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128 Hatching and mortality of bed-bug eggs

I. INTRODUCTION

Tuis study of the relations of bed-bug eggs to climate is part of a wider pro-
gramme on the ecology of the insect. But owing to its peculiarities, the egg
stage may be considered separately; for eggs cannot move, and the added
complexities associated with a motile organism capable of choosing an environ-
ment and of influencing its length of life by active movement (Mellanby, 1938)
are absent.

Other workers (Bacot, 1914 ; Hase, 1917, 1930; Mellanby, 1935 ; Geisthardt,
1937) who have worked with Cimex eggs have experimented usually at tem-
peratures above 13° C. (55-4° F.) which is the lowest constant temperature for
complete development with hatching. In England, however, room tem-
peratures are often between 0 and 13° C. for many months at a time (Johnson,
1938); and it is important to study eggs within this range since high egg
mortalities undoubtedly occur when it is prolonged (Fig. 1).

The recent evidence that the threshold for movements of C. lectularius
depends on the temperature at which bugs have been kept previously
(Mellanby, 1939b) has necessitated a consideration of possible effects of
acclimatization on the mortality and hatching of the eggs. Some experiments
in this field are described below; these may have an ecological significance
although their physiological bases are unknown. For this work is primarily
ecological, and much of the detail described here has been merely incidental
to the attempt to discover two important facts, namely, the longest possible time
an egg can survive and the lowest possible temperature at which it can hatch.

II. MeTHODS

The stock of insects came to us from Beckenham, England, in 1927, and
ever since has been mass-cultured on rabbit at 23° C. Adults for experimental
work were kept in 2 x 14 in. tubes (males and females in approximately equal
numbers) at 23 and 14-16° C. and were given an opportunity to feed twice a
week and once a week respectively.” HEggs were gathered every day from these
bugs, and the very few unfertilized eggs which were laid were rejected. The
eggs were detached from the blotting paper on which they had been deposited :
this involved no mortality, as the following results of an experiment with eggs
of the same batch show:

9% hatch at
No.of eggs  23°C., 90 % R.H.

Attached eggs 292 95-9
Detached eggs 325 95-7

Eggs were kept during an experiment in 2 x 1 in. tubes with voile over both
ends. These tubes were placed either in small battery jars or in small bottles
(150 c.c.), and the humidity of the air was controlled in the bottles by the
appropriate mixture of sulphuric acid and water and in the battery jars by an
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130 Hatching and mortality of bed-bug eggs

air stream humidified with a glycerine-water mixture for 90 9, r.H. (Johnson,
1939) and an acid-water mixture for 5-10 %, R.H.: the acid spray was removed
by a glass-wool and cellulose filter. Battery jars were used for 5-10 and
90 9%, R.H. at the temperatures of 7-8, 10, 14, 18, 23 and 27-5° C. In other
cases the small closed bottles were used with acid-water mixtures, but since
these were usually opened at intervals of several days the humidity control
was adequate. Corks and not rubber bungs were used with closed bottles in
order to avoid toxic effects (Mellanby & Buxton, 1935). Humidities of air
streams were checked at intervals of 3—4 days, and values given in the following
tables are means with a variation of about +2 9 r.H.

The experiments with eggs from 14 to 16° C. were usually done with rela-
tively small numbers of eggs, for few eggs are laid at this temperature. In the
mortality and survival experiments many eggs died while hatching. These
have been counted as having died, not hatched.

All thermometers used were tested against an accurate standard ther-
mometer.

III. THE RATE OF DEVELOPMENT OF EGGS

(1) The rate of development and the period between
feeding and oviposition of the parent

Hase (1917) noticed that eggs dissected from female bugs frequently con-
tained embryos in an advanced stage of development. He suggested that
variation in the duration of the egg stage was partly due to eggs being in
different stages of development when laid, and his data showed that eggs
dissected from a female took longer to reach the hatching time than those laid
normally. His temperature control was not exact, however (22-26° C.), and
the variations in duration of the egg stage could possibly have been due to
temperature differences.

My own results (Table 1) support Hase’s explanation. In fact, on one
occasion an egg actually commenced to hatch within an exceedingly starved
bug. If starved female bed-bugs are fed and then kept at 23° C. they start to
lay eggs on the 5th or 6th day after the blood meal and will continue to ovi-
posit for a period of 8-10 days without another feed. The later the eggs are
laid under these conditions the sooner will they hatch, and although the
differences in duration from day to day are slight they are often statistically
significant and show the same trend. The data in Table 1 show an average
daily decrease in the length of the egg stage of about 2-3 %, up to the 12th day
from the female’s blood meal: this difference is the same at both the incubation
temperatures used. The coefficients of variation show strikingly that the eggs
which are laid late possess a very much greater variation in the time required
to hatch than eggs laid soon after the meal. The variation in this time is very
considerable with individual eggs; the longest and shortest observed times
from oviposition to hatching were 3 and 14 days at 23° C. and 22 and 52 days
at 14° C.
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Table 1. Mean duration in days from oviposition to hatching and standard
deviation, of C. lectularius eggs laid at daily intervals after females were fed
once. Females kept for oviposition at 23° C (73-4° F.):90 9, rR.H. Results
Jor several independent egg batches pooled
Eggs

incubated at ... 23°C., 909% r.H. 14° C., 909, r.H.
AL A
4 Al s AY
Interval  Mean time Mean time
blood meal to oviposition oviposition
oviposition to hatching No. to hatching No.
days days hatched 8.D. days hatched 8.D.
5 9-52 33 0-663 44-55 29 2-373
6 9-13 115 0-520 43-32 77 2-015
7 8-82 163 0-656 41-78 98 2-371
8 8-67 205 0-843 40-64 70 2-474
9 8-60 150 1-015 39-05 58 4-075
10 811 99 1-221 36-40 30 5-675
11 8-28 40 1-025 36-32 25 5725
12 7-90 39 1-253 37-32 25 4-193
13 7-58 26 1-594 —
14 5-76 12 2-740

The observations in Table 1 may be explained by assuming that the later
the eggs are laid after a meal the more advanced is embryonic development;
for the embryos can develop inside the female before the eggs are laid, since
fertilization occurs in the ovarioles (Cragg, 1920). At present these facts appear
to have little ecological significance but they must be taken into consideration
when experiments are being planned. The variability in survival of eggs when
exposed to heavy naphtha fumigation (Gough, 1938) may be due to the use of
eggs of different ages associated with the time of laying after the blood meal.

(2) The rate of development at various constant temperatures and humidities

Periods from oviposition to hatching of C. lectularius eggs kept at constant
temperatures are given in Table 2. All eggs were laid at 23° C. (73-4° F.) and
placed at the experimental temperatures within the first 24 hr. from ovi-
position. Under these conditions no eggs hatched at 37° C. (98-6° F.) nor at
temperatures below 13° C. (55:4° F.). The times for development shown in
Table 2 are not considered to have serious errors due to the factors discussed
in the preceding section, since the stock females which laid the eggs were fed
twice weekly, thus ensuring a rapid oviposition rate.

The present work confirms the observations of Mellanby and of Geisthardt
that a wide range of humidity is without effect on the duration of the egg
stage. Several experiments were made at 99-100 9, r.H. (with the eggs kept
above distilled water) and in those not upset by a growth of mould no lag in
development at this high humidity, as reported by Clark (1935) for Rhodnius
eggs, was observed.

To study the relation of temperature and rate of development the develop-
mental times for different humidities have been pooled at each temperature
(Table 3, Fig. 2). Geisthardt records a slight retardation in duration of the
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132 Hatching and mortality of bed-bug eggs

Table 2. Duration of the egq stage with standard deviation of C. lectularius from
oviposition to hatching at various comstant temperatures and humidities.
Eggs laid at 23° C.; 90 9, r.H.

Duration in days

Mean 8.D. No.

° Q. 9% R.H. P —A— — hatched
37 +06 — — — 0
35 +0-3 — 4:56 0-73 68
34 +03 7 4-59 0-51 74
90 442 0-49 86
30 +0-2 7 5-07 0-33 45
75 4-54 0-54 48
99-100 4-90 0-78 42
27-5+1-0 7 5-95 0-31 93
75 5-94 0-31 90
99-100 594 0-35 96
23 +01 0-1 9-16 0-79 74
7 8-87 1-22 90
75 9-18 0-68 96
90 9-00 0-95 162
99-100 9-53 0-92 87
17-8+1-0 7 20-18 0-65 717
75 20-16 0-97 86
90 21-69 1-56 161
99-100 20-65 0-86 51
16-1+0-1 7 29-23 2-46 161
75 29-17 2-70 178
920 28-65 2-87 341
14 +0-1 20 40-66 4-29 412
13-1+0-3 90 49-24 419 17
13 +01 13 — — 0
74 — — 1
90 39-00 — 1
99-100 — — 0

Table 3. The duration of the egg stage and its reciprocal (developmental units)
for C. lectularius eggs. Data as tn Table 2 but values for the various humi-
dities pooled at each temperature. Column five gives values for the thermal
constants (day-degrees), v.e. (T —t) D, where D is the duration of the egg at
temperature T and t is the developmental-hatching threshold, 13° C. (see

Fig. 2)
Mean 1 Thermal constant:
duration Duration the threshold
°C. °F. days dev. units taken as 13° C.
35 950 4-56 0-219 100-32
34 93-2 4-50 0-222 94-50
30 86-0 4-83 0-207 82:11
27-5 815 594 0-168 86-13
23 73-4 9-12 0-110 91-20
17-8 64-0 20-89 0-048 100-27
16:1 61-0 28-92 0-035 89-65
14 57-2 40-66 0025 40-66
13 554 48-67 0-021 0

egg stage at 35° C. as compared with eggs at 33° C. T have found no significant
retardatign at these temperatures: unfortunately, it is not possible to test the
significance of Geisthardt’s values, and even so, the difference may be due to
eggs having been laid at different times after the blood meal.
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Table 3 and Fig. 2 show the relation of temperature to the reciprocal of
the duration of the egg stage after oviposition. This is the temperature-velocity
curve, and between 18 and 30° C. it appears to be approximately linear.
Straight lines could, however, be drawn satisfactorily through all of the four
points or through the three at each end of this range and a slightly different
slope obtained for each graph. Moreover, the thermal constant is very irregular
and does not show even a constant trend.

024 48|

0-20 40|

045 30| F

0-10 20 E

005 10l|

001 2 .
1/days days|2 16 20 24 28 32 36

°C.

Fig. 2. The duration of the period from oviposition to hatching of C. lectularius eggs at constant
temperatures and the reciprocals of these values plotted against temperature. Data in
Table 3. O =duration; + =reciprocal.

(3) Effects of some alternating temperatures on the rate
of development

Only two experiments were made with alternating temperatures: 90 %, r.u.
was used at all temperatures.

(1) Eggs were placed alternately at 23 and 13-1° C. for 24 hr. at each tem-
perature until the maximum number had hatched. The transfer from one
temperature to the other was abrupt, not gradual.

(2) A similar experiment was made with alternating temperatures of
27-8 and 17-5° C.

In the experiment at 23 =13-1° C. control eggs taken from the same batch
as the experimental eggs were kept at a constant temperature of 17-9° C. For
the experiment at 27-8=17-5° C. controls were kept at 23° C., but it is better
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to take an interpolated value at 22-7° C. from the curve in Fig. 2, since the
means of the fluctuating temperatures did not keep exactly at 28 and 18° C.
as originally intended at the start of the experiment.

The results of the experiments are:

Mean duration Mean duration at

———
days 23° 13-1°
(1) 23=213-1°C. 1412 749 663
Control of 17-9° C. 21-69
(2) 27-8=°17-5° C. 845 4-66 379
Expected at 22-7° C. 9-70

Reciprocal of time

Temperature

Fig. 3. A hypothetical non-linear temperature velocity curve which illustrates how an equal tem-
perature fluctuation above and below a mean value can account for an acceleration or a
retardation of developmental time. With the temperature fluctuation of M@ and MF about
the mean M, EF is greater than GH and, therefore, the fluctuation towards the lower tem-
perature has a greater effect than the fluctuation towards the higher. Retardation of develop-
mental speed compared with the speed at M is the result. With the temperature fluctuation
of M’A and M’C about the mean M’, DC is greater than 4B and, therefore, the fluctuation
towards the higher temperature has a greater effect than the fluctuation towards the lower.
The result is a shortening of developmental time compared with the time at M".

There is thus a decrease in the time from oviposition to hatching when the
temperature alternates between the limits used, compared with the time taken to
hatch at a constant temperature midway befween the alternating temperatures.

Now such a decrease at alternating temperatures may be due to two causes:
either (1) an acceleration of development due solely to the temperature fluc-
tuations above the mean producing a relatively greater effect than the fluc-
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tuations below the mean. This would happen with the non-linear temperature-
velocity curve of C. lectularius (Fig. 3); or (2) an acceleration of development
apart from (1) above, due to the temperature fluctuation itself.

A temperature-velocity curve may or may not possess a well-marked linear
portion over a range of median temperatures. If it does not, or if it is curved
over the range to be considered, the usual procedure of temperature sum-
mation is modified in the following way (Sanderson, 1910; Ludwig & Cable,
1933).

The amount of development which takes place in one day at any tem-
perature is expressed by the reciprocal of the time for the completion of the
whole stage at that temperature. Thus when the same individuals of a develop-
mental stage, e.g. the egg, complete their development at a number of different
temperatures, the sum of the products (reciprocal of time for complete develop-
ment at a temperature x time spent at the particular temperature) for each
of the different temperatures should be unity.

Actually this method tends to confuse development itself with time for
development, and the expression “percentage of development” (Ludwig &
Cable, 1933) has no meaning except as percentage of the time for complete
development at one temperature. Thus the assumption is tacitly made that
the effects of temperature on different phases of development within the
developmental stage under consideration are the same as for the whole stage.
That this is almost certainly not so is suggested by the work of Ludwig &
Cable, who found differences in speed of development at the same alternating
temperatures, according to whether the higher or the lower temperature was
administered first (see also next subsection).

However, I have used this method with the data for C. lectularius. The
calculations appear below:

23=213-1°C.
Amount of development at 23° C. represented by 7-49 (0-110) =0-824
Amount of development at 13-1° C. represented by 6-63 (0-022) =0-146
Complete development at 23=213-1° C. represented by 0-970
Development of control at constant temperature 17-9° C. represented by 21-69 (0-049) =1-063
Expected development at 18-0° C. (constant) by interpolation 20-25 (0-050) =1-013
27-8=17-5° C.
Amount of development at 27-8° C. represented by 4-66 (0-177) =0-825
Amount of development at 17-5° C. represented by 3-79 (0-046) =0-174
Complete development at 27-8=17-5° C. represented by 0-999
Expected development at 22-7° C. (constant) by interpolation =9-7 (0-107) =1-038

The values within brackets in the above calculations, except for that at
23° C., and the time 9-7 days at 22-7° C., were found by interpolation from the
graphs in Fig. 2. '

Thus with alternating temperatures unity is not quite attained, and the
control and expected values at constant temperatures are slightly greater than
unity: these departures from unity are within the limits of experimental error.
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Therefore, it cannot be said that the developmental time for C. lectularius
eggs is affected by the alternating temperatures used here, apart from effects
due to the non-linearity of the temperature-velocity relationship. This con-
clusion is in agreement with the views of Ludwig & Cable (1933) for Drosophila
pupae, that, if the alternate temperatures are both between the threshold and
the optimum values (as they are in my experiments), then neither acceleration
nor retardation of developmental time takes place apart from the effects
associated with non-linearity of the temperature-velocity relationship.

Ludwig & Cable unfortunately do not explain how they have calculated
the total time spent by the Drosophila pupae at each of the alternating tem-
peratures. Slight differences in these values may be obtained when methods
which do not involve weighting are used. Such differences will affect the
approximation to unity (and the “percentage of development”) for the alter-
nating temperatures. I have adopted the following method for estimating the
time spent at each temperature.

27-8217-5° C.
99 eggs to start with: 92 hatched

°C. No. No. exposed to
Days daily No. exposed e A—————
exposure means hatched  throughout  27-8°C. 17-5° C.
1 27-4 — 92 92 —
2 17-8 — 92 — 92
3 27-5 — 92 92 —
4 17-1 — 92 — 92
5 271 — 92 92 —
6 18-0 — 92 — 92
7 27-8 22 92 92 —
8 177 10 70 — 70
9 28-1 57 60 60 —
10 17-1 2 3 — 3
11 28-2 1 1 1 —
Weighted total time 429 349
Mean time (weighted) spent at each temp. 4-66 3-79

Weighted total time, e.g. at 27-8° C. =92 eggs for (times) 4 days)
60 eggs for (times) 1 day) } =429
1 egg for (times) 1 day)
Mean time (weighted) spent at each temp.= Weighted total time
Total no. of eggs exposed.

Amount of development represented by

4-66 days at 27-8° C.=4-66 (0-177) =0-825
3-79 days at 17-5° C. =3-79 (0-046) =0-174
8-45 days at both temps. =0-999
Control: 9-70 days at 22:7° C. =97 (0-107) =1-038

(4) Effects of exposure to low temperatures on the rate of subsequent development

If eggs, newly laid at 23° C., are kept at constant temperatures below 13° C.
they do not hatch. It is probable, however, that partial development occurs
below 13° C. which may possibly be detected by comparing the hatching time
of eggs incubated at 23° C. from oviposition with those brought to 23° C. from
a prolonged exposure to a low temperature. Then if some development had
occurred at the low temperature, the time for subsequent development at

https://doi.org/10.1017/50031182000015675 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182000015675

C. G. JOHNSON 137

23° C. would very likely be shorter than that of the control. This method
neglects all possible acclimatization effects due to a long exposure to a low
temperature, and these effects may perhaps be either a lengthening or a short-
ening of the time to hatching quite irrespective of any development having
taken place.

The results from the mortality experiments in § VI below have therefore
been analysed from this point of view. Hase (1930) has recorded that an
exposure to a low temperature (2° C.) delayed the time of hatching on sub-
sequent incubation at 25° C. In my experiments eggs were laid at 23° C. and
put immediately at various temperatures between 0 and 13° C. (32:0 and
55-4° F.) for varying periods of time, after which they were incubated at
23° C. and 90 %, r.H. and the mean time until hatching was recorded. Controls
from the same batch of eggs (i.e. from the same females on the same day) were
kept at 23° C. and 90 %, ®r.H. from oviposition. In comparing exposed with
control eggs one other factor in addition to a possible acclimatization effect
must be borne in mind. .

After a prolonged exposure to a temperature below 13° C. some eggs died.
It is conceivable that those which died would have taken longer to develop
at 23° C. than the survivors. Such a selection would give a shorter hatching
time even if no development had occurred. If, however, the variation in
hatching time is due to eggs being in different degrees of development when
laid, the selection of weaker eggs would have the opposite effect; for, as shown
on p. 156, eggs with older embryos are more easily killed by cold, and thus the
subsequent hatching time would be prolonged rather than shortened.

However, in spite of these reservations, the results are set out in Table 4
and Fig. 4.

The results for the different mean temperatures may be summarized as
follows:

1-0-1-1° C. (33-8-34° F.): At 5 9, r.H. all differences between exposed and
control eggs indicate a shortening, while at 89 %, r.H. they suggest a lengthening
of the subsequent developmental time. When the results of the two humidities
are combined, there is no evidence that any development occurs even after
a 28-day exposure.

4-1-4-3° C. (39-4-39-7° F.): Differences between control and exposed eggs
indicate the possibility of a slight development after about 3 weeks’ exposure.
In two cases, 28-30 and 44 days’ exposure, the differences are statistically
significant.

7-7-7-8°C. (45-9-46-0°F.) and 9-8°C. (49-6°F.): There is some evidence
that a very slight amount of development takes place at these temperatures.

11-7° C. (53-1° F.): A considerable amount of development presumably
takes place at this temperature; it is evident with every exposure after the
seventh day.

In the above results several statistically significant differences between
developmental times for control and exposed eggs exist, which favours the
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Table 4. Duration and standard deviation in days of the egq stage of C. lectu-
larius at 23° C., 90 9, R.H. after exposures to low temperatures. Controls
at 23° C., 90 9, R.H. from oviposition. (See Fug. 4)

Exposure No. Duration No. Duration -
days hatched at 23° C. $.D. hatched at 23° C. 8.D.
1-1°C., 5 9% r.H. 1-0° C., 89 9% Rr.H.

7 : 18 10-06 1-90 20 9-50 0-50
14 11 9-56 0-88 18 9:20 0-71
21 4 8-25 0-44 2 9-50 0-51
28 1 8-00 — 1 11-00 ——

Control 80 9-56 1-11 72 9-33 0-67
4-3°C., 5 % Rr.H. 4-1° C., 89 9% R.H.

9 24 879 1-00 23 9-48 0-65
16 24 8-92 100 22 9-50 0-78
23 13 854 1-15 13 9-46 0-56
28 6 8:00 2-00 — — —_
30 — —_ —_ 4 9-50 0-50
35 — — — 2 9:00 —
44 — — —_— 2 8-00 -

Control 36 8:80 1-10 73 9-42 0-71
7-8°C., 9 % R.H. 7:7° C., 90 9% R.H.

7 19 9-32 0-66 21 876 1-27
14 21 905 095 30 9-00 0-89
21 13 777 0-70 24 8-38 0-76
28 14 8-71 0-59 28 9-00 0-26
35 2 8-00 — 22 8-82 2-17
42 — — — 2 9-00 1-00

) Controls
7, 14, 35 days 7 and 14 days
18 9-50 0-50 20 9-45 074
21 days 21 and 35 days
13 8-62 1-15 19 8:79 077
28 days 28 days
17 9-35 1-94 12 9-75 0-60
42 days
28 9-36 0-97
9-8°C., 6 % R.H. 9-8° C., 89 9% R.H.

7 28 7-61 1-01 16 8-69 0-98
14 32 7-59 0-96 26 8:62 1-00
21 24 7-58 0-45 30 8:43 0-89
28 10 7-80 0-60 16 8-38 0-78
35 — — — 5 8-00 1-10

Control 51 7-76 1-26 74 9-19 0-74
11-7° C., 5 % Rr.H. 11-7° C., 89 % R.H.

7 27 826 0-64 29 772 0-83
14 13 7-23 1-19 28 7-57 0-50
21 12 6-75 1-54 18 7-11 0-74
27 9 6-67 0-47 — — —
29 — - = 7 643 050
30 6 6-17 0-37 — — —
33 4 6-00 0-22 e —

35 —_— — — 11 573 1-14
42 — — — 4 5-50 0-50
Controls

7, 27, 30 days 7 days
44 8-80 062 19 8:26 1-02

14, 21, 33 days 14 days
38 8-37 0-81 48 8-81 0-60

21 days
18 9-06 0-70

29, 35, 42 days

27 8-74 075
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view that slight amounts of development occur below 12° C. and particularly
in the early stages, i.e. for the first 7 to 9 days’ exposure. At 4° C., however,
longer exposures seem to be necessary for these initial stages to proceed.
It is the general trend of these differences which should be considered rather
than the individual differences, since the numbers of eggs are sometimes
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Fig. 4. Diagram to illustrate the shortening of developmental time of C. lectularius eggs incubated
at 23° C. after exposure to low temperatures for various periods of time. Data in Table 4
pooled for different humidities. O Exposed eggs. @ Corresponding controls, not exposed
but kept continuously at 23° C. A, 11-7°C. B, 9-8°C. C, 77-7-8°C. D, 4-1-4-3° C.

very small and the possibility that partial development had occurred before
oviposition cannot be entirely dismissed, in spite of the fact that controls
from the same batches were always used.

Thus, although the method employed is crude, it is possible that slight
development occurs even at 4° C. after very long exposures and humidity
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appears to have no consistent effect at the low temperatures. There is no
evidence that, over the temperature range used, an exposure to a low tem-
perature consistently tncreases the subsequent duration of the egg stage as
claimed for Cimex by Hase (1930). It must be mentioned that Hase exposed
eggs to 2° C. and reincubated them at 25° C., and that in my experiments at
1° C. there is apparently a lengthening of the hatching time after 28 days in
89 9, r.H. which is statistically significant. Hase’s results cannot be analysed
statistically, and the difference he recorded is probably due merely to the
variation in hatching time of different egg batches. Conclusions that develop-
ment has occurred which are drawn from the appearance of the embryo (Hase,
1930; Omori, 1938) are unreliable, since even eyespots may be present im-
mediately after oviposition; the view that after prolonged exposure to 2° C.
a considerable percentage of the eggs develop but are unable to hatch (Hase
in Uvarov, 1931) is probably due to this fact. In Cémexr no acceleration of
development after an exposure to a low temperature occurs as with Melanoplus
(Parker, 1930) in which an exposure to 0° C. results in a greater subsequent
acceleration than exposure to 8° C. ' D

These data for Cimex can be used to illustrate the difficulties and uncer-
tainties associated with the theory of thermal summation. For, although after
exposure of the eggs to 13 and 11-7° C., subsequent times for development
until hatching at 23° C. are shorter than the time for complete development
at 23° C. from oviposition, they are longer than would be expected from
thermal summation calculated from the temperature-velocity relationship for
complete development (Table 3, Fig. 2). Data for 11-7° C. are given in Table 4.
The results for 89 %, r.H. will be considered. The data at 13° C., 0 9, r.H. are
as follows:

Mean duration from oviposition to hatching of seventy-four control eggs
at 23° C. and 0 9, R.H.=9-16 days.

Mean duration from oviposition to hatching at 23° C. and 0 9, r.u. after
previous exposure to 13° C. and 0 %, r.H. were

After 9 days at 13° C., 40 eggs hatched in 7-60 days.
EH] 17 ”» 31 EH] 6-36 2
., 25 . 21 ., 550 ,,

Then, if we suppose that the amount of development which occurs during
exposure to a certain temperature is represented by (the number of days
exposed) x (the reciprocal of the time for complete development at that tem-
perature), the sum of these products for the period at the low temperature
and the subsequent incubation at 23° C. should be unity. If the sum is greater
than unity then the time taken to complete the development at 23° C. is
longer than would be expected. The sums of the products at the temperatures
under consideration are given in Table 5. At 23° C. reciprocals of control
times were taken; at the low temperatures reciprocals were found from the
temperature-velocity curve in Fig. 2; the value for 11-7° C. was found by
extrapolation, since no eggs complete development at this temperature.
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Table 5. Thermal summation of time spent by C. lectularius
eggs at 11-7 and 13-0° C. and later at 23° C.
Sum of products (no. days at a temp.)

x (reciprocal of time for complete
development at that temp.) for low

Duration temperatures and for 23° C.
at low Low temperatures, °C.
temperature - A N
days 11-7 13-0
7 0-97 —
9 — 1-03
14 1-08 —
17 — 1-06
21 1-16 —
25 — 1-13
29 1-22 -
35 1-25 —
42 1-35 —
Controls at
23° C. throughout 0-91-1-00 1-01

We can see from Table 5 that the sums of the products are increasingly
greater than unity the longer the exposure to the low temperature has been.
Therefore the times necessary to complete development at 23° C. are longer
than would have been expected. There are three possible explanations for
this and all are exceedingly difficult to verify. They are as follows:

(1) Partial development may have occurred at first at the low temperature,
and the eggs remained exposed to it for some time subsequently during which
development was in complete abeyance. Thus (exposure time) x (reciprocal
for developmental time) would represent more development than had actually
occurred.

It is unlikely that this has happened, since Fig. 4 suggests that, within
the exposure times used at 11-7° C., development is continuous.

(2) There may be a true retardation of development at the higher tem-
perature due to the effects of the exposure to the lower temperature.

(3) As Wigglesworth (1939) has pointed out, the principle of thermal
summation involves the assumption that the accelerating effects of a tem-
perature are the same on each separate phase of embryonic development as
on the whole development. If.the first phases of development in the cases
under consideration are slower than is to be expected from the temperature-
velocity curve, then a longer time for completion of development at 23° C.
would be necessary than is estimated by thermal summation, even if no true
retardation occurred. The fact that development is arrested at some tem-
peratures suggests that the effects of temperature on the rate of development
of all phases of embryonic growth are not uniform.

If this is true, then extrapolation to temperatures at which only partial
development takes place is not justified, and the same applies to the reciprocal
values at the threshold temperature and at temperatures just above it, where
many organisms do not complete their development. And in fact, the
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indiscriminate use of day-degrees at any temperature is, therefore, of doubt-
ful value for estimating amounts of partial development only.

It cannot be too strongly stressed that even at temperatures at which
development is completed by all the individuals, one day-degree represents
only an average amount of development in terms of time occurring in one
day and perhaps cannot be used safely for particular phases in embryonic
growth.

IV. THRESHOLDS FOR HATCHING AND DEVELOPMENT
(1) Definitions

The term ““threshold ” is used in the sense of Shelford (1929) who writes:
“The threshold of development is that intensity or amount of any factor
immediately above which development begins to be perceptible in amount.”

Uvarov (1931) states that “each partial process of development and the

effects of external factors on it must be studied separately”, where ““partial
process” means a well-marked stage in a life-history, e.g. the egg, larva or
pupa.
If we consider the development of the egg of C. lectularius in this light, as
previous workers with the insect have done, then the lowest constant tem-
perature at which complete development from oviposition to the conclusion
of the hatching process will occur is 13° C. This cannot rightly be called the
developmental threshold, however, according to Shelford’s definition, since
we have seen that a slight amount of development may occur below 13° C.,
although the embryo fails to hatch. Neither is 13° C. the hatching threshold,
for if eggs are incubated till just before eclosion they will hatch at 8° C.
(46-4° F.). ‘

I propose, therefore, to call the constant temperature of 13° C., the develop-
mental-hatching threshold as distinct from the hatching threshold and the
developmenial threshold.

(2) Factors affecting the developmental-hatching threshold

Alternating temperature. It seemed possible, in view of the acceleration in
development associated with alternating temperatures, that eggs might be
induced to hatch at a slightly lower mean temperature than 13° C. if fluctua-
tions in temperature occurred. An experiment with fifty eggs at 909 R.H.
was, therefore, made with a temperature with a slow mean daily fluctuation
of +2-2° about a mean of 11-5° C. This range was chosen on account of its
similarity to the temperature fluctuations likely to be found in rooms in
English houses. None of the eggs hatched, however, although the experiment
was continued for 80 days. It seems, therefore, that mean temperatures are
probably a good guide to the possibility of hatching in nature.

Atmospheric humidity. Table 6 indicates the effect of humidity at the
developmental-hatching threshold.
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Table 6. Hatching of C. lectularius eggs laid at 23° C. and then placed
at a constant temperature of 13 +0-1° C. and various humidities

Control from same egg batches:
at 23° C,, 90 % R.H.
Al

No. eggs  No. eggs No. died

% R.H. used hatched hatching  No. used No. hatched 9% hatched
99-100 100 0 0 31 29 93-5

90 100 1 1 79 76 96-2

75 226 1 11 119 114 95-8

13 160 0 0 110 105 95:5

Although the numbers hatched are very small, there is an indication that
the humidity has a slight effect. The range 75-90 %, is the most favourable to
hatching among those investigated: this is reflected more particularly in the
number which died during the hatching process, than in those which emerged
successfully. Embryos which die while hatching usually manage to emerge
from the chorion but are unable to withdraw the hind legs from the embryonic
cuticle.

The temperature at which eggs are laid. An experiment was made by taking
a culture of adults from 23° C. which had ceased to lay eggs owing to lack of
food, feeding and then placing them at approximately 15+ 1-0° C (59-0° F.)
and 90 9%, r.H. In this way eggs were obtained which had been formed and
laid by insects at 15° C.

A batch of such eggs laid at 15° C. was divided into two lots, one of which
was placed at 15° and the other at 23°, with 7 9/ r.H. in each case. The batch
at 23° C. served as a control for the viability of the eggs. At the same time a
batch of eggs laid at 23° C. was placed at 15° in the same container, a Kilner
jar, as the eggs laid at 15° so that the two batches from the different tem-
peratures were subjected to identical conditions throughout the experiment.
A control for the eggs laid at 23° C. was kept at 23°, and the experiment
continued for 3 months. Table 7 shows the result.

Table 7. Percentage hatch of eggs at 15 +1-0° C., 7 %, R.H., eggs laid at 23 £+ 0-1° C.
and at 15 +1-0° C., 90 %, r.H. Control eggs laid at 15 and 23° C. from the
same batches as the experimental eqgs were kept at 23° C., 7 %, R.H.

Tempera- Control
ture at hatching
oviposition  No. of % died time
°C. eggs used % hatch hatching  No. nsed days % hatch
15 35 2-9) diff. 17-1 44 7-9 86-4
statis.
23 70 67-1) sig. 17-1 60 81 88-3

Thus, most of the eggslaid at 15° C. fail to hatch at that temperature, although
the control shows that the batch was a good one. The developmental-hatching
threshold at 7 9, r.n. for eggs laid at 23° C. has not been ascertained precisely
(see Table 9), but it undoubtedly lies very close to 13° C. It is, therefore,
somewhat lower for eggs laid at 23° C. than for eggs laid at 15°. This is in all
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probability a direct effect of temperature; other variables in the experiment
must, however, be mentioned. First, although the relative humidity at which
eggs were laid (90 9,) was the same at 15° and at 23° C., the saturation defi-
ciencies were slightly different (1-3 and 2-1 mm.). The effect of this should be
negligible, since large saturation deficiencies acting for a long time have only
a slight influence on egg mortality (see Table 12), and this difference existed
for less than 1 day. Secondly, the eggs laid at 23° and 15° C. were put into the
15° container within the first 24 hr. after oviposition, by which time the eggs
laid at 23° C. may have been in a slightly later developmental stage than the
eggs from 15°; although the controls hatched in 7-9 and 81 days at 23° C.
for eggs laid at 15° and 23° respectively. As far as we know, however, from
experiments described on pp. 156, 157, the older the eggs, at any rate beyond
the 4th day at 23°C., the more susceptible they are to death from exposure to
low temperatures. This would, however, tend to favour hatching from 15° C.
There is little probability that the eggs laid at 15° C. were in a more advanced
stage of development than those laid at 23° C. at the start of the experiment,
since the controls hatched in almost the same time. The only other element
of uncertainty lies in the possibility that in the very early stages of embryonic
development eggs are much more easily killed at 15° C. than in the final stages;
for the experiments on the effect of age in relation to mortality at low tem-
peratures were made with eggs with a minimum mean age of 12 hr. But in
this case, eggs laid at 15° C. could scarcely be expected to hatch at 23° C.
successfully, whereas, in fact, they do.

But whatever uncertainty exists of the actual mechanism responsible for
this effect of the ovipositional temperature on mortality at 15° C., the obser-
vations still have an ecological importance; and it can be said that eggs laid
at 15° C. in nature will suffer an almost total mortality at that temperature if
the humidity is low, although if laid at higher temperatures they could be more
successful under the same conditions. In these short-term experiments there
is thus no evidence that eggs become adapted to low temperatures. It is very
desirable that this experiment should be repeated and at other humidities;
especially since the exact thresholds at 7 9, r.H. for eggs laid at 23° C. and at
90 %, r.H. for eggs laid at 15° C. are not pregisely known. In a future experi-
ment great care should be taken in order to obtain eggs in the same state of
embryonic development; therefore, only the first eggs laid after the blood
meal should be used.

(8) The effect of the temperature during development on the hatching threshold

It was pointed out in a previous section that if eggs are incubated until
nearly ready to hatch, they can be placed at temperatures well below 13° C.
(the developmental-hatching threshold) and they will hatch successfully.
Kirkpatrick (1923) noted the same phenomenon with Oxzycarenus eggs. I call
the lowest temperature at which the hatching process itself occurs the hatching
threshold.
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It is very difficult to determine the exact hatching threshold accurately.
For in the first place no sharp break occurs between the last stages of develop-
ment and the commencement of hatching: and it is difficult to estimate when
two batches of eggs are in exactly the same condition if comparative experi-
ments are to be made. Even if an arbitrary point in the later stages of develop-
ment is selected for use it is difficult to procure two egg batches both developed
exactly to this point. The procedure in my experiments was as follows.

Eggs were obtained at 23° C. and 90 9, r.H. and were incubated until 20—
30 9%, of the original number had hatched. The eggs remaining unhatched
were then placed at low temperatures and the hatching recorded every few
days. It was thought that the hatching threshold might be affected by the
temperature at which eggs had been incubated till the arbitrary point had been
reached and experiments were, therefore, made with the primary incubation
at 15, 18 and 23° C.

Eggs laid at 23° C., 90 9, R.H. over a period of 4 days by a stock of females
were split up into three batches; these were placed respectively at 23° C.
(£0-1),18° C. (£ 0-2) and 15° C. ( £1-0) and at 90 9, r.H. Controls from each
batch were kept at 18° C., 90 %, r.H. An attempt was made to remove eggs to
the low temperatures when the same percentage had hatched in each batch
at the three above temperatures, but as this proved very difficult it was not
always possible to do it. For when hatching is once started a few minutes or
half an hour may result in an extra 10 9, hatch above that desired. This fact,
however, indicates that a considerable proportion of the eggs in the different
batches are in a very similar stage of development even if the exact proportion
hatched in each batch is not the same.

It would be possible to estimate comparable stages of development by
using day-degrees. But apart from theoretical considerations on the accuracy
of the method, it was not very practical. Foritis not easy to get the large num-
bers of eggs required for this experiment in a single batch less than 24 hr. old,
and even this involves an error of + 12 hr. at the end of development—a far
greater error than with the method used here.

To continue, however, with the details of the method used. After approxi-
mately the required proportion of eggs had hatched at each temperature the
remaining unhatched eggs were placed quickly into very small, voile-capped
tubes which were already at the required low temperatures. Each tube was
suspended in a 3 x 1 in. tube, with an acid-water mixture at the bottom giving
a 90 %, R.H., fixed into a vacuum flask filled with water at the low temperature
to be used; the flasks were kept most of the time in an incubator running at
9-5-10° C. Quite a satisfactory temperature control was obtained by occa-
sionally placing the vacuum flasks with the eggs at a higher or lower tem-
perature until the correct temperature was again assumed (see Table 8 and
Fig. 5). A very strict watch on temperature was kept during this procedure.

The eggs were inspected on the day after their insertion into the flasks.
Only rarely did an egg hatch during this first 24 hr. and, therefore, possibly

10-2
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before the experimental temperature had been attained; for some slight rise
above this was inevitable, although the whole apparatus was brought to the
correct temperature before the eggs ~
were inserted. These hatches do not,
however, affect the conclusions. Inspec-
tion was subsequently made at intervals
of 3-5 days, but the eggs were not re-
moved from their tubes and the latter
extracted only for a fewseconds. Table8
gives the results of the experiments.

The experiments summarized in
Table 8 are beset with difficulties, some
of which have already been mentioned.
There is another variable in the ex-
periment, however, which it seems
cannot be eliminated satisfactorily.

The dispersion of hatching times
around a mean value are different for
eggs kept at 23, 18 and 15° C. and are
in inverse relation to the temperature
(Fig. 6).

Let us consider a certain percent-
age hatch in three batches of eggs at
these three temperatures which we
attempt to obtain before the unhatched
eggs are exposed to the low tempera-
tures. This percentage is represented by
a, b and ¢ for 23, 18 and 15° C. in
Fig. 6. The different slopes of the three
curves at this value indicate that more
eggs will be ready to hatch at the same
temperature from the eggs incubated
at 23° C. than with those from 18°C.;
and more will be ready from 18° C. Fig. 5. Apparatus in which eggs were exposed

SN

d

than from 15° C. Thus, although the to temperatures near the hatching thres-
same percentage hatch may have hold after having been u.wubated until
. nearly ready to hatch at higher tempera-
occurred in each of the three batches, tures. a. thermometer: b. cotbon-wool
the numbers hatching at the low inside the metal cap of the thermos flask;
temperatures will be biased in favour cand d, corks; e, glass container for eggs
of those which received the higher fixed to cork by wire; f, sulphuric acid-
.. . . water mixture; g, water at constant
preliminary incubation. The extent of temperature; b, wall of vacuum flask.

this error will be very difficult to
estimate. But if no differences in percentages hatched at low temperatures

from the three groups exist, it cannot be supposed that there has been no
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Table 8. The effect of the temperature during development on the
hatching threshold of C. lectularius eggs

Eggs laid at 23° C., 90 9% ®.H.; incubated till hatching commenced at 23, 18 and 15° C. and 90 9, R.H. The un-
atched eggs then put at low temperatures of approximately 10, 9 and 8° C. and 90 9% r.H. All eggs in first experiment
om the same batch collected over a 4-day period. In the second experiment there are two different batches. Italicized
gures are percentages hatched corrected for mortalities in controls. Figures above italics are the actual (uncorrected)
arcentages hatched.

The actual highest and lowest recorded temperatures are given after each mean for approximately 10, 9 and 8° C.:
ie mean variations are considerably less than these. Temperatures read twice daily for 3-5 weeks. Controls kept at
3° C., 90 % R.H. from oviposition.

The percentage hatch corrected for mortality in control is obtained as follows:

z eggs put at preliminary temperature:, y 9%, hatch: z 9, hatch in control: z—y %, of » viable to start with at low
mperature: from which is calculated number of viable eggs put at low temperature.

Then (no. hatched at low temperature/no. viable at low temperature) x 100 =corrected percentage hatch at low
mperature (italicized figures below).

No. re-
‘emperature maining Control
" preliminary put at each % hatch of remaining eggs put at low temperatures —
incubation % low tem- (mean °C. below) No. %
°C. hatched perature A _— used  hatched
First experiment
23401 18-2 47 10-1+0-2 9-0+10-0-5 — 48 91-7
36-2 128 —
49-3 174 —
18+0-2 20-8 56 10-1+0-4 -0-2 92+06-0-3 82+17-12 56 89-3
48-2 35-7 21-4
703 521 31-3
15410 32-7 48 99+06-04 91+04-02 81+09-0-6 43 81-4
22-9 2-1 -3
47-0 43 12-8
Second experiment
23401 28-8 52 10:1+0-5 91+09-04 77+0-7 52 90-4
26-9 19 0
43-8 3-1 —
15+1-0 255 30 10-0+0-5 89+04-02 77407 18 83-3
26-7 10-0 67
455 170 114

effect of “acclimatization”. If a higher percentage hatch from a lower
preliminary temperature, however, one can assume that some ‘““acclimatization ”
effect has occurred.

The figures in Table 8 can now be discussed.

The lowest threshold for hatching yet found with the eggs of C. lectularius
is 8°C. (46-4° F.). At this temperature the two experiments with the pre-
liminary incubation of 15° C. show very similar percentage hatches; there is,
however, a much higher percentage hatch from 18° C. (31-3 9, compared with
12-8 and 11-4 %), and the differences are statistically significant although the
numbers hatched are small. It is possible of course that the difference may
be due to the error discussed in the preceding paragraph. This error cannot,
however, account for the failure of eggs to hatch after a preliminary incuba-
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tion at 23° C. Thus both 15 and 18° C. appear to be more favourable tempera-
tures than 23° C. for preliminary incubation of eggs before they hatch at 8° C.

Consider now the incubations at 9° C. Eggs from 18° C. have a higher
percentage hatch than eggs from either 23 or 15° C., and the differences are
always statistically significant. Moreover, preliminary incubation at 23 and
at 15° C. produces similar hatches—17-4 and 4-3 9%, and 3-1 and 17-0 %, for
23 and 15° C. in the first and second experiments respectively: the former
percentages are significantly different, the latter are not. It appears, therefore,

Number hatched

Time

Fig. 6. Diagram to illustrate the dispersion of hatching times of eggs kept at three different
temperatures. Three frequency distributions of the same area represent the same number of
eggs which hatch at the three different temperatures: the lower the temperature the larger
the scatter. Perpendiculars at @, b and ¢ each cut off an equal area from their respective
distributions. Therefore the points a, b and ¢ on the curve indicate when the same percentage
hatch has occurred at each temperature: but if at this point all the eggs are put at the same
temperature, then a greater proportion will be ready to hatch from a than from &, and a
greater proportion from b than from ¢, in the same time.

that at this temperature there is little to choose between eggs incubated at
23 and 15° C. in their ability to hatch at 9° C., but that those from 18° C. are
much more successful; this would somewhat strengthen the conclusion that
this difference was not due to the variation in hatching times about the mean
values at the three preliminary incubation temperatures.

With the incubations at 10° C. there is again no evidence that preliminary
incubation at 23 and at 15° C. affect subsequent hatching. In fact the pro-
portions hatched are remarkably close and with no statistically significant
differences if the corrected values are taken: these are 49-3 and 47-0 9, 43-8
and 45-5 %, from 23 and 15° C. respectively in the two experiments. But, as
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with the exposures to 8 and 9° C. eggs first incubated at 18° C. hatch more
successfully at 10° C. than those first incubated at 23 or 15° C., and the
differences are statistically significant.

Thus in spite of all obvious considerations, and particularly the error
associated with varying degrees of dispersion in hatching at the three pre-
liminary temperatures, there appears to be a slight adaptation of the hatching
process to low temperatures: 18° C. appears to be a more favourable tem-
perature than 23° C. and possibly also more favourable than 15° C. for sub-
sequent hatching of the eggs at temperatures near the hatching threshold. It
may be possible to demonstrate that the hatching threshold is below 8° C.,
particularly if a more favourable temperature than 18° C. can be found for
preliminary incubation and if larger numbers of eggs are procured which are
nearer to eclosion when placed at the threshold temperature.

(4) Variation in threshold temperatures during development

With eggs laid at 23° C. the lowest constant temperature at which develop-
ment with hatching will occur is 13° C.; but the actuakhatching process and
presumably also the final stages of development will occur at 9° C. It seems
at first, therefore, that 13° C. is the lowest temperature at which certain
penultimate processes of development can proceed. But this may not be so,
for although complete development is not possible if the eggs are kept at
12° C. from oviposition it may be the prolonged time associated with develop-
ment at this temperature rather than the temperature itself which causes
development to cease, e.g. a critical amount of water may be lost after such a
prolonged exposure. If the eggs were incubated at a higher temperature until
the processes which stop at 12° C. (when applied constantly) were reached it
may be possible to induce further development at 12° C. or even at a still
lower temperature. We have seen that this can be done with the hatching
process at the threshold. Mellanby (1935) showed that a similar phenomenon
occurs at the upper hatching limit: for eggs kept constantly at 37° C. will not
hatch although hatching at 37° C. occurs if the eggs are previously incubated
for 2 days at 30° C.

Thus the temperatures at which certain developmental processes cease
probably cannot be considered apart.from the conditions under which previous
development has taken place. In the determination of developmental thres-
holds this must be taken into consideration.

V. SURVIVAL OF EGGS AT CONSTANT TEMPERATURES ABOVE THE
DEVELOPMENTAL-HATCHING THRESHOLD

If a stock of bed-bugs is kept at 23° C. with males and females in approxi-
mately equal numbers so as to ensure a constantly high proportion of fertilized
females, then there is usually a slight mortality in the eggs which are laid, even
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if kept at optimal temperatures, quite apart from the unfertilized or ““taube”
eggs which appear when the numbers of sperms are exhausted. The cause of
this mortality is unknown, for the eggs have a normal appearance and usually
undergo some development. Table 9 gives the percentage hatch of eggs, all
of which looked normal within 24 hr. after oviposition, when laid and in-
cubated at 23° C.

Table 9. Percentage hatch of C. lectularius eggs at various constant temperatures
and humidities above the developmental-hatching threshold. All eggs laid
at 23° C., 90 %, r.H. Variations of temperatures as in Table 2. Percentage
hatch not corrected for control mortality. (See Fig. T)

Sig. tests
No. eggs + =sig., Controls
°C. °F. % R.H. 9% hatch used S.E. — =not sig. 23° C., 90 % R.H.
131 555 99-100 0 100
90 10 100 1-:00 _ From same
75 0-4 226 0-42 batches
13 0 60 Over 90 9, hatch
7 0 100
140 57-2 9 , 589 699 1-86 Over 90 9 hatch
15-0 59-0 7 671 70 562 88-3 % hatch
16-0 60-8 90 91-0 100 2:86 } - Over 90 9, hatch
75 89-5 200 217 +
7 80-5 200 2:80 f +
180 64-4 90 890 181 2331
75 86-0 100 347 +
7 770 100 4-21} -
23-0 734  99-100 879 99 3281 _
20 931 1786 0601 | o+ N
75 97-0 99 1-71 -
7 909 215 173} +
28-0 824  99-100 960 100 1961 _
75 90-0 100 3-00 -
7 930 100 - 255) -
300 86-0 99-100 858 148 2871 _
75 91-3 309 1-60 -
7 900 50 424} -
34-0 932 90 86-0 100 3471 +}
7 740 100 4-39 +
345 94-1  99-100 632 114 453 } } + Over 90 9, hatch
75 87-8 115 3-05} +
7 70-2 67 559
B/E 850 7m0 50 4 Oves 90 9 hateh
37-0 986  low 0 100 ) Over 90 9, hatch

(1) The effect of temperature and humidity during incubation

Consider, in Table 9 and Fig. 7, the eggs which were laid at 23° C. and
incubated at various temperatures. As the temperature rises above 13° C.
the optimum range is approached very quickly and it extends from about
16° C. (60-8° F.\ to beyond 30° C. (86:0° F\. At teraperakores abhove 3 Q.

mortality sets in very quickly when the humidity is low till at 37° C. no eggs
hatch. At the higher humidities of 75-90 9, the optimum range of temperature
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is wider, particularly at the high temperatures, and extends to about 34-
35° C.

Humidity appears to have a very slight but noticeable effect on mortality
within the greater part of the optimum range of temperatures: very low
humidities in this range are slightly less favourable, either to the development
or to the hatching of eggs, than 90 9%,. Relative humidities of 99-100 9%,
appear to be less favourable than those of 90 9, at least towards the higher
temperatures.

100 |- .

801

60|

4ol

Percentage hatch

20|+

12 24 28 32 36
°C.

Fig. 7. Percentage hatch of C. lectularius eggs laid at 23 and 15° C. and then incubated at various
constant temperatures and humidities. Lines drawn by hand through the points for the low
humidities. Data in Tables 9 and 10 but batches incubated at 100 9%, B.H. are omitted from
the figure. © laid at 23°C., 75-90 9% R.H. during incubation. A laid at 23°C., 7 % R.H.
during incubation. e laid at 15° C., 90-95 9, B.H. during incubation. A laid at 15°C,,
7 % ®B.H. during incubation.

These results contradict Mellanby’s statement (1935) that “below 30° C.
the eggs hatched in as great numbers, whatever the humidity 7, but they agree
largely with the results of Geisthardt who states 70 9%, R.H. to be an optimal
humidity from 16-4 to 34-4° C. He claims 100 9%, r.H. to be optimal between
19-5 and 30-56° C., however, but he gives no data. The effects of humidity are
most noticeable at the high temperatures outside the optimal range.

(2) The effect on mortality of the temperature at which eqgs are laid

For a comparison of the survival of eggs which were laid at 23° C. with
others laid at approximately 15° C. the following experiments were made.
Bugs from the same culture as those from which eggs were obtained at
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23° C. were kept without food until egg laying had ceased. They were then
fed and, with males and females in about equal numbers, were placed at
156+1-0° C. until oviposition recommenced. The eggs thus obtained were
placed at various temperatures (data in Table 10 and Fig. 7). Some of the
results obtained have already been discussed in connexion with the effect of
the temperature of oviposition on the developmental-hatching threshold
(p. 143). This threshold for eggs laid at 15° C. is approximately 2° C. (3-6° F.)
higher than for eggs laid at 23° C., and the lowest temperature in the optimum
range is about 18° C. as compared with 16° C. for the eggs laid at 23° C. The
upper temperature limit for complete development with hatching is at a lower
temperature with eggs laid at 15° C. compared with those laid at 23° C. and
humidity has, again, a marked effect at these high temperatures.

Table 10. Percentage hatch of C. lectularius eggs at various constant temperatures
above the developmental-hatching threshold. Eggs laid at 15+1-0 and
23+0-1° C., 90 %, R.H. at both temperatures.

The eggs laid at 23° C. and considered below, were incubated side by side and simultaneously

with the corresponding eggs laid at 15° C. Incubations at 23° C., 7 9, R.H. are with eggs from
same batches as incubations at 15 and 34-4° C. and act therefore as controls. (See Fig. 7.)

Eggs laid at 15° C. Eggs laid at 23° C. Signif. test
- A N A v between
°C. and % R.H. % No. S.E. % No. ' s.E hatch for
during incubation hatch used % hatch used % 15 and 23°C.
15 10, 7% 2-9 35 2-84 67-1 70 5-62 Signif.
18 +0-2, 90 9% 95-8 192 — — — — —
23 +0-1,.90 9 81-8 nmi - — — — — —
7% 86-4 44 517 88-3 60 4-15 Not sig.
27-6+0-4, 959, 100-0 13 — — — — —
7% 90-9 11 — — — — —
34-4+07, 7% 0 35 — 70-2 67 5-59 Signif.
34-81-0-6, 95 9, 250 20 9-68  See Table 9, not simultaneous Signif.

Thus eggs laid at 15° C. appear to have a more restricted range of tem-
perature within which they can develop and hatch successfully than have eggs
laid at 23° C.; and this restriction occurs at both ends of the range of effective
temperatures. Between 18 and 27-6° C. the eggs hatch with equal success
whether they are laid at 15 or at 23° C.

As explained on p. 144, eggs laid at 15° C. may be in a slightly different
developmental stage from eggs from 23° C. at the start of the experiment, and
the possibility that very young embryos cannot withstand high and low
temperatures as well as older embryos must not yet be dismissed.

In the very large numbers of egg batches with which I have worked, only
on rare occasions has no mortality occurred even at optimal temperatures and
humidities; this was, apparently, not the experience of Geisthardt, although
he gives no tables of figures and plots no points on his graphs. He obtained
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eggs at 27° C. however, which may have made the difference. A general con-
clusion which may be drawn from these experiments is that at temperatures
between 18 and 31 or 32° C. the hatch will be between 80 and 95 %, whatever
the humidity above 7 9,, and perhaps at whatever temperature from 15 to
23° C. at which the eggs are laid.

VI. SURVIVAL OF EGGS AT TEMPERATURES BELOW THE
DEVELOPMENTAL-HATCHING THRESHOLD

In unheated rooms in England the winter temperatures are usually well
below 13° C., the developmental-hatching threshold, for several months at a
time (see Fig. 1 and Johnson, 1938), although temperatures below 0° C,
(32° F.) are not often sustained for many hours. It is important, therefore,
for practical purposes, to know how long eggs in various stages of development,
which have been laid at different temperatures, can remain alive and
capable of hatching. Knowledge of the mortality among eggs after varying
periods of exposure to such subthreshold temperatures is relevant also in
studies of bed-bug populations.

(1) The use of “probits™ tn the analysis of eqg mortalities
after various times of exposure

If several batches of eggs are each given a different period of exposure to
a certain lethal temperature a sigmoid curve is obtained when the resulting
percentage mortalities are plotted against exposure times. It is not practicable
to compare two such mortality curves obtained with different lethal tem-
peratures; but if the percentage mortalities are converted into “probits” by
means of a table (Bliss, 1935a) the relation between ““probits” and length of
exposure may be linear (Fig. 8). The usual equations for linear regression may
then be used and two curves compared. Thus it is possible to find the “median
exposure for death” which is the length of exposure necessary to cause 50 9,
mortality (probit value for 50 9, mortality =5), and a standard deviation of
this value can be obtained which enables significance tests to be made. Simi-
larly, it is possible to test statistically whether the same exposures produce
different mortalities at different temperatures.

After the mortalities found by experiment have been converted into
probits by Bliss’s table, the best-fitting straight line which represents the
probit-exposure relationship is found. It is customary to test this line for
goodness of fit; that is, to see if the assumption that the probit-exposure
relationship is linear is reasonable for the available data. This is done by means
of the x2 test (Fisher, 1936); the smaller the value of x® the greater is the
probability that the relationship is linear:

When the best-fitting straight line has been obtained the regression
coefficient, b, will also be knuwn.
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Then, the value of any probit Y after an exposure X is
Y=5+b (X —3),

where Z and 7 are the mean values of exposure times and probit values respec-
tively for the whole series.

Thus if we wish to know the time at which 50 9, mortality occurs (the
median exposure for death) then Y =5 and we solve the equation for X.

. . 1 (5—y)?
2y — 4
The variance of X (i.e. o )—S 5 T (St —z Swa)
1 (X-x)?

The variance of Y= ot
w

(Swa? —z Swx)’

if the linear relation holds good, i.e. if ¥? is not significantly different from
zero. If x? is significant or the relationship of probit to exposure time is not
clearly linear, then the above value for V(Y) is multiplied by x%/n, where
n=degrees of freedom or the number of exposures made minus 2: w in the
above equations is the weighting coefficient.

Thus it is clear that any time (e.g. the “median exposure for death”) or
any probit along the regression line is the best estimate which can be made
from the experimental data of the exposure necessary to produce a certain
mortality, or of the mortality after a certain exposure.

Now two probit-exposure lines can differ either in position or in slope
(Fig. 8). If they differ in position it means that mortality sets in sooner with
the one than with the other. If they differ in slope (in which case seme parts
of the lines will also differ in position) then the scatter of mortality values
about the mean is different; the steeper the slope, the smaller the scatter.

It is possible that the median exposure for death may be the same for two
series of data; then, the regression lines will either coincide along their whole
length or will cross at probit value 5. If the slopes of the curves are signi-
ficantly different (i.e. if the two values of & differ significantly) but cross at
probit 5, then different exposures, other than the median exposure for death,
will produce different mortalities in the two cases. This means that although
the median exposures (or mean lengths of life) are the same, the scatter about
the median value (or mean) is more with one series than with the other
(Fig. 8).

The use of probits is fully discussed in papers by Bliss (1935 a, 6) and Irwin
(1937).

In experiments described below in which eggs have been subjected to
temperatures below 13° C., control eggs from the same batches as the experi-
mental eggs (i.e. eggs laid by the same bugs, at the same time) were kept at
23° C. and 90 9, R.H. from oviposition. Not all the eggs in the controls hatch,
and there is, therefore, a certain proportion of the experimental eggs which
must be considered as dead when the experiment starts. The mortalities in
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the experimental batches were, therefore, corrected according to the mortality
in the control by the following formula (Bliss, 1935a).

Percentage mortality (corrected)=
100 <no. used in exp. x no. alive mn control

no. used in control

no. alive in control

no. used in control

) — no. alive in exp.}

no. used in exp. x

\.
—~~

* L d
50| / /
I ° 15
- ;]
2 | ./ / -
':E‘ =
g o 412 =
. . . * * ! ’ . 8
) . 4 <]
?goIO()r £
g |r s
= 117

i
50(F //

Time
Fig. 8. Graphs illustrating percentage mortalities and the corresponding probit values with an
organism subjected to a harmful influence for different intervals of time. O 9, mortality,
o probits corresponding to 9%, mortalities in the left-hand graphs. Top: mortality curves which
differ in position but not in slope. Bottom: mortality curves which differ in slope but not
in position at the median exposure for death (i.e. for 50 9%, mort.).

Occasionally after a short exposure to a low temperature, more eggs hatched
in the experimental batch than in the control; in these cases no correction
was made. Otherwise the corrected mortality was used to find the probit
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value in all the following experiments where eggs have been exposed to
temperatures below 13° C. In the great majority of cases the value for x® was
small and not significantly different from zero, indicating that the probit-
exposure regression line could be regarded as linear.

(2) Mortalities after exposure to temperatures between
1 and 13° C. with eggs of different ages

Since embryos may be in different stages of development when eggs are
laid it is necessary to know if such differences are likely to affect the results
of exposure experiments. Observations have, therefore, been made on the
effects of exposures to a temperature of 7-7° C. on eggs in different stages of
development.

Batches of eggs were incubated at 23° C. (the temperatures at which they
were laid) and 90 %, ».H. for periods from within 24 hr. up to 7 days after
oviposition, and they were then placed at 7-7° C. and 90 9, r.H. After various
periods they were extracted and incubated at 23° C., 90 % r.H. until the
maximum number had hatched.

All the eggs used in this experiment, which were collected and used daily,
were laid in the first 2 or 3 days after the females had fed. Controls from the
same batches as the experimental eggs all showed more than a 9-day mean for
the period from oviposition to hatching at 23°. The experimental eggs can,
therefore, all be considered as young and in about the same stage of develop-
ment when the experiment started. The results are summarized in Table 11
and Fig. 9 except for eggs up to 24 hr. old; data for these are in Table 16.

There appears to be little difference in susceptibility to the low temperature
with eggs kept at 23° C. until the fourth day after oviposition. The median
exposures for death are not significantly different between eggs with 1, 2 and
4 days’ preliminary incubation. The slopes of the probit-exposure regression
lines for these eggs are also very close, and the only significant differences
which exist are between the two lines for the eggs 4 days old (of which there are
two experiments) and between one of these lines and that for eggs within
24 hr. old when exposure commenced. The slopes of the regression lines for
eggs with 6 and 7 days’ preliminary incubation are less steep (i.e. scatter about
the mean is less) than the lines for the eggs with shorter preliminary incuba-
tions and the differences are statistically significant. The median exposure for
death is significantly shorter with the seventh than with the sixth day prelim-
inary incubation and significantly shorter in both of these than in eggs up to
4 days old before exposure.

Thus the longer the eggs are kept at 23° C. after the fourth day, the more
quickly they die when subjected to 7-7° C. This may be due to the advanced
condition of the embryo or to an acclimatization effect associated with the
longer exposure to 23° C. These results do not agree with those of Geisthardst.
He kept eggs at 27° C. till they were nearly ready to hatch, and then subjected
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Table 11. Data on percentage mortalities of C. lectularius eggs exposed to 7-7° C.
and 90 %, R.H. after preliminary incubation periods at 23° C. and 90 %, R.H.
For eggs with up to 1 day preliminary incubation see Table 16. (See Fig. 9).

I.
II.
IIT.
IvV.
V.
VI

prelim.
incub.

I
1I
I
v
\
VI

1
1I
III
II1
\
VI

I
1I
II1
Iv

\
VI
1
11
111
v

\4
VI

1
11
II1
1V
\i
VI

them to a temperature of 0-2° C. for 7 days. 92 9, of the eggs hatched com-
pared with 15 9, of eggs exposed to 0-2° C. when they were only 24 hr. old.
Geisthardt gives no details of the experiment, however, and did not use a con-
trol for the young eggs. Omori (1938) found that the percentage hatch on
exposure to 0° C. for 14 days is higher with younger than with old eggs, but
the reverse was true for 7-day exposures. Definite conclusions for the general
behaviour of eggs of different ages to low temperatures cannot, however, be
drawn from the experiments of Geisthardt and Omori, since neither of these
workers found the time required for a median or mean exposure for death.
Variations in the scatter of mortalities about the median time due to inherent
differences in the material rather than differences due to the age of the eggs

C. G. JOHNSON

Period of exposure to 7-7° C., 90 9, R.H. in days.

Number of eggs used.

Percentage mortality corrected for control mortality.

Regression coefficient and variance (ital.) for probit-exposure relationship, in days.
Median exposure for death and variance (ital.), in days.

x? of probit-exposure relationship.

10 15 20

38 40 50
28 100 287
14 22 28
20 25 35
202 404 423
0-0677
29-10
5-22
10 16 21
24 21 24
125 51 126
0-0961
32:30
498
10 16 23
25 30 35
80 0 265
0-2354
2562
0-90
9 10 15
50 23 40
60 565 95
0-1380
23-39
27-84

27 30 35 40 45 49 50

48 50 50 50 50 30 30
234 51-0 62-1 774 939 100-0 966
0-0887 0-000047
30-51 0-6798
10-94
35 42 49
35 40 42
544 78-7 100-0
0-000095
2:6069
28 35 42 45 50
28 30 30 40 37
28-8 61-5 75-56- 895 100-0
0-000100
1-2628
30 35 40
35 40 50
87-2 97-2 100-0
0-001198
0-4814
20 25 31 35 40
40 50 60 90 50
17-3 524 82-8 977 100-0
0-000120
0-4302

may produce results which appear to be contradictory.
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(3) Survival at temperatures between 1 and 13° C. when
saturation defictency s constant

From these experiments eggs were laid at 23° C.: no eggs which were laid
later than the third day after the females had fed were used. All eggs were
collected within 24 hr. after oviposition and then placed at various low tem-

Probits
W

1 L L ) s ¢ 1

0 10 20 30 40 50 60 70
Exposure in days to 7-7°C: 909, r.H.

Fig. 9. Regression lines of probits on exposure for eggs of C. lectularius in various stages of
development exposed to 7-7° C. and 90 9, ®.H. The eggs were incubated at 23° C. and 90 9%
R.H. for periods of less than 1 day, and for 2, 4, 6 and 7 days following oviposition: they were
then exposed to 7-7° C. for varying periods. The length of the preliminary incubation is
indicated at the side of each graph. Data in Table 11.

peratures and different humidities. Samples were extracted after definite
periods and incubated at 23° C. and 90 9, r.H. A control batch of from 20 to
30 eggs was taken from the same batch as the experimental eggs in each case
and used for correcting the experimental mortalities as already explained
(p. 155).

Table 12 gives the median exposures for death and their variances for a
number of temperature and humidity combinations. Those data which are
asterisked are at two similar saturation deficiencies—between 5-1 and 5-8 and
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between 2-4 and 2-9 mm. It was considered that saturation deficiency rather
than relative humidity should be constant when considering the effects of
temperature, since the loss of water from the egg is probably controlled by
saturation deficiency. Fig. 10 illustrates the results graphically. At both
saturation deficiencies a similar relation of mean survival time to tem-
perature is evident and the lower the temperature between 0 and 12° C. the

°C.

0 A i L H

10 15 20 25 30 35
Exposure for 509, mortality in days

Fig. 10. Relation of the median exposure for death of C. lectularius eggs to temperatures between
1 and 12° C. and at constant saturation deficiencies. @ =saturation deficiency 2:4-2-9 mm.,
b=1-48; O =saturation deficiency 5-1-5-8 mm., 5=1-77. The median exposures for death
at 10 and 1-1° C. are included in the figure, for although the saturation deficiencies are 4-7
and 0-6 mm. respectively humidity appears to have no effect at this temperature. The
regression lines are fitted. Data asterisked in Table 12.

shorter is the survival time. If the regression lines for probits and exposures
are inspected (Tables 14-19, and Fig. 13) it appears that the differences in the
median exposures for death are associated with a displacement of the mortality
curves along the time axis rather than with differences in slope of the regression
lines. This would mean that the initial mortality is delayed at the higher
temperature but that once this has started eggs die at about the same rate.
In the asterisked data in Table 12 and Fig. 10 the unweighted regression
coefficients for median exposure to death with temperature are 1-77 and 1-48

Parasitology 32 I
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for low and high humidities respectively. That is, for every 1° C. rise in tem-
perature the median exposure is lengthened by 1-77 and 1-48 days in each
case. But the two regression lines do not differ significantly in slope nor in
position at any point on them.

Table 12. Exzposures for 50 %, mortality (median exposure for death) and for
99-99 9, mortality for C. lectularius eggs at temperatures between 1 and
13° C. and various humidities. Asterisked data are used in Fig. 10 for the
effect of temperature at similar saturation deficiencies (see Figs. 10-12).

Exposures and variances

Mean (ital.) in days
‘ A - Sat. def. — A N
°C. °F. % R.H. mm, 50 9%, 99-99 %

mortality mortality
1-:0+0-8 . 338 89 0-5 11-1 1-098 387
11408 34-0 5 47 11-6 1-199 39-8
41408 39-4 89 0-7 23-8 1-368 65-8
42+0-8 39-6 70 18 22-9 1-120 556
*4-0+0-8 39-2 60 2-4 26-1 8-322 59-2
*4:0+0-8 39-2 15 5-1 21-0 1-866 60-5
*4-3+0-8 397 5 58 17-8 0-522 47-4
*6-7+1-0 44-1 65 2-6 24-8 1-331 51-8
*6-941-0 44-4 29 53 24-0 1-516 54-5
77+1-0 45-9 90 0-8 30-2 0-744 68-3
78+1-0 46-0 9 72 23-9 0-889 501
*31+1-1 484 72 2-4 28-4 1-549 61-7
*9-3+1-1 48-7 42 51 25-7 1-535 51-4
98+1-1 49-6 89 1-0 25-8 0-774 55-0
9-8+1-1 49-6 6 85 23-5 0-922 52-5
11-7+0-8 531 89 11 26-7 1-409 733
11-740-8 531 5 98 19-8 1-217 55-8
*12:1+1-0 53-8 73 2-9 339 1-610 79-8
*12-141-0 — 46 57 28-9 1-212 62-5
12-1+1-0 — 25 79 24-4 0-854 49-3
12-1+1-0 — 0-1 106 23-3 0-693 43-6
130+ 0-2 554 -+ 0-1 11-1 25-7 1-606 62-3

For practical purposes in bed-bug control a knowledge of the exposure at
which a complete mortality is to be expected is more important than that for the
exposure for a 50 9%, mortality. The exposures which would be expected to
produce 99-99 %, mortality have, therefore, been found (Table 12). With these
as with values for a 50 9, mortality the higher the temperature between 1
and 12° C. the longer do eggs survive when saturation deficiencies are constant.
The relationship is not so well marked as with median exposures for death and
this is undoubtedly associated with the differences in the slopes of the regres-
sion lines. For at 100 9, mortality deviation from the mean exposure time is
maximal and random variations in the material rather than temperature
effects are perhaps responsible for such differences in’scatter (see p. 157).
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(4) The effect of atmospheric humidsty on survival at
temperatures between 1 and 13° C.

It can hardly be expected that the effect of humidity between 1 and 13° C-
would be very marked, for the greatest saturation deficit is only 11-1 mm. At
approximately 12° C. an experiment was made with a wide range of humidity.
The curves for median exposure for death against saturation deficiency (Fig.
10) show that the longest survival time is associated with the lowest saturation
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Fig. 11. The relation between the median exposure for death of C. lectularius eggs and tem-
peratures between 1 and 12° C. with various humidities. Data in Table 12, @ =saturation
deficiency less than 47 mm.; O =saturation deficiency of 47 mm. and more.

deficiency. A relatively wide range of humidity at 1°, however, appears to
have no effect on the survival time (Table 12). It is seen from Fig. 10 that
over the whole temperature range the lower saturation deficiencies seem to
favour survival times, although at 99-99 9, mortality this is obvious only at
the higher temperatures; for median exposures, however, the regression lines
for the two saturation deficiencies differ significantly neither in slope nor in
position at any point on them. Fig. 11 includes all the data from Table 12.
A line may be drawn which separates, roughly, times for 50 9, mortality
above and below about 5 mm. saturation deficit. Fig. 12 shows the effect of

Ix1-2
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saturation deficit at each of the temperatures studied for the median exposure
for death; the higher temperatures and lower saturation deficits favour sur-
vival except at 1° C. Even if the evaporative power of the air is measured by
(saturation deficit x exposure time) no simple relationship between humidity
and survival is apparent over the whole temperature range.

Thus at temperatures immediately below 13°C., as with those above,
humidity has a slight but definite effect on survival of C. lectularius eggs. The
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Fig. 12. The relation between median exposure for death of C. lectularius eggs and saturation
deficiency at temperatures between 1 and 12° C. Data in Table 12,

s 1.0-1-1°C. ® 91-98°C.
+ 4-:04-3°C. O 11-7-12-1°C.
® 6:7-7-8°C,

data at 12 and 4°C. suggest that the median humidities at those temperatures—
50-80 9%, r.H.—may be most favourable (Table 12). But the effects, in general,
are not sufficiently well marked to allow more precise conclusions to be made.

(5) The temperatures at which eggs are laid and survival
between 1 and 13° C.

As we have already seen, the temperature at which eggs are laid or at which
they form inside the female affects the survival above 13° C. and hatching at
the hatching threshold. Experiments were made to test the effects of tem-
perature at which eggs were laid on survival below 13° C.
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Eggs were obtained, as explained on p. 143, at 23, 18 and 15° C. and were
then exposed to 10+0-2° C. and 90 9, r.H. Samples were extracted after
certain intervals and incubated at 18° C. and 90 9%, r.H. Controls were also
kept at 18° C. and 90 %, r.H. The results appear in Table 13.

Table 13. The effect of the temperature of oviposition on the mortality of C. lec-
tularius eggs at 10° C. and 90 9, R.H. with subsequent incubation and controls
kept at 18° C. and 90 %, ®r.H.

Percentage mortalities in the table are the corrected values.
Figures in brackets are numbers of eggs used.

Days at Temperature at oviposition, °C.
10° C. p A N
90 % R.H. 23 18 15
% mortality 9% mortality 9% mortality
13 12-5 (40) — -
21 — —_ 50 (20)
23 25-6 (40) — —
24 - 29-3 (11) —
25 — 50-0 (20) —
30 64-3 (40) — 66-8 (30)
33 — 61-8 (32) —
40 94-1 (40) — 96-2 (29)
41 — 95-0 (22) —
Controls 16-0 (50) Taken as 10 9%, For 21 days
125 (8)
For 30 days
9-5 (21)
For 40 days

taken as 10 9,

Occasionally, owing to the small numbers of eggs obtainable at 18 and
15° C. no controls were taken. It has been assumed that in these cases a 90 %,
hatch would have occurred in controls had they been kept, and appropriate
corrections were made from this basis. In any case, the percentage mortalities
are so close in the three series, 23, 18 and 15° C., whether they are corrected
or not that the conclusions are the same providing the mortality is due in every
case of exposure to 10° C. and not to some other cause; that this is so cannot
be seriously doubted.

The results of the experiment indicate, then, that the temperature at which
eggs are laid is without effect on the mortality produced by exposures to
10° C., 90 9%, r.H. followed by incubation at 18° C., 90 9, r.H. This result is
rather unexpected in view of the definite effect of ovipositional temperature
on mortality at the developmental-hatching threshold (p. 143); no explanation
is offered to account for the discrepancy in the two results.

(6) The scatter of mortalities about the median exposure for death—
or the slope of the probit-exposure regression line

I have tried to find evidence of association between the values of the
regression coefficient, b, of the probit-exposure relationship and temperature,
relative humidity and saturation deficiency. There appears to be a slight
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tendency for the larger values of b to be associated with low humidities at any
one temperature. Many of the differences in the values of b for high and low
humidities are statistically significant (Tables 14-19 and Fig. 13). There seéms
to be only a very weak relation between the values of b and saturation defi-
ciency irrespective of temperature and none whatever with temperature when
saturation deficiency is constant. It is probable that most of the variation of
b is inherent in the material rather than due to the environment of the eggs.

(7) The results of other workers

Hase (1930) and Omori (1938) have worked with eggs at temperatures
below 13° C. The percentage mortalities in my experiments agree well with
those obtained by Hase at a temperature of 2° C. But Omori obtained much
shorter survival times at 0° C. For example, he records 100 9, mortality at
21 days’ exposure; my observed exposures for complete mortality at 1° C. are
35 days for both humidities used. It is quite probable, however, that with a
sufficient number of samples I also would have had some which gave 100 %,
mortality in 21 days, even at 1° C.

It has been stated (see Uvarov, 1931) that even short exposures of 3 days
to 2° C. results in some mortality, for only 93 9, of the eggs hatch. It is most
probable, however, that this mortality was not due to the low temperature;
for my controls which had not been subjected to a low temperature almost
invariably showed such a slight mortality.

(8) Tables and diagrams of experimental data

The following Tables 14-19 (see Fig. 13) give data for percentage mortality
of C. lectularius eggs after exposure to various temperatures between 1 and
13° C. and different humidities for varying periods in days. The exposures
commenced within 24 hr. after oviposition. Eggs were laid and reincubated
after exposure and controls were kept from oviposition at 23° C. and 90 %, r.H.

The following data are given in the tables below:

I. Period of exposure in days.
II. Number of eggs used.
III. Percentage mortality corrected for control mortality.
b. The regression coefficient the probit-exposure relationship.
V(b). The variance of b.
x% For the probit-exposure regression line.

Other necessary data are to be found in Table 12. These are: median ex-
posure for death and variance in days and the exposure for 99-99 9, mortality.
Temperature variations, about the mean values which are given in the
following tables, are also set out in Table 12.
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Table 14. Exzposure temperature approx. 1° C.
1:0° C. 11°C.
89 9, R.H. 5 9%, R.H.
0-5 mm. s.D. 4-7 mm. 8.D.
A Rl r A h)
1 11 111 II IIT
7 35 36-51 30 25-00
14 41 51-22 39 64-74
21 50 95-56 50 90-00
28 50 97-78 49 9745
35 50 100-00 50 100-00
b 0-1347 0-1319
V) 0-000386 0-000379
$ 659 0-40
Table 15. Exposure temperature approx. 4° C.
4-1°C. 4-2° C. 4-0°C. 4-0° C. 43°C
89 9% B.H. 70 % Rr.H 60 % R.H. 15 9% R.H. 59 R.H
0-7 mm, 8.D. 1-8 mm. s.p 2:4, mm. 8.D. 5:1 mm. $.D 58 mm. 8.D
I 1I III II 111 II 111 II 111 II III
9 — — 24 4-20 — — — — 59 10-57
10 30 11-35 — — 25 4-00 25 17-53 — —
16 30 18:44 29 16-86 25 12-00 — — 80 46-16
17 — — — — — — 25 29-90 — —
23 28 62-01 30 52-52 27 37-04 — — 50 72-34
24 — — — — — — 60 62-20 — —
28 — — — — — — — — 50 87-23
30 40 65-43 32 86-30 —_— — — — — —
33 — — — — — — - — 60  100-00
35 38 83-20 40 94-52 — -— — — — —
39 50 89-36 — — — — — — — —
40 30  100-00 40 91-78 — — — — — —
44 — — 40 94-52 —_ —_— — — —_ —
50 — — 40 100-00 — — — — — —
b 0-0886 0-1139 0-1124 0-0942 0-1259
V(b))  0-000103 0-000151 0-001401 0-000557 0-000184
X 491 593 0-04 0-48 208

b

70

x2

Table 16. Exposure temperature approx. 7-8° C.

6-9° C, 6-7° C.

29 % r.u. 65 9%, R.H.
5-3 mm. 8.p. 2-6 mm. 8.D.
F_—'A-ﬁ f_—A——\
I 111 1I 111

20 1-35 20 0

20 11-73 20 11-73

20 37-69 20 22:12

2% 6677 25 7002

25 91-35 25 91-69
0-1219 0-1375
0-000369 0-000530
0-13 143

7-8°

C.

9 % R.H.
7-2 mm, 8.D.
—r—
11 III

20
23
25

40
50
50

1

5-00
870
35-99

6294
96-00
00-00

0-1419
0-000299
3-27
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Table 17. Ezposure temperature approx. 9-10° C.

9-1°C, 9-3° C. 9-8° C. 9-8° C.
72 9% R.H. 42 9% R.H. 89 9, R.H. 6 9% R.H.
24 mm. 8.D. 5-1 mm. 8.D. 1-0 mm. s.p. 8:5 mm. 8.D.

—t Y
I 1I 111 II III 1I II1 1I 111

7 30 4-70 20 0 19 10-11 30 6-67
14 30 4-70 — — 30 7-47 40 10-59
21 30 22-35 20 20-00 40 19-94 40 32-94
28 30 36-47 25 72-00 50 65-84 40 72-06
35 30 83-96 20 85-00 39 86-31 33 10000

42 — — — — 50 10000 — —
b 0-1115 0-1448 0-1273 0-1280
V()  0-000294 0-001093 0-000241 0-000310

e 3-81 1-88 3-43 2-31

Table 18. Ewxposure temperature approzr. 12° C,

11-7° C. 12-1° C. 12-1° C. 12-1° C. 11-7° C. 12-1° C.
89 % R.H. 73 % R.H. 46 9, R.H. 25 9%, R.H. 5 9% R.H. 0-1 % r.H.
11 mm. s.p. 2:9 mm. 8.D. 5-7 mm. 8.D. 7-9 mm. 8.D. 9-8 mm. 8.D. 10-6 mm. s.D.
F_‘—M_ﬁ’\ f———__ﬁ s A ™ r A N f—‘_—A A r Al
I II III I 111 11 111 I 11T 1I III 11 111
7 32 9-38 — — — — —_— — 29 6-90 — —

14 31 9-68 19 1-68 20 6-59 20 29-29 20 31-58 20 4-21
21 30 36-66 25 25-27 25 16-48 30 15-82 30 57-89 30 32-66
27 — — — — — — 20 48-86 —
30 23-08 30 45-05 40 72-22 40 92-11

28— — 40

29 40 5916  — — — — — — - — — —
30 - - — — — — — 40 8295 —
33 — - — — - — — 23 8024 — -
35 40 6944 40 6154 40 7527 40 9747 40 10000 40 9747
- — — — — - — — — — 30 100-00
42 48 9074 40 7253 40 9451 43 9765 — — —
46 50 9400 — — — - - — — — - —
49 2 9615 45 8779 35 9686  — — — - - —
b 0-0800 0-0811 0-1110 0-1489 0-1034 0-1829

V(&) 0000058 0-000109 0-000186 0-000404 0-000162 0-000712

x2 2-60 5-05 0-89 11-59 15-45 0-26

Table 19. Exposure temperature 13° C.

13-0° C.
0-1 % R.H.
11-1 mm. s.D.
f—‘/\‘—’\
I II II1
9 40 0
17 40 22-50
25 40 47-50
42 56 94-60
b 0-1015
V(b) 0-000173
x 1-21
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VII. DISCUSSION AND FUTURE WORK

The investigations described in this paper were undertaken with the
ecology of the bed-bug, rather than its physiology, in mind; and no attempt
has been made to discover the factors intimately associated with the causes
of mortality, preconditioning effects or the different rates of development
under the various climatic conditions. But from the ecological point of view
some obvious problems still remain to be investigated.

In all this work, no serious effort was made to control the intensity or the
duration of illumination. The eggs were kept in incubators or in constant
temperature rooms, for most of the time in darkness but with frequent short
exposures to daylight and to electric light of low intensity. Consequently the
effects of light on the eggs are unknown.

The transference of eggs to various temperatures was made suddenly in
the experiments which have been described. But in nature seasonal and diurnal
temperature changes take place gradually. The effects of slow temperature
changes should be studied and compared with the effects of sudden ones, for
Robinson (1926) states that probably with non-hibernating insects a gradual
approach to low temperatures is associated with less resistance than a more
sudden change. It has been suggested above (p. 142) that fluctuations in
temperature likely to occur in English houses are probably without much
effect on the position of the developmental-hatching threshold; but work on
the rate of development at temperatures fluctuating above and below 13° C.
still has to be done. With fluctuating temperatures below the developmental-
hatching threshold, condensation of dew on eggs may have marked con-
sequences on their survival times; for I have noticed that the dents in the
chorions of old Cimez eggs disappear if the eggs are placed in a film of water.

Since the rate of change of temperature in houses is gradual, and it is
improbable that eggs laid at 23° C. would ever be suddenly subjected to 7° C.
or lower and then later be raised quickly back to 23° C., perhaps it would have
been better to have kept controls and to have reincubated eggs at a lower
temperature than 23° C. Table 13 shows, however, that in the early stages of
development at least, the temperature from which the eggs are transferred has
no effect on the mortality at 10° C. Whether the magnitude of the tem-
perature change has any effect on older eggs as they are removed back to a
higher temperature still remains to be discovered. It must be remembered too,
that in the exposure experiments the actual length of life of the eggs is the
length of exposure plus the subsequent incubation time at 23° C.; in nature,
therefore, the length of life at low temperatures may be longer than my
experiments suggest, although of course they would not hatch if the tem-
perature was below the threshold for hatching. Thus although the median
exposure for death in my experiments is probably not the true value if the
particular low temperature was held constant until half the eggs died, its
ecological significance is unimpaired.

https://doi.org/10.1017/50031182000015675 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182000015675

C. G. JoHNSON 169

In English houses temperatures approaching the upper thermal death point
of C. lectularius eggs (45° C. or 113° F. for 1 hr.) rarely occur except perhaps in
roof-spaces or on dark surfaces exposed to direct sunlight. I have, therefore,
considered that the upper fatal limits are of secondary importance in the
ecology of Cimex in this country. Mellanby (1935) has investigated these
limits, but we still know nothing about the effects of age or of preconditioning
on the upper death point.

The whole subject of preconditioning or acclimatization needs systematic
study. We do not know the minimum times necessary for a preconditioning
temperature to produce an effect; and in the experiments with eggs laid at
different temperatures it is not certain whether the eggs must be developed
from the ovarioles or if merely oviposition at that temperature is sufficient
for the effect to occur. But from Table 7 it seems that either the period of
early development while the eggs are still inside the female, or the period of
the first 24 hr. after oviposition, are critical times when preconditioning is
brought about.

The mortality of eggs at low temperatures appears to be little influenced
by the atmospheric humidity. Mellanby (1939a) thinks that it is probably
the serosa and not the chorion of fertilized eggs which is responsible for the
retention of water in the egg. I have sectioned eggs and have found an ap-
parently chitinized membrane identical in appearance to that described for
Notostira (Capsidae) (Johnson, 1934). Slifer (1938) has shown that a similar
membrane in Melanoplus is permeable to water only at one part, the hydro-
pyle; it would be interesting to discover if a hydropyle area is absent in Cimex
eggs, thus rendering them relatively impermeable to water. For they lose
water very slowly indeed and do not absorb it during development as with
Melanoplus and Notostira. Clark (1935) states that with Rhodnius eggs the
humidity probably has little effect on the embryo itself and only becomes
important immediately before hatching. In Cimexr humidity is not important
even at hatching, but the similar lack of effects of humidity on the embryo may
be due to a chitinous membrane in Rhodnius. The work of H. Mellanby (1936)
suggests (see her Text-fig. 4A) that such a membrane is present although she
does not figure an anterior thickening of it as exists in Cimez and in Notostira.

This work on the relations of Cimez eggs to climate is significant in the
ecology of the bug only in conjunction with other aspects of its life—par-
ticularly with the factors influencing oviposition. The threshold for oviposi-
tion is at approximately 13° C., but if eggs were laid at this temperature it is
doubtful if they would develop even if the temperature was kept two or three
degrees higher than 13° C. (see Table 7). But the mortality among eggs and
the lowest temperatures at which they will hatch in nature will depend a great
deal not only on the temperature of oviposition but on the rate at which the
temperature subsequently falls. If the eggs are laid at a fairly high tempera-
ture and the rate of fall is sufficiently gradual, considerable numbers might be
expected to hatch at temperatures as low as 8° C. So far only macroclimatic
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temperature changes in rooms have been studied and these have served as a
guide for the planning of experiments; microclimates and their rate of change
still remain to be worked out in conjunction with our knowledge of the tem-
perature and humidity relations of eggs. But even if eggs hatch after exposures
to low temperatures in nature the larvae may be weak in spite of their normal
appearance. It is important, however, that collections of eggs should be made
from natural infestations at different times of the year and tests made to
reveal the proportion of viable eggs present amongst them.

The results on the survival of eggs at winter temperatures may ultimately
be of use to workers interested in bed-bug control. It would perhaps be worth
ascertaining if eggs which had suffered winter temperatures for some time were
more easily killed by fumigants than the newly laid eggs used in laboratory
tests. It is probable that in some rooms, where the winter temperatures
remain below 10° C. for many weeks at a time, the concentrations which have
been found necessary to kill eggs in the laboratory need not be employed
since the eggs, if not already dead from exposure to low temperatures, may be
easily killed by concentrations lethal to adults and nymphs.

VIII. SumMary

1. The period which elapses between a blood-meal and oviposition on the
part of the female bed-bug affects the duration of the egg stage. Kggs laid soon
after the meal take longer to hatch than those laid later. It is supposed that
embryonic development of eggs inside the female occurs at a rate relatively
greater than that of oviposition.

2. Atmospheric humidity is without effect on the duration of the egg
stage. Although the temperature-velocity graph appears to be fairly linear
between 18 and 30° C. the thermal constants show considerable variation.

3. A daily alternation of temperature with a range of 10° C., between the
threshold and optimum temperatures results in an acceleration of develop-
ment; this can, however, be accounted for by the non-linearity of the tem-
perature-velocity relationship, if the usual methods of thermal summation
are used.

4. Eggs have been exposed to temperatures between 1 and 12° C. and the
time taken to hatch on subsequent incubation at 23° C. has been ascertained.
When these times are compared with times for hatching of control eggs kept
at 23° C. from oviposition there is some evidence that a slight amount of
development may occur at as low a temperature as 4°C.; i.e. 9° below the
developmental-hatching threshold. Times after exposure are shorter than
times for control eggs.

5. Thermal summation, however, suggests that temperatures between
13 and 11-7° C. result in a retardation of development since the times after
exposure at which hatching occurs at 23° C. are longer than would be expected.

6. The method of thermal summation is criticized mainly on the grounds
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that it assumes that a temperature has the same accelerating effect on all
stages of embryonic development. A retardation of development such as that
mentioned in the preceding paragraph may be either a true retardation or due
to errors resulting from the assumption that the reciprocal of the time for
complete develbpment represents the true amount of daily development at
all stages of embryonic growth.

7. The lowest constant temperature at which complete development with
hatching, of eggs laid at 23° C., can occur is 13° C. I have called this tem-
perature the developmental-hatching threshold. The developmental threshold may
be as low as 4° C., while the hatching threshold is at approximately 8° C.

8. Alternating temperatures such as occur in English houses are unlikely
to affect the position of the developmental-hatching threshold. Atmospheric
humidity does, however, affect it and 75-90 9, R.H. appear to be the only
humidities at which development with hatching can take place at a constant
temperature of 13° C.

9. Mortalities near the developmental-hatching threshold appear to depend
also on the temperature at which eggs are laid (or perhaps the temperatures
at which they develop within the female). Kggs laid at 15° C. and incubated
at 15° C. and 7 9, r.H. suffer 97-1 9, mortality while those laid at 23° C. and
incubated under identical conditions have 32-9 9% mortality.

10. If eggs are laid at 23° C. and are incubated at 15, 18 and 23° C. until
nearly ready to hatch, the percentage hatch at temperatures near the hatching
threshold is higher with those eggs previously kept at 18° C. than with those

" from 15 or from 23° C. At 8° C., the lowest observed temperature for hatching,
preliminary incubation at 15° C. is probably more favourable than one at 23° C.

11. Mortality of eggs above 13° C. is only slightly affected by atmospheric
humidity over the optimal range. But the effects are more noticeable near the
upper and lower temperature limits. 99-100 %, r.H. appears to be associated
with a higher mortality than 90 9%, r.H. The extreme temperature limits for
eggs laid at 23° C. are 13 and 37° C. With eggs laid at 15° C. the range is
restricted at both upper and lower temperature limits compared with the range
for eggs laid at 23°C. The temperature of oviposition, whether it is 15 or 25° C.,
seems to make no difference to mortalities between 18 and 28° C.

12. The mortalities of eggs exposed for varying periods to temperatures
between 1 and 13°C. and various humidities are discussed. By means of
probits estimates of the times for 50 and 99-99 9, mortalities have been made
for each of the temperature and humidity combinations.

13. Exposure for 50 9, mortality is affected slightly by humidity below
13° C., but no simple law relating survival to humidity has been found either
above or below 13° C. Variations in temperature within the range 0-34° C.
are likely to influence survival more than the humidity variations possible
within this temperature range.

14. At constant saturation deficiencies the eggs survive longer at the
higher temperatures between 1 and 13° C. The median exposure for death
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(i.e. exposure for 50 %, mortality) increases by 1-5-1-8 days per 1° C. rise of
temperature.

15. The scatter of mortalities about the median exposure for death as
measured by the regression coefficient of probits on exposure times is slightly
influenced by humidity, but is not affected by temperatures between 1 and
13° C. Much of the variation in the slopes of the mortality curves is thought
to be due to inherent variation in the eggs themselves.

16. With eggs laid at 23° C. and exposed to temperatures below 13° C.
the longest exposure necessary to produce 99-99 9%, mortality (as judged by
subsequent incubation at 23° C.) was estimated at 79-8 days. This occurred
at 12-1° C. and 73 9%, r.H. The actual observed times for exposure for 100 9%,
mortality are somewhat shorter than the estimated times.

17. Eggs with embryos in an advanced state of development are more
quickly killed by exposure to 7-7° C. and 90 9%, r.H. than are newly laid eggs.

18. Ovipositional temperatures of 15, 18 and 23° C. produced no different
effects on the mortality rates of eggs exposed to 10° C. and 90 %, r.H.

19. Future problems and the ecological significance of the experimental
results are discussed.
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