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l. 
~ 

In recent lYears there has been a trend to apply to insectphysi'dOgy the la~s of physics and chemistry. Before this work can be 
co~plishe(l:,' however, the fundament~l ph~siologi~a~ similarity of 

. e msects to the other members of tne ammal kingdom must be 
ssed. The studies to be reported here were underta,ken for the 
owing re~on~: (1) To see whether. ID:sect protoplasm ~s subject~ at t~.mperatures SImilar to those which affect ,0 heat coag,q,latlOn 

!:other arumals; and (2) to determine what climatic conditions can 
,cti expected to limit or prevent the establishment of Anagf.'l'epha 

liuilens in regions as yet uninfested. 
In the casepf t: tis organism, a Trypetid fly, whose developmental 

stages are passed ln such diverse environments, it will be interesting 
to see whet~r the t~mperature limits are identical for all stages. 
For this reason and for practical considerations of handling the 
.material, the experiments reported here were divided into three main 
groups, according to whether they dealt with larval, pupal, or adult 
forms. Of course, it is understood that the so-called "pupal" stage, 
characterized by the presence of the puparium, includes what is really 
.a, larval instal'; but since the experimental technique was jdentical 
with that applied to true pupae, all phases of the puparial stage 
have been reported in the section dealing with pupae. The egg 
stage has not been studied at all as yet, owing to much greater tech
nical difficulties in collecting and handling the material. 

LARVAE 

The initial experiments on larvae were suggested by the fact that in 
Cuei'navaca, Morelos, where there is a very heavy infestation of 

1 Resigned June 110, 1931. Now with Bari'ol Research lloundation at Swarthmore,Pa• 
.This manuscript .Isoosed on work .done while the auth(,r was connected. wIth the old 
DIvlSlon otTropical. Suhtro(lical, undOl'Ilnmental Plli''lt Insects ot the 'Bureau ot,
Entomology undln charge ot tile. laboratory at Mexico ott",: 

a.Reslgned June SO; 1931 now with Department of MediCine, Physicians, and Surgeons,
ColiUlibla Unlv~rslty; New York. . . 
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A. l1.J!ikns in maltgoes. falleh fruits are frequently enqmntered with 
all the larvae dead. It was thrught that heat from direct sunlight 
II),ight be the cause of death.. In fact, Crawiord (4) attributes a 
light infestation in the fall of 1913 in. the Tampico reglon to. the 
Irigh temperatures of the previous summer. If such was the case, 
then A.Zudens larvae might not be able to stand the summer tem

"peratures in the Rio Grande Valley. 
Accordingly the first experiments were set up with the idea of 

{'eproducing field conditions. Eight hours is probably the maximum 
possible duration of direct sunlight for fruit in the field, while 4: 
hours would be a more usual situation. Batches of 10-14 infested 
mangoes were therefore exposed to various temperatures in an incu~ 
bator for 4- and 8-hour periods. The larvae were removed from the 
fruits at the end of the exposure, placed on sound fruit pulp, and 
the numr,ers of live and dead individuals recorded after allowing time 
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TEMPERATURE 
FIGUIUJ 1.-The mortality of A, ludens larvae in original fruit (mangoes) at various 

temperatures. 

for recovery. The results are plotted. in figure 1, which shows that 
the larvae can withstand surprisin~ly high temp~ratures even for 
8 hours. .A single exposure to 410 U. (105.8" F.) for 4 hours would 
account for only 13 percent, and for 8 hours 37 percent. Grove con
ditions of shade, evaporation of moisture, and wind would render 
such a temperature for so long a period highly improbable. It might 
be stated here, howp,ver, that field observations made later on mangoes 
showed a definite relation between the variety of the mango and the 
frequency of dead larvae. 

The above experiments were somewhat unsatisfactory for three 
reasons. First, individual fruits vary widely, and :frequently contain. 
all dead larvae before any experimental treatment whatsoever. As 
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th~ mangoes were used whole, there was no possibility of distinguish
'.~. ing those that contained live or.,dead larvae at the start. Second, 

ther:ewas a large variation in tbe t13xture and physiological state of 
the.varjous ma.:ngoes, and in their degree of infestation. One heavHy 
infested fruit that showed 100 percent mortality at the end of the 

. ,expe!im~lnt coul~ overbalance many fruits "Wi~h. a lighter infestation 
.and mcomplete kill. In other words, the. condItIOns for all the larvne 
were, not alike, but this would ~e the situation in the field. Third, a 
mango reaches thermal equilibrium in the incubator very slowly, be
.cause conduction in the fruit is poor and eva,poration from the surface 
keeps it cool. The larvae inside can therefore remain degrees cooler 
than the incubator temperature for some time after the start of the 
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FIGURE 2.-Mortnlity of A. ludcus Illrvae in sound ripe mllngo pulPi nfter expOSUTe to 

various ternpcTlltures for 4 hours. 

-experiment. An attempt was therefore made to standardize the 
environment of the larvae during exposure by removing them from 
the original frui,t and placing them in covered dishes with pieces of 
'Sound ripe mango pulp. This technique permitted the use of a 
standard number of larvD~ (200) for each temperature, reduced 
~vaporation to a minimum, and insUI'tld the rapid attainment of 
thermal equilibrium. The results are given in figure 2, for a series 
o()£ 4-hour exposures. 
-. The curve shows that there is a distribution of resistance to tem

perature in these larvae, so that at the lower temperatures only a few 
,.eak individuals are affected while more and more succumb as 
Increasingly higher temperatures are used. See Brooks (3). 

,,~ 

.' , 
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The behavior of the larvae under these conditions was interesting. 
When first removed from the incubators, particularly at the higher 
temperatures, all the larvae appeared dead; they were fully extended 
and would not respond to mechanical stimulation. After some hours 
at room temperature many of them revived and appeared perfectly 
normal. In order to test the viability of the survivors and see if 
they would show injury from the higher temperatures, they were 

. kept on fruit :in dishes with soil available. The number that pupated 
Were recorded, and the results are given in table I. 

TABLE I.-The effect of exposure to hiUh temperatures on the pupation of 8urV1:vors 

Temperature Length of exposuril Environment ~~~ Number I,Percent 

1__---,-___I______I_______I_s_urv_iV_ed pupated Ipupated 


·0_ • F. 
38.6 101.5 ,8 hours__.._________ Original fruiL____ 139 21 I 15.1 

:~:40.8 ~ ~~: ~ ====~~==========:=: ::::=~~=:=:::=:=:==: 1611~ : I ~~ 105.4 4 hours____________ Sound pulp_______ 85 52. 8 
41.35 106.4 _____<10 __________________do____________ 157 77 1 49. U 
4L 8 107.2 _____do__________________do_____________ 114 47' 41.2 
41.9 107.4 _____do__________________do____________ 104 13 12.!i 

Table I shows a high mortality in the larvae previous to pupation. 
This is undoubtedly d:Ie in part to the exposure to heat, but it must 
be kept in mind that the larvae were of mixed ages (mostly thii'd 
instar), so that the younger ones had to remain on fruit 'lor some time 
before full growth wasattaint>d. They were, therefor~~, subjected to 
many other influences during this period, such as changes of fruit, 
which may have had injurious effects. Nevertheless, a distinct de
crease in the percent pupated is shown with increasing temperature 
in the last ff)ur items of the table. About 75 percent of these pupae 
emerged, as contrasted with the normal figure of 85 to 90 percent. 

All of the foregoing figures are given in terms of the percent killed 
at a definite number of hours but at various temperatures. It 
seemed advisable also to know the percentage killed at a definite 
temperature by various lengths of exposur.e. A complete series was 
therefore run at 40.5° C. (104.9° F.). ThIS temperature was chosen 
because it is at this point that many biological systems show the first 
signs of heat effects. Enzymes and other organic catalysts cannot be 
carried above this temperature without being inactivated. The re
sults are given in figure 3. The experimental points fall along· a 
curve whose general form is logarithmic. If, however, the logarithm 
of the fraction killed be plotted against the time, the figure obtained 
is not a straight line. A further discussion of this curve will be 
undertaken in comparison with the other stages. 

On the lower' end of the temperature scale the experiments were 
not so successful. Larvae were kept in a constant-temperature room 
at 3°_5° C. (37.4°-41.0° F.) for 7 days without any injurious, effects. 
It was impossible to cool the room below this temperature for a length 
of time sufficient to kill. . 
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'. . ,Another series of experiments was started, in which hl.rvae.in 
i.;U tribes were submerged in a brine tank at -..,.3° C. (26.60 F.). Here 
.. the difficulty of supplying air was encountered. The larv'te wel'e 
nozen for 24: and 48 hours, but they survived in such large numbers 

that it was realized that a better system must be worked out before 

any consistent results could be expected. 


PUPAE 

Experimentation with pupae cannot be done satisfactorily without 

taking into account the morphological changes that take place within 
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FIGUnM S.-The mortality of A. ludens larvae in sound ripe mango pulp ':tfter exposure to 

40.5° C. (104.9° F.)' for various periods of time. 

thepuparium. The reorganization of tissues during this period is so 
far-reaching that it would be absurd to suppose a urnform reaction to 
outside stimuli throughout puparial life. F6rtunately, it has been 
found possible to detel'mine by direct observation whether this organ:" 
ism is in tile last (fourth) larval instar, or has" pupated" in the 
~rict sense of the term. . In determining the length of exposure to 
high temperatures that pupae can snrvive they were divided roughly 
into two groups- (1) young pupae, still in the larval condition; (2) 
selected pupae, with developing adult structures plainly visible, from 
which all undeveloped and parasitized individuals had been removed. 

'Further subdivision, which requires large numbers of individuals and 

.i 
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'Very accurate timing at definite temperatures, was not attempted in 
this series of experiments. 

Exposures were conducted in the followjng way: Larvae from 
field-collected mangoes were· allowed to form puparia in moist soil. 
They were then removed from the soil, washed, and kept on moist 
cotton until needed. Those in the ;young group were used within 4
days at 25 0 +0.10 C. (77.00 ±0.2° F.) after pupation, as repeated 
observations had shown 4 to 5 days to be the duration of the fourth 
instar at this temperature. Those in the" selected" group were also 
kept at 25°±O.1° C. for more than 5 days. Direct observation was 
then made on them under a binocular to see that they had actually 
transform.ed into pupae. At the same time it was possible to elim
inate any parasitized individuals. 

Enough pupae for at least six points per temperature plus a con
trol were then counted out in lots of 100 or 150, allowed to ary super
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FIGUnE 4.--The mortality of young pupae of A. Iud ens after exposure to various tempera
tures for various periods of time. 

ficially, and placed in small glass-covered Petri dishes. Since this 
type of container permits some air exchange, it was impossible to 
supply moisture in direct contact with the pupae. Evaporation 
would have kept their temperature below that prevailing in the 
incubator. Some source of moisture, however, was essential, espe
cially in the, case of long exposures; and for this purpose a small 
wad of water-saturated al:-sorbent cotton was placed on the lower 
surface of each lid, where it adhered perfectly without 'Wetting 
either the junction between the top and bottom of the dish or the 
pupae themselves. A whole set (six or more dishes) was usually 
placed in the incubator at once, and :removed, one at a time after 
various inte!'vals. Five minutes were allowed for the dishes to 
come into thermal equilibrium with the incubat.or before the experi
ment was considered to have started. The total swing of the in
cubatol1., as read from a standard thermometer next to the experi
mental dishes, was never more than +0.10 C. (0.20 F.) ; and except 

http:incubat.or
http:transform.ed
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for va'i'iations in the strength of the electric current, which shifted 
the point of equilibrium slightly, was ordinarily ±0.03 r C. (0.05 0 

F.). At the end of each exposure, the p~pae were transferred to a' 
cool dish on wet cotton. In these dishes they were incubated with· 
the controls at ;25 0 C. (,"no F.) uIitil emergence took place. 

It might be significant to state that in all cases pupae were reared 
in Petri dishes on absorbent cotton moistened with a very dilute solu
tion of CuCl2 (approximately Xooo). This technic effectively inhibits 
the growth of injurious molds and is quite harmless to the pupae, but 
the emerged flies must be removed at once, as the copper is fatal to 
adults when imbibed. 

In all c&ses except one 100 pupae were used per exposure at each 
temperature. The exception was the set of yOlmg pupae exposed to 
40.5 0 C. (104.9 0 F.), where the percentage of parasitism was known to 
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FIGUnE 5.-The mortullty of selected pupae of A. ludens after exposure to various tempera
tures for various periods of time. 

be about 30 percent. One hundred and fifty (150) pupae were t}lere
fore used per point in order to have 100 flies on which to baE:e the 
percentage 0'1 emergence. The controls were handled the same way 
as the experiments, except that the exposure to heat was omitted. 
'fhe results are plotted in figures 4 and 5. 

These graphs show a distinct difference in sensitivity to heat be
tw.een the last larva~ ~star and. the pupal stage proper, the latter 
bemg much less sensItIVe. For lllstance, at 39.50 C. (103.10 F,) an 
exposure of young pupae for 10 hours resulted in a total kil1, '!;vhile 
selected pupae subjected to the same temperature for the same length 
of time seemed to be completely unaffected. Or t:tgain, at 40.50 C. 
(104.9 0 F.) the young pupae were all killed by a 7-hour exposure 
while the selected pupae were U'iaffecte<i. The reorganization that is 
taking place in the young pupae seems to render it highly susceptible 
to injury by heat. 

The results at somewhat lower temperatures were irregular~ This 
is to be expected, as here the role of temperature is not so decisive. 
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Slight variations in rate of heating, humidity, age, etc., assume 
greater importance than at more distinctly lethal temperatures and 
therefore increase the variability of the reE>ults. 
. SQmeidea of the extent to which the curves will flatten out (ap

proach the base line) at stilllo'Wer temperatures can be gained from 
the limits of tolerance for pupal development. 'While an exposure 
of 13 hours is necessary to effect a 99-percent kill at 39.5° C. (103.1° 
F.), an exposure of 13 dRYS is necessary to. produce the same results 
at 31.4° C. (88.5° F.), a difference Qf only 8° C. (14.4° F.). A 13
day eXPQsure at 31.4° C. resulted in a 99-percent kill of the pupae, 
while the Same length of time at only 0.4° C. less (31°C. (87.8° F.» 
.killed Qnly 60 percent. 

EXPQsures to cold were I!onducted at tep11)eratures intermediate 
between freezing and the lQwer limit fQl vQmplete develQpment. 
Air temperatures at and below 0° C. (32° F.) were impossible to 
maintain with the equipment available, so. attention. was cQnfined 
to. tempei~tures which the refrigerating system CQuld maint:lin for 
long periQds. 

The lQwer thermal limit at which develQpment can be cQmpleted 
lies slightly belQw 11.9° C. (53.40 F.), as at this temperature an 
eXPQsure o.f 103 days (length o.f entire pupal perio.d) pro.duces a 
mo.rtality of 73 percent. Even at 10° C. (50° F.) a few partly de
veloped pupae have been Qbserved after months Qf incubatio.n. 
Co.mplete inhibitio.n of develo.pment therefore takes place at so.me 
Po.int belo.w this. 

The mo.rtality resulting fro.m eXPo.sures to. temperatures Io.wer 
than 10° C. (50° F.) was determined in newly fo.rmed pupae. 
Field-co.llected larvae were allo.wed to fo.rm puparia in mo.ist SQil 
at 25° C. (77° F.). The pupae were co.llected within 12 hQurs of 
pupatio.n, and after the custo.mary washing were co.unted out in lo.ts 
of 100 (0.1' 125 in cases where the parasitism was high) and placed 
Qn wet co.tton in Petri dishes. So.me o.f these dishes were placed at 
once in an incubato.r at 9.7°+0.2° C. (49.5°±0.4° F.), o.thers in a 
Co.ld ro.o.m at 4.2°+1.0° C. (39.(jO±1.Sc F.), where they 'Were held for 
various perio.ds of time. At the end of the exposure to. cold they 
were warmed gradually (by passing thro.ugh 12° and 18° C. (53.6° 
and. 64.4° F.) incubators, 10 minutes each) to 22° C. (71.6° F.) 
where they were kept until emergence was complete. The results o.f 
these experiments are plotted in figure 6. 

It will be seen from these two. curves that, o.nce belQw the thresh
Qld o.f development, the effects Qf different Io.W temperatures are 
very similar. For instance, at 4.2° C. (39.6 0 F.) for 5 days 62 per

. cent of the pupae were killed, while at 9.7° C. (49.5° F.) fQr the 
same length of time 55 percent werl.' killed. Again, at 4.2° C. (39.6° 
F.) fo.r 13 days 92 percent were killed, while at 9.7° C. (49.5° F.) 
for the same 13 days 89 percent were killed. A small percentage of 
very hardy pupae take spmewhat lpnger to kill at the higher tem
perature than they do at 4.2° C. (39.6° F.). 

This feature of the similarity of the effects of different low tem
peratures, once tIley are top lo.W to. permit development, has a very 
practical application. It is extremely costly to hold co.ld-storage 

http:perio.ds
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rooms at very low temperatures, even for short periods. It is much 
less costly to maintain a moderately low temperature for a longer 
period. In any case, then, where cold is to be used as a means of 
killing an insect pest, it would be wise to determine the exposures 
nece~sary to kill over the whole length of l~thal cold temperaturesJ 
startmg at the top. A longer exposure at a hIgher temperature would 
perhaps be just as effective as a shorter exposure to a temperature 
some degrees lower. The cost, however, would be very much less in 
the first case. 

A further set of experiments dealt with the effect of the age of the 
pupa on its susceptibility to cold. The pupae were collected as before, 
but over shorter inteNals (maximum, 3 hours). One hundred pupae 
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49.5° F. 

P,80 
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FIGORE n.-The mortality of young PU\lRC of A. ludens afte. r exposure to low temperatures 
for "nr ous periods of time. 

were used per dish. Some of these dishes were placed in the cold 
room immediately (4.20 C. (39.6° F.», where they remained for 
periods varying from 3 to 15 days, exactly timed. The rest were 
placed in an incubator at 25° C. (77 0 F.). These latter were divided 
into several groups, which were incubated at 25° for exactly 2, 4,6,8, 
and 10 days, respectively, before transfer to the cold temperature for 
exposures of from 3 to 15 days, as above. At the end of its period of 
exposure to cold each dish was warmed gradually, as explained 
earlier, to 25°, at which temperature it remained until emergence took 
place. 

11535-88-2 
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. ThiEl results of these experiments are plotted in figure 7. Each 
curve: represents an age group,. respectively, 0, 2, 4, 6, 8, and 10 days, 
at 25"; and shows the relation between duration of exposure to cold 
and mortality. 

TillS O'raph shows clearly that at different stages of development 
pupae ~lowa widely divergent susceptibility to injury by cold; fur
thermore, that this susceptIbility does not increase or decrease in a 
regul:!tr manner throughout the course of the pupal period but goes 
up and down in an entIrely unexpected way. For instance, 2-day-old 
pupae were killed off in much less time than newly formed pupae, 
yet 4··day pupae were not affected at all by the exposures comprised 
in this experIment. In this connection it will be recalled that 4 days 
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FIGURE 7.-1'hc effect of exposing pupae of various ages to a temperuture of 4.20 C. (39.6 0 

J!'.) for various periods of time. '1'he numerals on the curves represent the age of the 
pUJ?ae expressed in days of incubatiQn at 25 0 C. (770 11'.). 

at 2,5 0 C. (77 0 F.) is approximately the age nt which the change from 
the fourtl1 larval instur to the pronymph condition takes place. The 
basic reasons for the rise in rC;:1istance between 2 and 4 days, and its 
subsequent faU from 4 to 6 days, followed by another rise, are at 
pr(~sent entirely obscure. A really adequate study of this sItuation
win have to include a finer subdIvision into age groups at critical 
pClints,and exposures long enough to effect a complete kill at all ages 
up to 16 days, when ,emergence commences. 

'Another point that came up with the SUbjection of pupae of various 
ages. to cold was their susceptibility to infections of mold. The per
centage of pupae infected by mold was heaviest in those placed 
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directly in the cold room. The longer they were subjected to the low 
temperature the more the mold increased. T'he number attacked by 
mol<;l, however, decreased steadily when more days were spent in the 
25° Incubator before transfer to the cold room. Very few pupae are 
attacked by mold when kept continuously at 25° C. (77° F.). As all 
the pupae were similarly washed and placed on cotton moistened with 
a copper chloride solution, the difference has to be attributed to the 
cold treatment. 
. A. few direct observa,tions were made on the origin of this molc1. 
It is an internal growth that later escapes to the outside, visible first 
at the anal end of the puparium. From the anal end it spreads over 
the entire pupa. The growth of the molc1 is apparently not inhibited 
by the low temperature. The cells of the pupa at hIgher tempera
tures combat the mold successfully, and quite possibly this mold under 
such conditions is symbiotic. But at lower temperatures the cells are 
dormant (as shown by the length of time necessary for development 
at 25° C. (,77° F.) after being subjected to cold for several days), 
and the mold, taking control of the organism, finally kills it. 

ADULTS 

Experiments in which adult flies were exposed to heat were con
ducted in the following way. Nor111al adults ut least 3 days of age 
were transferred without anesthesia into large Petri dishes (diameter 
6 inches, depth 1112 inches). Twenty-five pairs of flies were placed 
in each dish and the dishes then placed in an incubator at the desired 
temperature. The incubator was equipped with a fan, and when in 
equilibrium had a variation of not more than a tenth of a degree 
either way; but, of course, some cooling took place when the dishes 
were put in. In order to allow for this, and to allow the dishes 
themselves to warm up to the incubator temperature, the time when 
the incubator thermometer returned to its proper reading was taken 
as the beginning of the experiment. This was usually about 5 
minutes after the dishes were put in. No water was supplied to the 
flies during the experiment~ as evaporation would have furnished a 
location cooler than the experimental temperature. Controls kept 
at 22° C. (71.6° F.) in identical dishes and in the absence of water 
lived for at least :& days before any of them died; whereas the longest 
of the experiments reported here lasted only 5 hours. 

At the end of the exposure the flies were generally fOlmd lying 
motionless on their backs, and were immediately transferred to a 
cool dish, with a sop of wet cotton available. Recovery was l,'apicl in 
the case of short exposures; but after the longer ones, sometimes a 
day or more would elapse before some individuals would respond to 
mechanical stimulation. For this reason, definitely live flies were 
separated from the rest as soon as they had had time to cool down 
to room temperature (22°-25° C.) (71.6°_77° F.) and at intervals 
thereafter. Those that had shown no response to mechanical stimu
Jation by the end of 48 hours were recorded ns killed. Exposures 
were made of various lengths at several different temperatures, fl'om 
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39.6° to 43.1° C. (103.3°-109.6° F.). The results are placed III 

graphical form in figure 8. 
< 

The differences between the three higher temperatures are small, 
the slopes of the curves roughly similar. But below 40° C. (104° F.) 
the curve has a more gradual slope. Similar experiments were run 
using temperatures between 36° and 39° C. (96.80 and 102.2° F.), but 
gave irregular results. The cause for this irregularity is the same 
as that discassed in connection with pupael namely, that at mod
erately injurious temperatures other variables can assume much more 
significance than at distinctly lethal temperatures . 
. The maintenance of sufficiently severe cold for the length of time 

necessary to. kill was much more difficult than the keeping of a hot 
incubator. Only one series of exposures, therefore, was run at the 
lower extreme. 
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FIGURE S.-The mortality of adults of A. ludens after ·exposure to various high tempera
tures for various periods of time. 

Cheesecloth cages, with 50 pairs of flies in each, were kept in a 
refrigerator room for various periods of time. The room was kept 
as cold as possible, with a thermograph in it, from which the mean 
temperature over the various intervals was subsequently calculated. 
These means, with the variations in temperature, are to be found in 
table II. The flies "iV'ere at no time below freezing, yet from the time 
they were put in the cold to their removal they were quite immobile. 
Some individuals even 1Dst hold of the cage and fell to the floor, 
although most of them adhered to the walls. . One cage of flies was 
transferred from the cold to a normal room (22° C. (71.6° F.» at 
the end of each interval, and final counts were made 48 hours after 
transfer. The results of this series are plotted in figure 9. The 
control consisted oi200 pairs of compm:able flies, kept under normally 



---------------------

i:m:~MAL DEAT:8:~~i:J)T~S.OF AJ)TASTREPHA LUDEJ)TS 

satiafacWr'Y conditions of food and water at 220 C. (11.6°.:r.y. The 
record of their dying off is also plotted in figure 9. 
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FIGURE 9.-The mortality of adults of A. ludens after exposure to cold for various periods 
of time. (See table II for temperatureR.) 

TABLE n.-The effect 0/ exposure to cold on adult A. ludens 

Temperature, 0 C. 
NumberDays ex· PercentoCfliesposed deadMaxi· Mini· nsedMean mum mum 

5.0a 6.75 4.25 % 100 1.0 
5.03 6.75 4.25 1 100 1.0 
5.10 7.00 4.25 1% 100 2.0 
5.. 49 7.00 5.00 2~6 100 3.0 
5.61 8.00 0.00 2it 100 4.0 
4.96 5.50 4.00 a 300 3.7 
5.64 10.00 2.75 4 100 5.0 
2.98 4.liO 2.00 4 200 2.5 
5.06 1O.W 2. 75 5 150 8.0 
3.0a 5.00 2.00 6 100 9,0 
3.09 5.00 1.50 8 100 35.0 
3.25 5.00 1.50 10 100 67.0 
3.08 7.00 2.00 12 100 78.0 
3.23 7.00 2.00 m~ 100 89. 0 
3.36 7.00 2.00 15 100 98.0I o· 

It will be seen from the foregoing graph that A. ludens can with
stan~ lon~ continuous periods of ~ow tem]?erature.. In the field 
the mtens:J.ty of cold would v,ary wIth the tIme of day and would 
not be contmuous. In the RIO Grande Valley at the Weslaco Ex
perim~!ltal Station, Weslaco, Tex" the lowest air temperature te..c 
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.. ~()rdedfor 1,9$~i was 10 C;(33.8~ F.), but it la-sited ftJr only 2 
hours. At noon of that same·day the tempergture was up to 16.° O. 
(60.8 0 E.). . : .. ... 

Two sets of flies chilledfor 4 days at mean temperatures of 5.64° 
0. 'and2,f)8° C. (42.20 and 37.4° F.) showed that once the tempera

. ture is low. its exact value is immaterial, at least if it does not ac

tually freeze the flies. Moreover, it must be remembered" that the 


-freezing point of protoplasm is not 0° C. (32° F.) but below, as the 
dissolved substances in living tissue depress the freezing point below 
that of wRter. It seems, therefore, that. A. liudens can withstand 
considerabl6cold before death results. 

DISCUSSION 

There are two phases of the effect ·0£ temperature on this organ
ismthat require consideration: (1) The effects of high or low tem
peratures artificially produced; and (2) the effects of high or low 
temperatures met with in the field. In the former the attempt is
made to find a temperature that will kill the organism and yet not 
injure the fruit; or, as in the case of the ovens used years ago in 
the State of Morelos, Mexico, to produce a high temperature merely 
to kill the larvae or pupae regardless of its effect on the fruit. 
Crawford (4) showed that heating fruit infested with larvae of 
A. Z'I.ldens to 46° C. (114.8° F.) kiUed all the larvae within the fruit~ 
The writer, unfortunately, was unaware of this work, but his results 
check those of Crawford. Subsequent to the first reports of the 
experiments on larvae described in this paper, the use of high tem
iperatures was developed extensively in the campaign against the 
'Mediterranean fruit fly in Florida. The subject was gone into so 
much more thoroughly there that more and fuller information (on 
the Mediterranean fly) will be obtained from their papers when 
published. It is sufficient here to say that high temperatures can 
be used against the larvae of fruit flies. The pupal and adult stages 
are not susceptible to such treatment for purposes of control. 

The second phase to be eonsidered has to do with the effects of 
temperatures met with in the field. In Cuernavaca, Morelos, they are 
never such as to exert a harmful influence on any stage of the fly. 
The low temperatures used in the experiments reported above are 
never experienced in this part of Mexico. Indeed, the fairly low 
temperatures in the field only serve to increase the organism's chances 
of survival. They prolong the larval and pupal perIOds, and permit 
the fly to emerge later when a new crop of fruit is just becoming 
available. Adult flies under such conditions merely suspend activi
t~es durit,g the cold hours, resuming them later in the day when it 

. warms up. 
The low temperatures met with in the Rio Grande Valley are more 

severe than those in Cuerriavaca, but not of lethal extent. Larvae 
have been carried to much lower temperatures for long-continued 
periods without harmful effects. Pupae would be harmed if the 
air temperature which sometimes occurs from 6 to 8 in the morning 
obtained also in the soil. But soil temlleratures, recorded and fur
nished by W. H. Friend, of the Weslaco Experimental Station, Tex. t 

. while they show a much greater constancy than the air temperaturesr 
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never reMh and maintain the lethal po'int of 10° C. (50° F.) for 
several days. , 

, As regards the adults, the air temperature would render them im
mobile for periods in the morning and thus ',possibly leave them. at 
the :mercy of their enemies:i .This does not take into account, how
,e,~er, that low temperatures have a similll;r effect ~n all protoplasm~c 
systems and would also render the ent'.mIes sluggIsh. Of the POSSI
bility of direct effect, there is no trace shown by the experiments. 

The maximum temperatures at Cuernavaca are also within the 
lethal limits. The rainy season, coming over the months of J lIDe, 
July, August, and September, cools down the air markedly (July 
is cooler than March) and supplies moisture foreva-poration as 
well. Moreover, the elevation of Cuernavaca is about- 5,000 feet, 
an&. the reduced pressure brings abo'j.lt a rate of evaporation much 
higher than that at sea level. Direct sunlight in these large shaded 
mango groves cannot last for many hours; while the final proof of 
the fa-.;orable nature of the climatic conditions is thu.t 99 percent of 
the mangos are heavily infested at all times of the year. 

In the Rio Grande Valley the temperatures are higher than th~y 
are in Cuernavaca. In the month of Aug"l!.ot 1930 the soil tempera
ture at Weslaco, Tex., reached and stayed abvve 310 C. (87.80 F.) 
for over 2 weeks. The pupae in the soil at such a time would 
have been killed. Strangely, the air temperature was not very 
much higher, going only to 37° C. (98.6° F.) and not remaining there 
for long. Adults, therefore, could have sought shade in the center 
of the tree and remained unharmed by the heat. Larvae inside 
th", fruit, especially under direct sunlight, would certainly have been 
adversely affected. 

In the previous sections of this paper, no attempt llas been made 
to compare all of the stages as to their susceptibility to temperature 
injury. They were, however, all subjected to a single temperature 
(40.5 0 C. (104~9° F.)) and the data on the differences between their 
reactions are placed in graph form in figure 10. 

First, it will be seen that the various stages differ widely in their 
tolerance for 40.5 0 C. (104.90 F.). The adults are the most sensi
tive, followed by the young pupae, old pupae, and larvae. The re
actions to heat, however, fall into two groups; the form of the curve 
for larvae is similar to that for young pupae, and the curve for old 
pupae is similar to that for adults. There are two factors that seem 
to be concerned-the position of the threshold of resistance, and 
the character of the chemical reaction that is involved in the killing 
process. 

From the larvae to the young pupae, the threshold of resistance 
is changed-the larvae show a much weater resistance than the 
young pupae. But once this threshold IS crossed, the curve for the 
killing off of the larvae is similar to that of the young pupae. Sim
ilarly, there is a change of threshold between the old pupae and the 
adults, again followed by a similarity of the curves. 

It'is clear that the resIstance of the organism does not have a con
stant'value, but that it alters from time ,to time. This is also borne 
out by figure 9 on the cold treatment of pupae. Back and Pember
ton (1) report a difference of resistance to cold in the various larval 
ffistars of ,Oeratitis capitata (Wied.). But strangely these same 

http:Aug"l!.ot
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authom (2) state that there is no similar condition existing in the 
.pupae of various ages. However, if their data are plotted,they 
'Will be Iound to show variations in resistance to cold. depending on 
the age of the pupae. But in such work it is necessary to control the 
'age (degree of development) of the pupae very carefully by collect

, 	ing them at exact hours and holding them at constant temperatures. 
When these precautions were taken, clean-cut differences in resis
tance to both coldahd heat were observed in A. lAulem depending 
upon the age. In the sequence of age as regards heat the third
instar iarvae are the most resistant. You.ng pupae, however, are very 
delicate, followed by older pupae with increased resistance. These 
in turn"are followed by the adnlts with greatly diminished resistance 
-to high temperature. 
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:FIGURE 10.··-The mortallty ot A. ludens at various stages of devell)pt. ,.: nfter exposure to 

40.5° C. (104.0° E.) for various periods of time. 

As regards the similarity of the curves in figure 10, it will suggest 
to those who favor the master-reaction theory that reactions of simi
lar type are involved in the killin~ of larvae and youn~ pupae, and 
other reactions of a slightly difl'erent type in the killmg of old 
pupae and adults. But when it is remembered that young pupae are 
-really fourth-instar Iltrvae within a puparium, and that old pupae 
are morphologically adults within a puparium, the similarity of these 
pairs of curves is noteworthy. F"lrthermore, it focuses attention on 
the change that takes place on the fourth day of pupal life at 25 0 C. 
(770 F.). The implication is difficult to avoid that there is a shift 
in the type of chemical system at this critical point. I have found 
that the CO2 production at this stage in development undergoes a 
:radical change. 
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Another feature of these experiments is that the criterion used was 
the actual ~~ath of the individua~. t:his is by far ~he most sa~isfac
tory :method, for when an orgamsm IS dead there IS no questIon of 
.further propagation. But the defi~ten.ess !Jf this ~etho? of judging 
should not obscure another type of crIterIOn, which mIght be very 
valuable in connection with the sterilization of food products, etc. 
This other criterion is " race death." When an organism is so inJured 
that propagation is no longer possible, race death ensues. F~or in,.. 
stance, an organism can be rendered sterile by exposures to X-rays. 
The adult continues to live, but no offspring are produced. 

EX.{leriments in which the sterility of the adult is used as the 
criterIOn of the effectiveness of the treatment are of necessity longer 
than those using immediate death, since the entire life of the adult 
has to be observed. The value of race death as a criterion lies in the 
fact that lower temperatures (or shorter exposures) can be used to
produce it. In this way deleterious effects on the food product might 
be avoided entirely. Injury, as Osterhout (5) has shown, is seldom 
followed by complete recovery-the more drastic the injury, the less 
the recovery. Should the temperature necessary to kill an insect 
outright be very close to that which destroys the host, it might still 
be possible to use temperatures that would produce race death with 
perfect safety to the host. 

The question asked at the beginning of this paper, as to whether 
the protoplasmic system of the insects reacts to temperature in the 
same manner as that o.f other classes of animals, can now be answered 
in the affirmative. Many organisms show marked injury at tempera
tures of 40° C. (104° F.) and above. One degree below 40° C.t
however, is very much less toxic and much longer exposures are neces
sary to produce death. This difference holds true in the case of 
Anastrepha lurJens, as can be seen from figures 2--4, especially. 

In considering the organism as a whole, it would only be necessary 
to dislocate one part of the machine to wreck the entire system. In 
a recent paper WiggIns worth (6), working on the digestion of the
cockroach, reports a tryptase closely resembling ph.ncreatic tryp~':J.l. 
Since Anastrepha feeds on yeast, it must have tryptase of some type 
similar to pancreatic trypsin to digest proteins. The latter (trypsin) 
begins to show inactivation at 39° C. (102.2° F.). The tryptase of the 
fly would be destroyed by temperatures of 40° C. (104° F.) or more, 
and protein digestion would thus be eliminated. The above is given 
as an example of how the destruction of only one simple system 
could result in the death of the organism. 

SUl\IMARY 

1. The larval, pupal, 	and adult stages of Anastrepha ludens have been studied 
with reference to their reactions to high anc1 low temperatures. 

2. The 	lethal temperatures of the various stages of A. ludens have been 
determined and, similarly, the limits of tolerance of this organism. 

3. Definite variations of response have been shown to depend upon the age of 
the organism. 

4. Some further applications of these findings to the sterilization of vegetable
productS have been suggested. 
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