plant. Experi-

ments using artificial diets could determine if aphid response is

direct. On the other hand, evidence for photoperiodic action via

the plant is seen in subterranean aphids which produce sexual or

pre-sexual forms along the same lines as aphids on superterraneous

parts of the plants (Hille Ris Lambers, 1960). This does not of

course exclude the possibility that the aphids above ground respond

directly to photoperiod rather than via the plant.

In some aphids the development of different morphs is a

response to changes in the environment of the parent, e.g., in

Megoura viciae both the sexual and the winged forms are parentally

determined (Lees, 1966). In Aphis craccivora the winged forms are
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determined both pre- and post-natally (Johnson, 1965) while in

Brevicoryne brassicae the controlling system is maternal (Lees, 1961).

In Myzus persicae (Bonnemaison, 1951; Lees, 1966) and Rhopalosiphum

prunifoliae Fitch (Lees, 1966) the young is sensitive to alate-

producing stimuli for the few hours following birth.
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As Eriosomawricola has only two morph forms on the secondary

host. (pear), the apterous or wingless virginopara and the alate or

winged sexupara, the terms aptera and virginopara and the terms

alata and sexupara are used synonymously throughout the text when

referring to this species.

Observations showed that the aphid has four larval instars.

Adults and fourth instar young are distinguishable as to morph form;

third instars and younger are indistinguishable and are merely

classified as young. The term sub-adult in the text refers to fourth

instar larvae.

GREENHOUSE PROCEDURE

To obtain roots for cultures, seedlings of the pear Pyrus

communis L. were grown from stratified seed in conditions of long

days and cool nights (16 hour photoperiod: light 24°C. dark 18°C.)

which favoured continued growth (Sethi & Wenson, 1967b). When the

seedlings were several months old, they were placed outside. Other

rootstocks were obtained from commercial nurseries and stored in

almost freezing conditions through the winter then planted out in

pots.
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STOCK CULTURES

Aphid cultures were maintained on detached root pieces in

polyethylene trays measuring 26.0 x 19.7 x 5.9 cm. Three roots, each

about 20 cm. long and with the smaller branches untrimmed, were

placed on moist sand in each box, which was sealed with a lid and

kept in the dark, at constant 21°C. unless otherwise stated. New

stock cultures were set up approximately every two weeks, using

12 - 15 adult virginoparae per box (after Sethi & Swenson, 1967b). Cul-

tures lasted from one to 14 months using this method.

From August 1970 onwards I placed moistened paper towels on

the sand. The paper towels were replaced whenever they became soiled

with dead aphids and aphid debris, or contaminated with fungus

infestations, thus keeping the cultures clean. At about this date I

also increased the number of initial virginoparae to 20 to 24 per

box.

EXPERIMENTAL CULTURES

Experimental cultures on detached roots were set up using

the same method as for the stock cultures, but with only one root per

box. Temperatures ranged between 19°C. and 22°C. and are given for

each experiment. All roots were kept in the dark.

In experiments where I wished to estimate aphid densities on

the roots, I calculated the total surface area of each root. The

entire root was marked off in 2.5 cm.2 sections of surface area, which
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gave the total surface area when added up. Diameters were measured

with a specially made gauge which consisted of a piece of heavy

acetate sheeting with holes of different diameters cut around the

edges. All cultures were observed and aphids counted every four

days.

Control, sparse, and crowded cultures were generally set up

as follows: control roots were infested with ten adult virginoparae

per root, and numbers allowed to increase unchecked. Sparse roots

were infested with five adult virginoparae per root and extra aphids

removed so that the densities remained low. Crowded roots were

covered with plastic bags so that only 7.5 cm.2 root area was

exposed, infested with ten adult virginoparae and numbers allowed to

increase. The unexposed portion enabled the root to survive longer

under high-density infestations than would a root piece whose total

surface area was only 7.5 cm. 2 compared with approximately 43 cm.2

area in the control roots. The restricted surface area enabled the

aphids to infest the entire available root area and hence population

densities to build up much faster than in control groups.

To transfer aphids, a culture root was tapped gently until

a few individuals were dislodged. These were transferred to new

roots with a small camel's-hair brush.
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REARING IN STENDER DISHES

In several experiments aphids were reared in isolation or in

small groups on 2.5 cm. long root pieces of known diameter in

Stender dishes of 3.2 cm. internal diameter. A 2.5 cm. disc of

moist paper towel was placed in each disc, the root and aphid placed

on this, and a tight-sealing lid placed on the dish. All dishes were

kept in the dark, at 21°C. unless otherwise stated. Observations were

made every day.

As handling was found to have a significant adverse effect

on survival and fecundity, data on survival and fecundity were

obtained from aphids which were reared from birth with no handling.

To effect this, an adult virginopara was placed on a root piece and

was removed after depositing one young, which was reared to adult-

hood.

USE OF PETRI DISHES

Ten aphids were placed on a moist three-inch diameter disc

of paper towel in a petri dish. The petri dish was divided into

halves by a line painted across the bottom of the dish. For aggrega-

tion experiments the dishes were divided into four equal sectors.

After 30 minutes' exposure the aphids in each half of the

dish were counted. All tests except that for light-response were

run in darkness at constant 22°C. Fifteen replicates were made for

each stimulus.
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The aphids were first tested for randomness of response to

the dish (control). They were also tested for responses to gravity

(for which the dish was tilted at an angle of 45°), light (which

was allowed to enter a foil-covered petri dish from one point only,

a 1 cm.
2 hole in the foil at one side of the dish), moisture (for

which one large drop of water was applied to one side of a disc of

dry paper towel), aphid frass (for which discarded exuviae and wax

exudate were placed on one side of a damp paper disc), elm bark

and pear roots (each of which was placed on one side of a damp paper

disc), and aphid-conditioned paper. The conditioned paper was a

one - inch diameter disc of moist paper towel on which ten or more

aphids had walked for 24 hours. A clean disc of paper towel was

placed on the other side of the large paper disc. In a test for

directional response to pear roots, ten pieces of pear root were

aligned in parallel across a paper disc with their upper ends all

pointing in the same direction.

PLANT HORMONE TREATMENTS

I set up 13 treatments of six medium-sized roots whose surface

areas were known, using three adult virginoparae for each root. The

aphids were allowed to increase unchecked (control series). I also

set up 13 treatments of six smaller roots of known surface area

using one adult virginopara for each root. Each adult was removed

after five young were produced. As the young matured, the first five

of their progeny were kept and all other aphids, including the parents,
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removed (sparse series). Aphids were counted every four days for

56 days. To set up the cultures 100 ml. of hormone solution or

water was placed in a plastic sandwich box, and sand sprinkled on it

until it formed a firm but moist substrate. A single paper towel

dipped in the solution was placed on the sand, and the root, which

was also dipped in the solution, placed on the paper towel. The

roots were sprayed with more of the solution every four days. The

four hormones used were abscisic acid, benzyl adenine,gibberellic

acid, and 2,4-D. Each hormone was used in concentrations of 1 X 10-6

Molar, 2 X 10-5M, and 2 x 10-4M aqueous solution. A control group

was set up with distilled water.
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RESULTS

BIOLOGY OF ROOT-FEEDING FORMS

NUMBER OF INSTARS AND GENERATION TIME OF VIRGINOPAROUS MORPHS AT 20°C.

I reared two groups of aphids in isolation without handling

from birth to adults, in Stender dishes at 20°C. This temperature

lies within the optimum range for laboratory cultures of this aphid.

(Aphid colonies of ten adult apterous virginoparae set up by Sethi

(1968) in six weeks produced a mean of 204 individuals at 18°C., 240

individuals at 21°C., 207 at 24°C. and 0 at 27°C. Each mean was

obtained from five boxes.) Group A consisted of 30 virginoparae

whose parents were taken from a colony which was not producing

alatae, while group B consisted of 39 individuals whose parents came

from a colony which was producing numerous alate nymphs at the time

the experiment was set up. Daily records were made of moults and

progeny.

By the time group B had matured, their parent colony was

producing about half virginoparous and half sexuparous adults.

However, none of the 39 aphids originally isolated from this colony

developed into sexuparae, all remaining as virginoparae, so that

I was unable to make observations on the young sexuparae for compari-

son. A second attempt to rear alatae by taking their parents from

an alate-producing colony also failed, indicating that isolated

rearing may not be conducive to alate production. The parent colony
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of group A did not produce alate sexuparae during the course of

the experiment.

The following data are based upon those aphids which reached

each developmental stage (Table I). Virginoparae of E. pyricola

undergo four juvenile instars. When reared at 20°C. each instar

lasts approximately four days in length, the first instar being the

longest, and the aphids become adults after 17 - 18 days, with little

variability in these times. This is in agreement with Sethi (1968)

who obtained generation times of 21.2 + .08 days at 18°C. and of

16.6 + .33 days at 21°C. for virginoparous individuals (means of

20 - 25 nymphs). Sethi demonstrated that .a clear relationship

exists between generation time and temperature in E. pyricola, and

the small amount of variation at any one temperature indicates that

the relationship is probably fairly strongly expressed.

POPULATION GROWTH

I compared population increase in seven mass cultures on

20 cm. long roots for 60 days with a hypothetical population generated

from data on 30 aphids on individual 2.5 cm. long root-pieces. The

latter were initiated with 30 young deposited by adults that were

then removed, with these aphids reared singly and with all progeny

removed.

The isolated aphids continued to produce young at a fairly

constant rate from the last moult until death. Mean fecundity was

43.6 + 26.21 young in 11.2 + 5.65 days of adult life. The mean
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TABLE I. MOULTING AND GENERATION TIMES OF APHIDS REARED IN ISOLATION
IN STENDER DISHES AT 20°C.

Group A+
(N = 30) X

S.D.

N++

Group B+
(N = 39) 3E

S.D.

N++

Day aphid moulted
Moult no.
1 2 3 4

Day 1st
young
produced

Day
aphid
died

5.4 9.7 13.3 17.6 18.1 22.3

1.16 1.19 1.33 1.32 1.24 10.81

25 25 23 20 20 30

5.5 8.7 12.3 16.3 16.8 22.9

0.76 0.89 0.88 0.84 1.02 12.35

31 30 29 28 28 39

+ = See text.
++N = number of aphids

out of 30 surviv-
ing to each
stage (sample
number)
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number of young produced per virginopara per day was fairly con-

stant throughout the population, averaging 3.62 + 0.962.

Using the data obtained from each individual in this and in

the previous experiment, I computed the numbers of aphids occurring on

every fourth day during a period of 60 days in a theoretical

population initiated with 30 first-instar young. Survival times of

all individuals were accounted for, so that the population numbers

are adjusted for longevity. Fig. 1 shows the increase in numbers in

the theoretical population. The numbers follow the characteristic

exponential growth curve of populations where no checks exist on

population increase. After the first generation, the variation in

generation time and in survival time as adults between individuals

results in considerable overlap of generations through time.

To determine whether the detached root cultures were in-

creasing at anywhere near this supposed 'maximum,' I compared the

theoretical values with the population values of the seven root

cultures. The logged population numbers for these roots over a 60

day period (solid lines) and for the theoretical population (broken

line) are shown in Fig. 2. The mean population numbers for the

seven roots and the numbers for the theoretical population during

the 60 days are given in Table

The real populations diverged from the theoretical population

at about the fourth or fifth week. Colonies on detached roots

increased steadily to 24 days and then leveled off for two weeks;
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TABLE II. POPULATION NUMBERS OF E. PYRICOLA ON DETACHED ROOT-PIECES
COMPARED WITH CALCULATED MAXIMUM POPULATION GROWTH RATE
AT 20°C.

Date 20 cm. root pieces
(mean of 7 roots)

Hypothetical
population no.s

Day 0 30 30

4 29 28

8 26. 25

12 24 25

16 43 22

20 128 178

24 200 390

28 206 585

32 209 714

36 149 859

40 138 2189

44 83 5193
48 80 9652
52 68 14603

56 100 20934

60 88 39898
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thereafter they declined. The roots were not entirely unsuitable

for aphid survival at this point, as the seven cultures only became

extinct after a mean of 119 + 60.6 days. Individuals which become

sexuparae do not contribute to the continued increase of the popula-

tion by producing virginoparae, and thus could effectively reduce

population growth. However the appearance of sexuparous individuals

in the colonies was also not the reason for the initial divergence

of the real from the hypothetical numbers at around day 22, as the

mean date the first sexuparae appeared was day 43 + 1.9. At this

time the population numbers were already declining, so that it is

probable that alatae appear in response to less than optimum

conditions.

The mortality rate of the individuals reared in isolation was

17% per four days. This value was used to estimate the mean mor-

tality for the seven root cultures. The calculated and observed

mortalities are compared in Fig. 3. The two values follow a similar

trend except that at high population levels (between days 24 and 36)

the observed mortality was higher than the calculated value. This

difference is attributed largely to emigration. Aphids leaving the

root generally moved to the sides of the box and eventually died.

However, these numbers never constituted more than a small portion

of the population.

As theoretical mortality values are accounted for in the

hypothetical population numbers, changes in mortality rate do not

account for the divergence between hypothetical and real population



50

40

30

20

10

0

/

theoretical mortality

0----oactual mean mortality
(N = 7 roots)

.... mean nos. absent from root.

..
I

0. I .'

0

"A\

20
Days

40 60

Fig. 3. Mean numbers of dead and emigrant aphids in detached root populations,
and estimated theoretical mortality for the mean population size.



30

figures before the first date of alate appearance. It is probable

that fecundity was lowered in response to less than optimum condi-

tions in the culture.

EFFECT OF PLANT AGE AND ROOT DIAMETER ON APHID SURVIVAL

One hundred and two 2.5 cm. long root pieces were cut from

seedlings and placed in Stender dishes. One adult virginopara was

placed on each root and removed after five young were deposited. The

young were reared to adults, and their progeny were removed daily. The

maximum number of days that any of the five survived was recorded for

each root piece. The root pieces consisted of 17 groups containing

six roots each, depending on age of seedling (half, one, or two years)

and diameter of root piece(0.08, 0.16, up to 0.48 cm.).

A one-factor analysis of variance of the results (Table III)

comparing the diameters, showed no differences in survival, except

for the 0.48 cm. pieces which had lower survival values. These root

pieces were cut from the upper part of the seedling roots, and showed

a tendency to develop fungus infections after being cut.

Among the smaller diameters (0.08 and 0.16 cm.) the aphids

on the half-year old plants died sooner than on older plants of the

same diameters, although there was no difference between the one and

two year old seedlings. In the larger (0.24 to 0.48 cm.) pieces,

although the half and one year old pieces were similar, the two year

old seedlings showed longer survival for each diameter. It appears

that roots from older plants are better able to support aphid populations.
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TABLE III. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE NUMBER OF DAYS
THAT APHIDS SURVIVED ON 2.5 CM, LONG ROOT PIECES OF VARIOUS
DIAMETERS AND FROM PEAR SEEDLINGS OF VARIOUS AGES.

Source of Sum of Mean of
Variation DF squares squares Ho F Decision

Between samples 16 6713.3448 419.5840 11's equal 5,9984 reject Ho at 5%

Within samples 85 5945.6608 69.9489
and 1% levels

Total 101 12659.0056

LSD 05 = 9.5992 LSD 01 = 12.7185

Sample no. I II III IV V VI VII VIII

Age of plant (years) 1/2 1/2 1/2 1/2 1/2 1 1 1

Root diameter
(inches) 0.08 0.16 0.24 0.32 0.40 0.08 0.16 0.24

Last survival day of 5
aphids (mean of 6 roots) 3.67 6.83 10.50 9.50 13.67 14.50 18.67 14.67

Sample no. IX X XI XII XIII XIV XV XVI XVII

Age of plant (years) 1 1 1 2 2 2 2 2 2

Root diameter (inches) 0.32 0.40 0.48 0.08 0.16 0.24 0.32 0.40 0.48

Last survival day of 5 aphids
(mean of 6 roots) 12.00 11.67 0.83 13.67 21.33 29.00 31.00 26.33 18.83
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CHOICE OF ROOT SIZES BY APHIDS IN ROOT CULTURES

I observed the number of aphids which occurred on 2.5 cm.2

area sections of various diameters of newly-infested cultures on 20

cm. long detached roots. The maximum number of aphids which

occurred on each section during the first 16 days after each culture

was set up were recorded for 20 sections in each of 15 size classes,

ranging from 0.08 cm. in diameter up to 1.20 cm. diameter. To

initiate each culture, adult virginoparae were placed randomly over

the root surface.

The results are given in Fig. 4. The aphids prefer to settle

on root sections ranging from 0.16 to 0.32 cm. in diameter. The

choice of root size is probably influenced by the thickness of the

root bark. If roots of these diameters are not available, a colony

is less likely to be successful.

SEX PRODUCTION AND WINTER EGG PRODUCTION

Adult alatae were placed in. Stender dishes on moist filter

paper (after Baker & Davidson, 1916). A piece of elm twig and a

piece of rough elm bark were placed in each dish. The dishes were

kept in the dark at 20°C. All sexes produced were noted.

Twenty-seven alatae produced a mean of 5.7 + 2.5 young. Of

these a mean of 4.4 + 2.8 were unborn, and were dissected from the

adult after it died. The mean number of female young (both born and

unborn) was 1.6 + 1.1 and of males 4.1 + 2.0. Most of the young
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were deposited on the filter paper. Few survived the first moult,

and none survived longer than 12 days. None matured, so that no

matings took place and no winter eggs were produced. Baker &

Davidson (1916) noted similar difficulty in obtaining winter eggs

in the laboratory.
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OBSERVATIONS ON APHID BEHAVIOUR

ACTIVITY OF DIFFERENT STAGES AND MORPHS

Aphid behaviour was classified and ranked in order of in-

creasing mobility. I determined this order from the sequence of

activities which an individual aphid goes through when disturbed.

Although it may be standing quietly with its proboscis inserted in

the root, when touched with a camel's hair brush, it first moves around

while still apparently feeding. If the disturbance continues it with-

draws its proboscis and stands still. Its next response to continued

disturbance is to move around on this spot and eventually to walk away.

In the case of an alate adult this may lead to flight.

I observed the behaviour of aphids on fifteen roots. Ten

first or second instar young, ten adult virginoparae, ten fourth

instar alatae, and ten adult alatae were examined on each root.

Behaviour was classified as 'feeding' quietly (that is, standing

quietly with the proboscis inserted), 'feeding' while making some

body movements (such as flexing legs or antennae), standing quietly

(without movement, and with the proboscis withdrawn), standing while

making some body movements, walking, and flying. (The feeding cate.-

gories are not applicable to alate adults, which have no proboscis,

and the flying category is applicable only to the alate adults.) The

aphids observed were chosen randomly from the population on each root.

As there appeared to be considerable differences in activity

between the various stages and morphs, I performed five analyses of
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variance which investigated each activity separately for all stages

and morphs. The sixth activity, flying, was only applicable to the

alate adult so that no analysis of variance was performed. The

results of the analyses are given in Tables IV - VIII.

Where the analysis of variance showed a significant difference

in the population means, I compared mean differences to the computed

least significant differences of LSD's at the 5% and 1% levels of

significance (Fryer, 1962).

The table shows that there was no significant difference

between the various stages and morphs in the activity moving and

feeding. However in all other activity categories significant dif-

ferences occurred. In the feeding quietly category, the numbers of

young and adult virginoparae were similar; however, the values for

both the young and the adult virginoparae were significantly greater

than for the alate fourth instar numbers. In the standing quietly

category, the young, adult virginoparae, and alate fourth instar

young were similar to each other but all were significantly less

than the alate adult numbers at the 1% level of significance. At the

5% level, the young and adult virginopara numbers were significantly

less than the alate fourth instar numbers. In the moving and standing

category, the alate fourth instar numbers were significantly less

than the alate adult numbers, and the young and adult virginopara

numbers were both significantly less than the alate fourth instars

and alate adults, at the 1% level of significance. In the walking

category, the young and adult virginopara numbers were significantly
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TABLE IV. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE RELATIVE
NUMBERS OF THE DIFFERENT STAGES AND MORPHS RECORDED
FEEDING QUIETLY

Source of
variation

DF Sum of
squares

Mean of Ho
squares

Decision

Between
samples 2 357.6444 178.8222 p's equal 83.20 reject H at

Within 5% and 1/0
9

samples 42 90.2667 2.1492 levels

Total 44 447.9111

LSD 05 = 1.0819 LSD 01 = 1.4475

Sample no. I II III

Category young adult alate
virginopara 4th instar

No. out of 10 aphids
feeding quietly
(mean of 15 roots) 8.60 9.07 2.87

Sample pairs I & III, II & III are significantly different at 1%
level.
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TABLE V. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE RELATIVE
NUMBERS OF THE DIFFERENT STAGES AND MORPHS RECORDED MOVING
AND FEEDING

Source of DF Sum of Mean of H
o

Decision
variation squares squares

Between
samples 2 0.8444 0.4222 is equal 0.679 accept Ho

Within that U's
samples 42 26.1333 0.6222 equal

Total 44 26.9778

LSD 05 = .5821 LSD 01 = .7789

Sample no. I II III

Category young adult alate
virginopara 4th instar

No. out of 10 aphids
moving and feeding
(mean of 15 roots) 0.73 0.60 0.40

As H
o

(that the u's or population means are equal) is accepted, any
differences in the sample means are due to random variation.
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TABLE VI. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE RELATIVE
NUMBERS OF THE DIFFERENT STAGES AND MORPHS RECORDED
STANDING QUIETLY

Source of
variation

DF Sum of
squares

Mean of
squares

Between
samples 3 71.3833 23.7944

Within
samples 56 55.2000 0.9857

Total 59 126.5833

LSD 05 = .7265 LSD 01 =

H
o Decision

is equal 24.14 reject Ho at
5% and 1%
levels

.9676

Sample no. I II III IV

Category young adult alate alate

virginopara 4th instar adult

No. out of 10 aphids
standing quietly
(mean of 15 roots) 0.07 0.07 0.80 2.73

Sample pairs I & IV, II & IV, III & IV are significantly different
at 1% level; sample pairs I & III, II & III are significantly dif-
ferent at 5% level.
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TABLE VII. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE RELATIVE
NUMBERS OF THE DIFFERENT STAGES AND MORPHS RECORDED
MOVING AND STANDING

Source of DF Sum of Mean of

variation squares squares
Ko F Decision

Between
samples 3 201.4667 67.1556 p's equal 58.64 reject Ho at

Within 5% and 1%

samples 56 64.1333 1.1452 levels

Total 59 265.6000

LSD 05 = .7831 LSD 01 = 1.0430

Sample no. I II III IV

Category young adult alate alate

virginopara 4th adult
instar

No. out of 10 aphids
moving and standing
(mean of 15 roots) 0.07 0.13 2.67 4.47

Sample pairs I & III, I & IV, II & III, II & IV, III & IV are sig-
nificantly different at 1% level.
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TABLE VIII. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE RELATIVE
NUMBERS OF THE DIFFERENT STAGES AND MORPHS RECORDED
WALKING

Source of DF Sum of Mean of H F Decision

variation squares squares

Between
samples 3 109.1333 36.3778 p's equal 21.49 reject Ho at

Within 5% and 1%
samples 56 94.8000 1.6929 levels

Total 59 203.9333

LSD 05 = .9521 LSD 01 = 1.2680

Sample no. I II III IV

Category young adult alate alate
virginopara 4th instar adult

No. out of 10
aphids walking
(mean of 15
roots) 0.47 0.13 3.40 2.47

Sample pairs I & III, I & IV, II & III, II & IV are significantly
different at 1% level.
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less than the alate fourth instar and alate adult levels, at the

1% level of significance.

The very young aphids and the adult virginoparae were the

most sedentary, most individuals feeding and not moving. The last

instar alatae showed more activity, many walking around, or moving

in one spot. Quite a number were feeding. The alate adults observed

were walking, moving in one spot, or standing still. Two individuals

flew at the time of observation. I noted that a slight draught of

air blew through the laboratory at about this time, and this may be

a factor affecting their flight activity.

There appears to be little need for activity of juveniles

and of adult virginoparae in the field, except when conditions become

unsuitable. However, under natural conditions the alatae travel from

the pear roots to the soil surface, a distance which may be up to

three feet (Baker & Davidson, 1916). A higher built-in level of

activity would be an advantage for this morph, and environmental

stimuli may be the means of guiding it to the soil surface and thence

to the elm.

RESPONSES OF APHID STAGES AND MORPHS TO VARIOUS STIMULI

I placed first and second instar young, adult virginoparae,

fourth instar alatae and adult alatae in petri dishes, ten aphids

to a dish, and exposed them to a variety of stimuli, including

gravity, light, moisture, aphid frass, elm bark, pear roots, aphid-
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conditioned paper, and the upper and lower portions of pear

roots.

The results are given in Tables IX to XIII. It can be seen

from these tables that all the stages and morphs examined exhibit

definite responses to some of the stimuli to which they were exposed.

The comparison of the computed LSD's with differences between the

control means and the means of the different tests indicate the

specific stimuli to which each morph responded.

The first and second instars appear to be negatively photo-

tropic, negatively geotropic, and attracted to elm bark and pear

roots. The adult virginoparae appear to be attracted to aphid frass,

elm bark, and pear roots and negatively phototropic. The fourth

instar alatae appear to be negatively phototropic, repelled by

moisture, and negatively geotropic. The adult alatae appear to be

positively phototropic, negatively geotropic, and repelled by mois-

ture.

The young and the adult virginoparae both exhibit responses

to elm bark and pear roots. As I did not provide an alternative

material of similar texture (such as bark or root from a different

tree species), this response may be merely a textural response. It

is also possible that such senses as smell are involved, although no

tests for this were made. Both of these stages, and also the last

instar alatae, are repelled by light. They do not have the rigid,

darkened exoskeleton of the alate adult which would serve as a

protection against both light and water loss, so that this response



44

TABLE IX. TYPES OF STIMULUS APPLIED TO APHIDS IN PETRI DISHES

Sample no. Category Treatment

Random (control)
Light
Gravity
Moisture
Direction of roots
Aphid frass
Elm bark
Pear root
Aphid conditioned

paper

left side of dish
illuminated side
upper side
moist side
upper end
frass-containing side
bark-containing side
root-containing side
conditioned side



45

TABLE X. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE NUMBERS OF
FIRST AND SECOND INSTAR YOUNG IN HALF OF PETRI DISH
CONTAINING VARIOUS STIMULI

Source of DF Sum of Mean of Ho F Decision
variation squares squares

Between
samples 8 303.8815 37.9852 p's equal

Within
samples 126 356.2667 2.8275

Total 134 660.1481

LSD 05 = 1.2035 LSD 01 = 1.5816

13.43 reject Ho at

5% and 1%
levels

Sample+ I II III IV V VI VII VIII IX

Mean no. out
of 10 aphids
in dish 5.27 2.40 3.47 6.13 5.07 6.40 7.20 6.93 4.80

Samples II, III, VII, VIII are significantly different from the
control (sample I) at 1% level.

+Sample treatments are listed in Table IX.
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TABLE XI. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE NUMBERS OF
ADULT VIRGINOPARAE IN HALF OF PETRI DISH CONTAINING
VARIOUS STIMULI

Source of DF Sum of Mean of H
o Decision

variation squares squares

Between
samples 8 198.2815 24.7852 p's equal 7.95 reject Ho at

Within 5% and 1%
samples 126 392.9333 3.1185 levels

Total 134 591.2148

LSD 05 = 1.2639 LSD 01 = 1.6610

Sample+ I II III IV V VI VII VIII IX

Mean no. out
of 10 aphids
in dish 5.00 4.13 4.00 5.67 5.47 6.67 6.47 7.47 4.67

Samples VI, VII, VIII are significantly different from the control
(sample I) at 1% level; sample II is significantly different from
sample I at 5% level.

+Sample treatments are listed in Table IX.



47

TABLE XII. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE NUMBERS OF
ALATE FOURTH INSTAR YOUNG IN HALF OF PETRI DISH
CONTAINING VARIOUS STIMULI

Source of DF Sum of Mean of Ho F Decision
variation squares squares

Between
samples 8 193.5704 2.4196 p's equal 6.22 reject Ho at

Within 5% and 1%
samples 126 490.5333 3.8931 levels

Total 134 684.1037

LSD 05 = 1.4121 LSD 01 = 1.8558

Sample+ I II III IV V VI VII VIII IX

Mean no. out
of 10 aphids
in dish 5.93 2.80 6.53 3.33 4.87 5.40 6.33 5.07 5.53

Samples II, IV are significantly different from the control (sample
I) at 1% level.

+Sample treatments are listed in Table IX.
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TABLE XIII. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE NUMBERS
OF ALATE SEXUPAROUS ADULTS IN HALF OF PETRI DISH
CONTAINING VARIOUS STIMULI

Source of DF Sum of Mean of H
o F Decision

variation squares squares

Between
samples 8 348.2667 43.5333 equal 13.64 reject Ho at

Within 5% and 1%
samples 126 402.1333 3.1915 levels

Total 134 750.4000

LSD 05 = 1.2786 LSD 01 = 1.6803

Sample+ I II III IV V VI VII VIII IX

Mean no. out

of 10 aphids
in dish 5.07 8.40 7.73 3.00 4.80 4.67 4.40 6.00 4.67

Samples II, III, IV are significantly different from the control
(sample I) at 1% level.

+Sample treatments are listed in Table IX.
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may be very important in ensuring that they remain in the protecting

soil.

The negative geotropism of the alate fourth instars and

alate adults is probably a major factor in the migration of the

alatae up to the soil surface.

The change from a repulsion to an attraction to light which

occurs between the alate fourth instar and alate adult stage is

interesting, as the eyes become heavily pigmented earlier, at the

onset of the fourth instar. Thus the type of response to light does

not show a direct correlation to amount of pigmentation. The eye

structure changes from a three-faceted to a multi-faceted type when

the fourth instar alate moults to become an adult. Both eye types

are functional, in that all the morphs and stages examined showed

definite responses to light. The attraction to light exhibited by

the adult alatae is probably the main factor inducing them to leave

the soil once they near the soil surface.

The repulsion by moisture exhibited by the alate fourth in-

stars and alate adults may be an additional factor inducing them to

move out of the soil.

To determine whether the control aphids showed a random dis-

tribution, I tested the control or 'random' samples against the

expected binomial distribution (Table XIV). A chi-square analysis

showed that the observed young, adult virginopara, and alate adult

variances did not differ significantly from the expected value, that

is, they fit a random distribution pattern. However, the alate fourth
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TABLE XIV. ANALYSIS OF OBSERVED AND EXPECTED FREQUENCIES THAT 0, 1,
2, UP TO 10 APHIDS APPEARED IN MARKED HALF OF PETRI DISH

No. aphids in marked half of dish:-
0 1 2 3 4 5 6 7 8 9 10

Frequency:-

(i) Expected 0.01 0.14 0.66 1.76 3.08 3.70 3.08 1.76 0.66 0.14 0.01

(ii) Observed
young 0 0 0 2 3 3 4 2 1 0 0

adult virgi-
nopara 0 0 1 2 2 3 5 2 0 0 0

alate 4th
instar 0 2 1 1 1 3 3 1 2 1 0

alate adult 0 0 1 1 4 4 3 1 1 0 0

Comparison of observed frequencies vs. expected frequency:-

Observed frequency Chi-square analysis

young
adult virginopara
alate fourth instar

alate adult

X2 = 1.61 (not significantly different)
X2 = 2.91 (not significantly different)
X- = 35.04 (significantly different at

1% level)

X2 = 1.61 (not significantly different)

Expected frequencies:-
A binomial distribution series was used to generate the

expected frequencies that 0, 1, 2, up to 10 of the 10 aphids in each
dish will be found in the marked half of the dish, assuming random
distribution. There are 15 samples (as 15 dishes or replicates were
used in the experiment) and the mean expected number of aphids per
marked side is 5.00.
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instar variance was significantly different from the expected value

at the 1% level of significance, indicating that this stage and morph

follows a non-random distribution in petri dishes. A simple pre-

ference for either the marked or the unmarked half of the dishes

can be discounted, as a t-test showed that none of the observed means

differed significantly from the expected mean number of aphids in

the marked side. The possibility of aggregation is investigated in

the following experiment.

RESPONSES OF APHID STAGES AND MORPHS TO EACH OTHER

In a test for aggregation, 15 petri dishes were divided into

four equal sectors with a marker pen, and a 3-inch diameter circle of

moist paper towel placed inside. After placing 10 aphids on the

paper disc, each dish was placed in the dark for 30 minutes, after

which the number of aphids in one randomly chosen sector was

recorded. Each dish was oriented randomly in the dark chamber.

The results are given in Table XV. An expected random

distribution was generated from a Poisson series, and a chi-square

analysis performed.

The chi-square values for the young, adult virginoparae and

alate adult morphs show no significant difference from the expected

distribution, indicating that their distributions are random. However,

the computed chi-square for the alate fourth instar data is greater

than the tabular chi-square at both the 5% and 1% levels of significance,
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TABLE XV. FREQUENCIES WITH WHICH DIFFERENT NUMBERS OF APHIDS OCCUR
IN A SINGLE MARKED SECTOR IN PETRI DISHES DIVIDED INTO
FOUR SECTORS.

Classes:-
No. of aphids
in sector

Expected
frequency

Observed
1st & 2nd
instar

young

frequencies: -
adult
virgin-
opara

alate
fourth
instar

alate
adult

0 1.23 0 2 3 0

1 3.08 3 3 1 4

2 3.85 4 5 2 2

3 3.21 4 4 5 3

4 2.00 3 1 2 4

5 1.00 0 0 0 1

6 0.42 1 0 0 0

7 0.15 0 0 1 1

8 to 10 0.06 0 0 1 0

Total 15.00 15 15 15 15

Comparison of observed frequencies vs. expected frequency:-

Observed frequency Chi-square analysis

1st and 2nd instar young
adult virginopara
alate fourth instar

alate adult

= 4.52 (not significantly different)
= 3.15 (not significantly different)
= 24.64 (significantly different at 1%

level)
= 9.70 (not significantly different)

Expected frequencies: -
The Poisson series was used to generate the expected frequencies

that 0, 1, 2, up to 10 aphids will be found in a single sector of
a petri dish marked into four sectors, given 10 aphids placed in each

dish and assuming random distribution. There are 15 samples (15 petri

dishes being set up) and the mean expected number of aphids per
sector is 2.5.
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so the null hypothesis that the expected random and the observed

distributions of this stage and morph are the same is rejected.

To determine the type of distribution exhibited by the alate

fourth instars, I computed two indices of clumping, i and X.

The disperson parameter or aggregation index, k, measures

the amount of clumping. If k is greater than three, it can be

reliably computed from the formula

k X
2

s
2 -X

where s 2 = standard deviation and X = mean of the samples. If k is

less than three, it is determined by trial and error from the formula

N
I +

log N = k log
n
o

where N = number of samples, no = number of empty samples. k is

generally in the region of two. As the population becomes clumped,

k approaches zero; as the population approaches the Poisson or

A A

random distribution k becomes larger (Southwood, 1966). The k value

for the alate fourth instars was 2.35, compared with the k value for

the expected random distribution which was 9.34, indicating that a

considerable but not extreme degree of clumping was occurring in the

alate fourth instar distribution.
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For data from randomly selected samples, another index, mean

crowding (m) measures crowding as being the mean number per indivi-

dual of other individuals in the same sample (Lloyd, 1967). Mean

crowding is determined by augmenting the mean density by the amount

the ratio of variance to mean exceeds unity, i.e.,

2

m = m + - 1
m

where m = mean population density and 62 = population standard

deviation. Whereas k depends on the number of samples or units that

contain no organisms, A is concerned with crowding in those units

where organisms occur. m is estimated by x, which is obtained from the

formula

*
x = x +

k

where i= sample mean. As it is a density function, it is useful

for comparing samples of equal size. Differences in x between

samples have certain implications with respect to crowding. Although

the actual densities of organisms in two samples may be similar, if

the distribution patterns are different the amount of crowding that

the individual experiences may differ. x is an estimate of the

degree of crowding as it impinges upon the individual. As it is

a function of both mean density and distribution patterns, both of
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these factors must be considered when setting up experiments on the

effects of crowding, rather than considering density alone.

In this experiment the value of 11 for the expected random

distributi9n was 1.105 while x for the alate fourth instar distribu-

tion was 1.425. This is not sufficiently different to invalidate

the use of mean density as an indicator of the degree of crowding

experienced by this morph; however, it must be considered in all

experiments in E. pyricola where slight changes in the degree of

crowding may have a critical effect on the responses of the aphid.

This tendency of the alate fourth instars to aggregate and

their higher activity level (see above) both result in increased

subjective density through increasing the number of contacts between

aphids, although the actual (objective) density may not have changed.

Thus the appearance of the first alatae will enhance the crowding

effect that produced them, with the result that large numbers of

individuals will be stimulated to become alatiform within a short

period of time. As the alatae leave the root sites as a result of

their negative response to gravity, the decline in numbers will cause

the actual density to drop. In addition, the removal of the active

gregarious individuals in the population will greatly reduce the

subjective density and hence the crowding stimulus, and alate pro-

duction will cease shortly thereafter. This mechanism coupled with

the short period of the year that the plant stimulates alate pro-

duction will channel most of the annual alate production into a

fairly short period of time, so that the alatae arrive on the primary
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host almost simultaneously, resulting in their producing higher

densities of male and female sexes on the elm, which will optimise

the chances of mating.
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MORPH DETERMINATION

(a) SEXUPARA OCCURRENCE IN STOCK CULTURES

INVESTIGATION OF SEXUPARA APPEARANCE IN STOCK CULTURES

I recorded the presence or absence of alatae in all stock

cultures on detached roots which I set up between May 1970 and

December 1971. Sethi and Swenson (1967a) noted that such cultures

kept at various temperatures occasionally produce one or a few alatae,

however the proportion of the population which became alate was

never more than one percent. For this experiment I considered all

cultures in which more than 5% of the adults and subadults at any

one time were alatiform to be alate '-producing. Two aphid strains

were observed. The local Corvallis strain had been cultured in the

laboratory since 1965 in the apterous condition. The strain from

Medford was collected as migrantes on galls of Ulmus campestris

(elm) leaves on July 7, 1970.

The two strains show similar occurrences of alatae (Table

XVI), so that a shift in the genetic content of the strain kept in the

laboratory for several years would not account for the appearance

of alatae. Alatae are produced in the field for only two to three

months of the year. As the alatae appeared in the cultures continu-

ously during the 16 months of observation, the aphids were neither

exhibiting an innate seasonal response nor responding to seasonal

changes in the rootstocks, which were kept alive outdoors until
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TABLE XVI. OCCURRENCE OF ALATE SEXUPARAE IN STOCK CULTURES DURING
1970-1971.

Number of cultures

Medford strain Corvallis strain

with
alatae+

without
alatae

with
alatae

without
alatae

1970: -

Jan. April - 12

May - Aug. 2 1 1 11

Sept. - Dec. 12 8 13 6

1971:
Jan. - April 17 3 16 4

May - Aug. 11 3 7 4

Sept. - Dec. 10 2 9 3

+The occasional occurrence of a single alata in a culture
box was not considered to be indicative of an alate-producing
condition.



59

required. It seemed possible that two changes that I had made in

culture techniques at about the time the first alatae appeared were

affecting alate production. These consisted of the addition of paper

towels to the culture boxes and the use of greater numbers of

initial virginoparae.

The first alatae appeared on August 25, 1970 in a culture box

that had been set up on July 7 from the elm migrants collected in

Medford, and on October 4 in a culture set up on August 14 from the

Corvallis strain in the laboratory. It was evident that no interval

timer was operating to prevent first-year clones of virginoparae

from producing alatae.

EFFECT OF PAPER TOWEL ON SEXUPARA PRODUCTION IN STOCK CULTURES

Two series of eight detached root pieces were set up, using

ten adult virginoparae per root, one series containing moist paper

towels placed on the save beneath the roots (Monitor Towels, Pub-

lishers Paper Times Mirror Brand), and the other containing none so

that the roots lay on the sand. The aphids on each root were

counted every fourth day for 80 days. Total root areas were

measured to obtain density figures.

The results are given in Table XVII. A comparison of the

maximum percentages of alatae occurring among the adults and sub-

adults in the population (the two morphs are indistinguishable when

younger) shows no significant difference between the two series,

nor was there a significant difference in maximum aphid density.
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TABLE XVII. COMPARISON OF THE MAXIMUM PERCENT OF ADULT AND SUB-ADULT
APHIDS WHICH WERE ALATIFORM, AND MAXIMUM DENSITIES OF
APHIDS IN DETACHED ROOT CULTURES MAINTAINED FOR 80 DAYS
WITH AND WITHOUT MOIST PAPER TOWELS UPON THE SUBSTRATE.

Maximum % alatae Maximum density
Replicate (root) Replicate (root)

Series I
(paper

towel)

Series II
(no paper

towel)

Series I
(paper

towel)

Series II
(no paper
towel)

Mean
Std. Dev.
N
T-test
analysis

64.63 63.25
21.99 29.23

8 8

t = 0.0994 (not signi-
ficantly different)

7.11 5.70
2.24 2.42
8 8

t = 1.1320 (not
significantly
different)
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It appears that paper towels have no effect on either fecundity or

elate production.

EFFECT ON SEXUPARA PRODUCTION OF THE NUMBER OF ADULT VIRGINOPARAE

USED TO INITIATE A COLONY

I set up 12 cultures on detached roots by placing eight adult

virginoparae on each root, and 12 roots with one adult virginopara

only, at 21°C. The presence or absence of alatae and the degree of

crowding were recorded every week for each root. For this experi-

ment I defined 'crowding' as occurring when approximately 40 or more

aphids formed a dense clump in which each feeding aphid was touching

the neighbouring aphids.

The dates ofappearance of the first alatae and a t-test

analysis of the two series are given in Table XVIII. The cultures

initiated with only one aphid show a significant delay in the date

that the first alatae appear. 'Crowding' was also significantly

delayed in this series, indicating that the number of aphids used

to set up a culture affects both the subsequent density and alate

production. As all of the cultures in this experiment eventually

produced alatae, the initial number of aphids may have less effect

on alate production than aphid densities within the culture. I

decided to investigate the possibility of a crowding factor.
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TABLE XVIII. COMPARISON OF THE DATES OF THE FIRST OCCURRENCE OF
CROWDING AND THE APPEARANCE OF THE FIRST SEXUPARAE
IN COLONIES SET UP INITIALLY WITH EIGHT ADULT VIRGINO-
PARAE AND WITH ONE ADULT VIRGINOPARA PER ROOT.

Week first alatae Week colonies first
appear show crowding

Series I Series II Series I Series II
(set up (set up (set up (set up
with 8 with 1 with 8 with 1
adults) adult) adults) adult)

Total 83 110 59 90

N 12 12 12 12

Mean 6.92 9.17 4.92 7.50

Std. Dev. 1.55 1.62 1.19 1.66

T-test t = 3.3218 (significantly t = 4.2025 (significantly
analysis different at 1% level different at 1% level

of significance) of significance)
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(b) EFFECT OF APHID DENSITY ON SEXUPARA PRODUCTION

EFFECT OF DENSITY ON THE PROPORTION OF SEXUPARAE OCCURRING IN COLONIES

ON DETACHED ROOTS

I set up two series of eight detached roots, at 20°C., and

placed ten adult virginoparae on each root. The aphid populations

in the first (control) series were allowed to develop naturally,

whereas the populations in the second (sparse) series were culled so

that the population numbers remained low. The populations were

counted every fourth day for 48 days.

The culling procedure reduced maximum density after 48 days

to under 16 aphids per root compared with 49 on the control roots.

The proportion of the population that was alatiform was 16 times

greater in the control roots (Table XIX). It appears that the

lowered density is accompanied by a definite decrease in the incidence

of alatae in these cultures. In an earlier experiment I found that

isolated aphids always matured as virginoparae, so that a certain

degree of crowding appears necessary before alate production can

take place.

POPULATION PEAKS IN SIX ROOT CULTURES

I set up a group of cultures at 20°C. with ten adult virgino-

parae per root. Aphid numbers were observed every four days and

classified as adult and sub-adult virginoparae and alatae or as

young. The data for all cultures which survived past the 80th day
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TABLE XIX. COMPARISON OF DIFFERENCES IN THE MAXIMUM PERCENTAGE OF
SEXUPARAE OCCURRING IN THE TOTAL APHID POPULATION IN
SPARSELY POPULATED AND CONTROL CULTURES ON DETACHED
ROOTS, FOR 48 DAYS FOLLOWING CULTURE INITIATION

Maximum alate
percentages

Total N Mean Std. Dev.

Control
roots 51.7 8.6 18.9 25.0 217.7 8 27.2125 14.7346

41.9 15.8 14.3 41.5

Sparse
roots 5.1 5.7 2.9 13.7 8 1.7125 2.3304

0 0 0

T-test analysis:-
T = 4.5225 (significantly different at 1% level of significance).
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were used for this experiment.

The population figures for the six roots which survived

past the 80th day are graphed in Figs. 5 and 6. The total numbers

and adult and sub-adult numbers are shown. The adults and sub-adults

are divided into the two component morphs, alatae and virginoparae

(younger instars are indistinguishable).

A peak in population numbers in any one culture was usually

followed by a peak in alate numbers. The six roots exhibited a total

of 11 population peaks, one root having one peak and the remaining

five having two peaks. Nine of these were followed by alate peaks,

at an average of 16.4 + 7.65 days after the population peaks, when

the numbers were declining, and at an average of 17.8 + 5.37 days

after the peaks in adult and subadult virginoparae occurred. The

dates of peak numbers of adult and sub-adult virginoparae usually coin-

cided with those of the total population. Thus, the curves designating

adult and sub adult virginoparae were in phase with the numbers of

the total population, indicating that the proportion of the popula-

tion which they constituted was fairly constant and thus that both

their numbers and total population numbers varied in response to

the same stimuli. However, the adult and sub-adult alate numbers

were out of phase with both the rest of the adults and sub-adults

and with the total population numbers. This indicates that they did

not merely constitute a constant proportion of the population,

and hence that their numbers were not directly dependent upon the

same factors that influenced population numbers. The delay in alate
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peaks and the large proportion of population peaks which were

followed by alate peaks suggest that alatae occur in response to

high population densities and that population numbers may influence

alate occurrence throughout the life of the culture.

As E. pyricola does not produce viviparous summer migrants,

the alate sexuparae both help to alleviate overcrowding and to ensure

that most of the population reaches the winter host. The production

of sexuparae on pears approaching dormancy may be a direct response

to physiological changes in the plant sap, or it may be indirect, the

plant changes inducing restlessness among the aphids which is interpre-

ted as crowding so that the crowding response occurs (Sethi and

Swenson, 1967a).
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(c) EFFECT OF ROOT CONDITION AND CULTURE AGE ON SEXUPARA

PRODUCTION

EFFECT OF PREVIOUS APHID INFESTATIONS OF ROOT ON SEXUPARA PRODUCTION

Eight groups each consisting of eight detached root pieces

were set up on two dates 36 days apart. A control, crowded, and

sparsely populated group were set up on fresh roots on the first

date. Two groups were infested on the first date with ten adult

virginoparae per root, which were allowed to increase unchecked. On

the second date they were cleared of aphids and reinfested, as a

crowded and a sparse group of 'used' roots. An additional control,

crowded, and sparse group were set up on fresh roots on the second

date so that checks could be kept on any difference in the quality

of cultures set up on the two dates. The 'sparse' group were culled,

while the control and crowded groups were allowed to increase un-

checked. The area available to aphids in the crowded group was

restricted by plastic bags to 7.5 cm.
2

(see section on materials and

methods). Average surface area for the 64 roots in the experiment

was 43.46 cm.2 Aphid populations were counted every fourth day and

aphid densities and percentages, of alatae in the total population

estimated. As alate production in E. pyricola appears to be

density-related, I decided that the latter would be more realistic

than the alate percentages among the adult and sub-adult numbers only,

which constituted only part of the population.
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Results and analyses of maximum densities, the first dates

that alatae appeared, and of maximum alate percentages are given in

Tables XX to XXII. Among the six groups on fresh roots the only

significant difference in maximum density, first date of alate ap-

pearance or in maximum alate percentages between the first and second

date groups was at the 5% level between the first dates of alate

appearance in the two sparse groups, indicating that the date on

which the root was removed from the soil had no great effect in

this experiment. The maximum density in the two crowded roots was

greater than in all other groups, and similar in the sparse and

control groups. The maximum percentage of alatae and the first date

of alate appearance were similar in the control and crowded groups,

and generally showed higher alate percentages and earlier dates of

alate appearance than in the sparse groups.

Both groups of previously infested roots had similar maximum

densities to the two sparse groups on unused roots. The sparse

group on used roots showed similar maximum alate percentages and gen-

erally showed similar first dates of alate appearance to the sparse

groups on fresh roots. The crowded group on used roots showed

similar maximum alate percentages and similar first dates of alate

appearance to the two crowded groups on fresh roots.

The presence or absence of aphids previously on the root does

not affect either the densities achieved or the production of alatae

in low-density cultures under the conditions set up in this experi-

ment. However, while the densities of the crowded group on
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TABLE XX. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE MAXIMUM
DENSITIES OF APHIDS IN SPARSELY POPULATED, CROWDED, AND
CONTROL CULTURES ON FRESH AND 'USED' DETACHED ROOT
PIECES, FOR 80 DAYS FOLLOWING CULTURE INITIATION.

Source of DF Sum of Mean of Ho Decision
variation squares squares

Between samples 7 1424.8800 203.5542 p's equal 14.4467 reject
Within samples 56 789.0410 14.0900 Ho at

both 5%
and 1%

Total 63 2213.9210 levels.

LSD 05 = 3.758 LSD 01 = 5.005

Sample no. I II III IV V
Treatment control sparse crowded crowded sparse

1st date used roots used roots 1st date 1st date
Maximum no. of
aphids (mean
of 8 roots) 6.41 1.42 1.19 13.41 1.80

Sample no. VI VII VIII
Treatment crowded sparse control

2nd date 2nd date 2nd date
Maximum no. of
aphids (mean
of 8 roots) 12.30 1.77 2.96

Sample pairs I & III, I & IV, I & VI, II & IV, II & VI, III & IV,
III & VI, IV & V, IV & VII, IV & VIII, V & VI, VI & VII, VI & VIII
are significantly different at 1% level of significance; sample pairs
I & II, I & V, I & VII are significantly different at 5% level.
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TABLE XXI. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE DATES THAT
THE FIRST SEXUPARAE APPEARED IN SPARSELY POPULATED,
CROWDED, AND CONTROL POPULATIONS ON FRESH AND ON 'USED'
DETACHED ROOT PIECES

Source of
variation

DF Sum of Mean of
squares squares

H
o

Decision

Between samples 7 15737.5052 2248.2150 p's equal 6.5151 reject Ho

Within samples 44 15183.1824 345.0723 at 5% and
1% levels

Total 51 30920.6876

LSD 05 = 19.3701 LSD 01 = 25.8878 N's = 7, 8

18.7153 25.0125 8, 8

20.0035 26.7342 7, 7

20.2126 27.0137 6, 8

20.8203 27.8259 6, 7

24.1594 32.2885 6, 4

26.4674 35.3730 4, 4

22.9216 30.6342 4, 8

23.4592 31.3527 4, 7

Sample no.

Treatment

I II III IV V

control sparse crowded crowded sparse

1st date used roots used roots 1st date 1st date
Mean date 1st
sexuparae
appeared 33.5 64.0 35.0 31.0 84.7

Sample no. VI VII VIII

Treatment crowded sparse control
2nd date 2nd date 2nd date

Mean date 1st
sexuparae
appeared 39.0 59.4 39.4

Sample pairs I & V, I & VII, II & IV, III & V, IV & V, IV & VII, V &
VI, V & VIII are significantly different at 1% level; sample pairs

& II, II & III, II & VI, II & VIII, III & VII, V & VII, VI & VII
are significantly different at 5% level.
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TABLE XXII. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE MAXIMUM
PERCENTAGES OF SEXUPARAE IN THE TOTAL POPULATION IN
SPARSELY POPULATED, CROWDED, AND CONTROL CULTURES ON
FRESH AND ON 'USED' DETACHED ROOT PIECES, FOR 80 DAYS
FOLLOWING CULTURE INITIATION

Source of
variation

DF Sum of
squares

Between
samples 7 15157.664

Within
samples 56 27419.808

Total 63 42577.472

Mean of Ho F Decision
squares

2165.3805 u's equal 4.4223 reject Ho
at 5% and
1% levels

LSD 05 = 22.15 LSD 01 = 29.49

Sample no. I II III IV V

Treatment control sparse crowded crowded sparse
1st date used roots used roots 1st date 1st date

Maximum %
sexuparae
(mean of 8
roots) 35.56 1.46 27.44 35.54 5.29

Sample no. VI VII VIII
Treatment crowded sparse control

2nd date 2nd date 2nd date
Maximum %
sexuparae
(mean of 8
roots) 40.84 1.59 27.05

Sample pairs I & II, I & V, I & VII, II & IV, II & VI, IV & V, IV &
VII, V & VI, VI & VII are significantly different at 1% level of sig-
nificance; sample pairs II & III, II & VIII, III & V, III & VII, VII
& VIII are significantly different at 5% level.
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previously infested roots remain at a low level similar to that of

the sparse groups on fresh roots, alatae appear more quickly and in

greater proportions of the population than these densities normally

produce. It is possible that poor root condition caused by the

previous colony induces greater alate production in high density

cultures, either directly, or through aphid restlessness which

increases the amount of subjective crowding experienced by individuals.

I observed no restlessness among the aphids on used groups until

after the first alatae appeared, which suggests that the poor root

condition may affect the aphids directly rather than indirectly

through causing aphid restlessness; however this requires verifica-

tion beyond the scope of this study.

EFFECT OF VARIOUS PLANT HORMONES ON SEXUPARA PRODUCTION

Aphid colonies were observed on detached roots sprayed with

several concentrations of abscisic acid, benzyl adenine (a synthetic

cytokinin), gibberellic acid, and 2,4-D (a synthetic auxin), and

with water (Table XXIII).

No alatae appeared on any of the low-density roots, including

the control group. The maximum densities achieved during a 56 day

period were similar to the water group except for the 2 X 10-5M

and 2 X 10-4M concentrations of 2,4.D, where the densities

were lower (Table XXIV). Maximum densities in the control series

are given in Table XXV and maximum percentages of alatae occurring in

the control series in Table XXVI. Data were analyzed by one-factor

analysis of variance.
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TABLE XXIII. LIST OF HORMONE TREATMENTS AND CONCENTRATIONS (IN AQUEOUS
SOLUTION) APPLIED TOPICALLY TO DETACHED ROOT PIECES WITH
APHID CULTURES

TREATMENT HORMONE CONCENTRATION (MOLAR)

I (control) none
II Abscisic acid 1 x 10-6M
III Abscisic acid 2 x 10-5M
IV Abscisic acid 2 x 10-4m
V Benzyl adenine 1 x 10-6m
VI Benzyl adenine 2 x 10-5M
VII Benzyl adenine 2 x 10-4m
VIII Gibberellin 1 x 10-6M
IX Gibberellin 2 x 10-5M
X Gibberellin 2 x 10-4M
XI 2,4-D 1 x 10-6M
XII 2,4-D 2 x 10-5M
XIII 2,4-D 2 x 10-4M
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TABLE XXIV. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE MAXIMUM
APHID DENSITIES ON DETACHED PEAR ROOTS SPRAYED WITH
VARIOUS HORMONE TREATMENTS OVER A 56 DAY PERIOD (SPARSE
SERIES)

Source of
variation

DF Sum of Mean of
squares squares

H
o Decision

Between samples 12 0.8994 0.0749 p's equal 1.7418 reject H
Within samples 65 2.7990 0.0430 at 5% and

1% levels

Total 77 3.6984

LSD 05 = 0.2386 LSD 01 = 0.3171

Sample+
Maximum aphid density
(mean of 6 roots)

I II III IV V VI VII VIII IX

.69 .72 .69 .50 .55 .64 .47 .56 .50

Sample+
Maximum aphid density
(mean of 6 roots)

X XI XII XIII

.47 .64 .41 .37

Samples XII and XIII (2,4-D 2 X 10-5M and 2,4-D 2 X 10-4M) are sig-
nificantly different from sample I (control, no hormone) at 5% level
of significance.

+treatments listed in Table XXIII
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TABLE XXV. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE MAXIMUM APHID
DENSITIES ON DETACHED PEAR ROOTS SPRAYED WITH VARIOUS
HORMONE TREATMENTS OVER A 56 DAY PERIOD (CONTROL SERIES)

Source of
variation

DF Sum of Mean of
squares squares

H
o

Decision

Between samples 12 412.19 34.3494 p's equal 8.1154 reject Ho

Within samples 65 275.12 4.2326 at 5% and
1% levels

Total 77 687.32

LSD 05 = 2.3718 LSD 05 = 3.1521

Sample+
Maximum aphid density
(mean of 6 roots)

I II III IV V VI VII VIII IX

6.94 6.67 7.30 2.05 5.96 8.17 6.91 6.20 4.95

Sample+
Maximum aphid density
(mean of 6 roots)

X XI XII XIII

2.88 6.36 3.12 0.23

Samples IV (Abscisic acid 2 x 10-4M), X (Gibberellin 2 x 10-4M), XII
(2,4-D 2 x 10-5M) and XIII (2,4-D 2 x 10-4M) are significantly different
from sample I (control, no hormone) at 1% level of significance.

+treatments listed in Table XXIII
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TABLE XXVI. ONE-FACTOR ANALYSIS OF VARIANCE COMPARING THE MAXIMUM
PERCENT OF SEXUPARAE ON DETACHED PEAR ROOTS SPRAYED WITH
VARIOUS HORMONE TREATMENTS OVER A 56 DAY PERIOD
(CONTROL SERIES)

Source of DF Sum of Mean of Ho Decision
variation squares squares

Between
samples 12 44900.96 3741.7471 ii's equal 12.0335 reject Ho

Within at 5% and
samples 65 20211.28 310.9427 1% levels

Total 77 65112.24

LSD 05 = 20.3308 LSD 01 = 27.0195

Sample+ I II III IV V VI VII VIII IX
Maximum % sexu-
parae (mean of
6 roots) 54.4 74.9 76.7 12.5 59.2 41.9 65.4 52.0 58.5

Sample+ X XI XII XIII
Maximum % sexu-
parae (mean of
6 roots) 26.0 63.3 15.3 0.0

Samples IV (Abscisic acid 2 x 10-4M), X (Gibberellin 2 x 10-4M), XII
(2,4-D 2 x 10-5M) and XIII (2,4-D 2 x 10-4M) are significantly differ-
ent from sample I (control) at 1% level of significance; samples II
(Abscisic acid 1 x 10-6M) and III (Abscisic acid 2 x 10-5M) are
significantly different from control at 5% level.

+treatments listed in Table XXIII
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In the control series, applications of 2 X 10 -4M abscisic

acid, 2 X 10-4M gibberellin, 2 X 10-5M 2,4-D and 2 X 10-4M 2,4-D

resulted in lower alate percentages than in the water treatment.

However, in all four of these treatments the densities were signi-

ficantly less than the water group's densities, which could account

for the lower alate percentages. Root deterioration was also con-

siderably greater in the gibberellin and 2,4-D applications, thus

root deterioration rather than hormone stimulus could be affecting

the aphid populations.

Applications of 1 X 10-6M and 2 X 10-5 abscisic acid

resulted in higher alate percentages than the water treatment. As

neither the densities nor the root condition in these groups differed

significantly from the control figures, it is possible that this

may reflect a real stimulus from the hormone. However, the alate

difference was at the 5% level of significance only, and no similar

effect appeared in the sparse series, so that further investigation

is required.

AGE OF CULTURE AND SEXUPARA PRODUCTION

Observations on experimental and stock cultures indicated

that older cultures might be producing a higher proportion of alatae,

and the experiment on 'used' roots indicated that root condition

affected alate production, used roots producing more alatae. In

addition, other experiments indicated that aphid density affected

alate production. I wished to determine whether alate production
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changed as the cultures aged, and if so, whether this was a density

effect or due to root condition.

I set up a group of sparse, crowded, and control cultures, with

five adult virginoparae per root for the sparse and ten per root

for the crowded and control series. Aphids were observed every four

days and mean maximum densities and percentages of alatae in the

total population taken from these figures over 16-day intervals on

the four roots which survived longest in each group. The twelve

roots chosen were observed for 176 days, all but two colonies

surviving for this period of time. The average surface area of the

roots was 55.32 cm
2

.

The mean maximum densities and percentages of alatae in

the total population during 16-day intervals for the sparse, crowded

and control series are given in Fig. 7. Mean maximum alate percen-

tage is plotted against mean maximum density for each of the three

series, and the points joined through time.

In the control series an increase in aphid density is accom-

panied by an increase in alate percentage and a later decrease in

aphid density is accompanied first by an increase and then by de-

creases in alate percentages. This is not dissimilar to the time

sequence plots of 'k' factors against log density as shown by

Southwood (1966). k is an age-specific mortality, calculated by

subtracting the log population of each developmental stage from the

previous developmental stage, within a single generation (Varley, 1963;
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Varley & Gradwell, 1965). Adding all the k's for a single generation

gives 'K' or total generation mortality. Varley and Gradwell (1965)

suggest that the initial analysis of a population should be a re-

gression analysis of individual k-values against the logarithmic

value of the population density they act upon. Graphical representa-

tions of these regression points, linking the points serially through

time in a time sequence plot, make possible identification of direct

density-dependent factors, inverse density dependent factors,

delayed density dependent factors and factors which may vary inde-

pendently of density (Varley and Gradwell, 1965). Representative

examples are given by Southwood (1966) and reproduced here in

Fig. 8. This method, using k values, cannot be used where success-

ive generations overlap to form part of the same population, as a

series of k's is required for successive generations (Southwood,

1966).

Since populations of E. pyricola do not develop in discrete

generations, and since I was more interested in alate percentages

than in mortality, I decided to plot alate percentage against aphid

density through time, as an alternative to Varley and Gradwell's

graphical method. The non-reversible change to the alate morph

can be considered as a mortality to the population of virginoparae,

as the alatae do not contribute progeny to the population. Varley

and Gradwell (1965) note that mortality factors do not react to the

percent mortality caused by earlier or by later acting factors but to

the present population density. Plotting the proportionate
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occurrence of any mortality factor against current population density

through time in populations with overlapping generations is thus

roughly equivalent to plotting the proportionate occurrence of an

age-specific mortality factor referred to as 'k' against the current

density of that age-group in Varley and Gradwell's system. Their

'k' values and density data are in log form, which is useful for

populations undergoing fluctuations of several magnitudes. However

I found that my graphs were not materially changed by logging the

values. In fact logging the data tended to obscure the density

differences between the three series, so the graph included here

consists of the untransformed data.

Varley and Gradwell suggest that graphical analysis may be

followed by more refined statistical methods to prove the existence

of such relationships. For this, discrete generation data are

required.

The different density relationships of mortality factors have

various effects on population changes through time. Direct density

dependent factors tend to stabilise population numbers, delayed

density dependent factors produce oscillations, density independent

factors result in fluctuations and inverse density dependent factors

tend to increase the magnitude of the fluctuations (Southwood, 1966).

It appears that my control group exhibited delayed density

dependence of alate percentages upon aphid densities. As the density

increased the alate percentages also increased. When the density

decreased the alate percentages continued to increase, then after a
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short delay also began to decrease, forming a spiral graph.

In the sparse series the percentage of alatae increased

through time as the density declined, indicating that at these low

densities the delayed density dependent effect seen in the control

series is not apparent. Instead, the straight diagonal after the

first few points indicates that older cultures have a greater ten-

dency to produce alatae, a fact not inconsistent with present ideas

on aphid nutrition (see above).

The crowded series exhibited a large spiral with a possible

sub-spiral, each similar to the one shown by the control series.

It is not certain why the sub-spiral appeared, however it is inter-

esting to compare the relative positions of the control spiral and

of the subsidiary spiral in the crowded series. It is possible that

the densities in the crowded series became so high that additional

factors influenced the production of alatae.

It appears that alate production follows a delayed density-

related pattern when the aphids are crowded, that this is not

apparent when aphid densities are low, and that aging cultures tend

to produce greater numbers of alatae. The delayed density-related

factor will tend to produce oscillations in population numbers when

colonies are crowded. On detached roots, which cannot maintain

themselves in good condition indefinitely, such oscillations would

be dampened through time as the root condition deteriorated.
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(d) STAGE SENSITIVE TO CROWDING

NUMBER OF GENERATIONS REQUIRED FOR A CULTURE TO PRODUCE SEXUPARAE

Aphid cultures kept at 22°C. generally produced alatae after

about 36 days, in the second generation to mature. I wished to

determine whether this time could be shortened by crowding in newly

set up cultures.

Three detached root cultures were set up at 22°C. with 30

adult virginoparae per root and three other cultures were set up

with three adult virginoparae per root. Population counts were

made every four days for 60 days. All roots were of similar size so

density calculations were not made. The virginoparae were taken

from stock cultures which were not producing alatae.

The mean numbers of juveniles and of sub-adult and adult

virginoparae and alatae for each series during the 60-day period

are graphed in Fig. 9. The numbers of adult and sub-adult virgino-

parae in both series decline from the day the cultures were initiated

until after day 12, when they increase. This indicates the earliest

date that the first generation young reach the last juvenile instar,

and is noted as 'I' on the graphs. Generation time for Eriosoma

pyricola is given as 16.6 + .33 days at 21°C. and as 13.7 + .05

days at 24°C. by Sethi (1968). Therefore the earliest possible date

that the second generation young can reach the last juvenile instar

is approximately 16 days later, after day 28 on the graphs)
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and the earliest date that the third generation sub-adults can

appear is after day 44 on the graphs). As this represents

the time that the first aphids in each generation become sub-adults,

the majority of each generation will mature rather later.

The first alatae in the series initiated with three adult

virginoparae per root appear on the 40th day, which occurs when the

second generation and possibly a few late-comers from the first

generation are expected to become submature. Thus these alatae are

probably mostly second generation or late first generation aphids.

The first alatae in the series initiated with 30 adult virginoparae

per root appear on day 24, which occurs when the first generation

is becoming submature, but before the second generation can reach

this age. Thus these alatae must belong to the later-maturing

portion of the first generation. If any crowding stimulus was being

carried over from the parent stock culture conditions (which is

unlikely as these cultures were not producing alatae) alatae would

have appeared in the first generation on all six roots. It appears

that the crowding stimulus acts within one generation, either on

the mother carrying the embryos or on the developing young them-

selves.
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EFFECT OF PRESENCE OR ABSENCE OF SEXUPARAE IN THE PARENT CULTURE

UPON SEXUPARA PRODUCTION IN THE CULTURE SET UP FROM IT

To determine whether the crowding stimulus acted upon the

mother, alate production was compared in cultures where the stock

was taken from colonies that were producing large numbers of alatae

and from colonies that were not producing alatae. Fifteen cultures

were set up on detached roots at 21°C. for each treatment; ten

adult virginoparae were placed on each root. The cultures were

observed every four days and the date that the first alatae appeared

in the cultures recorded.

The parent cultures of the second group did not produce any

alatae during the course of the experiment so could be confirmed

as being virginopara-producing. The results and t-test analysis

(Table XXVII) show that the presence or absence of alatae in the

parent culture did not affect the date that the first alatae appeared:

33.6 + 5.81 and 35.2 + 4.66 respectively. It appears that crowding

of the parent does not affect the morph determination of the young,

suggesting that the alate response, which acts within one generation,

is triggered directly rather than maternally.

AGE AT WHICH YOUNG ARE SENSITIVE TO SEXUPARA-INDUCING STIMULI

I wished to confirm that the crowding response acts directly

upon the developing young, and to determine at which age the young

are sensitive.
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TABLE XXVII. COMPARISON OF DATES THAT FIRST SEXUPARAE APPEARED IN
CULTURES SET UP FROM PARENT CULTURES WHICH WERE
PRODUCING SEXUPARAE AT THE TIME AND FROM PARENT
CULTURES WHICH WERE NOT PRODUCING SEXUPARAE.

Total

Date 1st sexuparae appeared

N Mean Std. Dev.

Parent culture
producing sexuparae

Parent culture not
producing sexuparae

504

528

15

15

33.6

35.2

5.8057

4.6647

T-test analysis: -
t= 0.8039 (not significantly different).

+Parent cultures which produced
sexuparae within a week after the
new cultures were set up were
considered to be sexupara-
producing. (Occasionally only
one or two sexuparae appeared in
a culture -- these were not con-
sidered to be sexupara producers.)
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Aphids of varying ages were removed from colonies which were

producing more than 50% alatae among their adult population, and

reared in isolation until they or their progeny became adults, on

2.5 cm. root pieces in Stender dishes. Daily observations were made

and all moulted skins recorded and removed.

The results are given in Table XXVIII, All individuals

isolated as first instars or when still in their parents as embryos

became virginoparae. Individuals isolated as second and third

instars became either virginoparae or alatae, with one exception.

Individuals isolated as fourth instars or as adults, whose morph

form was distinguishable, continued in that morph form, with two

exceptions. It is probable that the alate.producing stimulus can

act on the young developing as virginoparae from the second until

the fourth instar, but not before this stage. Fourth instar young

which are alatiform are not diverted back to the apterous morph,

however.

The three exceptions are very interesting. One second

instar young developed to an adult virginopara and produced eight

young, over a period of four days. By the second day it was definitely

an alate fourth instar in appearance, while still producing young. It

died without further moulting six days after the last young was produced.

One parthenogenetic individual isolated at the fourth instar stage moult-

ed then produced two parthenogenetic young as an adult virginopara.



92

TABLE XXVIII. DESTINY OF APHIDS REMOVED AT VARIOUS AGES FROM A
SEXUPARA-PRODUCING CULTURE AND REARED IN ISOLATION
UNTIL ADULT

Age removed from
crowded conditions
and placed in iso-
lation

Morph form at Destiny (final morph form)
this age

Parent, two days
before young
born

first instar

2nd instar

3rd instar

4th instar (i)

(ii)

Adult (i)

(ii)

apterous
(virgin-
oparae)

alatiform
(sexuparae)

parent vir-
ginoparous,
young indis-
tinguishable 21 0

indistinguish-

able 12 0

indistinguish-
able 7 5+

indistinguish-
able 4 14

apterous 13 2++

alatiform 0 18

apterous 14 0

alatiform 0 29

+One second instar young became adult
and produced eight young, taking on
the appearance of an alate fourth
instar while this occurred.

++Two fourth instar virginoparae became
adults, reproduced as that morph
form, then became alatiform, one
individual moulting to become an alate
adult and producing sexuales. (See

text.)
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Five days later it became an apparent alate fourth instar nymph

without moulting. It eventually moulted to become an adult alate

and produced two sexuales, which are quite distinct from the par-

thenogenetic young. Another individual isolated at the fourth

instar stage moulted then produced five parthenogenetic young as

an adult virginopara. Three days later it became an apparent alate

fourth instar nymph without further moulting and died two days after

this.

These three individuals may have developed as morphological

intermediates, acting first as reproducing virginoparae and later

developing more of the alatiform tendencies as a delayed response to

the crowding stimulus.
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DISCUSSION AND CONCLUSIONS

Previous work showed that the dioecious aphid Eriosoma

pyricola produces alatae for 2 - 3 months in summer on its secondary

summer host, a pear tree, in response to the plant's entering dor-

mancy (Sethi and Swenson, 1967a; Swenson, 1971). In this study it

was shown that alate production was induced throughout the year

in laboratory conditions on detached root pieces, appearing seasonally.

Alatae did not appear in the laboratory until crowding and other

factors made conditions unfavorable.

As aphids isolated at an early age from alate-producing

colonies did not become alatae, it appeared that a certain degree

of crowding was necessary to allow the host plant stimulus to be

effective, however the crowding factor could act alone. Alate appear-

ance in the field follows very closely the condition of the plant,

delays in the onset of dormancy caused by summer watering of some

trees, or by a late growing season, being followed closely by the

dates of alate appearance (Swenson, 1971). It is unlikely that

the occurrence of crowding would follow the tree's growth pattern

this precisely, so that it is unlikely that crowding is the sole

factor responsible for inducing alate production in the field. It

is probable that changes in the tree also stimulate alate formation.

This may act directly upon the aphids, or induce restlessness among

them. The greater number of contacts between the restless aphids

would simulate crowded conditions and elicit the crowding response.
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In view of the fact that the crowding response in the

laboratory was so marked, the latter possibility seems more likely.

However such restlessness was not evident in my experiments with

previously infested root pieces on which alatae appeared earlier than

on fresh roots, indicating that in the laboratory host plant condi-

tion may affect alate production directly. Studies of aphids on

live pears approaching dormancy are needed to verify these points.

Neither crowding nor the host plant factor is overwhelming,

as neither causes every individual in the population to become

alatiform. It is likely that the crowding factor reinforces the

plant stimulus especially in years when the populations build up to

high numbers and that in situations where the plant is incapable of

a clear cut response to its environment, for instance through poor

health, the crowding stimulus ensures that the annual migration to

the primary host takes place.

The formation of the alate morph in aphids is known to be

hormonally controlled. However application of a number of plant

hormones whose levels change in the buds and leaves of plants nearing

dormancy, and some of which are similar in chemical structure to

animal hormones, failed except in one instance to affect alate pro-

duction in undisturbed high-density cultures and produced no alatae

in low-density cultures. A slight increase in alate production was

observed for two concentrations of abscisic acid in the high-density

cultures, however this requires further investigation.



96

Previous infestations of aphids on a root resulted in earlier

appearance of alatae and in greater numbers of alatae in high-density

populations, but not in low-density populations, indicating that root

condition may affect alate production above certain densities.

Plots were made of alate percentage against density for sparsely

populated, control and crowded cultures (in which the available

root area was restricted so that density levels became very high).

They indicate that alate production followed a delayed density-

related pattern when the aphids are crowded, that this was not

apparent under low density conditions, and that greater numbers of

alatae were produced as the cultures aged. The presence of the

delayed density-related factor indicated that crowded cultures will

tend to undergo oscillations in numbers.

Crowding of the young favoured their becoming alatiform. The

aphid was sensitive to this crowding stimulus by the second instar

but not before this. Alatiform individuals did not reverse morph

form, however some individuals subjected to crowding in the fourth

instar became adult reproducing virginoparae then reverted to the

alate form.

The virginoparous adults and young were soft-bodied, sedentary,

and avoided the light. They appeared to choose root sites with a

restricted range of diameter, 0.16 to 0.32 cm. diameter being pre-

ferred. It was likely that root bark thickness influenced the choice

of root site. The alate morph was more active and showed a negative
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geotropism. This is probably the primary stimulus inducing it to

leave the root sites and travel to the soil surface, which may be

up to three feet above the root. Whereas the soft-bodied fourth-instar

alata avoided the light, the adult alata, which has the typical adult

exoskeleton, was attracted to light, enabling it to leave the soil

to find the primary host, an elm. It was repelled by moisture, a

factor which may inhibit it from attempting to fly during rain.

The fourth instar alatae showed a definite tendency to

aggregate, which together with their higher activity level resulted

in greater numbers of contacts between aphids and hence increased the

subjective density within the population. Thus the first alatae to

appear stimulate large numbers of individuals to become alatiform

within a short period of time. As the alatae leave the root sites

in response to gravity and by following each other, the decline in

numbers plus the removal of the active, gregarious component of the

population will greatly reduce the subjective density and alate

production will cease shortly thereafter. This mechanism coupled

with the short period of stimulation from the host plant as it enters

dormancy, will facilitate the arrival of the year's migrants on elm

almost simultaneously. The resulting high densities of the male and

female sexes produced will optimize the chances of sexes mating and

producing the winter eggs which remain on the primary,host until

spring.

It is known that some individuals do not become alate sexu-

parae in late summer, overwintering as virginoparae on pear roots
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(Baker & Davidson, 1917). This could be caused by some individuals

not being sensitive to the stimulus, by individuals being sensitive

at some times and not at others (e.g., the interval timer of Meg-

oura viciae), or by the stimulus occurring patchily throughout the

population. If the tendency to become alatae was due to genetic

differences the species would soon be split into a form with the

complete life cycle and a form which only reproduced parthenogeneti-

cally and hence could not interact genetically with the rest of the

population, thus other factors must be causing the heterogeneous

response. As no interval timer was found to prevent young clones

from forming sexuparae in E. pyricola, the fate of individual aphids

each summer is probably determined at least partly by the sporadic

occurrence of crowding throughout the population, the host plant

stimulus being homogeneous for each tree.

In many aphid species the alatae are not obligate sex-

producers. Crowding and its associated unfavourable conditions may

induce the sporadic appearance of alate virginoparae throughout the

season, which fly to new hosts. However the appearance of sexuales

is generally stimulated by short days and is seasonal (Lees, 1966).

Underground species, being unable to respond directly to such

seasonal weather conditions as short days, may respond indirectly

through being sensitive to seasonal changes in the host plant (Hille

Ris Lambers, 1960). In E. pyricola, which does not produce virgino-

parous summer migrants, the production of alate sexuparae in response
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to crowding and to seasonal changes in the host plant serves both

to alleviate overcrowding and to ensure the late summer migration to

the winter host.
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