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INTRODUCTION

Acclimtion can be considered as one of the levels at which
poikllotheroic animals compensate for changes in their environment, and
is usually applied to such compensatory changes as occur in the
laboratory where the animals are mintained under controlled conditions.
Ccanpensatian for the more complex situation occurring in nature is
usually termed acclimatization (Prosser, 1961; Hoar, 1966). That
animals vary in the extent of their temperature tolerances, and thus in
their capacity for acclimltios, is seen in the wide use of the terms
stenotturroal and euxrthermal. Besides affecting thermal tolerance,
icclimtios may have an effect on an animal's behaviour. When placed in
a temperature gradient animals often aggregate within certain
tomppeature limits. Entomologists have termed this temperature range, or
part of 1t, the toaperature.praforenoa (Fulton, 1928; Nicholson, 1934;
Gum, 1935; Cianpbbll, 1937; Gunn and Waashe, 1942; Falconer, 1945;
Henson, 1957; Zacharuk, 1962; Chapman, 1965), the ptfenr| temperature
(Wiggleswoth, 1953; Nielsen and Nelsen, 1959; Atkins, 196>), the
tao™1 or tomSM0"0"0 (Hajov, 1931; Deal, 1941; Wilkes,
1942; Belehradek, 1957; King and Riley, 1960), and the thoroosrafa’elite

or rasga XedUXfspoirog (wooz, 1953, of hhe species, bang
tested. Gunn and Cosway (1938) used the term preferred but suggested
[

that eooritic temperature was less dsthlo"o*moap!hdc. Those studying
vertebrates have restricted themselves to the terms selected or preferred

temperature (Fry, 1947; Breet, 1952; Pitt et al., 1956; Garside and Tait,



1958; Ogilvie and Anderson, 1965; H>ar, 1966; Hicht et al., 1966). Fry
(1958) used the tern thermal rLndifferpnae.

These terms have been used with little uniformity by entpmolo*psts.
Fulton (1928) gave, as the theoretical optimum, and Henson (1957) as the
temperature preference, the temperature (°C) most frequented by the test
insects, Davies (1949) gave the selected temperature as the range of two
Centigrade degrees, Omadeen (1957) as the range of four Centigrade
degrees, Chapman (1955) as the range of five Centigrade degrees, and
King and Pdley (i960) as the range of four Fahrenheit degrees in which
the mode, of a frequency distribution, occurred. Deal (1941) determined
the temperature prefelendim of 23 insect species, presented the resuits
as graphs, and chose the tempoeature range with the greatest frequency
of individuals as the prefelendim for that particular species. But he
gave no indication the criteria used to determine the limits of the
ranges. Nieschilz (1933, 1935) gave the mean as the preferred
temperature of miscid flies. Nielsen and Nielsen (1959) defined the
preferred temperature as the average of the temperatures at which the
Insects came to rest under the conddtions of the erpeeimenti. Chapman
(1965) regarded the preferred temperature zone as the range where a
negative teher”celiii”eEii'fs became danirs'™lb, for ScMitocerca this range was
about 10 Centigrade degrees. Gunn and Wwlshe (1942) gave the temperature
preference of Ptinss simply as the temperature (24 C) around winch most
of the insects agge“~ed. Otherlworkers have given the range in widch a
certain percentage of the“test insects occurred as the selected
temperature. This, Gunn (1935) gave the range in wtlch 100%, Bodenheimer

and Schenkin (1928), and Boienheiner and Hein (1930) the range in which



50 - 80% of their observations sccaurred. Cappbaad (1937) regarded 'the
prefelamduro, as the concentrated interval in which 50% or more of the
insects were found. Wilkes (1942) gave the range of 50 - 80% and
Zacharuk (1962) the interquartile range as the selected temperature.
Bratt (1952), Pitt ot all, (1956), and Garside and Tait (1958) gave the
mem + standard deviation, and the mode In their results, indicating
that the latter is the statistic that best describes the preferred
temperature since it is the msst frequently occupied position and thus
Is in fact the definition of preferred temperature. Oyglvie and Anderson
(1965) regarded the selected temperature as the range, one Centigrade
degree, corresponding to the mode of the frequency distribution plot.
Licht et al., (1966) defined the mean preferred ttrnperaturc as the
average tEmrerotura selected by representatives of a species when
provided with a Wide choice of tempratures under standard condetions.

The first workers to show that selected temperature was
associated With the previous temperature experiences of insects were
Heeter (1923) Wth Formica and BOdariLaimer and SpOertpo (1928) with
Trlb'ofm. Cmtmbell (1937) showed that acclimation affected the
temperature selected by w.reworm3, although individuals did not alter
their selected temperature wrtil subjected to a higher or lower
temperature for at least one mooSth. The selected temperature of the
pierid, Asciia monusta (Limndaus), is correlated with the seasonal
changes is temperature (Mulsen land Nielses, 1959). Zacharuk (1962)
suggested that complex interactions of plhrsical and chemical. factors is
the soil influence the behaviour of Cteinicera larvae and that

temperature was a most significant one, although there was no cosidstent



simple relationship between acciaation and selected temperatures.
AttO.ns (1966) showed that after several days acclimation to 2 - 4 C,
bark beetles selected a lower temperature than controls kept at 23 C.
Some wrkcrs have recorded negative resists, 1.e. selected temperature
was independent o” the previous thermal history. Bodm”i*iimer and Klein
(1930) concluded that the selected temperature of ants remained the same
in different months in spite of the great differences in the
environmental temperatten. Hafez (1953) concluded that bloWfly larvae
did not alter their selected temperature When exposed to a higher or a
lower temperauro. Chapman (1955) stated that the temperature selected
by Bonusta nymphs could be raised after an acclimation period of only
three hours. Bit in a later paper (1965) he repudiated those results,
explaining them as poor experimental technique, and concluded that the
selected temperature did not vary following pracottlitiot*tg at different
temperatures. The negative results obtained by Deal (1941) and Falconer
(1945) Wth wireworms may not be valid since their maximum acclimation
period was only 12 days. Deal (1941) reported that the selected
temperature of XTfllsa, iaglataSft4 and Sa”™~D&a was lower when the
insects were kept at a high temperature for one mmth than when kept at
a lower one; Tribolitm selected 25 - 30 c when kept at 20 C, but when
kept at 27 C this decreased to 14 C. foot poikilotheraic vertebrates show
a positive relationship, selected temperature increases wth an increase
in acclimation temperature (DudOToff, 1933; Fry, 1947; Breet, 1952; Pitt
et a.., 1956). There is a point where the selected temperature does not
alter wth an increase in the acclimition temperature. Th© point where

the selected is the same as the acclimation temperature has been teamed



the final Droflreedu (Fry, 1947). This teeeratutp has been determined
for many fish species but apparently never for an insect. Mrs than one
final erlfptuechll® has never been determined for any species. Usually the
selected tampera/ture will be higher than the acclimation at temperatures
below the final etefepnedim and lower than the acclimation at
temperatures above the final etpferoidm, thus there is only one point
when the curve relating selected to acclimation tpm"#*ra”i2tl intlrllictl
a 45 degree liel through the origin. The effect is that animats in a
temePraturl gradient will ultimately, if no other factors are limiting,
aggregate at the final prefer'endim. The time this takes wil depend upon
the rate at wthtch the species acclimates.

The majority of the temperature selection work WLth insects has
been with terrestrial forms and results have had to be Pitlterlted with
respect to the riflulnnl of relative huiiid.ty. Sim.iarly, studies with
some aquatic insects cannot be separated from oxygen requirements. Since
moBgid.to larvae and pupae are air breathers their selected temperature
can be mia“eitri directly. Only two writers have made any laboratory study
on the temperature selected by the imnatun stages of mosquitoes.
Ivanova (1940) studied fontth-instar larvae of Aeoehlpl mimadlLopeill
Megen. Om~em (1957) determined the selected temperaim of every
instar, except the first, of Aodes aegypti (Linnaeus). Nether of these
writers studied the effect of thermal acclimation on the selected

temperature.

Much of the work on thermal resistance has been with insects

reared or acclimated to one temperature and no account has been given



of tie effects of acclimation to other temperatures (Wright, 1927;
r~sie, 1948; Farid, 1949; Baar, 1952; 1952; La., 1953; Pielou
and Glasser, 1954; Bar-Zeev, 1957). MUanby in a series of papers
(1939, 1940, 1954, 1960) showed that acclamation can alter an insect's
thermal resistance. The thermal resistance of Aedes aenypti larvae
increased by 2 C, from 42 C to 44 C, after 24 hr acclimation to a higher
timpdrnturd, from 30 0 to 37 C (Mllanby, 1954). Similar results have
been obtained for larvae of Callinhora and Fhoiraia (iradhkel and Hopf,
1940), for DahlMm (BHdwin, 1954), for MteUtt larvae (Baldwin
and House, 1954), for a cockroach, Bata, (Colhoun, 1954), for
Tribol.iua (Edtwads, 1958), and for the larvae of tea (FaaMoQ&8"odr>fi)
(House et a.., 1958). The entire thermal history was shown to influence
the thermal resistance of it"osoDhiLa. Imagines feared and subsequently
kept at 25 C had a greater resisaiiice to high temperatures than those
reared at 15 C and acclimated to 25 0 for five days. The acclimation
wth-ch occurred in individuals reared at 25 C was long lasting, since
flies subsequently kept at 15 C for one week had a longer survival time
than those reared and kept at 15 G. In connrast, the acclimation during
adult life was of short (duration. Flies reared at 15 C, kept at 25 C for
four days and then at 15 C for two days, survived only slightly longer
than flies reared and kept at 15 C and shorter than flies reared at 15 C
and kept at 25 C. This suggested that two types acclimation ocmirred,
long lasting dOvds("at™-._d. acclimation during pre-adult life, and a more
transitory one in the adadt€, phmiological *00X108> (Me/mn-d-Smith,
1956, 1957). Such an hypothesis receives support from Harker (1950).
Working with the same species of myfly nymph, Le&'rPi.Ldbit, collected



trom a pond and a nearby cooler stream, she found that those trom the
pond had a higher thermal resistance than those from the stream even
after both had been kept at the same I'***r'ture tor one week prior to
testing. She suggested that the nymphs were irreversibly acclimated to
the tcmpeeaaure conditions ot their original habitat. Orher workers have
found that closely related species from lentic and lotic habbtats have
tdittermt thermal resistances tor the same acclimation tmppnature.
Species trom lotic habitats usually have a lower thermal resistance than
species trom lentic habitats, suggesting that the insect is adapted to
the tampbraturl conditions ot its environment (WM.tney, 1939; WHSshe,
1948; Haker, 1950).

Aeclimtion, with regard to thermaL resistance, may be a rapid
process, a slow process, or sois-existest. In Dahibomisms, acclimation to
a higher ta'lp(*oaturrt begins immlately upon exposure and reaches its
maximum within three hours (Baldwin and Riordan, 1956). Larvae ot
Sop™=QUOMdriVWtAate (Say) also acclimate rapidly, 40 min
accllmatiou increased the thermal resistance almost tl'yetoH (trom six
to 2S mm) (Love and Whehdel, 1957). Mellanby (1954) suggested that
insects are tully lllLImatoe wthin 20 hr, longer acclimation producing
no Increase In thermal resistance. ftowvcr, Khituoy (1939) round no
signiticant eifftremct between the thermal resistances ot maHy nymphsi,
Butis, kept at 10 0 and those kept at 15 C tor 40 hr. The thermal
resistance ot Agriotes larvae kept at 16 C waa not significautLy
ditteren't trom larvae kept at 6 C (Falconer, 1945). With extensive
acclimation there may even be a reversal ot the normal relationship.

Tribollum ImIntalnre at IS C tor several months showed a higher



resistance to 40 C than controls kept at 30 C and 38 O, also those kept
at 38 C had a lower resistance than those kept at 30 0 (Edvwads, 1958).
imoM-lllation by cold, ehLllcooim, can affect the ability of an insect
to acclimate. Larvae of Aedes aaayptl reaeed at 30 C did not survive a
17 hr exposure to 0.5 O, but when similar larvae were exposed to 20 C
for 24 hr before testing 93$ survived. Howeer, larvae placed in water
at 10 C wmt into a chill-coma and only 2$ survived the 17 hr exposure
to 0.5 0 (Meianby, 1960). In contrast, Falconer (1945) found that
Argiotes lawvae were able to acclimate when in a state of chill-ooma
beltw 0 C.

The rrpir:Leinial techniques and the subsequent analysis of
thermal resistance data for fish has been thoroughly documentad and
standardized by Fry and his co-workers at Toronto (see Greet, 1952).
Thermal resistance data for insects has been obtained by different
experimental methods and thus its compaalson is made difficult. The
techniques used include -

1/ The simplesS, and probably least satisfactory, method is to
gradually increase the water te~penatai© unil the desired test
teepirslturi is reached, keep the wter at this temperature for the test
period, and then allow it to cool to the original acclimaaton
tippenaturi (Lal, 1953; Love and Wheechsl, 1957).

2/ A variation of the first method is to simulate the actual
tempi~ptane conddtions of the natural habitat by having a daily rhythm
of fluctuating temppiptures (Love and Wheechee, 1957; Davies and Smith,
1958). Such a method seems suitable only for species inhabiting lotic

wters where tempenn.turi variations within hpllttts are probably slightt



The temperature of lentic waters often varies, depending on shade, depth,
etc., and many insects are capable of selecting temperature sones (see
Hafe, 1957).

4 After gradual heating to the desired test temperature the
water is held at this temperature and the time to death of each insect
Is recorded (ferker, 1950).

The other three methods involve exposing the experimental
insects to the lethal temperature with as short a toe lag as possible.

4 Expose a number of samples to a series of temperatures for
one time period and determine the temperature at which death, of a
predetermined numter, occcirs. This temperature has been termed the
ethermal death print’ (Beettie, 1928; Mellanby, 1960), ‘thermal index'
(Witney, 1939), “thermal resistance' (Walshe, 1948), and the '0%
lethal temperature’ (Farid, 1949).

5/ Expose the insects to one temperature and remove samples at
definite tica intervals over a period where the shortest exposure causes
about 1C% mrtality and the longest 90% mrtaaity. In this way the time
to a given mortality, usually 50%, can be detiCTulnH. Th.s is the
thermal death time or effective dose for a given temperature (Baar, 19C2;
Baldwin, 1954; BUdWin and House, 1954; Pislou and Glasser, 1954;
Baldwin and Riordan, 1956; Bar-Zeev, 1957; Love and Whelchhl, 1957,
Edwinds, 1958; House et al ., 1958).

4 Expose the insects to the test temperature and record the
time to death  each Individual (Baldwin, 1954; Myynad-JOdth, 1956).

The methods involving the gradual heating of the test insects

(1, 2, 3) am difficult to analyse because of the lccLiP”ticn effect
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WWich may occur during the dsitdoL heating pard'oe. Data obtained from
methods 4 and 5 can be analysed by the technique applicable to dosage-
moottility experiments (Bliss, 1935), and from method 6 by time-mortality
(Bliss, 1937). The main difficulty with ti.me-oortltOity experiments is
deciding When a test andmoL dies. A OrP40rion often used is the lack of
response to meoeanLcal stimu’s'ltim. Insects often show a delayed effect
of high tfopearOuraa. Baldwin (1954) found that three hours,after the
end of a one hour exposure to 43 G the number of dmmbbdL3, apparently
dead, insects was greater than at five hours. The insects actually
dead i'scraasee from seven to 30 hr and then levelled off. Consequently,
he did not record mortality witil 48 hr after the end of each test. The
method of tioa-ilooLaaiLy is an ideal one for long tem experiments When
the ondmola are exposed for many days and las been used for famra'Jm.ma
at less extreme lethal tamperotwlLas (Baldwin, 1954) and for DrQSoplhira
(MyyLod--ndti, 1956).

Criteria for the survival cf mosquito larvae have varied from
the ability to move 18 hr after the beginning of the test (Farid, 1949;
Barr, 1952) to pupution end emergence of the drmilinas (iHIlanby, 1960).
Wright (1927) determined survival ton days after his tests, whoreas LaL
(1953), Bar-Zeev (1957), and Love and Whiaciel (1957) used movement 24
hr after testing as their cldtelda for survival. Any experiment in which
moottaLity is determined some time after the end of the exposure cannot

be analysed by the method of t:dpe-morLaOity.

The tern "incipient Lethal temperature' (Fry et H., 1946),

simplified to 'lethal tamperatus9' by Greet (1952), is a most useful one
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and ia probably the shortest summay of the t'ie/mtl resistance of an
animal. It can be regarded as the temperature at which survival of 50%
of the pupation is indefinite, i.e. death is due to some factor other
than temperature. Foir any anima species at a given acclimation
temperatire there is one upper and one lower incipient lethal
temparatire for any given set of atviratmerntl coimitions. The
temperature range between the lower and upper incipient lethal
tempaeatires can be regarded as a zone of tolerance, a zone oommatihle
with the continued existence of the organim. A1l other temperaturec
cause mre than 50% molality and fall within a zone of resistance. The
time an animal can survive in the sata o" resistance, apart from other

factors, depends upon the intensity of the lethal factor.

The factors , besides acclimtion, affecting the thermal
resistance of insects are ;

1/ trveloplaetttl stage. Whenever tested, thermal resistance has
been shown to vary from one instar to the next (Thomson, 1940; Farid,
1949; Barr, 1952; L_L, 1953; Bar-Zeev, 1957; Love and Wheediell, 1957).
usually with masquitoec the first-instar is the mst recictt”™t, and the
fourth-instar the most susceptiblo to heat.

2/ Ari. The age within an instar can affect the thermal
resistance. Maure eggs of Aodeg Fc-nmtt and Calex piplets are more
resistant to high tempeenturec than recently laid ones (Darts,, 1932,
Farid, 1949). Differences? Vwere found in all stages of tooohelec

aadimaccilLLtua between those which were only a few hours old, in the

given instar, and those within a few hours of mooting to the next. The
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younger larvae were more resistant than the older ones (Baar, 1952).
loung Aodes ergypti pupae were more reliltaet to low and high lethal
temperatures than were old pupae (Bar-Zeev, 1957). BSIdWn’l (1954)
initial experiments using bragines of unknown ages, varying from
rpceetly emerged to four days old, gave such vatiablp results that for
each future experiment he used imagines whose maximum age difference was
only one hour.

2 Sex* Tests on different Anoohelinls suggested that male pupae
were more susceptible to high temperatures than female pupae (Baarr; 1952).
Mo other wookers have suggested that sex may affect the thermal
reliltaenl of aquatic insects, but i1t has been shown to have an effect on
mtura Drcson”i-la (Mynsed--SniUh, 1956) and TritoHum (Edaade, 1958).

4 Bet. Starvation has been shown to decrease the thermal
relisteenl of a number of adult insects (MPlaeby, 1934). House et al.
(1958) showed that the actual diet an insect is given can affect its
thermal resistanCe. The time o~ exposure to 45 C required to cause 50%
morUeatUy o~ Agria (BseudosnefprLtlli) waa 184 min for larvae reared on a
mixture containing unsaturated fatty acids, whereas for larvae reared on
a diet containing s high puojp>ttLoe of saturated fatty acids it
linrpased to 218 min.

5/ Growdisg. Anopheles larvae reared under crowded noeddtions
had an in3reSed resistance to high aeiperatures (Barr, 1952).

Only s few species g~ illlsqulUoes have bun studied with regard
to the thera I rllilUaenl of the eqruitic stages. Aedu species have been
investigated by McKie (1920), Wright (1927), Davis (1932), Mliaeby
(1940, 1960), end Ber-Zeev (1957, 1958)? Ateehplla species by Wriglbt (1927),



De Mellon (1934), Mi-rhead-Thomson (1940), Pal (1943), Barr (1952),

LaL (1953), and Love and Whe- ™1 (1957); Cdex species by Wright (1927),
KarBmcCaniianL (1935), and Farid (1949). The only experiments on the
effects of accl:matoon wee hojse of MULrhead-Thoilson 1194-00, lovee aid

Whelchel (1957), and Mnanby (1954, 1960).

The present study was conducted to determine the effects of age
and thermal acclimation on the srilscte'd tepperaturr of Hackfly larvae,
on the snlectni tep.peratune of moscqito larvae and pupae, and on the
theimal resistance of Aedes aeswt) larvae. An attempt was made to
determine the incipient upper lethal temperature of Aedes Larvae from

one animation tetpenatari.



MATERIALS A© METHODS
selt”™ed TamperaPuse Apparatus

Thia apparatus cmnsisted of a trough (24 inches long, 3/16 inch
wide, 7/16 inch deep) cut out of a copper bar (30 inches long by 3/4
inch square) so that three inches of solid copper remained at each end
of the trough. The trough was poistad wihte, to render the insects more
visible, and then coated wth a clear pLoPdc. To test for any toxic
substances in the trough from either the paint or the copper, insects
“edes .aeaptti) were reared in it at frequent istelvaa. To undue
mOIOILIity was recorded.

Six holes, 3/16 inch diameter, were didllad 9/16 inch into one
side of the bar Just 1/32 inch bennth the trough bottom. Those holes
were to house tie:mdsLml probes and were spaced at 2, 6, 10, 14, 18, and
22 inches from one end of the trough. The copper bar was encased in a
piece of styrofoam plastic except for the three inch lengths at each end,
one of which was cooled, either by packing in ice and salt or by a stream
of cold water constantly pouring over it, Whilst the mthal end was
inserted into a box (10 x 6 x 6 inches) and heated by a 100 wTt bulb
cestrmllae by a Powerstat.

The t®ope”ltarL maoausdsl equipment consisted of a Ttl model 44®
TalL-Trellwomtep and six dstarchasgeobla stainless steel tialmdsLel
probes (1tl - 403) wM.ch were plugged 1nto the holes in the copper bar.
Temberttun readings were taken by turning the aalactml switch of the

Tell-Tlrmrraamter to the desired probe.

U
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A mirror, 24 x 6 inches, was supported six inches above the
trough at an angle of 45 degrees. By unifonn ilUmitatiet the trough
and darkening of the laboratory i1t was possible to observe the insects,
through the Mirror, with a minimum of disturbance to them. As an extra
precaution a board was placed between the trough and the observer.

The top surface of the wall of the trough and the adjacent
styrrofom were mated off into 1/4 inch sections to facilitate the
recording of the insect's positions.

Since the thermistor probes were not in contact with the rater,
the tdmpedatutd readings obtained from them had to be corrected to
obtain the water bdmpedaturds. In an ambient temperature o™ 23 0 and a
relative hiunidity of 50$ the t"mpedeburd of the water in the trough
varied faim that of the copper onLy at the ends of the gradient. A
nomogram was constructed, with copper temperatures as the abscissa and
water temperatures as the ord-mte, and from it the actual water
tempejritures during the experiments were obtained.

In all the experiments with simuliids the thermistor probes were
placed in the water in the trough. This had the advantage that the water
temperature could be read directly, essential for flowing witer, but the
disadvantage that each probe could act as a berrier to larval mrvetedts.
Hrwdder, in the experiments the probes did not appear to affect larval

behaviour.

Aimrafe?

The lethal temperature bath was an enamel tray (16 inches long,

10 inches wide, and 2 inches deep) supported in a well, insulated 12
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galon water bath In Which the water was heated by a 125 wtt low-lag
knife heater and the temperature controlled by a nicrro-set, differential
range type, thenycre”gU.atco (sennitivity + 0.005 fl working through an
electronic relay contaol box (mero-to-aerc Precision). The water was
circulated by means of an electric pump.

A sheet of styrofoam plastic closed the top of the lethal
temperature tray. Six holes, three and one haf inches in dismeeer, wen
cut out of the styrofoam to house ths larval contyiaars which wen cna-
pint oOstLc food 07011110X01, thine and one haf inches deep by thru and
one half inches in diamotor. The bottoms of these ccnta.nlos were cut out

and pylon scdeetnitg substituted.

SiflaiLUaad
Experiments won conducted using the promtur stages of four

simaiid species, PaaawJIU, 1UBW4 Dyer and Shannon, OasRhuaRtgdU
(MdLloch), Slflallmp ymnrtrtiB Say, and SUXma.jE£tau”™ Zelteritoit; and
two mosquito species, Onllaata laomata WilUiston) and Aadesaawiti
(Linnadus).

The simuiid wen collected from local streams and kept
in the labcolacdy in artificial strums (Wcced and Dados, 1966) for
paricds up to one month befon being used.

—'l1-Lcay incraata vas reared according to the method of
N1 (1952, 1964) at a te”pestim of 20 G (20.5 ¢ 0.5 ©. Eggs
were floated on distilled water and after thne days the hatched larvae
woro transferred to the rearing medium. Rearing proved to be difficult

with high mcottalty in the flost-1yrvyl and pupiaL stages. After the
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experiments with C, .iuQrulte were concluded, a eifferout rearing
technique tor this species was published (Hauoo and Bnat, 1967). in the
present study a light bhotoperiod ot 18 hr was used. The light in the
rearing incuteitor was set to switch on at 0600 hr. When used tor an
experiment, the larvae and pupae had had a minimum o™ six hours light
louddticULlig.

Aedea aegypti larvae were retrod in enamel trays (16 inches long,
10 inches wide, and 2 inches deep) in an Luula™tor which m"In”in'ed the
wter tarpoeaturt w-thin + 0.5 0. Larvae were reared at 16, 20, 25, 30,
31.5, and 35 O, and with a light ptotoperiod of 12 hr. Wien used tor an
experiment they had had a mirdmumi ot six hours light conditioning. By
Uniting the numler ot larvae to 300 per tray and reeding rabbit chow
and biewera' yeast tailo daily, unitorm growth and davalobhieint was
achievel. homth-instar lanae were utrd rmUu3ivlly throughout the
oxperipepts.

All species wire used tor the selected temperature studies, but
only Adas Illlgyotl could ba reared in suffilitut quannity to permit

lethal terpolllturl studies to be conducted.

smgJf*Qtn'IL
1 -Ne'les™ce JTasbr3atlstudilE
The technique used Involved
establishing a timperature gradient in the trough, distributing the
insects by means ct a pipette along its wele length and allowing trom
ti've to ten PnnS'as tor the gradient It adjust. Obseevetions were then

made at dofinlte time intervals, which dIfftrod tor the ditter'ent species.
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The position of every insect was recorded to the nearest 1/4 inch,
actively swimming uooquito larvae were not recorded until they stopped.
Poritions were plotted on a graph with trough divisions as the abscissa
and time, In minutes, as the ordinate. At the end of the experirnuntal
period, isotheras were plotted on the same graph as the insects' positions
with temperature as the abscissa (e.g. Fig. 9). On occasions where
insects were exactly on an isotherm, they were eqr*lly distributed to
either side of that isothem. The total number of insects observed
between each isothema were summed and plotted as an histogram (e.g. Fig.
10) from which the model tamperoLtuoa was obtained by inspection. A
cunulative frequency curve was constructed (e.g. Fig. 10), and from it
the median temperature and the interquartile range were obtained.

With Cttphit mlUata. larval positions and trough teuplrttures
were recorded every five minutes for 90 min, wth SimHiim vettn-iot
every five minutes for 70 ain. Data were recorded with Oocos™Jl.IHui
mafia every 10 min for 100 min and with SiMLiue vittatue every 30 min
for 270 min. Insects' positions and trough temperatures in the dliseta
InQrtatt experiments were recorded every three minutes for 90 min. and
for the Aedes aeianrtti experiments every two minutes for 60 min.

Two types of Uemparttuoa gradient were used in the experiuents.
Caotool elperiuutts, the witer at a uniform teuplrature, showed that the
simiHIid larvae and all the instars of dliseta itr'inata were relatively
inactive. Test insects formed miinor aggregations in various parts the
trough and rarely moved from them. To sttaulata locomatorry activity iIn
these species a sluftins tlm> ratrm radjelt va8 used. This was

achieved by varying the output of the heater by means of the Powerstatl
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Control experiments with Aedes aagypi larvae from oil the tr™ai'r'g
temperaturec showed them to be active. The larvae consistently formed
aggregations at both ends of the trough, but individuals continually
moved along its length. Since Larval positions at any unifomi
ttmterptuxi were predictable, and the larvae were active, a static
tunparnture trrndiont was used in all the Arinaae. ti experiments.
IEpamnatlon of the Culiattp jnornata distribution plots suggested that
the shifting tempiratiire tpwMent may have caused a biased result.
Therefore, three pexperiments using a static t®ttpeatarr gradient were
conducted und the resu.ta compared with those oltpl.nei from the
slh.fting gradient.

DMrrnp the experiments ievolving a shifting teateratarp gradient
the actual gradient and its rate of shifting was different for every
experiment. In the Omliaeta ereinimeutc the rate of temperature change
at any given point was never greater than 1 C in a three minute period.
With a static gradient i1t was possi-la to keep it the same for every
experiment. With Aedfis. Larvae cold stupor aet in at tealpiratuxet below
12 C regardless of the rearing temperature. To prevent an aggregation of
larvae at the cold end olf the trough, the lowest temperature in the
gradient had to be kept above 12 C.

With two €t L 1 species, L..waaMB ead S..,Ettetim. flowing
water was used in the trough. One end of the trough was slightly raised
to cause the wpper to flow and .a stream of cold water was Introduced at
this end. The other end was heated by steam. Standing water was used for

the other two speciee,G. pmtatt and S. venustim.
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in sn attempt to keep the t<mperttutp gradient in the trough
linear, the first two and last two inches of the trough were not used
for any of the mvogqUUo pxparLnOnttu Mish banders were placed at
divisions '2and ’22" (two and twenty-two ienhpl from the cold end o"
the trough). The trough ws tp-nplibratll to make the mesh bsttilts at
positions 'O’ and <20'.

Two Other factors, besides acclimation Spmvlattuuul, were found
to affect larval beteviowt in the msqixLio studies. These were i

1/ Light.

When insects weirs taken from the dark ieclubaUor and
placed in the experimental trough they continually moved up end down the
gradient end no precise tMmepraluri lellntlon was iltK>eiUrat.i. Hntwvelt,
when they wir exposed to light (a ten wtt bulb 12 inches above the
tplriig treys) a few hours before an expert/runn, activity during the
Ixeetimpet was reduced end a precise temperature lllpntion was seti.
Thus before every exeerimeni, insects were given a minimum of six hours
"light conditioning”.

2/ Food.

Duing the first hour of sny experiment with Aides. the
larvae formed a compet aggregation. But after about 90 min this
aggregation crastd and the larvae «lskBtsed throughout the trough. When
food, yeast, was placed in the trough, the larvae formed an aggregation
around 1t, aven when suoh food was placed in a temperature that was
previously stimulating tlee into locmotory activity. Sienl feeding
reactions epppetli to overrule temperature sllintioi 1t was deciied not

to feed thi Itrvte during tn experiment, although they had excess food



21

ma-lable dmnaadaOaLy before, and leaLldcL the axpaldmlannol time to

60 min.

g/ Lethal T(llmerr-LPSL Studies with AdeS-atylfll 1Braae

Epttarrmernpng
were conducted using feurth-isstol larvae leorae at 20, 25, 30, and
31.5 C. An attampit was made to use larvae of the same plapaiologdcol age.
Larvae to be used for axp”rime9taties were collected from the raorisl
trays at the first appearance of pupae in these trays. For larvae reared
at 20 C elpfotres began at oeproxdmtaly 210 hr after hotciisl, whhist
for larvae reared at 30 C i1t began 94 hr after hatching. All the larvae
used for axperioelSttdo”™, except those reolee at 25 C and 111 hr old,
were ralordad as "old" fosrtd-isstdls since they wein ““thin 12 hr of
pupation. The thermal readalLonce of the 111 hr old larvae ("young”
fourth-dnatosa) wascamjbtred with that the "old” larvae (132 hr old)
reolee at 25 0 to determine the effect of dsaLol age on thermal
resistance. The axparimannoL technique consisted of aaporotrsl seven
batches of 50 larvae, of the same age (x 1 hr) and from the same reorisl
taopproaule, and collecting each batch in a large pipette, A container
was removed from the lethal tray and the larvae were transferred to it,
the cennodnel was then replaced. A total of six batches olf larvae were
dsLImeuced into the lethal tray at one minute intervals. The method
ensured that the temperature of the lethal tray remained constant
(temperature drop << 0.2 0) durrsl the transfer of ths larvae. The
seventh batch  larvae were placed in a tray at 30 0 and acted as a

control. Each batch of lame, ¢\jra"pt the conSlol, was exposed to the
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teat temperature for a diff'drest time period, measured wth a strp-waltth,
and then placed in a tray at 30 C. Due to the delayed lethal effect of
high temperatures, morrtttiby could not be recorded until several hours
after the exposure. Larvae contlnuei to die up to 48 hr after the
exposure; little mjetaHty occurred after 48 hr. This, fistL rarotatiby
was not recorded wrtt.l 48 hr after the start of the exposure to the high
high bsmptatuta. An insect was recorded as dead if it showed no

J

novem”mt when stisulLatei with a glass rod.

Ant:dBrLtmfff RupfUka.

The analysis of the results obtained in selected temperature
studiem -resents a major difficulty. One problem ia wMt statistic, or
statistits, should be used to describe the selected temperature? Gunn
(in Fraenkel and Suus, 19M p. 202) suggested that the selected
tempedltbure should not be regarded as a single paint, but as a zone. The
problem then, of course, ir, wluit a— tlw limts o” tMs sene? He
suggested that when desertbling selected temperature a histogram is
always necessary, and that, if it resembles a normal distributlrns the
mean * standtH devlatiom is a proper measure Of the extent of the
selected range. 'Uelsen and Halees (1959) were critical of gratuitously
ttsusir th» view that selected temperature idbelmilsatlrts fit a normal
distribution pattern. They could find no way of making their data fit a
Nnml curve. Chapman (1965) discussed this problem and concluded ttet
the only suitable method of determining selected temperature was by the
inspection of the resets plotted as a histogram. In the present study

tho results of the experiments have been presented as tables and
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histograms. It was tolt that the behaviour patterns seen in these
studies wart bast expressed as histograms. Tables have been included to
record the actual numbers ot' insects observed in each tamplratUle huso

during the experiments. The terns = selected temperature range " and

" modal selected temperature " have been used to mean the intarquirtile

range and the mode of the final frequency distribution plot respectively.
The lethal temperature studies were treated as standard dose-

effect experiments (Bliss, 1935). Tie effect, per cent raortaaity, was

plotted against dosage, exposure time in mimtes, on probability x

logarithmic paper. The methods used for the analysis of ths data were

those of litchfield and Wilcoxon (1949) and are shown in the Appendix.

The £D5&, effective dose to kill just 50% of the sample, was used as

the measure of larval resistance to high temperatures.



RESULTS
SoUrcaeMemEasmytUaJsSUdLes” using Sjimiiias

These experiments were of a pral'lpin®)* nature and only four
were carried through te ecmplealon.
I giawM&JB’a&ft - standing water.

Sixh-instar lurvue, collected at 3.5 G and acclimated in the
laboratcry for 20 days at 7 C, were used for the experiments.

in the initial experiment a static totperatuoy gradient of 5-40 0
was used. When placed in the trough two types of behaviour were observed.
All lexvae 1m’ediateLy attached either to the sides or the bottom cf the
trough, or to the themistor probes. met ratBinud stationary with an
occasional opening and closing of their head fans, but a few proceeded
tc crawl actively, by locting, either up or down the temperature
gradient. These active larvae rarely changed their directicn unless
obstouotar by e thermistor probe or the end cf the trough. it was
expected that the larvae would stop tud turn buck when encountering
trpppratuprs of about 30 G (avoiding reaction, klinc-kinesis; Fraenkel
und Gunn, 1961 p. 211). Howeevr, this was not sc, they oonainuyd mooing,
often Bt an increased rate, uttL they reschEd the end cf the trough
where they died within seconds. This experiment was not cyrriad through
to ocmpPeaion.

The ether experiment with 34 leoves lusted 90 min. 1t cun be

divided into thae parts of 30 min.

24
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a) O-30 mi™tes

During this period the temperatun gradient rermined alm>st
constant and static at 0-12 C. Many Larvae had moved up the gradient and
came to rest at the 'hot end' (Table 1j Fig. lIa). This suggested that
they were selecting a tempptratm above 10 C (Table 1; Fig. 2a).
b) 30 - 60 minutes

Iraediaaoly after the larval positions were recorded at time 30
min the heat was increased and the tBrpeirrture gradient bagtt to sM.ft,
so that at ttoe 60 min it ranged from 0-18 C. Dulng this period the
temperature change at any given point averaged about 3 0. Readts show
tLia't the larval p~oitiats changed Little (Table 1; Fig. Lb) and that the
large observed frequency at 10-12 C seen during the first 30 min of the
experiment was drastically reduced (Table 1; Fig. 2b).
c) 60 - 90 minutes

During this period the gradient was continually increasing until
at time 90 Mn 1t ranged from 2-27 0. RedLts again show that there was
Little positional change by the Larvae (Table 1; Fig. 1c), and now the
selected teuppratutc appeared to be around 20 C (Table 1; Fig. 2c).
2 migltUOl-mFF1 - standing oateo

Twenny-four Ud:ud-instlo lauvae, collected at 16 C and acclimated
in the laboratory at 17 C for two days were used in an experiment which
lasted 70 min.

It is cpnveitett to divide this experiment into two parts of
35 min.
a) O-35 minutes

During this period the temperature ranged from 3-20 C. The most
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obvious behaviour was a movement of larvae away from the hot end of the
trough and an aggregation about the centre (Table Il; Fig. 3a). The Larvae
appeared to be selecting a temperature about 13 C (TaHe Il; Fig, 4a).
b) 35 - 70 Smtes

Dining this period the temperature range continued to increase,
the hot end o” the trough reaching 26 C. The movement of the larvae away
from the higher temperatures was continued, so that now the aggregation
was well into the coldest half of the trough (Table II; FigJ. 3b). 0irn
again the selected temperature was around 13 O, with a mLnor aggregation
at 7 C (TaLble I1; Fig. 4b).

The final results obtained (Figs. 4, 5) were »

Milan temtenaPure................... 11.3 C
Modal selected tnmpee”t'uu’™....... 13 0
Selected temperature range........... 8 —44 C

Larvae were collected at 3 0 and ac™im'tted in the laboratory
for eight days at 7 0.

Fifty fifth-instar larvae were introduced at the head of the
ertprimentral stream, position 24, and were imediateiy ctrrlii downstream.
They attached between positions 24 and 9, in a temperature range of
8-25 0. During the next 30 min the gradient had decreased to 8-22 0 and
two Larvae had moved downstream. During th© next 20 Mn the steam was
shut off and the trough temperature fell to a uniform 8 0. A total of
three larvae had moved downstream to the mesh terrier at position 1. For

the next 30 min, 50-80 min from the start of the ixtir:lient> the stsam
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was on and the gradient in the entire trough had tla.ched 8-38 C at 80
min (8-25 0 from eosStirs 24-9). The only change in the larval positions
was that ona more larva had moved downstream. The four loivoo now at the
mesh uprLele”™ were dead. The haat was turned off once t/llin,,Lee
OlLdpaeatuta gradient disappeared, no larva moved and the experiment wets
temimted after 100 min (from the start of the dxperipatnn).
(J tirnu.iuL 231" - flowing water

Young larvae were collected at 3.5 0 and kept in thé laboratoty
for ona month at 7.5 C. Forty-six of these, now in the sdxth-is8tol,were
evenly spaced in the Llrugi and allowed to attach. Thi tenmpnature
gradient was 5-12 C. The tlruli was inclined and wter flowed into it.
After 120 min little aamppraturl clians® had rccurree and no lave had
moved its position. During the foll<wrsl 150 mini the temperature
gradient was shifting crntrsuously. Thera was no si(gLificant change in

larval m~sitiosa (Fig. 6).

Selected Tempoaatura Studies using Culiaata. Inoroatr

PAOLIXiatdQat..ijj™ . LTFdINjO&aralLOrSd. Larvae reared at 20 C

The laaulta from rhraa experiments with fdlsr-insLol larvae in
the trough- with the water a uniform 20 0 are given in Table 11l and Fig.
7. This type of behaviour, insects forming minor aggregations throughout
the tlrugi length, was typical of every dsalLor.
DiatritutUn tn 1 ThitHM Tssmytura (maidient. - F&rflJyfcglnwdr;lv>S
1/ FilSt-dnsLol larvae nared at 20 C

Thraa experiments each with 20 larvae, and thru with 10 larvae

were crnducLad. The larvae wera 24 ¢ 3 hr old (after hatching).
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Table IV shows the tllaltl obtained from each experiment, and
the cwmistive total of larvae selecting the highest indicated
temperature or less. The histogram (Fig. 8) was from the
pooled results of the six experiments, and the frequency curve (Fig. 8)
from the cwmlaUivl total.

The find resits obtained were :

Medim tempoxetSvut.............. 21.2 C
MOdS selectod UemppraUure.......... M G
Selected temperature range...... 18.2 0 400 C

2/ Sooond-limilir Itrvse reared at 20 C

Four pxperimintl: with 20 Isrvuu etch, end one with 10 larvae
vere condicted. The i1intar ago was 21 ¢ 3 hr.

Tn one experiment tlis Icrvao shoved tn ‘ideal* behaviour pattern,
and thus 1t is tpcotdei in detail. Tranty larvae wore spaced eqiuSlly in
ths trough, the teteuttturp italUeet being 14-28 0. The Isrvss stowed s
very precise temperature teilGlloi, tsminlin.i within the 20™ of 23-26 S
throughout ths experiment (Fig. 9). In tlo Other four experiments the
isisviour aHere was similar but the larvae wore dileersei over a
greater tempestur'e range.

Table V and Fig. 10 show the resets obtained, which wore :

Median temperOmMi.................. 22,1 G
Mdal sllecUei temeltsture.......... 23 C
SelectM. 12rp*!lestutl rand™...... 20.1 » 23.7 0

J/ Thiti-einlUat larvae retred at 20 C
Five exnarinents were condKjted, one wth 10 larvae and four

Wth 20 larvae. inster sge was 24 1 3 hr,
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Tabla V][ and Fig. 11 show thr results obtained, which ware :

Medan t'mpertaPIll. ......... .... 21.6 C
Modi selected temprraltra...... 23 C
Selected temperature rung...... 19.0 - 238 C

4' Fouuth-iadtar larvae roned at 20 C
Five experiments wort conducted, one with 10 larvae and tour
With 20 larvae. Instar ago was 24 + 3 hr.

Table VII and Fig. 12 show the results obtained, Wihch wort :

MOdan temooeture.............. 2150
Mdal selected tcmporaiaitra........ . 21 C
Selected temperature iius...... 19.0 - 23.7 0

5 Mir pupar learoe at 20 C

Four experiments were conducted, throe with 20 pupar each and
one with 10, with insects having an instar ago ot 36 + 12 hr.

In control experiments with the water at a unitorm 20 C all
pupar wort inactive. Aiter the initial activity caused by ILIci.ug them
in the trough they were never seen to move spontaneously. When
distributed in a tomlllttule gradient, pupae camo to rest at temperatures
below 32 C. The work sheet presented (Fig. 13) is typical ot pupil
behaviour. In this experiment they miutained a position on the coolest
side o™ the 30 0 IsotMim as the temperature lullatsae. However, as this
isotherm moved back, trom time 45 min onwards, tha pullr did not move
with 1t. Thr work sheets trom the other three experiments were basically
the same as the onr tigurtdj the high temllratulr which initiated
locomotory activity was sharpy detinad, the low temperature was lass

obvious. The thermal Ineittelrulr zone, using initiation o” locomotory
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activity as the criterion, of the pupae in each of the four experiments

IS recorded below :

~AXDdrimant ILfarm1 indifference none
‘1 18 - 30 C (Fig, 13)
2 1ft - 32 ¢
°i 18 - 28 0
U-32¢C

Ona experiment was conducted with 10 mil pupae 18 + 3 hr old.
These were active and the greatest frequency was observed between the
18 C and 20 C Isotheres (Table VIII5 Fig. o)
Mifftiitrtlan In = OrndInt - geeParx taflimtom

JOIb'a3tPxUUmjL.:A"TjadatUxmssJIxt-d.ti..»

In the first experiment, 30 larvae reared at 20 C and of instar
age 20 * 3 hr were kept at 5 C for 70 hr before being placed in the

experimental trough. Table IX and Fig. 15 show the resul«, which was :

In the other experimen«, 10 larvae reared at 20 C (20 i 3 hr old),
were hept at 5 C for 96 hr before being placed in the trough The
experiment was planned to last hO min, but towards the end of this
period the larvae appeared to be selecting a higher temperature than
that selected at the beginning 0" the experiment. Thus the experiment

was continued for a further 45 min. Table X and Fig. 16 show the resslts,

wMch were :
SMUSOsSTr XL.~J15.ata
Median temperature 16.0 C
13 C 17 C

Modal selected temperature
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Q X 2GL®In 92_rJJs5jnin

Selected temperature range 94 -16.2 C 143 - 178 C

Dlatrlbutl9.il An ft static. Temperature Gradient - E”asx.4ssIMil2n
SftwndTrtaflto laoafl .reared ,al .3Q.C

The results from the three experiments, each with 20 second-

instar larvae 21 + 3 hr old, are given in Table XI and Fig. 17,

Median temperature.............. 190 C
Modal selected temperature...... 19 C
Selected temperature range...... 16.2 - 235 C

The results from all the temperature selection experiments with

pMliggtaft iAQrnata ar® shown in Fig. 18.

Selected Tgmpe~tnre Studied ugjpg A*d"*s aegyoti

Larvae were reared at 16, 20. 25, 30, 31.5, and 35 C. For each
rearing temperature five experiments, each with 20 fourth-instar larvae,
were conducted. Thus the final results ere breed on 3000 observations.

Control experiments, the trough temperature uniform and the same
as the rearin™ temperature, were conducted with larvae from each rearing
temperature. The one experiment cited, Table XII end Fig. 19, is topical
of the result obtained from every control experiment. The larvae
consistently aggregated at both ends of the trough.
Distribution in a Statia T—pustnre Omdlent - T <- —
1/ Larvae reared at 16 C

Larval age varied between 1Z. and 16 days after hatching. Table

X1l shows the result of eech experiment end the cumulative total of
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larvae selecting the highest indicated temperature oo less. The histogram
and frequency dlistxiLbutlon curve (Fig. 2C) warm can”tluctod from tie
acolad results of the five ex”.erimenits and the OupJitiva total
respmjtivaly. The final results obtained were 3
RAhd-tn tapm™M1AiNM ... ......... 23.7 C
‘©(dtl selected temporaUuue...... 22.0 C
-elected tamperttuuc otigeeee.ee 21.2 - 26.6 0
1/ Larvae uatoed st 20 C
Tlh larvae were 10-11 days old. Table XIV and Tig. 21 show the
results, vhth wtra ;
Maidan temautatuu...™ ... ....... 245 0
Mdtl selected temperature......... 245 C
Selected tapppratuue range.......... H.6 - 77.8 C
3 Ltuvta uetrrd at 25 C
Lirvtl age was 114 4 4 hr. TaULe XV and Fig. 22 show the resists,

Which were s
Mdiat te~-mXiauta<uoe*............ 26.9 C
Modi selected tanpertburt......... 27.5 8
Sel*ecia®d tamrneubuuo range...... 23.7 - 29*5 0

4/ Ltmaa reared at 10 C
Lauvtl aga wa 90 1 6 ho. tabla XIQ ami Fig. 21 show ths resets,
which were :
Median tcupaoatare............. . 9.-3 8
Modt 3!ducted temperature...... 305 8
Selected 1aapeuttuue range...... 66.- - 31.0 0
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5 Larvae reared at 31.5 C
Larval age was 90 « 5 hr. Table Xfll and Fig. 24 show the results,

wM-ch were :
Median temperature............ 31.1 0
Modal selected temperature...... 31.50
Selected temperature range...... 29.3 - 325 C

&/ Larvae reared at 35 0
Larval age was 72 + 3 hr. TaHe XVIII and Fig. 25 show the

results, which were :

Median temperature.............. 3150
Madal selected temperature......... 3250
Selected temperature rangee..... 29.8 - 33.00

- secondary .Aadlia’ation
Eqjeriments were conducted to determine the rate at which larvae
acclimate.
1/ Larvae reared at 20 C
In one experiment 20 larvae were secondarily acclimated at 31.5 C
for 12 hr, and in another for 24 hr, before being elated in the
temperature gradient. The resulLts obtained are shown in Table XIX and
Fig. 28, and were :
;QMnd&xy jicgl
12 hr 295 C
24 hr 315 ¢c
2/ Larvae reared at 25 C
A total of four batches of 20 larvae each were seconepamly

acclteiated at 31.5 0; one each for 2, 6, 12, and 24 hr. Table XX and
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Figg. 29, 30 show the resiHLts, which were :

2 hr 2950
6 hr 315C
12 hr 315 C
24 hr 305C

3 Larva® saoree at 35 C

Two experiments were conducted with larvae secondarily
acclimated for 24 hr at 16 C. Since the behaviour of the larvae was
similar in each axeardmast the saaULta were erolae. ICti-ally the larvae
formed a Iresa aggregation at the cold end of the trough, but as the
experiment precressed they moved towards the hot end. The result of Lids
behaviour pattern can be seen in Table XXI and Fig. 31 where the
observations have been eivd.eee into ten-minute periods. The results

obtained wara :

Period Mdal selected temperature
0-10 min 1750
10-20 min 245 C
20-30 min 235 C
30-40 min 26.5 0
40-50 min 26.5 C and 235 C
50-60 min 26.5 C

Although the mrla was higher for the 10-20 min earree than for
the 20-30 one, the hiatoam8 (Fig. 31 a-f) suggest that the larvae, as
a wiore, were selecting a higher temearatura during the 20-30 min eerdee.

Rm ailsifdconae of tida wormward shift was raatad stctiBtiaolly. The
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results from the two time petiQis were arranged in a contingency table
in wihich the diltribUtioe cf larvae up to ths 25 C interval was compared
with the distribution beyond this range. The probability that the
calculated value of Chi-squared (20.6) woulLd occur by chance alone was
less then 0.01. Thus significantly more Itrvte slllcUei above 25 C
during the 20-30 min period, then during the 10-20 Bin period.

Paring the £.0-50 min eltioi. Irrvul distribution was bi-modal
st 26.5 C end 25.5 0, whilst it was uni-scdSl| at 26.5 C during the
50-60 BLu period. The results from these two time periods were compered,
by mans of a contingency tabla and the Chi-squared itest, to determine
whethcr there was a ccldward shift of larvae during the 5C-60 min eetioi.
The distribution of larvae up to the 27 C interval was compered with the
distribution beyond this range. The Ch.-squared value obtained (2.56)
was not ligilfictnU (eroUbbi1lLUy>0.C5), Thus, there wts no significant
difference between the number of larvae sllentiig above 27 C during the
two the periods, and, ‘therefore, no lignLflcaet coldward shift o~

larvae during the 50-60 mm period.

The results of tll the experiments with Aedes aesvytl tre shown

in Fig. 32
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Lethal ToneFuture ttudLeB with JJF jjQrrotX. rcurae

Mini mrUlltx

Thr resulLt ot tha sot ot oxgertvcnts cited, larvae Jutti at
30 0 and exposed to 41 C (Table CXII; tig, 33), Is typical ot tha
delayed mortality cttcct coon throughout thc rxperimieits. LLIttLity
lontiuuod up to 43 hr attar tha axposurc.
tbW.,rirN.J m A

V Larvae riaied at 20 1 0.5 C

Larval ago was 210 t 6 hr (attar hatching), Thi rcsULts

ot tic right experiments conductad, each with 50 lirvai per dose, nre
shown in Table Kill. "he laLIUItiol ot the rigrel5*ioe Lluo (Fig. 34)
Is shown in T&bli HIV, and turt'her analysis ot thi data in Table TW.
The tinal riasult was :

®50 (95% conti-donco limits) = 46 (3-S-57) minutes

2 Larva* roared nt 25 ¢ 0.5 0
a) Larvae 132 a 3 hr old
Thr rcsults ot tha six
experiments conducted, tiva with 50 liivui par dosr and one with 25, arc
shown in Table IWI. The lall’'ULltLen ot thc loolassiou line (Figs. 34,
35) is shown in Table ™M1, and tuthid MalyBii ot the data in Table
AOTIL. The tinal result was |

EDjg (95% confldouct limits) < 63 (51-76) minutes

b) lurvnr 111 1 3 hr old
Thr dciulti ot thi tive

experiments conducted, tach with 50 la2vns per dose, nre shown in
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Tabla OIX. Tha calcutttLat of the regression line (Fir. 35) is shown in
Ttbla xxc, and further analysis of the data in Table XXX. Xio dl-1
ooshit MM

<9s5% confidence limits) = 77 (62-94) minutes

3/ Ltovte uetoad tt 30 ¢ OM 0
Lhiupl ngr waj °4 * 3 ho. 'Ha 1vKi-i di the five
aspjerfMS'ttS cat-raateLl! with 50 laovaa ps dose, are shown Ln Table
XXXII. Tha csld'iMon of tha legresJiot line (Fig. 34) is shown in
Tabla mXI1Hl, and further analysis of the date in Table XXXIV. Tha final
result van :

W5C *'5* confidence limits) ~ 100 (81-124) mlnutas

4/ Laovaa reared tt 31.5 * 0.5 C
Larval tga ms 90 + 3 hr. ThO resULts of the h*wi
IXpeoimeiiits conducted, each with 50 larvae per dose, aue shown in TalUe
xxxv. H» calculation of the uegoessiot line (Figs. 34, 36) is shown in
ThIHO XXVI, and further analysis of the data in Ttbla XXXII. The final
oisult was s

Efg (95% confidence Limits) < 109 (100-119) Smrtao

The effect of the vS~dan temperature on the subsequent larval
resistance to 41 0 wis ccmptuad by means of the "Potency RItie’ test

(LitchfielLd tad Wilcoxon, 1949). This test, using the &50'5 and thsio

factors, the slope function and thaio ftctaos, showed no significant
difference (19/20 aocletility) Ln reJisahtca between the larvae reared
at 30 C ttd those neared at 31.5 O, noo between the two age classes of

Larvae retrod at 25 0. Hwwiar, there was a significant difference in
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lasisronaa between larvae leoree at 20 G and thraa reared at 25 c (132 hr
old), between tiese reoree at 25 C (132 hr old) and tieaa reolee at 30 C,
and, of arulae, between those leolee at 20 0 and those raoree at 31.5 C.

The results were

Rearing temperatures Raadstanaa ratio
(°C)

25 ((3? th") i 20 1.4 (1.0-1.8)

30 : 25 (132 hr) 1.6 (1.2-2.1)

315 t 20 2.3 (1.8-2.9)

Two rtial sets of experiments were crneucrae, each experiment
with 50 Iviiv/oo per dose, in the attempt to determine the upper incipient
lethal temper'otula of frur“i-dsHtol larvae reosee at 31.5 * 0.5 C and
90 + 3 hr old.

1 Larvae exposed to 40 C

The results of the six experiments conducted are
shown in Table XDXIII. The rolaulnlilea of the ralrasairs line (Fig. 36)
Is shown in Table XXCIX, and f-,rtlel osolysia of the data in Table XL.
The final result was :

ED50 (95% confldance limits) “ 254 (222-290) odsuraa

2 lLarvae axpraae to 43 0
The results of the six experiments arnductad era
shown in Table &LI. The aalaUlLorros of the relraaadrs line (Fig. 36) is
shown in Table XLII, and further analysis of the data in Table XLIH.
The final result was s

170 (95£ arsfieasaa 1-mits) = 14.8 (11.2-19.5) minutes



The potency naSta test was used to compare the effects of the
three exposure temperatures on the larvae M- at 31.5 + 0.5 C. The

results were :
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DISCUSSION

sl

The piedett study was to detfraine the effects o" age sad
therer*] anealsetion on the selectet 4wperetssre. and es sKaa, at least
for the monputo suedes, it was succesefui. Any extension of these
results Into tho vncthinlCT of tem™~r-tnro eeleritos e-d ho speciuative.
Nsvertholesk, the bohltioullaolwt apytojtd t« be of* the ortho-titntin
tyne; the insects agttdtttei with!In tBpntitbbrt 1ttits because
they wcre InltlAUX mce activee fut'nd”e tossa “inits*. Such a behtviouml
effect is stoelably de to a cheei— of tdraporathlltd (Fraenkel end Gunn, r?61
p. 211).

IMeMM VVEwnsTsstilJMibnliaiiMaal

Although sinUiid larvae are adapted for ataidment to the
substratum, they are saiBbte of active ixewrotion upstream tti downstream.
Also, larvae are known to detach from the rubstit:te whom not!itirts are
unfavourable and to dirift passively btwssbrntm, usually on a silken
Ibread. Such unftvtuttbLe nrFiLicss have been recorded as silt
accwBnlIbII1E around the larvae (Wu, 1931), excessiva suntight (1-viea,
1949), and an iltdritiDh in the nurtenb velocity (Wu, 19H; bhLIIpstb,
195t). So evidence was rdtid n the Ibde]tttltde O suggest that a danige®
in water teupdrttubd would ItLititon ttrvtl d*ttnlulene, although no onc
appears to have looked speenfidalty for this factor. The present study,
with flowing water, i1tlintbns that tdmperablrd egr se or a change in

tRupdrtbltd will not initiate deteclMnnit, and, therefore, bLtch-fly
40
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larvae cattct be considered to exh-bit any timperuture srLroalct. Thus
it is suggested that if temperature x time ucoumulualdnr should exceed
the tcleranoe limit for survival, the luovuv will be killed lu gitu.
Such a hypotShsais is ocalXlrubLr with the resets of a study on the
effects of itsacaioidas on Siaulium lurvue (Jamnback and Fremp:clg-Boadu,
1966). They found that in flowing writer, larvae killed by high doses of
poT remained in situ in apparently normal feeding positions. Low doses
of oot were thought to cause oontracti.ct of the anti disc, thus
1ccsrtltg the hoodkets holding the larva to the substrata (Field, 1961),
but this reactlct seems not to be elicited by high temperatures. Another
p)csSbiLlty is that the temperatures reached during the tresatt
extarlmatts were still within the larva's tolrrator zcte for survival,
and therefore, did not initiate detachment. Howver, this is unlikely

since Davies and Smith (1958) showed that the ED"0 of Prosimnliim larvae

(acclimated to 4-5 C) exposed to 22 C was between one und two days, und
in the present study the tempsrature reached 38 C In the experlmatt with
PmnSmulliy laagnwn und 31 ¢ in the cnr wwth Siaulium vittem. OhLy otr
record wus seen in the Literature of locomotion not being initiated by
temperatures that wouLd possibly prove to be fatal within a short prricd
of time. Grossman (1929) found that ldcomotory activity in boll weevlis
was not initiated by high trlparatures below 55 O.

The resuLts obtained with simhiid lanae in ~tutdltg water ure
confLicting. Lcocmidcry activity wus greater thun in the rxprrimrttr
with flowing wwtro. Possible rxtlanatiot8 are that the larvae were
stimulated into activity by the luck a waarr current, or that in

flowing wateo the curreta was lthiblaitg looMloairn. The next
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consideration is the direction in which they moved. The Cnenhla mitata
larvae moved up the temperature gradient and aggregated at the end of
the trough. Since these larvae could not be made to move back down the
trough 1t is assumed that they were showing no precise temperature
selection. However, the fact that they did aggregate at the "hot" end of
th® trough suggested that they were capable of some temperature
selection, 1T only by moving away from colder water. The experiment with
Simullum venuetwn showed the opposite effect. The larvae continually
avoided high temperatures and aggregated around 13 C. Although the cold
stupor temperature of larvae acclimated to 17 C was not determined, it
seems possible that the minor aggregation of larvae at 7 C was due to
this metabolic effect of temperature. Since G. mutate larvae are usually
found In cooler water than S. venustum. the differences in behaviour
seen between them may ba more related to the fact that the former were
mature larvae and near pupation whilst the latter were third-instars and
still actively feeding, and less related to a species difference. Hafez
(1950) found that feeding larvae of blow-flies selected a temperature
range of 8-20 C but that fully fed larvae were not stimulated into
locomotory activity by high temperatures less than 33 C.

Culisete inornate larvae of different instars

The results of the experiments with C. inornate suggested that
there was no change in the selected temperature throughout larval
development. Although the modal selected temperatures did differ, these
difference cannot be regarded as significant since they were never
greater than the range into which the larvae were grouped. Omardeen

(1957) studied Andes negrotl and found that although the selected
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temperature did not vary significantly between instars, the immature
stages became progressively more selective throughout development with
pupae the moot selective stage. Applying this argument to the present
study it is seen that the eicond-instar larvae were the must selective
with 31% of the observations being within * 1 C of the moles, third-
instar larvae the neX with 23%, fourte-instore wth 21%, and first-
instar larvae the least selective with 19%. Pupae of G.”inoraata with an
instar age of less than 21 hr can be regarded as having the same
selected temperature as the larvae. Pupae Xth an instar age greater
than 24 hr had a much wider temppnatune tolerance, being indifferent,
from the point of view of locomotory activity, to temperatuuras between
18 0 and 32 G. TM.s disagrees with the behaviour of Ae aegypti putpe
(Omadsen, 1957). Pupae of this species were intolerant of temperatures
outside the range 28-32 C, and during the experiments as many as 80% of
the pupae aggregated Xthin this range. The fact that Q. inomata larvae
selected temperatures lower than 24 C whereas miaturing pup”e did not
respond to high teiptrataris lower than 32 C, may be of adaptive
significance. Resent studies on the thermal resistance 0" C...inomata
have shown that the deleterious effects of high temperatures are
cumlLative through the instars (Hanec and Biri3t, 1967). Sone of their
larvae lived to attain the fourth-instar when removed from 21 0 to 29 0
during the secoiKi-inslar. However, when the Larvae were reared at 21 C
to the fourth-instar and then transferred to 29 C, 72% emerged as
healthy adulLts, | suggest that at temperatures up to 32 C development is
so rapid that temperature x time combilultlone can never pccwilUati to

cause significant mortttlity.
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Few workers have studied tte effect of ng® on tte selected
temperature. The work of 01 eet (1957) has teis ma“™~onae. Dea! (1941)
studied strred-eroeult pests, mootly baadlis, and found that th®
rmmtLura stages had the (same aalectae temperature ns the adults, Otter
dnetti sre arntrodialory. Boeaiteimer (192%$) fruse that there was o
minted dLcrds8e in tte selrctcd temperature with inch instar of
Sahletacen— greesiyla, rrsgdisg from 27-28 0 Oor th- flrsMimrtar nymph
to 37-33 c for the fiftL-ist0aa. 0> (1965) w>rking with Xbe mm
species cruLe find no chafe Is tte selected temperature between
different instars. The selected temperature range ws wide -Ath a pink
it 40 C. Chapman (1965) also stueiae the protSbdiLLty that thi selected
temniraturl may change within in dn‘Ldl. He w> losnexcoitiltal hut
canestid that there was is apparent eaa”™aaa tn th® uliaiae trmpiirritai
during tte latte poil of inch dndtle.

The irisent study, with O».droymL1. on thi effect of i®aeneory
oacllmtdon to a temperature lower than LL-st of the resrdsl temperature,
stewed that the selected tempidatu.ri decreased and that the extent of
tte feirtosi vac dependent on the larA1  the exposure to the
irartdary acclimation. Brwevar, these recolreailLy acelioatat larvae
opeaaree to he arntinsullly raalimatrsl and aLtcring their selected
ternperabur®. The mm pillaomanon wos observed wilh Ae. autypti lowae
aci wm hr further ddaauaaee L.ital.

wten determinre is a shifting I ml"™sltadr gladdant, the selected
temperature ronla of secoLd--S3tor Q. Isersata lame was Id'lier, tten
tte range when erteroissd is a saaric tempadliLurr gradient. THs

discrepancy is difficult to explain satisfactorily, but iL is thought
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that tha technique used tor thr leti:minatiou was a siouiti.ctut tutor.
The reascting behind this stateaant Ls bast explained by rofore'uce to
the experiment with male pupae (Fig. 13). Initially the insects ware
dispersed between the 2r C and H C isotherms. As the temperature
increased, they saved deau tha gradient in response to thr 30 C isotherm.
Because ot this, an aooreglticu ot pupar tomed within the temperature
range 26-30 0 when thr gradient was increasing, 44? ot the observations
being within this range. When the heat source was removed and the
gradient decreased, the insects did not move until the 13 C Isotherm,
reached them. Thus, aurind ths Jattri halt ot the expalimaut only 9% ot
the observations ware lttwaan 26-30 C and tha selecttH inePrer”tulo now
appeared to be 20J22 0. Tun affect, the insects apppareritly selecting a
higher temperature diilnE; tha 10l-.ed whan the gradient win iLCIlit™itu
and a lower one when 1t was iecrotsiio is also seen, amlwuoh it is Less
obvious, in the exptllaeut wth sHeeui-inntal larvae (Fig. 9). During
tha iaitiai heating plrf.od, 501 ot tha Larvae appeared to be salLolniuo
LL~24 O, but dallug tha cocling period that fellowed, oily 25% scLectod
22-24 C with tha majority, 72%, selLactiuo 20-22 Co

Although tha actual selicled temperature of O. isoirnata was
uueinerolned, 1t is colsilerLl that the results ot the exlariimeutn in a
shining temperature gradient are lomperabll and that the ILVLLelPertal
stage has L'i"tle ettact on tha selected namralatule.

Acclimation in feurth-inntll Aades aamiti Larvae

The results ot the expallmauts with tourth-instar Ar. aeeypti
larvae showed that the selected temperature varied with the rearing

nempelltule. Au lucussc In the lealluo teppalrtnula resulted in tn



46

increase in the selected temperature (Fig. 26). From these data the
final, selected aemperature. the point where the selected temperature was
the same ms the acclimation teppai”~tur”™, was dhaerpitad ms being 31.5 O.
Except mt the lowest oetring teapentslri, the extant of the selected
tempeoanuue range dacuetsed with itcretsing rearing temperatures up tc
the final selected teipeuttuue. This oLltalonshie has barn expressed ms
the peucentsga cf larvae selecting tha moda (+ 0.5 0) at each outring
temperature (Fig. 27). As the eoariig temperature Lncoemsed, up tc the
final selected neppearthure, tha larvae bhcsma moor selective. 001X"001
(1957) also determined the selected t®tperenura of fcurth-insteo Ab.
ner”>ti1 larvae. Ha made no raentiot of the ensuing t"™aparttur”, but since
his control experiments were catdactad at 23.5 0 it is assumed that this
was the retoing tepperature. For a test time of 45 Mn, his larvae
selected 30 0. This mode is higher than that obtained in the present
study, wMuh, by from Fig. 26, would ba about 26»5 C.

No reports were found in the literature on tha effect of thermal
aMuUntirn an the temperature selected by sqtutic insects. Hoarse, s
few results trs evaLIm”le for terrrstoisl farms. Foonica, when accimiated
to 4 0 selected 23 C, and whan acClimated tc 28 C selected 33 C (Herter,
1923). This is t 10 C incemse in solectrd tempsrattiur foo t 24 0
Incrrt8e in acclimation. In the present study there was t 10.5 C
increase in selected tsmpeoatuoa for t 19 C rise in mcGliffiatLon
temperature. Cembali (1937) uacarded t 15 F (65-80 F) increase in the
temperature selected by virawosis between early spring and early fall.
Those insects were collected locally from fields (southern Oailfcrai)

but na pphniQn was mada of the soil temperature. Nelson end Nielson
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(1959) reccrdrr a rrlatlctshlt between the selected trtperetura and the
urabient temperature in a pierid butterfly. In Januury-February when the
mrut sir temperature was 19 0, adults of Ascit notuatr selected 22 C,
wldIst in September (air - 23 G) they selected 27 C.

The results of the tresrtt study, with Ar,aagyti. are
strikingly rimlLuo to those obtained by Pitt et al. (1956) for the
oommct curt, cyprians carplo. They aocLImtted their fish to 15, 20, 25,
30, und 35 C, und the modal selected temperatures obtanned were 25, <7,
31, 31, and 32 O, re”protllrly. The final selected temperature was 32 O.
This suggests that the physiological and behavioural restct3rs ltvolled.
in thermal uccllraaalcn and temperature selection may be universal for
pcikiLothrortlic snimLs.

The rxtrrlarnts conducted to determine the rute of uocHmltlct
to a temlt*nature higher than that of ths roaring temperature showed that
the Larvae were fully ucclimated w-thin a few hours. A»elimlaict to a
temperature lower than that the reuri™g tanterlt'urr occurred Wlahit
2L hr. Wither in the experiments involving secondary accLImatlct to a
aeiprruture higher than that of the oeuoltg temperature, nor in tho
rxprrimrnts with larvae primally ucclimaard to the reurltg temperature,
was there uny Itdicatlct that further uccl:taltl.ct was occurring during
the experimental prol.cr (1 hr). Haowlor, in both G. ltcrtuta und ag.
tempi, when the secondary uccllmatlct teiperutuira was lower than the
rearing temperature the subsequent arlrotrd temperature was transitory,
suggesting that the selected temperature was acting as tn acclli&tldt
temperature rlrn during proicd3 as short as 10 min. Mot only did the

tolrrator for dghpr temperatures itorrasr, but ths toleoatce for Low
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tampemtures decreased. These results ai® nrmtettbld with those rbttitei
for the Dougltl-flt beetle, E«adtontrnus. uSOaliQtlWaM, ~~&, (Abkins,
1966). Nwiy emerged beetles, tpptrdrStly tetrei at 23 0, wre given a
choice between 11 C and 2? Cj they dlented ths latter. After several
days at 2-4 0 the beetles were te-dxprsei to 23 0 for two hours. then
placed in the choice rhtmber they selected 11 C, but after a four hour

exposure to 23 C they selected 22 C.

sMJ MiUmi

The 'hemal rdBisbance of frlit!'i-im3ttr Ades. aaretl larvae was
determined for a numbs/* of accl.mttiot and exposure temperatares. «ihh
higher annlamatiot temperatures; there was itnrdtsdi thermal resistasnd.
At an exposure te”poreture of 41 C, larwe reared ab >5 0 ware between
1.0 and 1.8 (19/20 proM*Hity) tines more resistant than ttlvto reared
at 20 C, and Larvtd reared at 30 0 were between 1.2 end 2.1 timet; uore
resistant than Itrvtd xsartd at 25 0. These results agree with those of
Msllatby (19544, that Ao aa/aptl ttrvtd respond to an increase in
acclimation temeprtbute by an increase in theraa! rdslstatnd. only bwo
other mjaquLto species appear to have been studied with respect to
thermal annLImatiot. Muithsid-"Thomsrt (1940) found no lffdrdtnd between
ths thermal death times of Lttaae of Anopheles Theols. kept et 30
G and simiLltr larvae secotdttiLy tnnlLmttdd at 35 C for 20 hr. however,
when fourth-instar An. ndtairffiaanit:tmus Say, reared at 85 F, were exposed

to 1W », bh. EDO was tcronddi as Ma minutes, but slniitw €tme,

gradually acclimated to this tdme@ttt1ltd over a period of 40 ndn, showed
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only 3C* motuSity svun tftct a 28 min exposure (Love end >xellhel,
1957 The literature on the affects of tcclmnatiQn on the thermal
resistance of 01117 aquatic iisIntl is spareo. PhiUnoy (1925) eppram to
be ths orOy worker to have attempted to alter Uhu- thermal rodistance of
an aquatic insect (Other than s moqulto) by suelistint tn another
temperudure. Tip occllimil m'-pha of s irytll, Bjaetig, to e higher
100M1?tutu for 40 hr but found no sigrUfiiant difference between Uhiit
thermal rmisCailci and controls from tho original temperature. WSlahr
(194®) found tht2 chl”unnmid larvaio from e pond at 30 C li&d e higher
thnmal rocilUaniQ than those from e stream st 15 C, Hotovet, 1t is
difficult tn say whether this difference was a spefies i1lffetpeno nr was
a result of the thermOl tnclPmatiQe. The most thorough work on
ecclLmatlon end thel-al resistance, for terrestrial insects, was that of
BSIMis (1952). stupping o parpeptic 13oct, fiahlbo™itia futol'Kinnj..
(zelll), he morden that a 12 0 iicretle in thn roaring timveratitp

(17 to 29 C) tQci.tti in sn increase in the ED - from 290 tn 450 min at

an exposure temperature o™ 41 0 (Baldwin, 1954). In tho itPIQnt study sn
increase in the rearing tippeiatuuu ot 11.5 C (from 20 to 31.5 C)

resulton in sn iicrpall in the from 46 to 109 min. Thetmal

tcci liatisi also affected the thermal roliltErol of DroBopDIHn (MtyMtT -
Smth, 1958). For fruit flies roared at 15 C, the mien survival time, st
33.5 C, was 44 min, whereas fsu tillctl retron at 25 C it was 112 min.

Although the effects 0" tiillmtiQe wire nOt clisideroi, ftr-Zeev
(1957) i1itemieii the EDj0 o~ fourth-instar Ag, urrurstl ltrvtQ,

apparently ututtd st 28 C. At an exposure Utepuutltutl of 41 C, the ED"q
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was recorded as 205 sin, whch, commad to the present study, ms

extremely high (larvae reonii at 30 C having an 37 of only 100 du).

Ths difference miar, in pairt, be due to two factors, both of wh.ch Bor-
Zeev did not mention in her pulper. These factors at® instar age and
reoning conditions (l.e. crowding), the effects of which have been
previously discussed in this thesis. Ancther possibility is that there
may be gemtlcUy different etrul”>nof Aedea ™17

In the nroeeut study, instar aga was found to affect larval
resistsnee to 41 O, younger larvae ap.-e.red to ba more resistant Shan

older Lprvoi, aittough thv difference in the was rot eignif (ant

(F O 0.05).

a’ attempt was majs to datsnsino the upper incipient lethal
tem;tiatuni of fourth-InStar - . ase=pli Irvaac reed. at 31.5 3. or

fish, thv relationship between tic 3-,7 nt different ortoeone

Spioeinltaree has been shewn to fall on i straight line when SSaie is
converted to its logar-itm. Thv temperature it which- break in such a
seil-logoritimiic plot occurs is the point weine morality duv So
tampaeatuue as a primary causa has ceasM. This te®tiittare is the
incipient lethal romtee'aturo for that acclimation (Fry at 1S, 194b).

Bor -1l lerme reared at 31.5 0, in exposure of 41 0 was 0.0 to
2.7 (19/20 eroMaillty) Simes more lethal than an exposure to 40 O, whilst
43 0 was 5.5 tb 1.9 Slraas more lethal than 41 O, and 43 « was 12.6 so

23.3 tmes more lette! than 40 0. iMs relationship between exposure

Samparatw’es ansi . shown in "I-- W» dharma resistai-ca varies
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within and between instars and thus can only hs d”terladaee for
rolotlvely 0x1700 L"oapamL"ur’ca so os to keep tho exposure tine at short

as pOscdila. in the pslaint study, tha ED” for a Lest temperature cf
39 G can ba predicted aL about 600-700 pin, whilst aL 33 C the &iq

oeprooahes ffd00 min. During ns exposure time cf 10 hr, the sate cf dying
waHO change by tn unknown amount end possibly some lavae would pujpdto
eurrnl thr Ixprmule. Thia 1t was felt that the upper innpient lethal
tappploturo cf fourth-instar Ae. oegypj larvae reared aL 31.5 0 could

sot ba eat8rrained.



SUMIARI

3erttin bLeak-fly and nooquito larvae were shown to have somo
control over thoie body to“pesr™tuom by selecting a 1MOX110 . .8,
often quita narrow, whan givon t choice of tempoeetueos Ln n 35nune
gradient.

Tonpeaettuei did not inlaieno locoto”iaa in FeosHtd i ut-uupgnus
ead 111 vLItr-Qi larvae, whea such larvae wane in twwing watae.
Standian witter appetued to Lnltliite locomotion in CamtMs end
SIniLUn varauatue larvae, but the iirocticu of isovel novement n.'-tjaeecd
to to Lafluoncr by tamporatuoe. Thaoa wes some evidence to suggest that
1.aauoo Itrvao worm _11 - _ of higher tmiporetuees than young larvae.

DovalooPioinel stage tied little effect an the looxdl selected
lamoeritune of Cuuiseti Inornate, larvae, although secotd”itJitr larvae
worm the nost saleeilva stage* ““ture pupus weeem iolorent 0Od tempooatura
up to 32 C, whiist ltxvea sad young pupae wane lnioderuad of iospeiotturws
ebavm 24 C. Such a difference in tolerance ney bm of adaptive
eignlficarace.

Tim ton-cretuim saLectad by g&utai. b end ie. eoXpti Isevai
wes dapmadant at the imssldati pest thartal history of the inJectl
Acclimation to a aoiperttuuo alhoo then that d tha rearing temporttuee,
siciaitly racLinmtion, wts rapid, accucuisg in less than two hours Ln
ALjaS&iU Larvae.

SufiaOte 1aoraeto larvae eppetued to have ¢ higher emlactsd

irip»eetura whoa subjected 10 a shifting tempoeatuoa gridient; tda whoa
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placed in a static gltdioUt.

loth tha relllUo oud the oxtosurc taupotbtules had a
plefeuud ottact on the thcmal leBlsnauco ot tourth-Instar Ao.
argypti Larvae exposed to high tauparatumo. ‘tho higher the reariuo
temjpeatura, the greater tha larval lotlsttmoe to 43 G0 € 115 C
iucrelsa iu roariuo neMlOIMula (from 20 to 31.5 C) resumjuo iu u
2e--told increase iu rollonluc« -t'nm 46 to 109 uiu). The lower tho
exposure tempraatu'e, tho groater the resistance ot larvae roared at
31.5 C. A1 C drop iu exposure namprrature (fiom 41 to 40 C) lasulLnlUg
iu a 2.3-feld iullatsa in rcnisnlUIce (trom 109 to r’'54 -in), whist a
3 C decrease (tr-o 43 to 40 C) resultr0 iu a 17<2-fold increase

(Hom 14.8 to <54 min) iu theulll iislsliuce.
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TABES |

Distribution of sL'Uh-inlUar CnepMa nutntt Jarrae, accliJSttod in
the laboratory to 7°C, in a ahlftang Uui]p$nttutl gradient tnS

standing wtor.

Trough divisions Observed frequencies
inches 0-30 nin 30 - 60 nin 60 - 9u nin
o-2 0 0 13
2-4 7 11 10
4 - 6 22 13 7
6 —38 22 28 22
8-10 23 1? 20
W-12 22 20 17
12 - 14 u 13 7
14 - 16 20 23 28
16-18 20 25 !
W-2W 49 52 73

T<uaippaturp

0- 2 2 3 5
2—4 13 7 9
k - 6 18 14 4
6-8 42 28 8
8 - 10 43 31 12
10 - 12 86 41 21
12-14 38 21
1-16 30 12
16 - 18 12 15
18-20 23
2-22 36
22 - 24 23
24 - 26

26-28 11

Tameprttturp grsdip”t to trough front O-30 tSle i 0 - 12°C
30 - 60 tSae i 0 - 18°C
60 - 90 *0 - 27°C



Diltrlbatlad of thlre-ldotan

sSadilng wtar.

Trough dt-visions

Iclceess

0- 7
2-4
4-6
6 - 2
8-10
10-12
12 - u
1/* - 16
u - 18
18 - 20
20-22
22-24

T<enitenauri

20-22
22-24
2-26

T<rlitinatuni

TABUS 11

66

ir.man,ven-:.etun larvae, occllioOel In
the laboratory So 17°C, in a iMfling tsinporotans ("MaeiidS Ml

observed frequoncieD

0 - 35 nix 35 - 70 min
16 18
16 29
9 7
19 18
15 23
20 26
18 16
11 8
14 15
9 1
8 0
13 7
Cuml&aive total of
larvae aelecOing high-
oat Idiicoted
tentsroture or leas
5 5
20 13 38
19 28 85
20 18 123
29 18 170
40 36 246
23 20 259
8 10 307
4 12 323
6 329
4 333
3 336
gradient in trough unsm 0 -35 i 3 - 20°C

35 -70 min i k - 26JC
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TABLE 111

Distribuliou ot fllsl-Inslal d-irelt iuomata larvae reared at 20°C.
Contron : vilh neppreatura 200C.

Trough divisions Observed frequenlies
inches ExcptJl bo>t. 7-2 Jxpt.”3
o-2 22 12 13
2 - h 8 46 57
4 - 6 13 89 27
6 —38 43 49 50
8-10 41 20 24
10 - 12 5 13 7
12-14 14 15 52

14 « 16 19 46
16 - 18 45 6 2

18 - 20 87 4 60



TABL IV

istrtbutlon of first-instar Culiseta inornate larvae,

in a temperature gradient.

Tsmn. Observed frequencies
°C xpt. 1 2 Jx ™ %
2- U ) « « ° * D)
it- 6 4 - « 2
6- 8 12 1 2 3 12 0
-10 15 10 11 6 10
10-12 7 10 33 18 11
12-14 9 14 50 8 12 17
14-16 10 15 61 6 22 21
16-18 40 32 69 13 28 45
18-2 70 62 102 16 77 76
20-22 100 86 147 56 61 65
22-24 110 130 91 71 36 53
24-26 120 126 32 61 20 14
26-28 70 81 2 31 3 6
28-30 31 27 4 1 0
30-32 6 6 0 5 0 0
32-34 0 « 2 1 0
34-36 ¢ 1 ©
36-38 « ft - 3 N
38-40 - i » « ot
Mode : 25°C 23°C 21°C 233c 19°C 19°c

68

reared at 20°C,

emulative

32
86
166
276
411
638
1041
1556
2047
2420

2613
2676
2693
2696

2697
2700

These temperature ranges not present in the trough during the

experiment.
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TABLE V

Distribution of socond-instar CtUisete inornate larvae, reaxed at
20°C, Ln a temperature gradient.

Temp. deserved frequeiicies C”umlativo
°C Expt."1 *2 13.. total

- 4 @ “ » «

4- 6 * - 1 . < 1
6- 8 0 9 3 13
3-10 # 3 5 2 23
10-12 2 19 2 Li 57
12-14 0 16 39 0 16 128
14-16 0 15 33 2 17 195
16-18 0 36 26 22 19 298
18-20 11 140 79 35 26 589
20-22 176 219 163 95 74 1314
22-24 267 134 135 207 82 2139
24-26 129 30 83 170 44 2595
26-28 17 3 7 58 13 2693
23-30 0 2 1 3 0 2699
30-32 0 0 1 0 2700
32-34 0 0 0 0
34-36 0 N ° - 0
36-38 « « * ° 0
38-40 * « o * «

Mode : 23°C 21°C 21°C 230c 23°C

These ta'pc?rature ranges not present in the trough during the
experiment.



70

TAILE VI

Distribution of third-inotar CUilaota inomate lan?.c, reared at
20°C, in a tampersniro gradient.

Tcrip. Observe;d frequenotes Cruslative
°C *Opt. ¥ Ll A . A A total
44- 6 ® ® «

> 9 0

8-1.0 1 3 1 7
10-12 2 1 3 4 17
12-14 T 7 2 7 4 44
14-16 28 24 17 16 2 131
16-18 87 98 31 30 26 403
18-20 105 126 35 74 41 334
20-22 104 133 12/4 159 104 1458
22-24 119 W 179 166 100 2121
24-26 95 w 82 93 16 2464
26-28 43 42 57 U 2 2652
28-30 6 11 21 5 0 2695
30-32 3 0 2 0 0 2700
32-34 0 0 0 0 0
34-36 0 0 0 0 0
36-33 1 ° « -

Itode : 23°C 21°C 23°G 23°C 21°C

These tenpcsature ranges not present in the trough during the
experiment.
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TABLE VII

Distribution of fourth-instar GUisoth 1noraabh larvae, reared at
20001, in a tsrnper)ture gradient.

Tenp. 1 Observed frequencies Cumuatlve
°C Expt. 1 *2 5 U4 toball
4— 6 ¢ ° ¢ i *

6- a 10 ° « i ¢ 10
3-10 7 4 ° . e 27

10-12 19 5 1 1 5 58
12-14 15 5 3 9 4 93
14-16 23 14 7 37 58 233
16-13 44 47 u 40 58 445
18-20 81 99 43 159 85 912

2C-25 52 148 114 159 109 1494

52-54 31 125 195 94 115 2054

24-26 01 86 136 72 93 2452

26-28 4 A9 48 24 40 2617

51-10 a 17 23 5 23 2.687

i 3 0 3 2695

~-D 0 4 0 1 2700

34-36 i # i .

Mole | 19°C 510c 237 20°C 23°C

These tempeeatute ranges not present in the trough during the
eqxoni Leni.
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TABLE VI

Distritatlne of m*Lo CiuliBets inornate pupae, Il tars. olc and roared
at S°C, in a tampcrttore gradient.

Tewpsraiure

°C Observed frequency

7«

4 -6 5
2 - - 16
g -10 11
10 - 12 f
12 - 14 12
14-16 35
16 - 18 47
uU-Jw 22
20 - 22 41
21 -24 26
24 - 26 32
26 * 28 2
28 - 30 1
30 - 32 0
32 - 34 0
34 - 36 0
36 - 38 °

Me : 19°C

71731 Uumppntuurp ranges not present in the trough during the
oxpurimptit«



TABLE [IX

DLStribatUon of tMr-- Instar ciU-Isctt inornate larvae, reared at
20°C and acdinatcd at 5°c for 70 hrs«, in a tenjerature gradient.

Tanper&ture
°C

4~ 6
-8
8 * 10
10 * 12
12-14
1-16
16 - 18
18-20
20 - 22
22-24
2426
26 - 28
28 - 40
40

llodr :

17°C

Observed fro -acncy

12
24
32
48
95
46
19
45
15

*These teeneuatore ranges not present Ln the trough during the

expeincmt-

73
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TABLE x

Distribution of third-instar cuLiseta inornate larvae, reared at
20°C and acclimated to 5°C for 96 hrs., in a rcnix>eature gra<d.ent.

Temp. Observed frequencies Cumulative totall
°C 0 — 90 sin 90 - ia min 0 - 90 m.n 90 - 135 "dn
O- 1 2 0 2
2- 4 10 0 12
4- 6 15 0 27
6- 8 21 2 48
3-10 39 0 87 2
i0-12 40 4 127 6
12-14 54 24 181 30
14-16 41 38 222 68
16-18 40 46 262 114
18-20 25 25 287 139
20-22 8 6 295 145
32-24 4 0 299 145
24-26 0 4 299 U9
26-28 1 1 300 150
28-30 * *

Mode 17°C

This temjxjrature range not present in the trough during the

experimmt.

-9 rain........ 30 observations
90 - 13J M.N.oeeenn... 15 observations
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TALT Xl

retribution of second-instar Cdisett inornate imvrae, roared at
2DOC, in a static tamperaturo grad.ent

Tcnperature CtrmLative

°C  XptA ", total
2 -1 ”
A - 6 4 14 9 27
6~<s8 5 20 38 90
8-10 15 32 21 158
11— 12 16 25 19 218
12—-14 ) 31 28 321
U - 16 52 37 48 O3
16 - 18 105 46 137 746
18-20 153 74 98 1071
20-22 103 103 90 1367
22-24 55 100 59 1581
24 - 26 31 60 33 1705
26 - 18 17 58 14 1794
28 - 30 6 1800
30 + « # n

Mode : 19°C 21°C 17°C

These temperature ranges not present in the trough during the
exporOaents.
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Distribution of fourth-instar Aedea aegQti larvae in the trough at

a unifoiu water temxeaaure.

control s larvae reared at 30°C, trough tenrorature 30°C

Irough divisions

Lnchcs8
0« 2
2
4 - 6
H - e
a-io
10 - 12
12 - 14
U - 16
16 - 18
18 - 20

Observed freauencj

129
59
M
29
21
24
21
59
54

173
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TABLE XIII
Distribution of fourth-instar Andes ncgypti larvae, reared at 16JC,

in p. temperature gradient.

i'uap. mbscrved frequencies Cumulative
oC ‘Mpt.' 1 € 4 - total
11-12 " ¢ b 4 N

12-13 2 5 1 1 2 11
13-14 1 1 0 1 1 15
14-15 0 2 1 1 2 21
15-16 4 8 0 2 4 39
16-17 4 35 2 4 15 99
17-13 6 46 5 13 18 187
13-19 14 48 15 19 42 ?2J
19-20 23 34 6 34 52 474
20-21 30 38 23 77 80 722
21-22 61 40 54 73 63 1013
22-23 63 35 58 82 53 1304
23-24 50 63 62 44 52 1575
24-25 44 84 61 60 38 1862
25-26 46 49 72 52 59 2140
26-27 47 34 38 35 34 2328
27-28 41 28 57 41 20 2515
28-29 55 26 25 34 20 2685
29-30 48 8 31 14 31 2817
30-31 52 9 36 12 11 2937
31-32 3 6 25 0 3 2974
32-33 1 1 15 1 0 2992
33-34 2 0 0 0 2997
34-35 2 0 0 0 2999
35-36 1 0 0 0 3000
36 + « * «o «

These temperature rangos not present in the trough during the expts.
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"Jistribution of fourth-inctar Aedeo aenypci larvae, reared at 20°C,
In a temperature gradient.

Temp.

o

c

11-12
12-13
13-14
14-15
15-16
16-17?
17-14
18-19
19-20
20-21
21-22
22-23
23-24
24-25
25-26
26-27
27-28
28-29
29-30
30--31
31-32
32-33
33-34
34-35
35-36
36 +

Ept 1

© ©O© o1 P W 1o

15
26
24
58
65
81
75
69
57

31
13
15

o o~ L ©

«

17

16
21
16
42
35
59
62
53
49
39
47
50
24
16
21

13

«

3

N R O R P e

14
18
30
25
26
46

i8
37
64
34
64
45
42
21

19
10

Observed frequencies
A4

oco N oo

22
46
57
39
57
39
47
34
32
53
36
27
33
13

19
10

«

13
14
18
22
31
28
35
33
40
37
54
23
33
48
28
32
28
30

25
12

CwMIlative
total

15
26
47
92

131
200

307

453

636

827
1094
1354
1661
1853
2078
2266
2495
2626
2770
2864
2943
2986

2997
3000

*These tmjwrature ranges not present in the trvugh During the expte
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TABLE v
Diptributlon oa fourth-inatar «eda8 ae@;S8 lareae, roared at 55'*0,
In a tarnporature gradient.

Toed. Observed frequencies Cwnilativ-
PR s 2. Z 4 ¥ totali
53-54 ¢
54-55 55 59 25 5 52
55-56 55 50 5 a 80
56-57 5 6 57 3 a 553
57-58 9 50 28 5 5.66
58-59 54 56 25 5 50 228
59-20 52 56 56 5 - 285
20-25 52 58 56 4 59 354
25-22 Zb 32 35 5 23 475
22-23 45 44 32 54 27 633
23-24 50 3? 26 30 37 855
24-25 48 37 37 34 37 5008
25-26 44 45 58 57 56 5264.
26-27 65 55 44 57 59 5536
27-23 63 47 40 85 66 5837
28-29 47 40 27 07 74 2552
29-30 30 43 23 85 72 2365
30-35 25 24 42 50 46 2552
3B-32 36 32 40 35 35 2722
32-33 20 3? 22 20 56 2837
33-34 22 24 22 5 5 2955
34-35 9 54 35 3 5 2977
35-36 K 57 ‘ ¢ 2994
36-37 . 6 3u00
37 + « e « *

"These temperature ranges not present in the trough during tjO expts.
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TABLE :.VI
D.8ttLbutiln of fourth-instar Acetos a*V\gr. L larvae, reared at 30°C,

Ln  tempterture gradient.

Temp. Observed frequencies CtEmultive
°C X~ t'/i A A L botai
11-12 - . . . .

1 -13 3 7 7 4 7 28
13-14 2 4 14 0 1 49
14-15 0 4 5 3 4 65
15-16 1 1 3 0 1 71
16-17 5 6 8 1 4 95
17-18 3 6 4 0 0 108
18-19 3 8 6 0 0 125
19-20 0 6 6 0 3 140
20-21 8 14 13 2 1 178
51-55 3 18 19 1 0 219
55-51 0 8 42 4 2 275
53-54 8 27 ol 1 2 364
2725 10 32 46 2 9 463
25-26 13 50 40 7 20 593
26-"27 22 69 39 14 24 761
57-58 42 73 59 59 27 1021
58-55 44 116 76 nu o4 1425
29-30 59 78 56 91 114 1823
30-31 91 15 62 144 123 2258
D-# 123 19 24 74 94 2592
~-N 112 34 12 45 47 2842
H-34 29 3 3 10 38 2925
34-35 12 2 4 14 17 2974
35-36 7 0 1 10 8 3000
36 ¢ . i . i .

'Those tempsrature rhtges not present Ln the trough M1, the ujgpts.
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TAB!... -VII
Distribution of fourth-instar Andos aegypti larvae, reared at 31-5°CJ

in a tenperature gradient

Tenp. Observed freauencies Cumulative
°C Expt. 1 3 4 o

13-14 ” «

14-15 > 19 « 2 « 21
15-16 5 6 1 0 33
16-17 0 8 0 2 0 43
17-18 1 3 0 1 0 48
13-19 0 1 0 0 0 49
19-20 0 1 0 0 1 51
20-21 4 1 3 0 0 59
21-22 3 5 4 0 0 71
22-23 14 4 5 3 0 97
23-21 1 6 3 3 2 112
24-25 9 8 12 6 5 152
25-26 18 20 13 6 1 210
26-27 40 22 13 11 5 301
27-28 50 28 26 28 15 448
28-29 37 61 38 39 40 663
29-30 53 63 78 59 100 1016
30-31 61 110 88 99 89 1463
31-32 S3 104 113 125 165 2053
32-33 61 78 83 99 92 2466
33-34 75 37 66 60 60 2764
34-35 62 7 34 36 25 2928
35-36 21 6 16 14 0 2985
36-37 2 1 3 6 0 2997
37-38 0 1 0 O 2999
33-39 b 0 0 2999
39-40 « * 1 « 3000

"These temperature ranges not present in the trough during the expts
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TAB!.; XVIII
Di-tri.bution of fourth-instar Afados a*gnptL lajvfig, reared at 35°C,
In a tompo”Sturo gradient.

Temp, Observed frocuancios Cu* Qativo
°C Sort." 1 12 *3 2L total
11-12 . - . . .
12-13 . 7 . * " 7
13-14 8 4 1 o - 20
14-15 3 1 2 . 2 28
15-16 1 1 1 1 1 33
16-17 0 0 1 1 1 36
17-18 1 1 0 1 1 40
18-19 2 1 1 2 3 49
19-20 0 3 2 0 1 55
20-21 1 5 2 1 4 68
21-22 1 1 1 1 3 75
22-23 0 1 4 0 1 81
23-24 2 6 4 1 3 97
24-25 1 9 7 4 6 124
25-26 9 10 7 11 7 163
26-27 12 28 5 6 13 232
27-28 15 37 14 18 18 334
28-29 16 34 41 20 13 463
29-30 34 84 99 71 53 304
30-31 58 112 100 70 117 1261
31-32 il 81 99 88 87 1727
32-33 94 88 87 115 133 2244
33-34 137 52 76 119 71 2699
34-35 47 18 25 59 40 2888
35-36 30 4 12 6 15 2955
36-37 17 12 9 1 2 2996
37-38 # ’ - 4 . 3000

These temperature ranges not present in the trough during the expts.



TABLE XI.2.

83

PietuiLeutiun of fourth-instar Aecios ae”™"™i larvae, reared at 20°C
and acclini‘ted at 31.5°0O, in a taaccrature gradient.

Teeeerituro

14

15
16
1?
18
19
20
21
22
23
24
-5
26
27
28
29
30
31
32
33
34
35
36
37

These tanrerature raees not present O the tamO doing the
ojqpczrUnBnts,

=C

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

12 hr» acclination

»

57
26

33
40

18
74
U
93
76

31
18

@ = =

frpque:ncies
24 hrs rcclination

O D O O O

10
14
12
32
43
89
126
Mt
69
15

* O =



TABLK XX

pietritnninn of fourth-instar aeries acfyrti 1"ai*ae, reared at ?5°C

and accLtaatrd at 31.5°C, in a temwraturc gradient

Temp.
°C

12-13
13-U
14-15
17U
16-17
17-78
18-19
19-20
2.0-21
21-22
22-23
23-24
24-25
25-26
26-27
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35
35-36
36-37

Acclimated

2 hrs

«

© N B~ N D=

19
30

33

49

77
62

72
70
3?
16
13

6 hrs

16

U‘II—‘OI\)QOCI—\I—\OH

67
U3
Mi

85

13

.hose twrprrriure ran,jes iwn pres—t ¥

homed frequencies
P ms

*
a

«

80
53
57

57-
58
66

70

41
2-3

ihr fewugh during ther arsti .

M hrs

61

A o O R P N RO

N AN NP
N O N BN

154
100

50

24
12
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tjlul:; ral
Distribution of fourth-instar Aeries acgt-tl larvae, roared at 35QC
and ecclineted at 56 C for 24 hours, in a tonperatu:* (radiont.

Tuip. Observed frequencies

°C Mn : 0-50 50-20 20-30  30-40 If -50 50-60
52-53 ¢ ¢ ¢
53-14 2 5 3 3 0 3
54-55 2 0 0 0 5 0
X5-X6 2 0 5 0 0 0
56-57 56 2 5 5 5 5
XY-XS 32 4 6 5 0 3
53759 59 52 2 5 5 5
59-20 7 5? 5 5 3 2
20-25 50 25 8 3 6
25-22 26 58 23 50 50 6
22-23 58 57 58 54 8 3
23-24 57 33 33 57 59 7
24-25 25 39 25 25 57 53
25-26 54 53 22 25 55 25
26-27 55 55 24 39 25 al
27-23 0 6 53 54 23 59
23-29 5 2 6 56 25 27
29-30 0 2 9 55 25 25
30-35 0 0 3 4 55 57
35-32 0 5 2 4 8 8
32-33 0 4 2 5 3 4
33-34 0 2 2 2 2 5
34-35 2 0 0 0 0 5
35-36 0 0 0 0 0 0
36-37 0 0 0 0 0 5
37 + f ' » : »

*These ternjprature rangos not present in the trough during the expt.



TABLE XIII

"*ortality of fourth-instar Aodes aegypti Larvae reared at 30°C and

J
exposod to 41 C.

Total mortality -

Dose Hours after start of teat

(in) 11 = 21 12 =
Control 2 2 4 6 6
60 6 26 30 32 34
90 2 32 42 42 42
120 8 42 54 56 58
150 12 62 68 74 74
180 16 60 74 74 74
210 30 64 86 86 88

Larvae kept at 30°C after tost period



TABLE X111

Mortality of fourth-instar Aedea aegypti larvae reared at 20°C
mand exposed to 41°C.

Dose Number dead

(min) ixpt.*1 2 JX A

Control 3 0 1 0 0 X 0
30 14 26 16 13
40 15 26 28 17 24 26 8
50 21 M 38 24 32 27 10
60 24 40 31 37 38 24 24
70 42 40 28 50 37 32
80 28 50 41 25

In each cxperinmt. 50 larvae wore exposed at each dose.

oo
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TABLE XXIV

CcacuU.ati.on of the regression line for the mortality ol fourth-instar

Aodes aejgvtl iavrae reared at 20°C and exposed tO ¥13C.

X W X z wZ
30 1.477 2.18 34.5 -040 -0.591
40 4602 3.56 A1.1 -0.22 -0.352
50 1.699 2 _88 5 3 O.ll 0.187
60 1778 3.15 60.8 0.27 O.IN
VO 1.845 3.40 76.3 0.72 1. 128
80 1.903 3.51 72 - 0.60 1.143
4 Sw-0.304 £ w-17.78 X *1.08 X zIk; 194
a « 3.42

k --5.69



TABLE XXV

Aned-yais of data from the experiments with fourth-instar Aodes

aegjyati lervae reared at 20°C and exposed to 41°C

Dose

(rijn)
30
40
50
60
70

80

#From L.tchfierd and Wilcoxon (1949) (nomograph 1)

*~84 “ 91.5 ninutes

ED50 = 46.4

ED = 23.
16 5

Dead/
Exposed

697200
1447850
190/850
243/400
229/300

182/250

% Moottaity
"Xpectod

Observed
34.5
41.1
54.3
60. e
76.3

72.3

26.5
41.5
54 3
65 0
73.0

79 0

fEDgO

fS -

1.97
1,67
2.67
1.2

1.6

OE
8.0
0.4
0.0
4.2
3-3
6.2

uCM

0.0310
0.0000
0.aao0
0.0X7 5
0.0055

3.3233

$.(CM.r - 0.0670

89



TABL.- XIVI

Mortality of fourth-ltstar Aedes aegypti larva® roared at 25°C,

132 hr old, and exposed to 4L°C.

D>S®
(ain)

Control
30

45
60

75
90

105

mSE1- 1
0
12
15
19
38
38

45

Humiter dead

Wl f3 A 16
0 0 0 0 3
5 13

10 11 5 N 7

20 23 9 24 13

32 44 21 32 17

42 38 28 43 21

45 45 33 u 22

*
In experiment é "5 larvae were exposed to each dose. In the

other experiments "1 to “5, 50 larvae wire ®g»s= U each dose.

90


Contr.il
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TABLE XXVII

CalcnHation of the regression inae for the mortality of fourth-instar

Aedes aegypti larvae reared at 25°C, 132 tar old, and exposed O 41°C.

X w z 1 1 7

30 1.477 2.18 15.5 -1.02 -1.507

45 1.653 2.73 21.5 -0.79 -1.306

60 1.773 3-15 393 -0.27 -0.480

75 1.875 3.50 66.9 0.43 0.306

90 1.954 3.82 76.4 0.72 1.407
105 2.021 4.08 84-0 0.99 2.001
H-6 10.758 £12»19.46 12 XwZ-0.921
n - 4.97

k - -3.92



TAB U XXVIIi

Analysis Of data. from the exparimenté W.th fourth-instar A+des>

aearpti larvae rearod at 25°C, 132 hr old, and exposed to 41°C

Dose
(mn)

30
15
60
75
90

105

HD,, =99.5 minutes

34
HI150 D 62,5

““,6 £ 39.2

Dead/
‘Omtssed

31/200
59/275
108/275
181/275
210/2/5

231/275

«

% Morttlity
Expected

Observed

15.5
21.5
39.3
76.9
76.4
34.0

6.0
24.1
46.5
65.0
78.1

36.5

fEDs@ *

fS *

1.59

1.22

3.5
1.2

1.3

0~B
9.5
2.6
7.2
1.9
1.7

2.5

0.1600
0.0035
070200
0.0016
0.0018

0.C»50

S (Chi.)2 = 0.1919

92



TABLE HUS

Mortality of fourth-instar Aodes aegyota. larvae roared at 25°C,

111 hr old, end exposed tr 41"C.

Dose
(sin)

Connarol
45
60
75
90
105
120

In each exp™oXlraet;, 50 larvae wore exposed at each dose

TCxptA

15
21

41
47

"tanbor dead

A
0
0

U

14

27

34

41

17

w
42

43

al

12

15
22

43
45

*5

19
22

22
47
42
47

93
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TABLE XXX

Cd.culati“on of the regression Line for the aorta. Uty of fourth-instar

Awles aegypti larvae reared at 25°C, 111 hr old, and exposed to 41'C-

W W Y z wZ

45 1-653 2-73 17-6 -0-93 -1-535
60 1-773 3.15 26-0 -0.64 -1.138
75 1.875 3-50 36-0 -0.36 -0.675
90 1.954 3-12 67.2 0-45 0.879
105 2.021 4-08 30.8 0.8? 1.757
120 2.079 4-31 89.2 1.25 2-599
2'711.360  X.=-21.59 Xz-0.64 X.WZ-1.887

m« 7.35
k —13.84



TAILK i

Analysis of data from the experiments W.th fourth-instar Aedes

aegypt- lanao reared at 25°C, 111 hr old, and exposed to 41°C.

Dose

(m3n)
45
60
75
20

105
120

EDg* * 105.0 ninutea

K)., =

ED, =

Dead/
Exposed

44/250
65/250
90/250
1(£/250
202/250

223/250

76.5 .

56-0 -

% Morttlity

ObBerral Expected OzE
17-6 4-5 13.1
2(.0 22.0 4.0
36.0 47-0 11.0
67.2 70.0 2.8
30.8 84.0 3.2
89.2 92.6 3.4

0.4000

0.0085

0.0450

0.0030

0.0085

0.0120

£ (CM)2 - 0.4770

3 =1.37
A-1.12
R - 2.67
fED50 - 1.2

S - 1.3

95



TABLE.MUu

MoOrality of fourth-instar Acdes aegypti larvae reared at 30°C and

exposed to 410.

D>se Numter dead

LwijL Ept.&1 A. 3 0

Control 0 2 0 0 1
60 - 15 16 0 16
90 13 21 21 21

120 30 W 42 41 33

150 36 M 41 A3 33

180 M 37 W 47 45

210 43 50 50 49

In each experiment, 50 larvaa were cposed at each dosc.
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TABLE rmm

emulation of the regression line for the sortality of fourth-instar

Aedes aegypti larvae reared at 30°C and exposed to 41°C.

X W W2 Y ]. wZ

60 1.778 3.15 22.0 -0.77 -1.369

90 1.954 3.82 40.5 -0.24 _0.469
120 2.079 4.32 69.2 0.50 1.040
150 2.176 4.73 74. e 0.66 1.436
180 2.255 5.08 84. -] 1.03 2.323
210 2.322 5.38 96.0 1.75 4.060
fle £ 564 ZLw2sa26.48 £172.93 1021
.- 531

k « -10-63



TABID XXXI1V

Amilysis of data fTon the experimtmts with fourth-instar Aedes

ao/gyPi larvae reared at 30uc and exposed to 41°C

Dese
(xan)

60
90
uB
150
180

210

‘156

Ega «

“16 (13

110

<<

Dead/
Exposed

55/250
817200

1737250
137/230

212/250

1927200

Nninutee

% HoottHay

Observed
22.0
40.5
69.2
74.8
84.8

96.0

Do

fS

Expectsd
12.2
40.5
65-9
83.8
90.8

95.1

— 1.55
*1.19

- 3.5

- 1.2

- 1.3

0-S
9.8
0.0

3.3
9.0

6.0

06

XXOUM)O =

(CID2

0.0350
C0Cco0

0.0)45
0.0550

0.02
0.0200

0.1845

98



TABLE XXXV

99

Mootality of fourth-instar Aedes aeigpti larvae reared at 31,5°C and

exposed to H

Dose
(Min)

Control
30
60
90
105
120
135
150

180

INn each experiment, 50 larvae were exposed at each dose

9.

Expt.1

1 0
1 0
0 4
12 5

20

29

33

3

35

26

36

Ihmbcr de«!

*4

0

22
13
38
35

43

A

10
28
26
46
44

42

10

23
24

34

19
28
25
37

37

13

25
22

26

30

19
21

23

42

44
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oo MVI

Calcination of the regression line for the aordity of fourth-instar

Aedea aegytti larvae reared at 31m5°C end exposed to 41°C.

@

X n W X Z tfZ
30 1.477 2.18 2.0 -2.06 -3.043
60 1.778 3.15 8.5 -1 39 —2.471
90 1.954 3.82 29.6 -0.54 -0.955
105 2.021 4.08 46.6 -0.09 -0.132
120 2.079 4.30 56.3 0.16 0.333
135 2.130 A- 54 66.7 0.44 0.937
150 2.176 4.7a 70.3 0.55 1.197
180 2.255 5.08 78.7 0.30 1.
N=8  £5r-15-870 £wl-31187 -2.13 -2.380
- - 476

k ~ -9-71

MILLS MEMORIAL LIBRARY
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Analysis of data from the experiments with fourth--rustar Aodes

aegypti larvae reared at 31.5°C and exposed to 41°C.

Dose

(11in)
30
60
90

105

120

135

152

130

Deiai/
Exposed
3/150
34/400
133/450
163/350
1977350
2007300
283/400

1137150

EDg" ““ 178 minutes

« 109

ED,, “ 67

% Dortality
Observed Expected

2.0 0.4
8.5 11.0
29.6 34.5
46.6 46.6
56.3 57.5
66.7 66.0
70.8 74.0
73.7 84.4

3 -1.63

A 1,16

6.0

fED50 e 1.1

fS 1.1

OE

1.6

2.5

4.9
0.0

0.7

3.2

5.7

(Chi
0.0600
0.0067
0.0100
0.0000
0.0000
0.0000
0.0050

0.0230

AE(CWL)2 - 0.1047
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Mootelity of fourth-instar Aedes aegyjtj larvae roared at 31.5°C and

exposed to 40°C.

D>ae

(min)
Cootrol
120

180

240

300

360

540

In each topsrieent, 50 larvae were exposed at each dcse.

Expt.* 1

1

17
32

42
48

#2

20
40

23
46

Minter dead
H3_

0
7
9
27
31

37
43

4

1

3
12
15
33
40
48

"5

21
31

50

*6

24
34
43

47
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TALL.- XXXIX

Caiculation -f the regression line for the mottility of fourth-instar

A*>u3 aakj'/Pti larvae rearoa at 31.5%C and exposed to 40"C.

X W w2 v 7 Wz
120 2.079 4.31 7.3 -146 -3.335
180 2.255 5.08 15.3 e1.33 * 2323
240 2.300 5.66 41.3 -0.22 -0.525
300 2.477 6.13 67.0 0.44 1.090
360 2.556 6.53 85-0 AY 2.653
540 2.732 7.46 95.7 170 4.644
s  S«-14.479 SMN—35.17 £ .- 2510

n m 6.11

k - -14.67
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TAELE XL

AnidLysis of data fnm the experiments W.th fourth-Instar .-..dap

aegypti larvae reared at 31.5°C and exposed to 40°C.

Dose Dead//

(ain) mxjoned Observed Expected _7 (Chi)2
120 22/300 7.3 2.4 4.9 0.1000
130 46/300 15.3 13.0 M 0.010
240 1.24/300 41.3 44.5 3.2 0.0040
300 202/300 67.0 67.5 0.5 0.0000
360 255/300 85.0 82.(J 42 0.0040
540 287/300 95.7 W.9 2.2 0.0270
£.(Chi)2 _ 01400

FD34 < 3d mnutes 3 « 1,45

@50 = 251 » Ao

R-05

- 175 7
fFDa - 1.1
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‘'mrttO”ity of fourth-instar Acdoa aegyptj larvae reared at 3L.5°C and

exposed to 43°C.

Dse
(Ma)

Control

5
10

15
20

25
30

In each experiment, 80 larvae were exposed at each dose

Ifant.~

2

5
17
18
45
47
48

h

17
45
44
48

Number doad

"3

45
40
46

~4,

1?
26
31
39

#5 .

16

35
46
43

*6

11

29

40
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Calculation of the regression Hne for the mortality of fourth-instar

Aedes aegyjti larvae reared at 31.5°C and exposed to 43°C.

10

15
20

25

30

JA6G Z

a~ 3.66

k « -A-9

0.607?
1.000
1.176
1.301
1.301
1.477

.051

0.40
1.00

1.36
1.60

1.05
2.16

7.6
10.3
31.6
75-0
83.2
86.0

-1.44
-0.87
-0.17

0.67
0.06

1.17

NZ-0.02

Wz
-1.006
-0.T"0
-0.553

0.872
1.342
1.728

&-1.513
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TABLE XLIIi

Aml/sis of data froa tl.c experiments W.th fourth-instar Aeses

aoayti |"ar™ac roared at 3!.5°C and exposed to 43°C.

Dose Dead/ % Mortality
Exposed Observed Exoectec 0-E (Chi
5 19/250 7.6 4.2 3.4 0.0270
10 58/300 19.3 26.5 7.2 0.0260
15 79/250 31.6 51.0 19.4 0.1400
20 225/300 75.C 68.1 6.9 0.0220
25 208/250 83,2 79.0 4.2 0.0100
30 264/300 88.0 87.0 1.0 0.0010
9
AXChi) " - 0.2260

SO, = 277 "dilutes S = 1.87
ods, < HANE} A * 1.27

R - 6.0
ED, - 7.9 7

10 eds) m 13

rs , 1.4
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Fig, 1 Distribution of sixth-instar Cnephia mutata larvae,
acclimated in the laboratory to 7°C, in a shifting
temperature gradient.

a... O-30 minutes, temperature gradient 0°- 12°C
b... 30 - 60 " " - 0°- u°oc
c... 60 - ~-O" " 0°-- 27°c



Fig. 2 Distribution of sixth-instar Cnephia mutata larvae,
acclimated in the laboratory to 7°C, in a shifting
temperature gradient.

a. .. O-30 minutes
b...30 - 60 minutes
C...60 - 90 minutes
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TROUGH DIVISIONS (inches)

Fig. 3 Distribution of third-instar Sirnulium venustim larvae,
acclimated in the laboratory to 1?°C, in a shifting
temperature gradient.

a... O-35 minutes, temperature gradient 3°- 20 C
b... 35—70 " « A 28t
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Fig. 4 Distribution of third-instar Simulima venustum larvae,
acclimated in the laboratory to 17°C, in a shifting
temperature gradient.

a. .. O-=35 minutes
b... 35 - 70 minutes



Fig.

5

113

Cumulative frequency distributoon of third-instar
Siiuliurn venustui. larvae, acclimated in the laboratory
to 17OC, in a shifting temperature gradient.



Fig. 6 Distribution of Stouliim
larvae, acclimated in the laboratory at 7.5°C,
in a shifting temperature gradient.
Flowing water.

Each, dot represents one larva.
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Fig. 7 Distribution of first-instar Culiseta inornata larvae
reared at 20°C.
Cooirol : water temperature 20°C



116

Fig. 8 Distribution of first-instar Culiseta inornata larvae,
reared at 20°C, in a temperature gradient.
Total observations : 2700



Fig. 9 Distribution of second-instar Culiseta inoraata

larvae, reared at 20°C, in a shifting temperature

gradient.

Each dot represents one larva.
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Fig. 10 Distribution of second-instar Culiseta inornate larvae,
reared at 20°C, in a temperature gradient.
Total observations : 2700
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Fig. 11 Distribution of third-instar Ccliseta inornata larvae
reared at 200C, In a temperature gradient
Total observations : 2700
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Fig. 12 Distribution of fourth-instar Culiseta inornata larvae,
reared at 20°c, in a temperature gradient.
Total observations : 2700



Fig. 13 Distribution of Dale Culiseta inornata pupae,
reared at 200C and w_th an instar age of 36 + 12 hr,
in a shifting temperature gradient.

Each dot represents one pupa.



IST
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Fig. 14 Distribution of male Cdiseta inornata pupae, reared at
ZOOC and with an instar age of less than 24 hours, in a
temperature gradient.
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Fig. 15 Distribution of third-instar Culiseta inornata larvae,
reared at 20°C and secondaaily acclimated to 5°C for
70 hours, In a temperature gradient.



Fig. 16 Distribution of third-instar Culiseta inornata larvae
reared at 20°C and secondadaiy acclimated to 5°C for

70 hours, In a temoenature gradient.



Fig.

16
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Fig. 17 Distribution of second-instar CiUiseta inornata larvae,
reared at 20°C, in a static temperature gradient.



Fig. 18

Results of the seletted temperature studies vdth

Culiseta inornata larvae.
Primary acclimation, larvae reared at 20°C
a) Shifting temperature gradient
+ Median temperature
© Moddi seeccedd emnperatuee
0 Mode of a single experiment
Selected temperature range
b) Static tempeeature gradient
------- Selected temperature range
X' Modal selected temperature
X Mode of a single exeeriment

X Median emnperature

Secondary acclimation, larvae reared at 20°C and

acclimated at 5°C for 96 hours (third-instar larvae)

Selected temperature range :

0 - 90 min ------------ 90 - 135 m.n

Modal selected temperature :

O0-90 min 90 - 1-35 min

Median temperature

O- 90 min 90 - 1-35 min

ap
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Fig. 18
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Fig. 19 Distribution of fourth-instar Aedes aegypti larvae,

reared at 30°C, in the temperature gradient trough.
Connn'ol : water temperature a unifora 30°C.
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Fig. 20 Distribution of fourth-instar Aedes aegypti larvae,
reared at 16°C, in a temperature gradient.
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Fig. 21 Distribution of fourth-instar Aedes aegypti larvae,
reared at 20°C, Iin a temperature gradient.
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Fig. 22 Distribution of fourth-instar Aedes aegypti larvae,
reared at 25°C, in a temperature gradient.
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Fig. 23 Distribution of fourth-instar Aedes aegyptj larvae,
reared at 30°C> in a temperature gradient.



Fig. 24  Distribution of fourth-instar Aedes aegyoti larvae,
reared at 31-50C, In a temperature gradient.
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Fig. 25 Distribution of fourth-instar Aedes aeg;y)ti larvae,
reared at 35°C, in a temperature gradient.
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Fig. 26 Relation between the selected temperatures and the
rearing temperatures of fourth-instar Aedes aegypti
larvae.

0 Modal selected temperature

Selected temperature range
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Fig. 27 Relation between the rearing temperature and the
percentage 1f fourth-instar Aedes aegypti larvae
selecting the mode + 0.5°C.
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Fig. 23 Distributoon of fourth-instar Aedes aegyati larvae,
reared at 20°C and secondarily acclimated at 31-5°C!
In a temperature gradient.
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Fig. 29 Distribution of fourth-instar Aedes aegypti larvae,
reared at 25°C and secondarily acclimated at 31.5°C,
In a temperature gradient.
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Fig. 30 Distribution of fourth-instar Aedes aegypti larvae,
reared at 25°C and secondarily acclimated at 31«5°C,
in a temperature gradient.
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Fig. 31 Distribution of fourth-instar Aedes aegsnyti larvae,
reared at 35°C and secondarily acclimated at 16°C
for 24 hours, in a temperature gradient.

a) 0 - 10 minutes

b) 10- 20 «
c) 20 - 30
d) 30 - 00
e) 40 - 50

) 50 - 60



Fig. 32 Results of HI the selected temperature studies with
fourth-instar Aedes aegypti larvae.
Primary acclimation
+ Median temperature
© Modal selected tmperature
0 Mode of a single experiment
0 0 Modes of experiments where histograms were

bi-modal

Selected temperature range

Secondary acclimation

X acclimated 2 hr at 31.5°°

-a ""& hr at 31.°0C
4 « 12 hr at 31.°°C
-e ” 24 hr at 31-°°C (aaraee eereed ait 25°°)

-6- " 24 hr at 16°C (aaraee aeeead 35 35°)
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Fig. 33 Mortality of fourth-instar Aedes aegypti larvae, reared
at 30 £ 0.5°C, exposed to 41 + 0.1°C.
Larvae kept at 30°C after the exposure.



142

MORTALITY

Fig. 34 Regression lines showing the mortality of fourth-instar
Aedes aegypti larvae exposed to 41 £ 0.1°G. Rearing
temperatures ate indicated.
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Fig. 35 Regression Innes showing the moroality of fourth-instar
Aedes aegypti larvae, reared at 25 + 0.5°C, exposed to
41 + 0.1°C.

o ’young* larvae, 30 hours from pupation

« ’old* larvae, 12 hours from pupation
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DOSE (Time in mrhi*tes)
Fig. 36 Regression lines showing the mortality of frurth-instar
Aedes aegypti larvae reared at 31-5°C.
Exposure temperatures are indicated.



resistance times to high temperatures among  Fig.
fourth-instar Aedes aeggypj larvae reared at 31«5°C.



APPENDIX

1/ Formula used for th® calcnlatlon of the regression lines in the

thermal resisUmce experiments vdth Andes aegyti lame i

Z «w + k

where,

and,
7 = norma, deviate of the I value
w b log. x
N — no, Of doses
X "dose (ttae In mnutes)

X = effect (% mottaity)

U6
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2] Analysis of the data from the thermal resistance experiments
Wth Aedes aegyti larvae.

e.g. : Experiment With larvao reared at 20°C and eoqwsed to 4!°C.

Total no. of larvae exposod ~ 1850

Humber of doses, N - 6
Larvae per dose ~ 1850/6 = 303.3
(Chi) of regression line * X 0.0670 = 44.56

Depees of freedom, n “ K - 2 "=4

(Chi)2 for n » 4, - 949 (P - 0.05)

Since the (Chi)‘ of the fgrossion line is greater than 9.49, the
line is a pooa fit, the data are sig'd'fitantl'y heterogeneous. The
value of t, for n “* 4, is noted

t - 2.0S

KD” ©%91.5 mlLnutos
EDdg ““47,4 7 obtained fora the regression line by

77
m,= 23.b " a"’0"0

Tho total number of larvae at those doses whose expected effects were
between 16 and 344/, 6 ““ 1350
Dosage ran.©, B " largest dose/saallost dosa, ““° 80/30 ““ 2.67

A m 1.67 (arom Litchfiela and Wilcoxan, 1949; nonograph no. 3}
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Calculation of factors: including correction for heterogeneity.

Factor for ED 0> fED” - 3exponent

exponent ~ NN JttJICta.)2/ nN'
m 1.4 m 2.78 F44.5/ 4 x 18>0
e 0.302

fEDS0 - 1.97°'8

« 1.225 (fom Litchfield and Wilcoxon, 1949
nomograph no. 2)

Confidonca Units of the ‘ED>O

ED" x FLg " upper Umt for 19/20 probability
ED% / fEDdg * lower Walt for 19/20 probability

56.4 1 1.225 » 56.S minutes

46.4 / 1.225 3 37.8 ninutss

Factor for 5, fS « Aexponent
eupjneeit = _g .1t (1-1) / (Chi)2/ nNJI/N

- 51 x 2.78 1- 5J 0 00602/6

- 0.916
fS < 1.670,916

= 1.6 (foom Litchfield and wilcoxon, 1949;
nomograph no. 2)
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3/ "Potency faitio" test.

Determination of the thermal resistance ratios for the
experiments with Aedos aegyp.i larvae.
e.g. i Coraparison between larvae reared at 20JC -nd those reared at
25°C (132 hr old); exposed to 4170

a) Test for paralleisma

Slope function ratio, S.R. - 3* / S.. , where 3" is the larger value :

SR. «1.97 / 159
“1.24

Using fS and fS,,, fS.R.* 1.7 (from Litchfield and Wilcoxon, 1949;
nomoopraph no. 4)

Since the S.R. value is less than its factor, the regression lines
may be considered parallel within expiiri*c"i"t'* error, rnd thus the
resistinice ratio may bo commuted.

b) Resistance ratio

Resistance ratio, R.R. * ED<, / ED- , where ED n is the larger
5°e1 . ™2 5°1

value ) RR. « 625 / 46.4
- 1.35
Using fEDgéi and fEDR_I , fR.R. = 1.34 (from Litchfield and Wilcoxon,
1949; nomograph nd. 4)
Since the R.R. value exceeds the value of its factor, the two sets of

larvae differed significantly in their resistance to 41°C.
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Confidence limits of the resistance ratio is given by s

R.R. x fR.R.

upper limit for 19/20 probabiiity

HR / fR.R.

Low"? limit for 19/20 probibiiity

135 x 1.34 - 151
1.35 7/ 1-34 « 1.00



