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- ABSTRACT

W N '
The critical photoperiods for sexual females of the

Ppea aphid, Acvrthoslphon g;ggg (Harrls), were determined’ to
be 13:06L and 11:49L at 15°¢ and 20°¢, respectlvely. '.
Experiments within the transition zone supported the hotion
of this being a variable.response region., The ecological-
‘significance of this variability is discuseed. jAs.predicted
. from Danilevskii's hypothesis, the critical photoperiod at
20°C for a ﬁore southerly located Harrow clene.(lat. L42° 02')
is less than that of a more northerly located Markham.clone
(1at. 43° 25'). The sensitive period findings indicateAthat
a different sensitive region e%ists for both sexual morphs;
the;sensifive region for the male morph beginning a few days
prior to'parental birth and ending near parental birth, while
that for sexual females beginning about the same ,time but
extending 4 or 5 days after parental birth. The physiological
and ecclogical import of this ig discussed. Unfortunately,
the fluctuating temperature experiments were contradictory
but suggest the possibility that the insect is sensitive to
a complex, non-linear combina%gon of night and day temperatures.
s However, reasonably good predictions of both sexual ﬁorphs
were obtained through the computer simulation studieslwhen
minimum temperatures-were assumed to be most important. The
effects ofdaiffering light intensifies on the sexual female

- morph response were simulated-by including or excluding civil

eiie
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twilight in da&length calcuiations. Including-civil twilight
'over-éstimated the empirically derived sampling date byllesé
than a week and excluding it led to an underZedtimation.

The photoperiodic fésponse patterné of the alatae
showed that this morph produces few or no male pffsﬁring when
subjected. t¢ photoperiodic treatmenfs'capable of inducing
male production in their apterous countepparts. However,
diffgrences in sexual female prgductiqn in the two morphs
. was found to be minimal. 'This may be a-m?chanism for this
presumed colonizer to maximize péﬁﬁlation growth within thé
host Field. '

&
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GENERAL INTRODUCTION

Most insects in the mid-latitudes live in an
environméht“ﬁhich would be lethal unless .the insgcts
poésessed specific physiological adaptations for\seasonal‘
changes. To buffer themselves against harsh condiﬁ?bns-
such as extreme cold or aridness, insects have evolved a‘
protective mechanism known as diapausé;La state of arrested
development occurring in a particular physiologiéal stage
(Beck, 1968). -Environmentél information is used by many °
%E§ECtS to anticipate the arrival or departure of these
harsh condiﬁ}ons. Daylength, interacting wit@ a variety
of other faétors, has been shown to provide seasonal cues
for a large number of insect species (Beck, 1968; Danilevskii,
1965; Tauber and Tauber, 1976). Insects probably rely on
daylength bec;use it is the single most. reliable indicator
of the changing seasons (Danilevskii, 1965), ) |

The mid-point of éaylengths at which an ofteﬁ';harp
transition from low to high incidence of diapause occurs ié
referred to as the critical daylength. In the laboratory, -
the effectshqf daylength have usually ﬁeen studied by

—_—t

exﬁosing iﬁsgéts to a light and dark period with a sharp

'“‘tfﬁnsition between thgm, The assumption has been that such

a stimulus simplifies but éetains the essential features of

the natural diurnal cycle of night and day. Howevér. to

"



"recaéﬁize the difference between laboratory conditions and

the siow natﬁral change thrPugh dawn and dusk, the phrase,
'‘eritieal photoperiod'} is usually used to refer to laboratory
treatments. Thls concept has been used most frequently 1nl
studies of the 1n1tlatlon of dlapause. but .Lees (1959) has
also used it in reference to a seasonal process, seXual morph
determination, .of the aphid, Megoura viciéé.. He'.defined
crltlcal photoperiod to be that photoperiod at which

50 per cent of the aphids produced sexuals and 50 per cent
“produced asexugls.

The photoperlodlc responses of insects may be grouped
1nto four categorles (Beck, 1968). Type I refers to those
species which enter 1nto dlapause in response to short
daylengths. Thls type is characterlstlc of insects 1n’
northern latitudes respondlng to the shortening of autumn
days. The Type I reéponse that initiates an autumn diapause
- is analogous to one shown by pea aphids. the subject of the
Present study. The Type II response is exactly-the.converse

of Type I. The insect is sensitized to longer photoperiods

'”w‘. and, enters an aestival or summer diapause which is usually

an adaptation to unusually hot or arid conditions. Some

examples include the commercial silkworm, Bombyx mori (Kogure,

1933); the geometrid Abraxis miranda (Masaki, 1956); an

strains of the cabbage noctuid Mamestra brassicae (Masakl and

Sakai, 1965), L » : .

The other two types of response, the Type III and IV-

are rarer and characterized by two well-defined critiecal

“daylengths., For the Type IIX at*#ery short daylengths no
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diapause is observed. Complete dlapause is observed at
dayléngths from 10 te 14 hours. Daylengths of 16 or more
hdﬁrs are also not diapause inducing.‘JThe mid-points of

the transition zones, representing the critical daylengths,
are ;pproximately 9'gpd 15 hours reséectively. “Daylengths
shorter than about 8 hours représent conditions that are
never eﬂcouﬁtered by insects in their natural habitats

dﬁring the gfowiné season hence it‘is difficult to give an
adaptive 51gn1flcance to them. The longer crltlcal daylength,
however, is similar in effect to the Type I gonditions with
the insect entering into diapause in response to the shortening

of the days, as observed in the autumn. An example of. this

type would be the species, Ostrinia nubilalis (Beck, 1962a).

The Type IV response has a diapause induction curve exactly

. the converse of Type III. It is characterized by an absence

of‘diapéuse over a restricted range of relatively long
daylengths, with critical daylengths at approximately 15 and
21 hours., All‘other photoperiodic conditions result in g
high incidence of diapause. Again, the adaptive significanée
of this response is not clear. An example of this final

category is the species, Carposina niponesis (Toshima et al.,

1961). All four types of photoperiodic responses have been

studied using standardized experimental procedures at

stationary photoperiods and relatively constant temperatures.
Danilevskii (1965) péinfed out the ecological

importance of the relationship between daylength‘ana the

environment for an ingect speciéé Observatlons by Danllevskll

on several species of moths in the Sov1et Union, showed that

-



w1th1n a glven spe01es there _were dlfferences in crltlcal

photoperiods for populations from dlfferent latitudes. For

example. populations.of the noctuid Acronycta rumicis from
thekLeningrad area téooN) have a critical photoperiod of
l9‘honrs while Sukhumi populations (43°N) have critical
photoperlods of only 15 hours. Tne differenoes are too
large to be accounted for merely by the natural daylength
differenoes within the diapause-induction period in late
summer at the two locations. Rather, the explanation for
the longer critical photoperiod in the northern population
.is that . the northerﬂpraces are subjected to a colder
. environment sooner than the southern and hence cued to
longer photoperiod to evoid the risk of diapausing foo iate.
Experimental evidence fof‘this'notion is widespread (Bradshaw,
1976; Danilevskii, 1965; Masaki, 1965; Tauber and Tauber,
11973). '- » >

The shift in critical photoperiod with  latitude
which presumably reflects genetic differences between populations
is thought to represent adaptation to colder climate:T&End
should not be confused with the more immediate effect of
temperature on critical photoperiod. While working with the

aphid, Megoura viciae, Lees (1963) noted that raising the

temperature resuited in a shortened critical photoperiod for
the production ofrthe female morph; Since the shift was small,
Lees argued that it merely neflected incomplete temperature
compensation of the photoperiodic mechanism. He believed that:
temperature compensation is necegsary 'in a poikilothermic

- organism and that the photoperiodic mechanism is basieally



- temperature independent. However, this generaiization does

not seem to be valid for the Pea aphid, AcvrthOSLDhon p;sum.

Lamb and P01nt1ng (1972) have shown a strong inverse
lrelatlonsh;p between critical photoperiod and temperature

in this aphid. It appears that this insect responds to both
_ photoperiod ang temperature cues. The nature of the

interaction suggests that the inclusion of a temperature -
response increases the precision of timing of the initigtion

of sexual morph production in the field during autumn., On

this basis then, it may be hypothesized that Acyrthosiphon

pisum is-more evolutionarily advanced than Megoura vicige.

This corroborates earlier speculation by Lamb and Pointing
(1972), L

The specific stage -in the llfe history of a species
in whlch the insect perceives diapause- -inducing stimuli isg
termed the 'sensitive period' (Tauber and Tauber; 1976). In
some species, the sensitive stages and the diapausing stage
are widely sepsratedf;ithin the same generation or msy even

be found in different generations (Dahilevskii, 1965). For

example, in the Chinese silkworm Bombyx mori the sensitive

stage ocecurs in the embryo of the maternal generation, while
it is the egg of the next generation that diapauses (Beck,
1968),

In netﬁre, an insect is exposed to a‘dirunal regime
of temperatures, Little attention has been directed towards
the effect of such fluctuating temperatures on the response
to photoperiod. One excepfign is Beck's (1962a, b) study

of the European corn borer, Ostrinia nubilalis. His results

Ly

e
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are clear show1ng that, for thls insect at least. 1t is the .
length of" the scotophase under the cooler night temperatures
That determines the onset of diapause. Scotophase is a ternm
w1de1y used in the photoperiodic llterature to refer to the

dark portion of the photoperlod, where photoperlod represents

'“'*., . the laboratory_31mulated sequence of day and night usually

-
H

S

characterized by the length of the photophase, or light
period. .

Whlle the aim of the research on photoperiodism and
seasonality has been to understand seasonal processes in
nature, studles of the effects of the photoperiod and
temperature on the ecology of overwintering have nearly all
been undertaken in the laboratory. _Rarely has even the . <<\\‘
change in occurrence of diapausing forms over’the seasons
been precisely documented. Laboratory studies have been
emphasized because of the difficulties in mauipulating light
regimes in nature. To s1mp11fy experiments, unreallstlc
light regimes and constant temperatures have been uged in
contrast to the complex light and temperature stimuli that

insects actually experience in nature. There are two

‘approaches that could be used to test whether hypotheses.

developed to account for laboratory results are adequate

for understanding.the complerities of the processes in -
nature. Experiments could be reproduced under field conditions
by carefully selecting the times of year when the appropriate
daylengths and temperatures ooour._ However, such experiments
are risky since any particular daylength in mid-latitudes

occurs,onlj twice a year and then the experiments are subject
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to the vagaries of the weather which may cause unsuitable
temperature regimes to coincide with the pre—sei;cted day- .
lengths., The second approach involves the use of computer
simulation mefhods. A computer model can bé constructed
that links the various labbratory results and hypotheses in
such a way that predictions concerning the timing of seasonal
patterns in nature can be made. Even if the predictions
prove inaccurate, this approach can be useful since it may
point to deficiencies in the laboratory resulis and hélp
reveal areas that have been overlooked in the laboratory
studies.

The 'biological clock' upon which the environmental
cues act in the pea aphid coﬁtroisfthe timing of sexual morph
determination, and has many simil;rities with the timing
mechanisms responsible for diapause formation in other insects
(Beck, 1968). The aphid reproduces parthenogenetically and
viviparously all summer. In the fall, a single sexual
genéfation produces overwintering eggs. RXase of rearihg and
fast generation time make aphids, more specifically g,‘giggm;
excellent research models to study photoperiodic responses.
Lafb and Pointing (1972) showed that this species has two
distinct critical photoperiods, one for male production, and
one controlling the production of sexual females. At 20°C
the critical photoperiod for male production was found to be

90 minutes longer than that for the oviparous morph, Unlike = .

the species Megoura viciae (Lees, 1963), the male morph,
always follows the sexual female morph within a given

apterous family (See Appendices I, II).
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Verious physiological and ecological implieetionsz“
of the photoperiodic response of the pea aphid‘still remain
to be studied._ The seneitive period is not known for either
maie production or ovipara production. The effects of
fluctuating tempefatures on the-photoperiodie response have
not been studied. For example, there is no indication
whether it is night or day temperaturee or a combination
which interact with photoperiod to induce sexual production.

fﬁe transition zone whieh‘cohtains the critical
photoperiod of photoperiodic response curves also warrant
further examination. The transition zone has rarely been
partitioned into émall.incremenfs of time, and one aim of
the current~§hotoperiod experiments is to‘ettempt this. Most
studies on other species have uséd increments of 30 minutes
to identify this zone. Bradshaw (1976) reported an R2 of
0.98 when regression critical photoperiod on latitude and
altitude using an experimental photoperiod increment of .

-

30 minutes. He had implicitly assumed that he had pinpointed

}he critical photoperiods. However, studies on the pea aphid
+7 (Lamb and Pointing, 1972) have'suggest!d,that.atuleast»in this-
) species..a ;region of i .tabilityﬁ exists within the transition

zone, Smaller, /more precise incremengs of photoperiodfwould

permit the s@aﬁé of this zone to be de%ermined so that precise
estimates of the critical photoperiod could be made.

Nearly all our knowledge on the photoperiodic response -

of A. giéﬁif?ééﬁfzg“from research on a single possibly atypical

A’clone; Study of the photoperiodic response on another clone |

drawn from a different population was warranted to determine -
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the generality of previous studies.
The aim of the researcH outlined below was the
description of sexual morph production, a seasonal process

of the pea aphid, Acyrthosiphon p&sum (Harris). The process

was first studied by Kenton (1955) who emphasized the role

of temperature. Further work was done by Sharma et al.. (19?2,
1973, l9?4?t3nd Lamb and P01nt1ng (I9?2 1975), partlcularly
on the photoperlodlc responses and the relation between male
production and sexual female production. These studles were
all conducted 1n}§§e laboratory. The emphasis of the present
work was to extend our knoWledge'through laboratory studies

of the sensitive period and the effects of fluctuating
temperature éﬁ the photoperiod?c response. A second goal

was to relate the laboratory findings to the process of sexual
morph determination as it occurs in nature and ciarif§ the
importance of the interaction between daylength and
temperature.

While the %iimary aim was to inveétigate the photo-
periodic respoﬁsé of -the apterous or Aon—winged morph of the
ea aphid, the response of the alatae was also studied. It
‘:.is genarally conceded that the alatae of this aphid are - !
» produced to ensure survival of the species by allowing |
migration away from unsatisfactory iqcal environments
(Sutherland, 1969a, b). This morph is the colonist: presumably
a population of .these alatde carry genetic information from
different geographical locations; offspring of the célonizers

may then mate with local residents producing the latitudinal

. gra@ation of photoperiodic responses noted by Danilevskii (1965).
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. Alary morph determination is regulated at various
'tlmes bv several dlfferent env1ronmental cues, including
photoperlog temperature. host plant and population density
(Lgesu‘l966) Intr1nsmc factors have also been implicated.
Besidés clonal Varlablllty. MatKay and Wellington (19?7)
have discovered a maternal effect whereby the age of the
asexual parent influenqes the propoftion of alate proany
sne caﬁ produce. A significant difference in the photo-
perlodlc r'esponse between winged and non-w1nged morphs would
provide yet another crLtepla for distinguishing their
ecological roles. Physioclogically, it has been concluded
that the mechanlsm responsible for sexual morph determlnatlon
in aphlds is independent of that controlling thejpresence
of wings (Lees; 1966), and there was no a priori’ physiological
reason for assuming the morphs would respond differently to
photoperiod., The photoperiodic responses of alatae afe

described separately in Qhapteé III.
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"CHAPTER I
Aspects of the Photoperiodic Response

of‘the‘Apterous Morph

s



CHAPTER I
METHODS AND MATERIALS

Field Température Studies.

A Taylor maximum-minimum thermom&ter (accurady, +1°¢)
was calibrated in the laboratory with a YSI series 400

electronic thermometer (accuracy, + .5°0) and then placed in

‘the canopy of an alfalfa’ field (Medicago sativa L.) 10 metres
from a weether statioﬁicperated qn'th% property of the
Agriculture Canada Reseerch'stafion, (lat. 42002':
long. 82053'). On various days in early autumn from t
‘September 8 to Septemﬁer 15, 1977, readings from the
thermometer were taken.. As the field was ploughed under
September 15. a new elfalfa field (137 m x 66 m) was selected
for study. It was located only. 250 m ‘from the first one.
Another maximum-minimum thermometer was callbrated ad placed
in the new field. Recordings were taken intermittently until
October 2. Stevenson screen temperature data and daily hours
" of sunshine were kindly supplied by the Agriculture Canada
Research Station. 2T

To study spatial variation in temperature in the ,
habitat of the aphid, temperatures were recorded at various i

locations in the field using a YSI series 400 thermometer.

The maximum-minimum thermometer provided a fixed-location

11
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reference_temperature. Temperatureswere reeerded onhtwg
cloudy and two sunny days between 0930 and 1500 hours when
temperature variation was expected to be highest.’ Transects
and points along each transect were: selected using a table
of random numbers. For several days in early September
temperature readings at randomiy selected locations were
made at the bottom, middle ‘and top of alfalfa stems. Three

-leads from the thermometer permltted almost simultaneous

. temperature records to be obtained at the three levels.
. Identical studies were also carried on in the.neﬁﬁfield With
simultaneous temperature readings taken using a YSI series
400 thermimeter and the maximum-minimum thermimeter as a

control.

] : | _ )
Field Sampling ' '

From September 23 to October 31, i9§7, the alfalfa
fleld was_sampled 9 times with a cloth sweep—net Sweeping
was done in the cooler morning hdurs to minimize the loss
of aphids which tend to drop from the plants when disturbed.
Owing to the nature of the Te;be only uﬁeer portions of the
alfalfa plants were sampled. fgrtlng from arbitrary points
at the ends of the field, rows were swept in a gtraight line
tekihg care not to re-sweep a sectioﬂ. Between 15-20 sweeps
were adequatesfo secure a sufficient sample to determine morph
frequen01es. Assuming aphids are distributed at random between

plants according to a Poissen distribution, a mean count of -

N aphids/plant would give a standard error of I’. Samples were
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more than large enough to give a 10 per cent standsg

error as recommended by Sputhwood'(19§6).

Once collected, late instar a;E adult pea
were transferred into vials and brought o the laboratory
ﬁhere they were immersed in a 50 per cent ethanol-water
solution to kill them for counting; The larvae were
discarded and"the adult asexual females and sexuals
disfinguished and counteq using a wild Modgl 8 zqoﬁ gtereo-
microscqpe. Adult males and females are readily-
distinguishable without the aid of a microscope. .Males-are ) )
distinectly smaller than the females with less rotund abdomens
and darker pigmentation. Adult virginoparae contain a large
number of embryos with red eyes which are often visible
through the mothers' abdominal wall. Sexual feﬁales are
‘more brightly coloured and.contain bright green eggs that
can often be seen through the aphid's abdomen. However. it
was necéséary to rupture this area with a dissecting
instrument to distinguish eggs from embryos and identify
morphs with certainty. |

Early in the autumn of 1977, several aphids were
collected from the Harrow alfalfa field and brought to the
laboratory where clones were established and reared for

experimental purposes.

Experimental Studies

General
From the Harrow clones, one was chosen which appeared
to be the most fecund and produced the lowest number of

winged offspring. From this clone the stock culture was
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produced and maintained. The aphids were reared on

individual, cut leaves of broad bean, Viecia faba L., in

small petri dishes (15 x 60 mmg) lined with a double layer
of paper towelling whiéh was kept moist with a moéified
Hoagland's nutrient solution. Insects were fransferred
from petri dishes with a fine moistened paihtbrush.

The broad bean plants were grown in a mixture- (1:1)
oﬁ‘perlite and vermiculite and watered with the same _
solution. 7Plants were grown at room temperature (2320°)
under Agro iite"fluorescént tubes (Westinghouse) a
photoperiod of 16L: 8D. The'aphid stock culture was kept
at ZOi.SOC in environméntal chambers under cool-white 20 watt
fluorescent tubes (General Electric) at 16L: 8D. This
assured asexual reproduction. The temperatures of the
environmental chamﬁers were monitored tﬁice daily with a
YSI series 400 thermometer and adjusted when any discrepancy
from the desired temperature-was noted. Maximum-minimum
thermometers were placed in the gontrol chamber and the two
experimental environmental chagpjfs to trace any possible

extreme night temperatures; For the early part of the

experiments the electric timers built into the.chambers wer%L‘\__’//
used to control photoperiod. Exact photoperiod exposures

were measured with the aid of an outside electronic clock
calib;ated against the Céﬁaﬂian National Research Council

0fficial Time Signal. Oﬁing to the added flexibility gained

from doing more simultaneous photoperiod experiﬁénts cookie

tins were used ‘and placed in continuously.lighted enyironmental

chambers. A temperature probe was inserted into a petri dish
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located inside an empty tin to monitor temperatures and
-detect any 'green-house effecf'. A p;E}i dish in an open
£in was found to-haveﬁ’loc higher temperature than in'a closed
one, hence the temperatures w1th1n the chambers were modified
to compensate for whether the 1id was in the 'on' !‘I'?f'
pesition thus maintaining a qonstant temperature in the petri
dish. - . \ - )

Three lines were set up in the' stock culture to provide
the number of insects required for the experlmental regimes.
Care was taken in the formation of each line only to use the
first-born and discard the-rest of the larvae, Thig
precaution reduced possible photopériodic response variability
due to maternal agé effects (MacKay and Wellington, 1977).

The birth of the first aphid in each line was dated to ensure
- a fix on the ages of ,the offspring. Hence when insects were
transferred‘from control to expefimenta{\conditions the ages ‘
- of the offspring were known and the sensitive period could

be studied. To-minimize alatae formation and ensure healthy
groyi%g animals, leaves were replaced pe}iodically and the

insects grown singly on a leaf.

Sexual Female Critical Photoperiod Studies

Three generations of aphids were involved in each
experiment; Following the nomenclature of Lees (1959), the
members of these generations will be termed, respectively
the.'grandparenté'; the-'parents', and the"offspfingf. The
“term 'family' will be applied to the offspring of one parent.

Aphid larvae (grandparents) were taken from the stock
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culture and placed under'experimental photoperiod-temperature
conditions when they were approximately 3 days of age (at
2000)‘ When the parents began giving birth the experimental
regime'was ended. The parents were then tfansferred to a |

new leaf in a petfi'dish and the batches of offspring followed

-

; daily for a variable time .into the reproductive‘period. ‘
Between'lh-zo parents were used in an experiment. Ong;‘d“jr
apterous parents were used in the cgiculation of female
critical photoperiods. Critical photoperiocds were determined
‘both at 15°C and 20°C.

The duration of-éxposure to dn experimentai photo-
period at 15°C averaged about 26 days for each experiment.
However, the timé from the start of anrexperiment to the
identification and counting of offspring lasted about 32 days.
The duration of each exposure at 2600 was about 15 days whilge
" the actual time from initiation to termination of each
experiment was approximately 20 days. The identification
of the critical photoperiods at 15°C and 20°C could only be
achieved after several photoperiod experiments had been

carried out at the respective'temperatures.

Developmental Rates

Developmental rates were determined for asexual
females, sexual females and malés at 15°C and 20°c. Rates
of development for asexuals were also measured at 23.5°!l
Asexuals were produced from a line of the stock culture.

Within hours after an aphid had begun parturition in one of
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the seleéted lines it was transferred to a single leaf and
ali0wed to reproduce‘for up to 12 hours. At this time,
between 1-8 first-born larvae were.on thé leaf. The adult
was then discarded and the progeny placed in the expérimenfal
chamber.s.' Times of introduction into stated temperatured®
were noted. After a few days the larvae were then transferred
to separate leaves.. Care was taken %o choose 1eaves of
- highest quality from near the tops of the broad bean plants.
Leaves were changed at various times throughout each
experiment to ensure leaf quality was not interfering with
rates of growth. It was noted {+ 12 hours) when the asexuals
moulted to the adult stage. The time from the adult moult
to the onset of reproduction was also measured. Temperature
was monitored at various intervals in the day 'to ensure if
was constant (+ 0.5°)." '

Similar data was collected for sexual females and
males except Teasurement ended when the respeétive sexuals
moulted into adults. The sexuals were generated in the
photoperiod experiments., All females "produced in shOZR
photoperiods (i.e. 11:00L at 20°C) are sexua;; As soon as
the parents from this regime began reproducing they were
transferred on to separate leaves. Progeny produced within
the first 12 hours were then placed into the desired
temperature{ At short photbperiods males are alwayé produced
following a group of female offspring and a pause in the
reproductive period when no offspring are born (Lamb and
Pointing; 1975); Firs%—born male larvae were gathered under

these conditions and developmental rates monitored as for
V
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the females.

Sensitive Period Studies” | ~

' 'Sensitive periods were .investigated at photoperiods
near the crifical photoperiod where 50 per cent of the

female offspring are sexual..and élso at photoperiods which
induced‘lOO per cent sexual female prodgction if grandparents

and parents were given a standard exposure.- Studies were

o
L

‘done.simulténeously at 15°C and 2000 in the two experimentalf?~-l
chambers. |

For each experiment, the animals were taken from fhe
stock culture at known ages and placed in labelled petri
dishes for pre-determined expoéﬁre periods. at the desired

hotoperiod and temperature. Leaves were replaced periodically
to\minimize alatae formation.

The birth of the parental generation provided a
convenient fixed point in time for study of the sensitive
period. Some exposures were terminated at this point, some
started..and some overlapped the grandparent and parent
generations. Lees (1963) has already noted that the aphid

Megoura viciae is sensitive to photoperiod for a few days

just prior to the birth of the parental generation. When the
stimulus period was complete the insects were transferred
back into the control chamber (16L at 2000). Once parental
reproduction began the offspring in several consecutive
.batches were identified and counted. Care was taken not to
terminate an experiment until it was clear whether or not

male production had started.
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Thé durét;on of the éxposuré to a regime was variable
depending on the particular'photoperioq/temperature condition
désired. For sensitive period studies performed entlrely at
\ 20°¢ the actual time from initiation of each experiment to
termination was -approximately 20 days. For similar studies
performed with experimental reglmes at 15 C. the actual tlme
from initiation of each experiment to termination may have
been as long as 32 days or as short as 20 days. - As part of
the sensitive period experiments reguired information about
the photoperiodic responses within the transition zones at
the two temperatures these studies could be performed only

after the-?kénsition zones ‘had been determined.

Fluctuating Temperature Studies

Once the critical photoperiQﬁ experiments at‘15°C and
20°C'were completed the necessary informatiof #o begin studies
on fluctuating temperatures was available. Two typés of
experimental regime were used. The first was composed of a
more natural diurnal cycle with a 20°¢ day and 15°C night.
The second provided the reverse, a ISOC day and 20°c night.
Both were repeated at the critiecal photoperiod for 15°Cc and
20°¢, The environmental chambers were contipuously lighted
and cookie tins used to provide the night-day light sequence.
Grandparents at 3 days of age were takéﬁ from the stock
culture and placed in appropriately labelled tins. The .tins
were alternately shunted between the 2 chambers depending on
the particular photoperiod regime desired. Wheﬁ the grand-

parents produced the first batch of young; They were discarded
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and the parent generétion“raised until reproduction .
commenced, at which point the experimental stimuius ended.
The offsp;ing were identified as to morph and counted as the
parent was serially transferred from leaf to leaf at regular
intervals.

Some experiments were also attempted combining the
effect of a diurnal Temperature regime (20°% day: 15°C-night)
with a short photoperiod (much less than the critical photo-
perivd) and a reduced time of exposure aé in the sensitive
. period studies. The short photoperiod was chosen because
it clearly elicited 100-per cent séxual feﬁale)production
under standard exposure regimes; Hence, the response
" variability found-to%Pe associated with photqperiodé near
the critical photoperiod would be avoided and the effects of
fluctuating temperatures and short exposures more easily |
_detected. ¢

Grandparents were taken from the stock culture at
various ages (in déys at 20°C) and placed inside petri dishes
located in the tin cans. As noted above, the 1id was closged
iﬁ the 1500 experimental chamber simulating night-time, znd
then the 1id was removed and the tin transferred to the 20°¢
. chamber for the day. ~After a predetermined number of days{
of ‘exposure to this treatment, the aphids were transferred
into the control chamber until the parents .began rgzg%ducing.

As before, the offspring were counted and identified.

)
H..-

Field Experiments

PR

To test the labvoratory findings under fielgd conditions,

7N
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severai aphids.éerving as grandparents were taken from the
stock culture at known ages and placed in a location near

St. Clair College, Windsor.Ain early April. This particular
time beriod'was selected based on assumptions concerning tﬁe
ph°t°p3?%?dic response of the aphids and data from Tables of-
Sunset ard Sunrise at this latitude.

| A small aquarium (18 x 8 x 10") was inverted and a
wire screen placed‘ﬁnderneath it. Some cardboard was
attached to the glass to shield the insects from the direct
rays of the sun. It was liftéd above ground a few inches to
allow rain water to drain and a;f to circulate, thus reducing
any greenhouse effect. As before, aphids were placed in
petri dishes with leaves changed periodically. A maximum-
minimum thermometer was placed ﬁear the dishes and the
temperature extremes recorded. At various times, insects
were transferred from the field donditions into the control
chamber in the laboratory. The parental generation was

allowed to reproduce and the progeny identified.

Statistical Analysis

The statistical analyses were carried out using the
Statistical Analysis System programs (Barr et al, 1976) on
an IBM S/360 model 65 computer.
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RESULTS

Field Temperature Studies.

The rélationship Between the dependent variable field
minimum temperature and the independent‘variables. Stevensoﬁ
screen minimum ééﬁperature‘and hours of sunshine was determined

{see Table I) using linear regfession. The R% was not
"éignifiéantly increased by the addition of hours of sunshine.
From data collected in the range from 5°C to 18°C, the
dependent variable field minimum and the independent variables
Stevenson screen minimum and hours of sunshine was determined
(Table 2; ¥; = 1.18026 X;  -5.99 where ¥, = field min.,

X1 = Stevenson screen min.). Similarly, the relationship
between the dependent variable field maximum, in the range
from 15°C to 28°C, and the :independent variables Stevenson
screen maximum and hours of sunshine was determined (Table 3;
Y2 = 0.837 Xz + 5.120 where Y2 = field max., X2 = Stevenson
screen max.). Again, the R2 was not improved by the addition '
of hours of sunshine. |

When the- control field temperatures, monitored with
the stationary maximum-minimum thermometer, were regressed

against temperature readings from the tips of fhe alfalfa
.plants selected at random from the field, a highly significaﬁt
relationship was found (PL0.0001; Table & Y = 2.33 + 0.981 X,

3
where Y3 = tip temperature, X3 = control temperature). ‘The

22
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. Table 1. Relationship between dependent
variable, Harrow minimum temperature,
and independent variable, Stevenson

gscreen minimum.

Variable Sunshine Removed

df Sum of Squares Mean Square F  Prob.,>F

Regression 1 75.4846 75.4846  4b,1k 0,000
Error 10 17.1020 1.7102
Total 11 92, 5866
B Value
Intercept 6.7154

Stev. screen min. 0.6907 -

R® = 0.815
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Table 2. Regression equation-allowing pfediction
of Harrow field minimum temperatﬁres

from Stevenson screen minimums.

-

df  Sum of Squares Mean Square F ' Prob.)F

7

-

1 128.9735 128. 9735

10 29.2207 Cb.g9220  W\14  0.0001
11 158.1942
. T i
- " B.Value T
Intercept © -5,9958
Stev. screen min. 1.1803u
RZ = 0.815 .



Table 3. Regression eguation allowing prediction

of Harrow field maximum temperatures from

Stevenson screen maximums.

e

P

1 88.2812 g88.2812 33.23 0.0003

Regression
Error g 23.9101 2.6566
Total 10 112.1913 )
B Value
Ihfercept +5.,1206
Stev. screen max. 0.8379
R2 = 0.787 y

df Sum of Squares Mean Square F Prob.DF

.



Table %.

/

o

Regression
Error

Total

Intercept

Control

R® = 0.946

Regression equation allowing prediction

of alfalfa tip temperatures during the,

S
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—

day from a fixed control thermometer

located within the field.

af

=

14
15

~Sum of Squares Mean Square F

287.7628
16,3547
304.1175

B Value

2.3304
0.9808

287.7628 246.33

Prob.pF

0.0001
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variable alfalfa height was not significant. In the fielgd
temperature studies it was assumed thatkdifferences between
tip temperatures and coﬁtrol‘temperatu;es would be the
resulf of differential radiant-heating so eomparisons were
only made during the day.

With the three sets of equations (Yl’ Yo Y ) it
1is possible to estlmate quite accurately the temperatures
of the alfalfa tips from readlly available Stevenson screen
data., The llnklng equation (Table 5; equation &) relating
these estimates may be derived by assigning arbitrary
temperature values from 0°C to 24°%¢ (thus approximating
_ those temperatures’ experienced by the aphid in late summer
and autumn) to Stevenson screen maximums to obtain estimates
of field maximums, terminal tip temperatures, and combinations
of these two. Data from the estimated combination of
_temperatures, YC ax’ may then serve as dependent varlable
observations to regress against the same Stevenson screen
maximums. The regression weights obtained in this linear
' regression are useful in predicting terminal max;mum
temperatures’if the assumption is made that maximum temperetures
are crucilal in the photoperiodic response of the aphid

Similarly, equation % built on equation 1 and 4 may
be developed to aid in the prediction of daily average
Stevenson screen temperatures in the field (Table 5)., Thig
equation would aid in designating daily linear averages of

temperature as being most important in the prediction of

~E

—
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Table 5. Summary of linear regression equations allowing
predlctlons of field temperatures from SteVensen
screen data.

Field Egﬁgtibhé . ‘ Reference No, Variables Defined

Y . =1,18%_. --5.99 (1) Y . Max.-min thermo-
min, min, len. meter in orop
max
Ymax.;o.Bj?xmax.+5.12 (2) Xpin, Stevensen ?creen
xmax. max. and min.
= temperature
Y,. =0,981%+2.33 ' (3) Y,.:. - temperatures
tip tip recorded with
probe in terminal
X - mercury thermometer
- in canopy “
Y =0,821X +7.35 . (4) Y temperatures derived
crax. max. - Clax. rrom combination
Ymax. and Y‘tlp.
Yavg.zxavg.+o'65 (5)" Yavg_—gally zggr§g? of
cmax. min
X daily average
ave+ stevensen screen
temperatures

StevenserrScreen Temperatures Min. Teﬁp. (1) Max. Temp. (&)

0 -5.99 7.3
2 -3.63 8.9
L -1.27 ., 10.6
6 1.09 12.2
8 3.45 13.9
10 5.81 15.5
12 : 8.17 17.1
14° : 10.53 18,9
16 12.89 20.4
18 15,25 22.1
20 17,60 23.7
22 20.00 25,4

24 22,30 271~




'fieiq aphid responses. - _ |
~ Throughout the calculations of the liheer regressioms
different ranges of temperatures were utilized, as within the
autumn time span wheﬁ temperatﬁres were recorded, maximum
upper and lower limits differed substantially from the
minimum. The dangers of extrapolating beyond the range of
data utilized are appreciated (Wesolowsky, 1976); however,
it is probably safe in assuming that theg% temperature :
relationships hold at least forﬂthe late eummer and autumn
period in question because of the reliability of the measuring
instruments.

Various simultaneous temperature readings of .
individual z1falfa plents at different heights from the ground
were made. Table 6 isg a summery of the data: A trend is /
evident with the terminaf tip temperature ¢ middie £ ground
temperatures. Althoﬁgh the days were partitioned into cloudy
and sunny this partitioning yielded no consistent temperature

differences between the two,

Field Sampling

Sexuals and asexuals were sampled at Varieus times
throughout the late summer and autumn (Table 7A). The mean
and range of sample sizesfwere 827.4 and 362 - 1319 respectively.
Males and sexual'females made their first appearance
in the sweep-nets Octeber.B‘and October i1, respectively.
Once sexuals were spotted fhere was a rapid increase in their

numbers, When percentages of male were log-transformeq their
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Sept.

Oct.

Table 7A.

26

30

11
17
2l
31

sampling at Harrow in 1977,

% Asexual Female

31

Data summary of sexual morph

% Semual Female % Male

lQ0.0 . 0.6 - 0.0
100.0 0.0 0.0
109.0 0.0 0.0
99.8 0.0 0.2
99.8 0.0 0.2

99,6 0.1 0.3
5.5 1.8

22,8 7.0,
| 16.9

42.0

1319
523
938
1013
%5
996
712
639
362
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Table 7B. Regression equation relating the occurrence

Regression

BError

Total

Intergept

Day

R™ = 0.966

of males with time in days. The date of

first appearance was set equal to 1.

df  Sum of Squares Mean Square F Prob,)F

3.3906 3.3906  113.67  0.0004
4 0.1193 0.0298
5 - 3.5099

B Value

~0.9504 v
0.07637
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Table 8. Regression equation relating the cccurrence

Regression
Error

Tofal

Intercept
Day

2

RS = 0.837

of sexual females with time in days. The

date of first appearance was set equal'to 1.

Sum of Squares

Mean Sguare

3. 4945
0.6807
4,1752

B Value

-0.660
0.125

-

3. 494k
0.3404

10.27

Prob.pF

0.0851
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- relationship with time was nearly linear (R2 = 0.966)

(Table 715; log Y, = 0,076 X4 -~ 0.950 where Yy = per cent
males in sample, Xg = time in days). Similarly, when
percentages of‘sexual females were log-transformed their
relationship with time was approximately 1iﬁear (R2 = 0.837);

(Table 8§_log~Y = 0.125 X? - 0.660 where Y7 = per cent

7
sexual females in sample, X, = %ime in days) .

Experimental Studies

Developméntal Rates .

Detelopmental rates were measured, and corresponding
standard’ errors calculated for asekuals at 1500, 20°C and
23.506: and sexuals at 15°C and 20°C (Table 9). There was
high mortaiity among the progeny of parents grown at 23.500.
This temperatd}e probably is near the upper lethal, where
the curve of growth ?ate vs. temperature is non-linear
(Gilbért et al, 1976).

The precise measurement of time-fo—reproduction for
the asexuals at 1500 and 20°¢C gave a fix on the ages at which
the test grandparents entered the pre-selected photoperiodic
regimes, and also the duration of exposure at selected
~ temperatures necessary to test the effects of photoperiod
at specific physiological ages within the life history of

this aphid species.

Critical Photoperiod Studies‘

Photoperiod responses within the transition zone -~

were determined experimentally for the Harrow clone at;lBOC



Table 9,

Morph and
Developmental
Rate Criterig

Asexugl femaies:

Birth-to-last
Moult

Birth-to-onset

reproduction

Sexual Femalesg

Birth-to-last

moult

Males
Birth-to-last

moult

12.5 + 0.52
14)

(n

15.1 + 0.71
14)

I

(n

20

7.0

(n

8.2

{(n

(n

9.4

(n

]

0.76
36)

0.

29)

0.37
39)

0.49
21)

Mean developmental times of aseéxuals

respective standard errors (in days).

and experimentally produced sexuals with

23.5% "

5.1

(n

{n

0.30
11)

0.51
11)
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and 20°C and the critical photopefiods estimated using
linear regression at these two temperatures. As stated,
~the transifion zone represents the interval of photoperiods
between those which cauée 100 per cent sexual females and
100 per cent asexual fémales and critical photoperiod to
the photoperiod giving 50 per cent asexual and 50 per cent
sexual females,

Using the data obtained from -the photoperiodic
response studies (see Appendix ITI) linear regressions wéfg
attempted. Photoperiod (in hours light) was regressed
againsf‘the'percentage of pooled sexual female morph;

Table 11 illustrates the regreséion obtained at 150C

(Y8 = -76,848 Xg + 1057.322 where Yg = per cent sexual morph,
Xg = photoperiod in hours light). As‘a predictiVe_model‘it
is not good (R® = 0.538), but it is significant at the 0.05

level. The equation obtained at 20°C 'Y, = -164.756 Xq

9
+ 1998.070 is only approximately linear (R2 - 0.763) but
not quite significant at the 0.05 level (sée Table 12).

AT 1506, the critical photoperiod was estimated to
be 13:06L. The end-points of the transition zone were also
estimated to be 13:45L and 12:27L for photoperiodic responses
of 0 per cent and 100 per cent, respectively. A% 2000,
however, the critical photoperiod was estimated to be 11:49L
with transitional photoperiod end-points at 12:07L and
11:31L, respectively. It is clear that for this clone a
negative relatioﬁship exists between crifical photoperiod
and temperature (i.e. at 20°C the critical photoperiod is

less, than the critical photoperiod at 15°C).
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Table 10.  Variability in the percent oviparae
| produced by a Harrow clone in response
to various photoperiods and temperatureé.

@

Replicate tests were at different times.

Temperature Photoperiod Number of % Sexual Female Numbgr of

(%) Parents 0ffspring -Offspring‘
15 12:39L 1% . - 99 " o184
15  12:30L 17 9 - 238 .
15 . 12:39L 16 o4 : 219
15 : 13:21L 17 T 83 : 221
15 13:21L 17 , 5 230. -
15 13121L 17 & 1 208
15 I3 AT 19 o 285
20 112, 20 96 - 28k
20 11: 42, 18 7 2444

D




'Table 11. Relationship between photoperiod (hours of,
le 1 _ ‘ h riod (
© light) and sexual female m%'ﬁh response-within

Y

thetransition zone at 15°C.

.

df = Sum of Squafes Mean Square F Prob. > F

Regression -1  11809.583 11809.583 ~ 11.66 0.0066
‘Brror . 10  10131.514 1013.151
Total - 11 . 21941.097 :
/
B Value
Intercept . . 1057.322 )
Phoﬁbpériod . -76.848 -
S a
R® = 0.538 y
Lower limit ' Upper limit »
100% oviparous morph i " 0% oviparous morph
12:27L% C.P. = 13:06L* C13:hsLe
. P
. F: . Transition . N
zone at 15°C ’l

- ' ¥ Regression ~

estimates
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Table 12. Relationship between photoperiod (hours'of'
l1ight) and sexual female moxrph response within
.the critical photoperiod fransition zone at 20°C,

-

af Sum of Squares Mean Square’ F Prob.»F
Regression 1 4981.776 4981.776  9.67 0.0529 ¢ _
Error . 3 1545, 94l 515.315
‘Total | b 6527.720 )
- B Value-

Intercept 1998.070°
Photoperiod ‘ —165;756 ‘ “ o .
R® = 0,763 N
Lower limit . : ' Upper limit o
100% oviparous morph o 0% oviparous morph
11:31L%* C.P. = 11l:491% .  ~ 12:07L%

| Transition | i

N Zone at 20°C |

. : ¥ Regression
// estimates
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'Experimeﬁteilyr it was feqnd that the upper and
lower end—points of the response zone at 1500 were not ’
clearly deflned. 12 53L was the longest photoperiodic regime
which gave 100 per cent sexuals. Replications et 12:39L,

‘however, gaVe sexdal norph percentages of 89,6 and 93.5.

Near the estimated upper 1imit, 13:45L, there was varlability

s

in. experlmentally ‘determined -responses at 13:21L (Table 10).
On one occa31on- of repllcates done 1ndependently. the
photoperiodic response was 85 per cent; on another, a

0 per cent responee was noted. .Fewer experimentai regiﬁes
were attempted at Zooc;lbut of repiicatEs done independently
of one enother at 11:42L similar variability was noted.

The ranfe of transltlonal photoperlods is an
indicatiop of the sen81t1v1ty of the aphld to dlfferences in
photoperiod' The estimated range at 20° C utilizing a linear
regre531on is 36 minutes, while the range estlmated similarly
at 15 C is 78 minutes. The precise estlmate of ranges at
either temperatuf® is complicated by the end-point

transitional variability noted. If 12:53L is set as the lower

1imit at 15°C, and 13:21L as the upper limit at 15°C then the

“ranges at elther temperature would become quite similar.

Justification for selecting 12:53L as the lower limit rest

on grounds as noted above that it'is the longest experimentalr
photoperiod which induees-lod per cent oviparae production;
13:21L, as the upper limit, on grounds that it is the shorteet
experimental photoperied inducing O per cent oviparae
production._ A difference in day-length (including civil

twilight) of 30 mihutes as then would be the case for the
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range of these experimental studies, would encompass a

- time peiiod’of about 3 weeks in early aptumn (Beck, 1968).

Sensitive Period

In these investigétions the period or stage during
which the insect is sensitive to the expéfimental light
stimulus was studied. When the pareﬁts were transfefred-th
the contrel conditions after the stimulus, the morph of the
offspring was ldentified énd countea in two ways. As before,
the number of oviparae and asexual females Were counted and
. the per cent of sexual females tabulated. Pooling was.
necessary becaﬁse the numbers of ‘the two morphs was‘small
and variable within each family. However, male aphids, were
either present or absent within a particular parents' '
offspring. Therefore, to discriminate the response patterns
of their parents it was more appropriate to count the number
Ef pafents which produce male offspring and determine a
percentage responding. Initially, the sensitive period
studlies concentrated on photopericds within the transition
zones at the two femperatgfés. However, since the instability
of the‘responée in this zépe complicates interpretation of
the resuits, the effecté of shorter photoperiods were alsgo
studied. At ‘their respective temperatures; these light .
regimes gave iOO per cent sexual femal; of fspring and
100 per cent male production when lines were exposed from //ﬁ
ea£i§ in the life of the grandparent through the 1life of
the parents. Beginning on ﬁéy 1 (D1), birth of the grand-

parents, the aphids were exposed for various periods at
e
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eitherAlSOC or 20%c. From the developmental rate experiments
time-to-reproduction was known with some precision. Henée

a 'fix' on the ages at which the stimulus begins and ends
could be made. - .

Table 13A shows resuits obtained within the
transitional zones at 13:21L (15°C), 13:07L (15°C) and ~
11:57L (20°C). Exposures within the grandparent generation
were sufficient to produce males.. As can be seen at 11:57L,
just two days exposure after the gféndpafent'hés moulted to
the adult stgge, was enough to produce parents, 78 pér cent

of which give birth to males. When the stimulus was'extended

to four days prior to birth of the parental generation, all

of the parents produced males. Only one shortened period of
e#posure caused the production of any sexﬁél female offspring,
and then only 1 per cent. This_exposure;period ended just
after the parents wefe bormn. '

Tables 13B and 13C show results obtained with short
periods bf,exposure and éhortrphotoperiods at 11:15L (1500),
12:00L (15°C) and 11:00 (20°C). It is clear that exposures
early‘after the birth of the grandparent have no effect on
sexual morph determinaﬁion (Table 13B: Experiments-1, 2, 11).
It is the later adult stage which is sensitive., A one day
exposure (at 15°C) as soon as the aphid has moulted to the
adult morph does not appear to be sufficient to produce
males (Table 13B: Experiment 3). A three day exposure Just
prior to the adult moult of the grandparents starting on D8
at 15°C or D5 at 20°C leads to a large proporfion of male

offspring being produced suggesting that‘the grandparent

”
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Table 13D, The effect of duration of exposure
| to a short photoperiod on sexual morph
- prdduction at two temperatures.
= 3
Male Production Oviparae Production
Exposure Exﬁqsure
Temperature [Duration End Day|% Male|Duration End Dayl# Oviparae
.15 3 11§ 85 12 18 100
20 3 - 8 88 11 12 86
/\
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generation is sensitive at this time (Table 13B: Experiment by.
Clearly, the time of the exposure within the life hlstory is
important and for male productlon. a qulte short exposure at
the correct time - is effective. - o '
o Many treatments that ellclteﬁ male production did not
ellclt oviparae productlon. S can be seen from the results
of experlments 1 and 2 in Taéieggzé short or long exposures-
during the grendparental generation resulted in no oviparae;
However, exposures that lasted into the parental generation
parficularly to day 12 or longer at 2006 elicited strong

responses. Day 12 is 3 days into the parental éeneration at
:T 20°C. At 15°C the one experlment that contlnued to day 18.’
3 days into the parental generation at that temperature also
was the only experimental treatment to cause oviparae
production. :These results show thap'the sensitive period
for oviparae production occurs later than for male production,
perhaps ending 4 or 5 days later. No short periods of exposure
. were tested during the sensitive perioq for oviparae
production anq S0 comparis0n of the length of the sensitive
periods for the two morphs is not possible. |

While the datajare limited they seem to support the -

hypothesis that the length of the sensitive period is not
markedly affected by'temperature,, For both sexes a comparison
of exposures that end near the end of the sensitive period
indicates that exposures of similar durations cause similar
levels of response irrespective of temperature (Table 13C).
The insect may be responding to a fixed number of diurnal

cycles that oceur within the sensitive period.
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In summary, two sensitive periods were found. The
period for male production begins a few days priﬁr to bifth
" of the parental genération’éqd ends near the birth of.the
parents. The sensitive period for sexual females occurs
prior to the birth of the parents and extends a few days
éfter their birth. Males could be producediihrough exposure
of only ‘the grandbarents. while oviparae could only be

produced when the exposures overlapped both generations.

Fluctuating Temperature Experimenis

This experiment was designed to determine if it was
night, day or a combination of the two temperatures which
interacted to affect the critical photoperiod. Test photo-
periods of 11:45L and 13:00L near the critical photoperiods
for temperatures 20%¢c and 1500, respectively, were chosen:

The 4 designs are summarized diagramatically in Table 14,
Regimes B and C correspond to a more natufal diurﬁal
temperature pattern with maximum temperature in the photophase
and minimum temperatures in the écotophase.

On the assumptibn of a negative linear relationship
between daily mean temperature.énd critieal photdperiod; the
mean temperathfe 17.5°C should \generate a critical photoperiocd
at 12:29L. Thus, regimes A and B shéuld give nearly 100. per
cent sexuals, while regimes C and D O per cent since the
transition zone is about 30 minutes long, 15 minutes elther
side of the briticai phofoperiod. On the other hand, if i%

is night temperatures that are important, regimes A and C
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Tabie 1%, Predictions of hypotheses concerning

i

the effects of fluctuating temperature

experlments on the photoperiodic response |

of the,Harrow clone.

Regime A g Regime B Regime C - hegime D

12:15D)20°| }12:150{15%| |11:00p)15%{ ‘{11:00p|20%
11:45L115%)| [11:450{20%]| |13:00n]20%| |13:00L 15%

1) Day temperatures important:

Regime A 100 per cent sexual females
. Regime B transitional response

. ) &
Regime C 0 per cent sexual females-

Regime D transitional response //ﬁ\\;_//////r_

2) Night temperatures important:

Regime A  transitiondl response
Regime B 100 per cent sexual female response
Regime C  transitional response

Regime D 61pér cent sexual females

3) Linear combination night and day temperatures:

Regime A 100 per cent sexual females ’
Regime B 100 per cent sexual females
“Regime C 0 per cent sexual females

Regime B 0 per cent sexual females

.o
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should generate a transition zone response_and regime D and
‘B 100 per cent asexual and sexual offsprihg'respectively.
Conversely. if the apﬁid responds to the day temperatures,
regimes, B and D would produce transition-zone responses and.
regimes A and C 100 per cent sexual and asexual offsprlng
respectively. These results could.be-coniounded by the fact
that wifhin fhe‘transition zone, the response is variable.

Table 15 presentslthe results ‘obtained in the’
fluctuating temperature experiments. On the basis of the
data it is difficult to make a clear-cut case for any of
the'above mentioned hypotheses. If day temperatures were
more important inrfhe photoperiodic response it would have
been expected that regime A would produce'more oviparae than
regime B but this was not the case. f

On the ofﬁer hand, .as expected for rhis hypothesis, _
reégime C produced fewer sexuals than regime D. Consistent
results were also not obtained if it was assumed night
temperatures were erucial. AS expected uﬁder this hypothesis
regime B produced more sexuals than regime A, but contrary
to this expectation regime D produced more sexuals than
regime C. Regime D also gave'an unusual result if‘the
hypofhesis of a linear average of night and day temperatures
was considered. Rather'than give an expected morph respohse
of O per cent sekual females thislregime_produced an 100 per
cent ov1parous response. The fluctuating temperature
experlments suggest that rather than respond 1n/§ simple.

 linear fashion to temperature the aphld.responds in a more

-
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Table 15,

»

The effects of fluctuating temperatures ;

on the photoperiodic response of the - .

repllcates done 1ndependently

regimes are outlined in Table 14,

\"

Experiments 1, 2, 4 ang 5 represent

‘Harrow clone of A, Qisumu Experimental‘

Regimesg

Parents

Number of Number of
Experlment . Offsprlng

—

Percent Ofiparae.

N

H a a w » »

A N -

12
i2 J
14
14

20

[

152
163 ]
190

181
119

288 °

oL

- 99

C 100

109‘

L
L
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complex, non-linear mamner. This response may be an artifact-
of the simplified llght and temperature regimes in the
e 1aboratory but more study 1s needed to verlfy thls
| Four experlments were attempted Qomblnlng the éffects .
of fluetuatlng temperatures with reduced exposure times. Sets
) of-tests,grandparents of known ages were taken out of control
bonditions (2000: iéL) and placed into experimental conditiohs
". with a scotophaSe of 13D (15 c) and a photophase of. 11L (at
"20° C) Experlments were termlnated at varlous tlmes, and the
test aphlds placed back 1nto control condltlons untll the
birth of parental progemny occurred. Male.offsprlng-were then

1dentified and counted as a percentaée of the total number of

. parents in each experiment. Sexual females, or oviparae were
identified and counted as a pooled percentage of- the number -
of females produced bjkail the parents within a given .
erperiment. ’The particular experimeatal photoperiod ;pgime
‘used "in these studies was selected ‘because it is much less '
than*the photoperiods associated uith the aphid.cr?tical df

photoperlodlc‘response at either temperature Thus, under
standard exposure*condltloqé/where test grandparents and

tlthelr parental.progeny are-ekposed throughout, 100 per cent
sexual offsprlng are generated. | ‘_ . _ :

Table 16 illustrates the aphid responses found. The
experimental results may be analysed in terms of the differing
sensitive perloda,for both sexes, and the- effects of differlng
duratlons_of exposure on the aphld responsey The results
.from experiment 1.rein orce the earlier oﬁge atlon (see

o Tables 13A, .B, C) tﬁatiiggls%imulus'exposure ust @t least

o S A
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Table.16. The influence of fluctuating temperatures

and different expoéure pefiods on the

photopericdic response of Acyrthosiphon

-

pisum. .
ﬁx £, # Exposure Period Nos of Number of Male %
pt. Start ° Finish Parents O0ffspring Production Oviparae
‘ % ol . .
1 7 10 12 - 75 0
2 7 12 13 215 100 19
- 4
3 5 12 11/ 164 100 k2
4 (2 12 4\ 76 100 52
| ;

* femélé ©offspring not counted but 100%’§xu_al offspring

produced. .

All experiments at ifL with 20°¢C photophase and

!

15°C scotophase. ~
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overlap the birth of parents before any oviparae are
produced. Although exposed-ai the late; larval stages
(beginndng day 7) the'tesr°grandparents had not produced
progeny by day 10. This finding that most parents produced

males (?5%) is not surprising given the exposure times.,

Experiments 2, 3 'and 4 however, all had exposures overlapping

~the parental generation hence; as expected, oviparae were

produced. Also, in all cases, lOO.per cent males were

. proguced confirming earlier observations that the male.’

sensi'ive period ends near birth of the-parents.
Experiments. 2, 3 and % indicate either that lengtﬁened
stdmulus_exposure_pgg se or that sfimulation at an early age
enhances the.production of sexual females. Experiment 2
through 4 show rising'oviparons morph freguencies with
increasing stimuius duration and younger, starting aphid
grandparents These reeults are unlike earlier oviparous

senSLtlve period findings (see Tables 13B, C) because they

’suggest~that Tluctuating temperatures may lead to grandparents

belngdgen31t1ve to light and dark stimuli at a younger age.
Cautlon should be used when 1nterpret1ng experlment L

because of the llmlted parental sample size.
.

Field Studies

-

Several aphids of various ages and serving as "
grandparents were placed in the field and exposed to fleld
cqndltlons for different periods of time. After selected
field exposure the test grandparents were placed back irito

controlled laboratory conditions (16L; 20°C), allowed to
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reproduce. and the offsprlng morph 1dent1f1ed and counted
as befoae. From the developmental rate experiments the
ages of the aphids -were known with certainty gt the time of
the introduction into the\ field. Natural daylengths
ineluding‘civil twilight were estimated\sd be between 13:68L
and 14 :23L from April 1st to 15th at this iocatlon. Mean
minimum and maxlmum temperatures were determined to be 2.17 ¢
and 12. 4 C. Assumlng a negatlve‘relatlonshlp between
temperature and photoperlod, thls field regime would have

been-expected,to produce sexual offsprlng if exposure(s)

_ 1asted'through the sensitive periods. Ther other provision

' .would, of course be, that aphld phy31ologlcal growth was

possible and the photoperlodlc mechanism was not shut down
at these low temperatures. -
Table 17 shows the data obtained on aphlds which
survived the extremely low temperatures in theqfield during
this time. In all cases, no sexuals were pﬂézgeed. It has
been suggested in the sensitivity period studies, within the
linear range of growth (see Table 13Di near the end of the
male'sensitive.period, that exposures of similaéldurations
caused similar levels of fespense irrespective of temperature.

Hence, on the basis of length of exposure in the field,

experimental conditions 1, 2 and 3 were expected to stimulate

the production of male;;//ggg@riments'u and 5 would have had

the appropriate.exposure lengths to produce males if field

S
temperatures approximated those that occur in late summer

and autumn.

A priori, aside from the effects of the low ‘ T

i
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temperatures. it is not surpri;ing that oviparae were not
produceéd. Laboratory studies. demonstrated that (see Tabiqs
13A, B, G, D) experimental exposures had to at least overlap
the parental generation before any sexual females werg.
produoed.: Only experimental:oondi#ions-in number 2 met these
requirements througﬁ the production of parental progeny in
the field, a

Several other grandpanents had been tested in the
fleld and exposed at earller date(s), and at dates coincident
with Table 17, but aphig mortallty had been hlgh and hence
could not be followed-up., Even of those aphlids that survived

the field c0nd1tlons not all were capable of produ01ng

progeny in the laboratory. The grandparents that were
showed little Physiological growth in the field. On sev ral

‘thermal threshold for thrs aphid species. Physiological
growth apparentiy must occur before the aphid is receptive
to.the'sexually—inducing photoperiodic stimulus. The results
from’ experlment 2 further suggests that phy31ologlcal growth
is not the only necessary criterion. Limited growth had
taken bplace here but no sexuals were produced. Perhaps the
bhotoperiodic mechanism is shut down at, temperatures which

normally allow some physiological growth to occur.

Ny o
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DISCUSSION "

Field Temperature Studies

g

The influence of temper%ture.on the phetoperiodic
response is basically two-fold. Temperature Xdrgely determlnes
development times (as insects are po;kllotherms) hence, 1t
has the capablllty of producing variable age structures in the
aphid population. This has a direct bearing on the insect's
sensitive perioq amd the proportion capable of responding to -
photoperioed. Temperafure also interacts with photoperiod to
éipeetly influence the production of gexual forms.

| Aphids generally feed on alfaifa tips at the top of

the canopy. However, it is not known whether they move to a
preferred or optimf\ temperature zone within the plant canopy,

or if they Lgnore small temperature differences. ITf the former
is the case, one mlght expect more homogenous photoperiod
responses within the flelg ignoring possible clonal Varlabllity.
However; if the aphid plays a more passive role with regards

to temperature one migﬁt expect more variability in photoperiodic
response patterns within the field.

The fegression eguations developed in this investigétion
relating alfalfa terminal temperatures to Stevensen screen
data could easily be fitted into the simulation model. The

uti%ity of such a fit, however, would be whether or not it

increased the predictability of the model (Gilbert et al.,1976), The

58
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minimum and ma#imum-temperatures in the field as estimated
in Table 4 demonstrate that on average termlnal temperatures
approximate olosely those observed in the Stevenson screen.
In terms of phy31ologlcal growth then it probably is safe to
assume -that aphids at the)terminal tips in the field have the K
saue temperatures as those observed in a nearby Stevensen
screen. In the development of the equatlons relatlng terminal
temperatures to StevenSOn screen temperatures actual field
measurements were only carrled out. in the daytime.- It probably
1s a safe assumption that durlng the night terminal temperature $
Varlablllty throughout the field is minimal as the effects of
differing atmospheric condltlons,}ﬂ’the penetration of sunlight
can be ignored. Use of the Equstions can directly test the
hypothesis that it is day temperatures, night te’fnperatures,‘
or a daily linear average which is most important in the
photoperiodic response. As stated in the description of field
growth rates suﬂflclent approxlmatlons of each hypothesis are
contained in data from the Stevenson screen. _

'Based on the temperature profiles of individuai alfalfag
plants read simultaneously (Table 5) it is apparent that only
small temperature differences exist between the terminals and
the ground. Regardless of the positiou of the aphids on the
plants then it is reasonable to.assume that the temperatures
experienced.by the iﬂsects within the vegetation canopy
approximate those in the Stevenson screen.

Uniike the observations of Pinter et al (1975)
field temperature measurements near the ground were higher

than the tips of the vegetation during the daytime. 1In thig
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investigation temperatures were monitored when thg_alfalfa

was young (& 34 cm., height) and less mature than the above
mentioned siudy, A less dense growth of alfalfa would imply
less mmmotmnm$ifation and the potential for more penetfating_
insolétion; Unlike the older alfalfa, "the effects of shading
are not so important in the younger Plants (Geiger, 19635).
Measuremgnts near thé surfaée on bare ground show
charactefisticélly a temperature inversion effget under

cloudy conditions. éhat is, temperatures on.tggﬂgabface

become

wer than immediately above it. This was not'founﬂ.
when thle cloudy and sunny da&s were partitioned in. the alfalfa
this present study. Within z vegetation' canopy

of long wavelength radiation and turbulent mixing

‘_prob 1y interfere with the inversion phengomena (Geiger, 1965),

AN,

The sampling of aphids in the field showed that the

Field Sampling

sexual females appeared about one week after the first
appearance of males. Sample sizes were larger ang the
Sampllng carried on for a longer time than previously had
been done (Lamb, .1970) hence the data obtained are probably
more reliable. The field data was consistent with the
experimental laboratory results in that, as predicted from
laboratory knowledge gained about the longer male critical
photoperiod, male appearance began before sexual females.
Further, the sensitivity studies performed for the two
sexual morphs also suggested that male initiation would

occur sooner as less stimulus exposure is needed to produce
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'th}s morph,
| Some caution is advised in thé interpretation of
these field results. . As can be seen from Table 7A the
numberiof males found in the earlier samples- is small

indeed. Thé possibility always remains that there was
éoﬁé,sampling error} sexual females being preéent. but not
detected through the sweeping done. There is no easyr
mathematical Way'of placing confidence liﬁifs around thege
morph sample pércentages. On the basis of the large sizes

of the garlier samples it is probably not unreaiist%a t;

sayy however, that small differences could be detected.
Aiso.:the field was swept twice in the earlier samples before

sexual females were noted. This adds secondary.support tha

these findings were real, i.e. males aprar earlier than
o~

sexual females Wi
\\

Critical Photoperiod Studies

The critical photoperiodic response of A. pisum
clones  at Harrow and Markham were éompared to test énd either
lend positive or negative éupport to Danilevskii}s hypothesis
”%hat since more northern insect populations éncounter cold
temperatures sooner, it makes sense for them to enter diapause
earlier to minimize tﬁe risks of exposing themselves to
lethal climatic conditiogs.

The pogssibility remains in this comparigoh that the
variation observed may be due to interclonal variability or
differing biptybe adaptations. The distinction between these

concepts 1s not clear and sometimes both terms are used
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interchangeably (Eastop, 1973;.Frazer; 1972). 1In any case,
findinés from Prazer (1972) and Cartier et al (1965) suggest
that only one or very few clones are 1nvolved in the
1nfestatlon of a single field. The comparlsons between
fields may be limited with regards to measured fecundity -
estimates (Frazer, 19?2) but no data is avallable suggesting'
that the photoperlodlc mechanisms are slmllarly linked.. The
photoperiodic response patterns and the mechanlsms a33001ated
w1th the development of these are slmply not understood.
There would be extreme dlfflcplty in assessing clonal photo-
periodit responsefvariabili%y even if, a priori, it is
suspected to occur. To obtain a‘sufficient sampie of clones
from a field, and experimentaliy Qefermine precise critical
photoperiod estimates at a variety of temperatures ﬁould
‘take a great deal of work as already indicated earlier.
Hence, in these studies it was assumed that such variability,

is minimal.

The critical photoperiod at 20°C for the Harrow clone.

is ciearly less than the critigal photoperiod fdr the .Markham
"clone (Lamb, 1970) (see Appendix IV). This is as expected
from Danilevskii's hypothesis. The upper limits of the
photoperiodic thresholds separating the Markham and Harrow
clones differ by 48 minytes. This appears to be a large
difference cons%derihg the two locations ‘are only separated
by 1° 23" of latitude. This may represent :daptation as
while the distance in latitude is small the Harrow average
temperatures ar® significantly higher than those in Markham.

At 15 C, the crltlcal photopeériods of the two clones were
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apprOximately the same. The.estimated ﬁpper limit of the
‘photoperlodlc thresholds as determined at Harrow differed
by 22 minutes.from those observed at Markham., Howeverh the
arbitrarily selected upper limit at Harrow (13:21L) was
quite similar to that of the compared clone. The estimated
lower limit of the more southéén clone differed by 27 minutes |
from the northern one. The photoperibdic-response data are |
‘ contrary to Danilevskii's hypothe31s at 15 C. and suggest
a better way of testing it, Rarely in the literature have
critical photoperiod studies been reported for different
temperatures.; Most;studies have been doné-at_siﬁgle higher
temperatures. If as iamb and Pointiﬁg‘(l9?2) suggest the
mechanism for_sexuél\ﬁgfyh production gtiliées bo?h photo-.
period and temperature cues.lDahileVSkii'sﬂﬁypothesis would
. be better tested by compariﬁg fhe slopes of lines.relating.
| temperature to eritical photoperiod at the different
geographical locations. It is unfortunate tq;% most
1nvest1gators have dealt only with time increments of half
an hour or more within the diapause. tran51tlon zone
(Danilevskii, 1961; Tauber and Tauber, 19?2 Bradshaw, 1976)
| Comparisons of lengths of transition zones between different
species would ofherwise have been possible and their
evolutionary significance more easily interpreted.

Clearly high phdtoperiodic response variability
occurred within the transition zones. Regression analyses

were attempted to objectively estimate the critical photo-

periods and the transitional response end-points. These
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statlstlcs have’ usually been calculated through v1sual
‘1nterpolat10n. Increments of test photoperiods were
r.generally 1arge. and only rough estlmates could be made.

: Although in these present studies a number of treatment
exposures were utlllzed, the critical photoperlod was
probably still not pre01sely determlned Many treatments.
perhaps taking many months ‘of tedious work would be: needed
"to possibly account for all this variability. ' Even then,
.phys1olog1cal and genetic factors assumed to be under
control mlght interfere with interpretation of the flndlngs
The problem of instability (Lamb and P01nt1ng, 1972) near

“ the end polnts of the transition zones where non- llnearltles
presumably ex1st mlght also directly affect the simulation
-.model . The end-point data used. to ecalculate the thresholds
in the simulationg gave fairEE\good predietions, as will be
~shownt 80 perhaps it can be assumed'that more accurate
.estimates are unneceSSary - While causing dlfflcultles in
"statlstlcal analys1s the tranS1tlon zone 1nstab111ty may have
»evolutlonary significance and probably should recelve more
attentlon. Hav1ng a varlable photoperlodlc response zone
probably serves as a form of risk minimization. TIf g
determlnlstlc zone existed within each clone it is posslble
_that the sexual stlmulus might be 1n1tiated too late and
unfavourable condltlons would klil all members of the clone
before fertilization of eges could take pPlace. Aphid clones
are probably largely selected for on the basis of the
Previous year's climatic condltlons (Wllllams. 1975).

However, the weather in the autumn of one year may be poorly
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‘cbrrelated with weather in the»néxf. It is“suggested hefe
that deterministic reliance on the conditions a yéa#‘bgﬁpre
may weil-prove to be fatgl for an aphid clone. Data is not
available opaﬁow widespread fhis "gone of instability" is in

other species.

‘,~“éensitive‘Period

-

The sensitive perioq”finqings are interesting both
from a physiological and an ecological point of view. While

 working with the aphid Megoura viciae, Lees (1959, 1963, 1964)

concluded that embryonic development was under the centrol

of a maternal switching_mechanism located in the head of

‘the parent insect. He suggested that'this'mechanism involved
a light reéeptor and a humgfél component.’ In response to an
interaction of photoperiod ahd temperature, the postulated
'heormone' produced was seen as having a target, the developing'
embryo, which in turn differed in sensitivity depending on

its relative age. His results for the.sexﬁal Tfemale morph
indicated that photo sensitivity developed éome two'déys

before birth. The respoﬁse patterns for the ofiparous morph
aré subject fo photéperiodi; manipulation in M. viciae, whereas
-males are not. This contrasts to A. pisum where bqth sexual
morphs appear to be under temperature and photoperiodic

control.

3

Lees (1964) also showed that embryos- {parent

& . . * ' - .
generation) within the grandparents are sensitive to photo-
period and temperature cues transmitted through the semi-

transparent body wall of the grandparent. Stimulation is
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required at thls stage to sw1tch on the mechanisms respon51ble

for the production of oV1parae and males.

Mx studies suggest

that the cues percelved 1n xhe embryonlc stage a

to effect male productlon 1n‘§ﬂ_g;sggg However.,lt appearS'

that s mulatlon overlapplng two generatlons is requlred to

0

5
switch on the mechanlsm respons1ble for sexuall}ﬁmﬁle-

K

production.- In other words. for oviparae production the

parentis sen81t1ve period starts while the parent is still

“an embryo and contlnues iffto its early larVaI life, =~ '

LY

'Fluctuating.Temperatures ks, : .
- '. N ‘\_l/ : v L

The results obtalned with the fluctuatlng temperature

experlments do not clearly support any of the proposed

! hypotheses but suggest rather that the 1nsect in the laboratory

responds to the experlmental reglme(s) in a complex}rnon—'
.linear manner. The photoperiodie response of the pea aphld
may be peculiar because of the variability within the . ‘.
" transition zones. However, as crltlcal photd¥period estlmates
for other 1nsects have been obtalned at much longer gime -

1ncrements it may well be that these experimenters have mlssed

: Q
" similar ! zones , of 1nstab111ty . The effects of g slmpllfled.

“*‘fiuctuatlng temperature reglme wi*thin thls zone aﬁe not clear

/"‘-—.

In nature insects are not exposed to/such constant mlnlmum
,and maximumn temperatures 1nterrupted by abrupt trans1t10n ’
;zones of dark and llght It is also not known, for the pea
.aphld at least‘awhat the effects of grossly abnormal

temperature.-efluctuatlons are. Tt is possible that regimes, -

A and D w1th maxlmum nlght temperatures and(hmplmum day

9 Y . v-/ |
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_temperatures disturb a circadian rythm responsible for . .

measuring the length of photoperiod. It'may well be that

a dirunal temperature regime, as found tn nature, interacts

with photoperiod to produoe a response pattern diﬁferent

from that-normally observed in the laboratory. _
L Few other 1nvest1gators have dealt with the problems °

of fluctuatlng temperatures and constant photoperiods on the

1nduct10n of z crltlcal phot0per10d1c response. Beck (1962

a, b) at least however, has obtained evldence with the
European corn borer suggestlng that it is night temperatures
which are most crucial in the dlapause_response. He utilized
a different erperimental design. When larvae were reared at
a constant temperature of %60 . the critical daylengt' '
found to be approx.imately 15 ﬁrs. ” cag ffec f
temperatures on the induction of dlapause was te%ted at that
daxlength. A relatlveby shallow temperature cycle was used.

in which the hlgh temperature was 31°¢ and the low temperature
\

. was, 21 C, giving a daily mean of 26 C. He found the 1n01dence

-

%

T .

of dlapause was very hlgh when the- EQQl phase of the thermo-
perlod oceurred durlng the scotophase, but was\vefy low

when the warm.phaSe 001nc1ded w1th the scotophase. Beck's

study (1962 a, b), however, also suffers from the above

-

Y

z.mentloned 1nterpretatlon problems. His experimental des1g£\

. by !
-

utlllzed Slmpllfled photoperloq};emperature condltlons and’

thus there ig llttle way -of knowlng whether or not hls
N ’
results were an artlfatt of- the laboratory 51tuatlon

[ 3

Determlnlng the aphld response near the crltlcal photoperlod

t 1? 5 C. as w%uld be;pecessary 1f Beck's desigr’ was used

& G - . T
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however, may have given direct'ex?erimeﬁ%al evidence as to-
thé suﬁposed.'linearity‘ of the temperature vs. critical
photoperiodic response. Such studies clearly -warrant

further investigation.

Field Experiment - . SEEH

The field experimenté\initially promised to. produce
'sexuals during a season they were not expected to ocecur.
They also appeared to offer’'a way of téstihg laboratory
dstermined sensitive period resuits. The negative findings,
as suggested. earller, were probably related to the low .
temperatures experlenced at this tlme.‘ On several occasions,
the minimum temperatures dropped below thé tﬁsrmal‘threshold_
for this species, the temperature at which‘growth is presumed
to terminate (Gilbert et al, 19?6)‘. The e:ffécts‘of
fluctuating tempera%ures on either developmental rates or .
the,photoperiddic mechanism at these low extrepes has not
been adequately described in the literature. It may well
be that the photoperiodic,mechanism is ‘shut down at such
extremes. ~ -
| Aside from the effects of temperature on the.photo-
periodic mechanism, it may also be *‘possible that the direction
of daylength changes 1nterferred with the mechanism itself.
_Thls would be the case if the aphld percelves and responds
to the direction of. daylength changes. as well as to the
absolﬁrs length of daylegngth. The aphid may respond naturally
to a decrease in length of daylength as observed during the

autumn’ of midtiatitudes. but unnaturally to an increase’
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'of'daylengths as observed during the springtime. This
Phenomenag hae farely eeﬂ?recorded-in the laboratory (Tauber
and Tauber, 19?0)'ufiliz'ng stationary pﬁetopériod regimes,
and has only been infepfed to actually occur in nature.

The only other atiempt to broduce'sexual“aphids
undef‘field conditions wae tried by Sharma et all(l974).
These investigators, however, transferred aphids at unknown
ages to the field hence their pioeedure made it impossible
to confirm that part in the aphld life history where it is
sensitive to photoperlodlc stimuli. At least, thelr autumn
exposure timeg were sufflclent to elicit some sexual
productlon._ Rather than using spring exposure conditions-
where temperatures may be precariously low and where the
direction of daylength changes may be unnatural, the present L\E
studies ihdicate more information could be obtained by
placing laboratory reared insects of known ages in an
outside shelter in the autumn where the conditions may be °

more accommodating.
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CHAPTER IIX

COMFUTER SIMULATION STUDIES ., e

+

Introduction

Studies of the effects of photoperlod on. the cology-
of overwlnterlng have mostly been undertaken in the aboratory
because of the dlfflcultles in manipulating light r glmes in
nature, To slmpllfy experlments. unreallstic light reglmes
and constant temperatures have been used in contrast to the .
complex light and temperature stlmull that insects actually
experience in nature. The approach of computer simulation
is one method that can be used to test whether hypotheges ﬁh
developed to gccount for laboratory data are adequate for
understanding the complex1t1es of the processes in nature,
The model complements thé laboratory and field studles and
permits one in some objective and quantitative way to explore
the relationship between the two. By objectively linking
the various thebriesLﬂpvolved to explain the photoperlodlc
response, the model also provides a way of identifying
pProblems that may arise in the 1nterpr>tatlon of the
response, _

A computer simulation model of sexual merph
1n1t1at10n developed by R, J. Lamb (unpubllshed. aee'Appendix'

V) was modified for use in this study,

70
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The code was_altered go that temperatures in °C rather than
_°F could be input. Ninety-two days of minimum and maximum

temperature readings obtained from Stévenson screen data at
the Harrow, Agriculture Canada Research Station were fed

into the model using as a starting date August 1, 1977.

The model includes a 1iﬁear regression'equaﬁion‘rélafing .
da&length to date. The Eoefficients for the eguation wefé
_caiculated from data‘obtaiﬁed from tables of sunrise and
sunéet.(Beék. 1968) for a latitude of 420 corresponding to
-the latitude of Harrow. Coﬁputer rﬁns were atteﬁpted with
and without the inclusion of civil twilight in the estimate
of daylength., Other parameters in the model were determined
from the laboratory results on the responses of aphids to
photoperiOd'and temperatufe. Various comgﬁter runs were

made assuming %hat either night temperatures; day temperatures
or an average daily temperaﬁure causeg‘the‘temperaturé effect .

on the photoperiodic respdnse.

Model Description \i

-

s The model is composed of 2 sub-pants. Sub-model I °

afteﬁpts to predict the date of the fi}st sexual stimuius'in‘
nature; and Sub-model II eétimates tﬁe time between the date
of this stimulus to the First appearance of gexuals.

An aphid clone from the location desireq ig sampied
and tested in the laboratory to determine the threshold
qritiCal photoperiod necessary to ;nvoke the production of

sexual females or males. The threshold photoperiod isk the



upper limit of the transitional photpperiode.“the longeet
photoperiod at which the fall forms are produced. The
threshold photoperlods for both sexual mdrphs at two
temperaﬁures -Were derlved from the photoperlodlc response
curves for the spec1es. The relatlonshlp between threshold
photOperlod and temperature is assumed to be llnear Tor the
model. To use the photoperlod/threshold lines in predlctlng
the onset of sexual morph determination in nature. estlmates :
of natural daylength and temperature. that might correspond\J///ﬁ‘///*f‘
to the laboratory conditions must be obtained;‘ It was assumed
for most of tﬂe simulation runs that the natural photoperiod
for any day consisted of the time from sunrise to sunset plus
" twice the length of civil twilight. Civil twilight is
defined as the time required for the upper limb of the sun
to traverse an arc Trom.the‘hpE{;:: to aipoint lying 6° below
the horizon.- Beck (i968) has indicated thatﬂmany of the
species so far studied are sensitive to 1ight down to the
intensities found near the end of this zone.
Sub-model I determines the natural-photoperiod for
each day, and then, using the photoperiod/temperature
threshold equations, determines what temperature for the day
-woﬁld be just low enough to induce sexual morph production.
This threshold temperature ie compared with the actual
maximum and minimum temperatures as recorded.in a nearby
Stevenson screen for late summer and eer;y autumn, and the
threshold temperéture abstracted from the Stevenson .screen,

_temperature, Thus, the output of the modeygconsists of

]
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oﬂé nuﬁﬁer'for each fall déy. that may be positive, negative,
or zero. ' If the nuhber is negative, the field temperature
dropped below the temperature threshold for thaf day, and
. the model predicts_a sexuai morph stimulus has occurred.

 The startiné“date(s) generated from Sub-model I are
input.intq Sﬁb—modei IT'. A development rate algérithm
édapted from Stinner et al (19?4)ris used. . This'grbup uses
a Qevelopﬁenfal rate yé. temperature equation which is more
accurate, particularly at low teﬁﬁératures; than the linear
relationship used in the classicﬁl degreé—day techni@uel
Essentially, this involves fitting the diurnal flqctuafions
ofutemperature in nature to’a sine curve to obtéin increments
of growth each day. This algorithm requires data from
developmental rate experiments. ,

Both values known as PER's and developmental rate
paramefers-were_required in Sub-model ITI to utilize the
‘information generated in Sub-model I. PER}S represent
proportions of the developmental times (DT) of oviparae and
male:h;;\ﬁh; developmental time of virginoparae at ZOOC.)

where: ' ) ‘

1]

DT (oviparae) pre-birth sensitive period + time to
- reproduction by the parent + time for

oviparae to reach the adult moult.

1l

DT (males) pre-birth sensitive period + time to
¢ reproduction by the parent + time to
the onset of male production + time for

males to reach the adult moult.
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Hehc:?rehese values-represent the minimum intervals
from the time when the temperature drops below the threshold
to the time when adult oviparae or males. ought to appear in
nature. They offer a means of 1ncorporat1ng the data on the
timing of the sensitive perlogs. Various simulations were
run with different PER values. The developmental rate
parameters utilized fﬁ the model were calculated as in

Stinner et al (1974). /

A leasf—squares procedure was used to eétima?e the
values C, Bl and B2. C, representing the asymptote, was
selected to maximize the corg&lation coefficient. Bl and
B2 represent the intercept and slope of the regression '
estlmates ‘A value known as TOPT represeptlng the temperzture .
etlwh%ch the maximum developmental rate occurs for the pea

aphid was taken from Lamb (1970).

Model Input Parametersland Statistical Analysis

For the sexual female threshold equation tﬁe ceritical
photoperiods utilized at 20°C and 15° were 12: O0L and 13:21L
respectively. The male threshold regre351on equation ;as
estimated from information determined experimentally by
Lamb (1972), The simplest assumption was that the time
differences between the female critical photoperiod upper
1limits and the male critical pho?operiod upper limits at the
Markham clone were the same as the difference at Harrow.

l‘The regreseion relafing timefto ngtura; daylength or

Jphotoperiod, .including twice civil twilight, at the Harrow

location is very nearly linear (K® = 0,99; Y, =15.590 ~0. 047X,
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where Y 5~ photoperiod, de= days) within'the'laﬁe summer
and early autumn time span. ~Excluding ecivil fﬁ;iight. the
relationship is ¥,, = 1k.551 - 0.045%,,. The other equations
needed as input information are those relating to the male
and sexual female threshold photoperlods and temperature
The former may be represented by the equation Y 5= 65.113 - | : b
3.759%K 12 (where Y12~ temperature, X12= female photoperlodlc
threshold)' and the latter assuming an identical relationship
as Lamb and P01nt1ng (1972), as Y13 51.861 - 2.479X13 (where
Ylj— temperature, X13 male photoperiodic threshold.

The statlstlcal analyses were carrled out using the -

~

Statistical Analysis System p:ograms (Barr et al, 1976) on

an IBM 3/360 model 65 computer. For the simulation studies

a WATFIV compiller on an IBM computer was utlllzed.

gimulation Results

L

Tables 184 and 18B show the various PER values and

o -;‘,\;'tﬂ.m:;&‘a—'—'-—"‘—'”' - -

L

developmental rate parameters utilized in the simulations.

TPER values were calculated directly from Table 9. , Four

temperatures were used in the developmental rate equations.
The estimated.rate at 12°¢ for the Harrow clone was
determined to be 0.057 units.,
Table 19 illustrates the resulis of simulations
predicting the appearanqz/éf the male morph using various
male threshold’crltlcal photoperiod estimates and sensitive }
regimes. Varying the crltlcal photoperlod threshold
estimates meght that the regression coefficients entered, into

sub-model I/were adjusted. Essentially, these adjustments
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Table 18A. TPER correlates of parental pre-birth
. sensitive périods utilized in simulation
runs.. . .
Pre-birth “ T '
Sensitive Period (days) ‘Adult Morph PER Value
1 Sexual Femaie : 2.49
2 o 2.63
3, " " 2.77
3 ’ " " o 2,91
1 , Male \ 3.23
2 n | 3.37
3 . " 3.51
4 " 3.66

Table 18B. Developmental rate parameters for the

Y

Harrow clones utilized in simulation runs.,

“

BI

. Clone Location:

0.50

3.231

B2

-0,098

‘Harrow,

o]

Owntario
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\
' Table 19. Simulation results predicting appearance adult
male morph in Harrow fieldAassuming parental
' pre-birth sensitive period of 4 days and
wtilizing Harrow developmental rate pafametgrs.

Male Critical Photoperiod Sensitive Prediction(s) dates
" Estimate Regime of Appearance
i e Harrow, 1977
v : b :
Regular threshold critical " Min.®" Sept. 28
photoperiod estimate? Mai.d >0ct, 31
| Linear® Sept. 28
Add 10 minutes to threshold ‘Min. Oct. 1
critical photoperiod Max. . »O0ct., 31
estimate at 1500 and 20°C Linear Sept. 24 -
Deduct 10 minutes from Min. Sept. 24
threshold critical photo- Max. _"'700t. 31
g?riod estimate at 1500 . Linear Oct. 27
'ang 20°C |
Add 15 minutes to threshold Min. Sept. 24
critical photoperiod Max. *>0ct. 31
estimate at 1500 and 20°C Linear * Qct. 1
Add 15 minutes to threshold’  Min. Sept. 24
critical photoperiod. Max. P0ct. 31
estimate at 15°C Linear »0ct. 31
Dedubt 10 minutes from Min. Sept. 23
threshold critical photo- Max. . »0ct. 31
period estimate at 15°C Linear - »0ct. 31

a: simulation run assuming difference between male and sexual
female C.P. in minutes from Lamb (1972) identical to
relationship found in Harrow clone. ®

b: represents sensitivity check; 10 minutes added to difference

~ found by Lamb (1972) to Harrow clone. - T

c: dssuming minimim night: temperatures critical (sdotophase)

d: assuming® maximum day temperatures critical (photophase)

e: assuming linear, combination of night and day temperatures
critical. ’ .ot - i

L



amounted to a sensitivity check, o .

Bearlng in mind October 3* was the initial’ date of
appearance of the male morph Table 19 indicates that the
o assumptlon of mlnrmum temperatures beihg most important
‘gives the best'over—all predictions. The assumption that

maximum (day) temperatures are cruc1a%‘leads to the worst
predlctlons. At the regular male threshold it apparently
does not matter whether a mlnlmum or llnear comblnatlon l )
:ppf temperatures is utilized. When it is assumed that night
temperatures are most important the model‘consistently
underestimates the field earance of males, whereas, 1f
it is assumed that maximum day temperatures are most important
the model contlnually over-ejgémates in its prediction, .
. As Table 19 1ndlcates the simulation where lO mlnutes
‘1s added to threshold cr1t1Cal photoperlod estlmates at both
temperatures gives better predictionsg than when the regular
threshold eritical photoperlod estimate 1s\assumed. This
‘may 1ndlcate a real difference in critical photoperivdic
_response,.or differences dur to the variable nature of the
critlcal photoperiod zone of 'instability'. Threshold end-
$'p01nt instability may well alter the predlcted dates of |
7appearance ef the male’ morph The sens1t1v1ty check 1nd1cates
that z mere 15 minuteés difference 1n threshold mfasurement
may alter dates of appearance by ‘a week, s ‘ ' ¢
- Table 20 illustrates the results qf 31mulat10ns
predlctlng the appearance of the male morph while utlllzlng )
| Harrow development rate parameters and minimum temperatures

to test ‘the predlctablllty of various PER values, Bearing

i

* Note comment on page 61

. :
” .
.
.
- ' -
< . t/ = ,
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-

Table 20. Simulation reshlts predlctlng appearance

adult male m

n Harrow field assuming
nlght temperatures.crltlcal and utilizing
Harrow developmentgl rate parameters.,

I3

]

"

i

[

Male Critical Photopériod

Predlctlon(s) dates of

Estimate PERa Appearance Harr0w, 197?

Regular threshold crltlcal 3.23 g “S/pi 29
pPhotoperiod estimate 3.37 Sept. 25
3. 51 q Sept. 27
¥, 66! Sept. 28

Add 10 minutes to threshold 3.23 Pt. 20 .

critical photoperiod 3.37 - Sept, 21 '
estimate at 15°¢ and 20% 3.51 Sept. 23
- 3.66 Sept. 24
Deduct 10 minvtes from 3.23 Sept. 19
threshold critical photo- 3.37 Sept. 20
period estimate at 15% 3.51 Sept. 22
and 20°¢ 3. 66 Sept. 24
Add 10 minutes to threshold 3.23 Sept. 19
critical photoperiod 3.37 Sept., 20
estimate at 15°C ana 20°c 3.51 Sept. 21
3 A Sept. 24

‘a: See Table 18A.for sensitive period ébrrelat@s of

t

(\ .

E

PER values.
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~"nin mind:bctober Jrd was the date field eampling shoﬁed the
first appearance of males, it is clear 4 bre—parental birth
sensitive perlod of four days 1s the best predictor, :
Developmental rates Vary with the mean temperature reglme
experienced by the aphid. With\this in ming Table 20 suggests
that for this autumn time 1nterVal. about four days
dlfference in predlctablllty exlsts between the assunptlons“
'of a pre—birth sensitive perlod of one day and of four days.
Tables 21 and 22 illustrate the simulations attempted

for the sexual female morph in the'field. Field sampling
earlier had shown that the sexual female morph made its
first appearance October 11 * Given 'the Harrow developmental
rate parameters and assuming a pre-blrth sensitive period of
‘four days, Table 21 again 1nﬁ1cates that minimum temperature
assumptiens generate the best simulation predictions; whereas,
maximum temperatures elicit the Qorst. |

-When civil twilight is ignored a reasonable but
underestimated prediction of sexual females is made, assuming
night temperatures are most important. Including civil twilight
leads to an overestimation of timing of apﬁearance of this
morph. At this light intensity the prediction is improved
when it is assumed the pre-birth sensitive period'is one
day. Here only one week over—estimation of the actual -
sampling date Octoner i1 ia found. ﬁHowever, when simulations
were run ignoring civil twilight, it appears that a pre-birth
sensitive period of four'days‘gives the Dbest predictions

(see Table 22).

In the simulation studies, starting days from

#Note comment on page 61.
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) R o
Table Zli.rslmulatlon results predlctlng appearance
sexual adult female morph in Harrow field

utlllzlng Harrow developmental rate

parameters and PER of 2,91,

-

Light Inten51ty Sensitive Predlctlng dates of
Simulation Regime appearance Harrow, 1977

Ignore Civil® Min, Sept. 29
Twiligh't Max. . Z0ct. 31
Linear Oct. 26
Include Civilb _Min, Oct., 26
Twilight . Max. " % o0ct. 31
A/S o Linear ~>»0ct. 31

a: regular photophase lgnoring 01v1l tw111ght at Harrow )
location (from Beck, 1968) -

r.[-:;‘

b regular photophase including twice civil twilight



Table 22.

sexual adult female morph in Harrow field

assuming night temperatures critical and

(ﬁ;; lJI g2 . -

utilizing Harrow developmental rate

parameters. .

Simulation results prediéting appearance

- \.- - M
Light Intensity

Prediction(s) dates of

Simulation “PER Values appearance Harrow, 1977
Ignore Civil 2.49 - Sept. 25
Twilight 2,63 . Sept. 26

N 2.77 Sept. 28

2.91 Sept. ‘29

Civil Twilight 2.49 Oct. 18
Included 2,63 Oct. 20
2.77 Oct, 23

2.91 Oct. 26

1
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sub-model I were only,selected:when a string of;negative
values followed each other (as explained previously each
negative value was interpreted to mean a sexual stimulus
had oecurred).‘ Although the field sampling procedures
undertaken were extensive (Table 74) the statistical chances
of missing a few sexuals earlier in the autumnﬂfrobably_
were high. The use of a etring of negative values rather
than a single value to indicate a sexual stimulus has
occurred would mean in effect then, that a rap%d rise of the.
eexual merph in the popu}ation could be predicteq? Once it
is obvious that the simulation produces such a string, the
gexual starting‘date preceding a rise could be fixed and
empirically deeived equations Yg and Y, used to predict the
extent of the sexual mq;ph rises. - Equations Y, and Y7g
however, could.not belusedﬂon data from which thery were
generated (Wesolowsky, 1976). They might be.suitable-in
predlctlng the rise in sexual morph frequen01es in other

populatlons

Comments 7
e

| The performance of -the modified model in the
prediction of timing of either morph within the field is
elearly not perfeet; However, few such modelg are. At least,
consistent with the laboratory determined expectations and
field sampling investigations the simulatioﬁs predicted
males to appear earlier than sexual females. Further, the
predicfed morph occurrences coirncided closely with the

actually sampled field appearances. This gives indirect
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é%idence that clonal photoperiodic response variability
within the field is minimal.

- of special interest in the simulatioﬁé-is tﬁe
conclusion that minimum temperatures should be most important
.inzthe determination of sekual prodﬁctioh. This is in-
contradiction to the physiological expériﬁents which‘
suggest a moré complex, non-linear cbmbination of night

B and da témperétures are crucial. Clearly, the realism of
H’/‘h\\thehmizimum temperature assumption'remains‘vb be tested in
| different geographical locations beforeé'a fipmfanswer can

be given. The differencés between the physiolog?cal-anﬂ
computer simulation results may imply that the insect's
,physiological mechanism for interpreting fluctuéting
.temperatures in the laboratory is different from that in
the field. More study.is.needeé to verify this. |

The results of the simulation runs for the Harrow
clone suggesf that better predictions of the timing of the
sexual female mofph in the field can be made if eivil
twilight is ignored, and a pre—birth sensitive period of
four days is utilized. However, when sensitive periods are
chosen which increase the predictability of fimihg of_this
morph, the converse conclﬁsian is reached. ?he actual

e

,
P effects of differing light intensities on the photoperiodic

r,f- response is not known."Differential cueing to light intensity
by either morph mal\offer”yet another physiological means of
achieving a cloég; synchrony of sexual appearance. Aside
from the simulation-8tudies, no evidence has been.obtained

Q@ to support this hypothesis. Physiological experiments may’r be

in order here.



CHAPTER IIT

Alatae Photoperiodic Response Studies
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CHAPTER IIIX

METHODS AND MATERTALS

Photoperiodic Responses of Alatae

Periodically, alatae were produced in the parental
generation by grandparents which had been exposed to various
photoperiodic regihes. Rather thap discard them the algtae
were treated as a separate group and examined. Photoperiodic
response patterns were studied at various‘photoperiods and
exposure périods and the effeéts of constant or fluctuatihg
temperatures examined. As for the apterous (or non-winged
morph), when the experlmental stimulus was complete, the
insects were transferred into control conditions. Consecutive,-f“
batches of offspring were then followed for various times
until thélﬁérenté died. Care had to be taken in the
transferring procedure because the alatae were especialiy
sensitive to handling, and mortality was -high through drowning
when nutrient solution was added. |

'The number of male offspring produced by the two morphs
(alatae and apterae) were compared, To this end the numbers
of males and females within .each alate family were counted
and the counté pooled to obtailn percentages for each.  a
control 10 apterous parents from a 13:21L (at 135° C) regime

were selected and allowed to reproduce until the end of their
[ -

85
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reproductive sequences and the number of males and females
counted. ‘
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RESULTS

, ..
Alatae Photoperiodic Response Studies

Qualitatively it was noted that the atatae were less
fecund than the non—w{ngéd morphs on in%ﬁ%idual Vicia faba
leaves, This observation is in agreemeﬂt with earlier
invéstigatipnslof aphid fecundity on their host plant(MacKay,
1975). Within the range of photoperiods studied, alatae
prodﬁcéd few or no males. 1Instead, they continued %o pgoduce.
- female offspring from the beginning of reproduction to the
end. Unlike their apterous counterparts, there was no
reproductive pause signalling the end of female production
and the beginning of male.

For this study the assumption was that similar male/
.female ratios could be found in any photoperiodic regime which
produced males. Thig assumption is not gstrictly true, near
the eritical photoperiod (Lamb, 1975) but tﬁe difference in
responses of the two morphs is so great as to make the general
findings still valid. For these cbmparisons the alatae were
followed until\death or'fhe end of reproduction. Only 3 out
of 9 pooled experimental regimes, or 10 out of 46 alate parents
produced males. By contrast, 100 per cent of apterous parents
under identical conditions gave birth to this mofph. Clearly,
(Table 23) the percentages of male/fémale offspring wére

markedly different in the alatae vs. apterous morphs; There
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-
~

- '\t‘:-::
may be a trend towards sllghtly more males belng produced at b 7

higher photoperlods.. ' S . | A
Comparisons:were also made of fémaie sexual morph
production (Table 24): Counts of the numbers and kinds df >
.females were pooled for each and the percentages of oviparae
and virginoparae recqrded. On the bagis of these’2 comparisons

-

little difference in proportion of sexual fémales produced is

-

evident, o © A
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DISCUSSION -

»

.Alatae Photheriodic Regsponse Studies

The experiments on alatae demonstrated that the -Ei'
photoberiodic response of the winged forms differs from fhat
of. _the non-winged morph. _Produétion of sexuél female -
offspr@ng'éppeared-to be eduivalent in the two mérQMB;
whereas few, if any, males were produced by the alate morph
at photoperiod and temperature regimes, which clearlgygave
100 per cent male production in their ap&erous countér-parts.

The physiqlogicai basis of‘alaﬁa—prdduction is
probably quite complex (MacKay, 1977). . In certain species
of aphids, changes in the activity of the corpus allata and
in the concentration of juveﬁile hormone have been correlated
with $he production of alatae (Lees, 1961, 1966; Johnson,
1959}« It has been suggested thaty an apterous aphid represents
a neotenic (juvenilized)wédult. Lees (1961) reported thgt
wing development could be partially suppressed by topical -
applications of JH concentrates to the early instars of
alate-determined vegch aphid nymphs. Through dec pitation
experiments this latter investigator also demonstr ted that
the aphid embryos do not become competent to respend to
alata-promoting influences until =a few hours before birth.

It is the parent that‘determines whether the aphid is to be

winged or non-winged., Crowding and host plant stimuli are

91



‘presumed to be the main environméntal eues which trigger
this physiological méchanisﬁ in the parent (Lees, 19673
< Sutherland, 1969b). | N
Lit%le direct evidence is available linking éﬁe alate
and sexual morphs. In. certain paf¢hgnogenetic and polyphagoug .
speEies, phptopefiod has'béenﬁégggééted as an envirionmental
cﬁe in alatanproductioﬁ. 'In thé former case, such a; the - '

. - ®
species Macrosiphoniella ,Sanborni, thls cue may be utilized

(Whlte, 1946), however, thls is not really pertlnent as

‘sexual morphs are not produced by this species. Where host

switching %s evident, as in Macrogiphum euphorbigae, :
| MaFGiIlivray and Anderson (1964)'f0und that apterous-gégents
/ tended to produce more alate viviparous females and maléé:
| while alate parents gavi}él@&gﬁér proportlon of opterous
asexuals and oviparae. The dlfflculty in asse331ng the latter
finding is that no indiea*ré% is glvqn of the;sen51t1ve period

in this species rther, unlike'the pea aphid, male

h‘Production does. hotl seem to follow sexual female formation

within a single _bterous family. The -pea aphld appears to be

dthe.only specles aphid discovered so far in whlch the

sengitive periods fox male and sexual female production, and
A :

the photoperiodic respo ‘es of the alate and apterous morph

differ.
Tﬁe physiological™~findings on the photopefiodic

response of the parental alatae complicate, and contradict - -

(Leeg, 1966) previous hypotheses concerning the timing of <::

- the effector mechanisms involved in aphid polymorphisms. It

1

had been assumed previously that the sex of the offspring is

[:d

~
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determined first. followed by the determination of the . o
"female sexual ‘morph, and finally the determination of w1ng
polymorphlsm. The alate response patterns studied here-
indicate otherwise: The sens1t1v1ty studies performed (see
Tables 23 13A. B, C) suggest the parental, embryonlc
apterous morph is sen31t1ve to the stlmull controlllng male

morph roductlen and that thls sensitivity ends very nearf’ﬁjﬁ;///
parental irth. The fact that the parental alate morph

&

produced few, if any male progeny suggests that eithe /;;e ‘
ovarioles within the alatae are rendered incompeteﬁg/:

receive the male stimuli, or that the supposea’e;docrinological
stimuli (Lees, 1961, 1953).initiating male production did not
occur, For -these sequence of events to have Bécurred the
implication is that the alate or apterous morphs are determlned
prior to the determination of the sex of the offspring.

The sexual female response patterns (see Tables 24;
134, B, C) suggest that the sensitive period for thig moxrph
within the life histories of the alate and apterous morphs are‘
similar. This finding alone is ‘consistent with the previously.
mentioneq hypotheses (Lees, 1966), but when combined with the
male data suggest real photoperiodic response differences.
'There ﬁay be ecological reasons fer the development of these
differences in the two morphs.

. If it is assumed that alatae land in a Tielg
pre#iously uncolonized or one in which the aphids are pafchily
distributed through their habitats (Way and Cammell, 1970) it
would be a good evolutionary strategy for them ‘to increase

their numbers as quickly as possible before the onset of harsh.

5
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conditions. Assuming raﬁdom mortality over the winter,
maximizing the numbers of individuals in a clone would ‘
increase the probability of the survival of that clone. By
produc1ng asexual offspring and oviparae, but not males. such
a meqhanlsm is provided. Asexual multiplication would have
the *effect of greatly,inéreas;ng the numberg of aphids'to
serve as grandparents for the sexual stimulus. Many more
fertilized eges capable of entering diapause could thgn be
formed. Diverting alate reproductive effort to makéil,
production would decrease the number. a
This-géneral scheme fests on tﬁe assumption tﬂaf the
original alate colonlst is able to produce asexual females.
This only ocecurs in the autumn when the sexual cues have not
specified 100 per cent sexual female prdduction. Later in
the aﬁtumn, however, if a disperser landed in a new field
~she would have to depend on resident males to fertilize hef
sexualﬁfemaie offspring. On the other hand, if the field had
yet to be colonized or the populatiqn was 'patchy' such that
local males were isolated_éhfinﬁividual plants this ‘might make
fertilization difficult and on this basis, late migrations

" of alatae would not be expected to occur.




and laboratory studies. -

SUMMARY

Field andglaboratory studies ¢n ‘the. pea ap

Acvrth031phon pikum (Harris), were ca ‘ied out to test and

compare various hypotheses concernlng the photoperiodic

,response of this~aphid. Laboratory studies using smmpllfied“

photoperiod temperature treatments were utilized to

determine the critical photoperiod'and transition zone for

this insect at 15°C and 20°C. Developmental rates were
measured at these same temperatures to obtain a more, precise
fix on the ages at whic? the test aphide entered the experi-
mental regimes. Utilizinéla variety of ekposures‘at both
short phetoperiods and critical photoperiods the periods of

sen31t1v1ty in the life history of the 1nsect were

-

" investigated. The effects of fluctuating temperatures near

critical photoperiods on sexual morph proguction were also
studied. Independent investigations of the photoperiodic
response of the alate morph were further undertaken;e The
field work included various temperature measurements in an
alfalfa field; sampling of the sexuals in the fall; and a

field experlment designed to test the laboratory sen51t1ve

-;perlod flndlngs by transferrlng aphlds at known ages to an

outdoor shelter in early April.- A computer. simulation model

was utilized to provide a conceptual link between the field

hY
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apPENDIx X

Life Hlstory termlnology utlllzed to describe the pea aphid,
Acxrth051phon plsum (Harrls). and aphlds in general. -

-

Common Name - Technical Name
Asexual = - ’ - virginoparae
females ‘

Sexual - Oviparae '
females

Non-winged : - .Apterae

aphids ‘ '

Winged - Alatae

aphids -

. M’

Parental 0ffspring Options 0ffspring
| ’ Males
Grandparent Parent : -/ ' _
generation . generation > — OVlparae
(asexual aphid)]. [|(asexual aphia) \\\\\\i

virginoparae
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APPENDIX Irf\

Photoperlodlc regponse strategies for the pea aphld.

Acvrthosgphon plsﬁaﬂ?ﬁarrls)

()™

(b)

(c)

(d)

Parent

Parent
aphid

Parent
aphid:

Parent
aphid

Parent

aphid

»
1} ! )
Asexual = Pause Males
\J(ﬁkfemales )/ ‘\\\\ \\
QQ  Joo
Asexual and Pause Males
- Sexual females \\\\ "
Tﬁ\\QSexual feméles-_ Pause - Males
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" APPENDIX TII

JPhotoperiodic Respénse Data at 15°C ana 20°c.

;" -

Temperature © Photoperiod |- % Sexual Females (with
- (X Variable) " replications done
W . independently)
o . (Y Variable)
15° ' " 12:00L 100
15 12:39L N 99, 90, 9k
¥ 15 | 12:53L . 100 ‘
. 15 T \a 13:00L 93
15 © . 13:071 ) 52
15 ' | ‘}\ 13:21T, |
20 U its2sL c
20 - ., \i1=42L‘ faf:fi¢‘
20 11+ 50L v
20 - 12:00L

Each experimental'response represents the pooling of

180 to 320 .female offspring“produced“from-between
, - ~ '

~

14-20 parents, - -
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APPENDIX IV

Comparison of photoperlodlc respJ;s %ata of Markham and

Harrow clones of the pea aphld, Acvrth031phon plsum (Harrls)

.

Latitude: 43° 25' . Latitude: 42° 02

Markham Clone ' Harrow Clone %

lower limit C.P,** Upper 1limit, lower limit C.P. Upperl

&£12:01L - 12 30L .12:55L : 11 31L 11:49L 12: 0]
20°¢ 1 1 T
. _\\\\ - 1~
. i " f
lower limit  C.P. Upper limit lower 1limit C.P. Upper 1
- 12:00L 13:00L 13:23L 12:27L .13:06L 13:45
—— e ———— —— 1——- = A —— ——
15%

#* Photoperlodlc responge parameters estimated from
regression analysis.

#% Critical photoperiod.

k|

>



100

Appendix V (Sub{Model I)

A. pisum phenology program

temperature for each day, ﬁﬁgﬁéthlst - October 1l5th,

£
[

Read Stateﬁents
. = .

Read, year (read weather data in OC) ) gﬂﬁ

Read (5,25) (Tmax(I),I=1,92)
Read, year

Read (5,25) (Tmin(I),TI=1,9%4)

b . ~

‘25 Format (26F3.1)

Read, AP,Bp (photoperiod parameters for a specific location
used %o calculate daily photoperiod)
Read, AT,BT (temperature parameters for a specific relation-

ship bétween temperature and photoperio&

thrésholds).

&
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Appendix V. (Sub-Model II)

. A. pisum phenology program

Calculates the date(s) of appearance of either sexual morph :

(malé or ov1parae)g1ven date(s) sexual stlmull presumed to

~ begin. - -

~_.—Read Statements ' R

Read, Number of fall days

Read (5,25). (Tmax (J),J=1,N)

25 Format (26F3.1)

Read (5,25) (Tmin(J). J=1,N

_Read, Parameters for temperatura/developmental rate curve
Read, C, TOP‘I‘. Bl, B2

Read, Titles

Read (5,5, End = 53)

Read proportion of development (PER)
Reé&. PER

Read, Number of starting days

Readr NSDI (SDAY(I), I=l| NSD)

i
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