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The following pages record briefly certain findings of much practical utility for field
ecologists and of great theoretical significance for ecologists in general, as they give a much
clearer conception of the relation between insect development and the fluctuating temperature
of the field than what exists so far. A more detailed account with complete experimental
proof will be given elsewhere in due course.

(A) Relative Effects of Variable and Constant Temperatures.

Most of the workers investigating the relationship between temperature and insect
development have made use of constant temperature maintained by various devices within
incubators, so much so that it has become a serious problem as to how far the results obtained
under constant temperatures of the incubators can be taken to be applicable to the fluctuating
temperatures prevalent in the field. Some workers in the past (Shelford, 1927 ; Peairs, 1927,
etc.) have noted that variable temperatures bring about some acceleration in insect develop-
ment. Headlee (1940) investigated this problem more critically by maintaining fluctuating
and constant temperatures in parallel experiments but he found acceleration in some series
and retardation in others. In trying to explain these apparently discordant results he said
that as the characteristic curve of reaction of insects to external factors of insect environment
happens to be sigmoid, the speed of metabolism is likely to be reduced and more time required
to complete the same metabolic changes in the variable than would be necessary to complete
the same changes in the constant if the variable range under examination goes over into the
foot curve or into the top curve. Shelford had also observed the retardative effect of fluctuating
temperature in some cases but he could not understand its significance and listed those
observations as exceptional data.

While trying to interpret the data of rearing of the various stages of cotton bollworm in
the field insectary I tried to investigate the relation between temperature and insect develop-
ment by taking the rearing of each batch of, say, pupae pupating on a particular day as one
complete experiment and then finding out the average pupal period of that batch and the
average temperature of the period during which they lived in the pupal stage. In this way a
good amount of data was obtained on pupal periods corresponding to a good number of tempera-
vure averages extending over the full range of seasonal fluctuation. When these data were
graphed with temperature as abscissa and pupal period as ordinate, it appeared that a curve
resembling what is referred to in literature as the hyperbolic curve of development could be
reasonably drawn with the help of the data thus obtained. When this curve was compared
with the curve obtained under constant temperature by Ahmad and Ghulam Ullah (1939)
a very instructive result was indicated because the curve obtained under fluctuating tem-
perature starts much lower (starting from lower temperature) than that obtained under constant
temperatures and then goes on gradually approaching it and actually tends to cross it and go
above it at higher temperatures. This comparison tends to indicate that the development is
quicker under variable temperatures than under constant temperatures at lower degrees, but
the effects are just reversed at higher temperatures when development is slower under variable
temperatures than under constant temperatures.

The above tentative indications led me to analyse the problem on theoretical grounds
and the theoretical analysis has revealed still more instructively how and why the development
should actually be quicker under variable temperatures below a particular range™and slower
above the same as compared to development under constant temperatures.



3. PRADHAN : INSECT POPULATION STUDIES. 75

Taking the curve of developmental indices (1/developmental periods) to be sigmoid in
shape, i.e. a curve with two opposite bends and a point of inflection in between, the effect of
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F1a. 1. Curve of Developmental Indices (for explana-
tion see text).

variable temperatures can be explained as follows*: Suppose the average of fluctuating tempera-
ture is X (Fig. 1) in the lower bend of the curve. Now it is clear that in case the temperature
remains constantly at X then the rate of development will remain constant but in the case of
fluctuating temperature, the development will be quicker when the temperature goes above X,
i.e. the effect will be accelerative, but when the temperature goes below X the effect will be
retardative as compared to the constant temperature at X; and the resultant effect of the
fluctuating temperature will be the sum of these accelerative and retardative effects. Thus
suppose the total effect of the fluctuating temperature is expressed as

E, = (+bay)+(—br)) = ba,—br, .. .. .. .. (U

(B, = effect of fluctuating temperature with average at X; b = range of fluctuation about X;
ba, = accelerative effect due to temperature going above X up to b; br, = retardative effect
due to temperature going below X up to b.)

Then as the graph in the region of the lower bend is bent upwards the rate of retardation
below X is slower than acceleration above X, i.e.

ba,>br, .. .. .. .. . (2
Therefore .
ba,—br, = plus quantity .. .. .. ..o (3)
i.e. the resultant effect of the variable temperature is accelerative, i.e. round about X the
development should be quicker under variable temperature than under constant temperature.

Again take another temperature (Z) in the upper bend. Here also the total effect of the
variable temperature will be

Ez = (+baz)+(_bry) = ba,—br, . . . .. (4)

* These ideas can be more accurately expressed with the help of infinitesimal calculus but this algebraic
form is used for the sake of simplicity.
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(E, = effect of fluctuating temperature with average at Z; other symbols similar to (1) but
round about Z.)

But here in the region of the upper bend the graph is bent downwards, therefore acceleration
above Z is slower than retardation below Z, i.e.

ba,<<br, .. .. .. .. .. .. 5
Therefore

ba,—br, = minus quantity .. .. .. .. (6)

i.e. the total effect is retardative, i.e. the development will be slower under variable temperature
than under constant temperature in the region of the upper bend. Arguing similarly the effect
of variable temperature should be accelerative below, the point of inflection of the curve of
developmental indices and retardative above the same and not that retardation only is likely
to ocour when the range of variable temperature goes either in the top curve or into the foot
curve as said by Headlee (1940). Practically the effect should be more pronounced in the
region of bends and less so in the intermediate zone where the accelerative and retardative
cffects can nullify each other to a great extent. Probably this is the first time when a clear
conception about the relative effects of variable and constant temperatures is being given.

(B) The Curve of Developmental Indices.

During the foregoing consideration I have taken the curve of developmental indices to be
sigmoid whereas the curves published by Ahmad and Ghulam Ullah show a bend only on the
upper side, the lower end being produced straight. In trying to see if there can be a bend
on the lower side also or if the produced straight line is strictly justified, I tried to fit some other
equations to the data of the above authors besides the hyperbolic equation which justifies the
straight line on the lower side. It was found that the following equation fits the observed data
better than the hyperbolic curve and gives a lower bend also.

*&t Y="Y,.e=% .. .. .. .. .. (D

When the pupal periods were calculated for lower temperatures (not tried by the above
authors) by hyperbolic equation and also by the equation given above (7) the values got by
this equation were found to be in quite good agreement with the data observed by us for lower
temperatures while the values given by the hyperbolic equation were much more exaggerated.
For example, at 55-5°F. the calculated pupal period of Earias sp. should be 65:53 days according
to equation (7) and 2294 days according to the hyperbolic equation. The observed pupal
period for this average temperature in the field is 51-77 days on average the maximum going
up to 75 days. It will be seen that 51-77 days under variable temperature is in quite good
agreement with 65-53 days for constant temperature keeping in mind that at these low tempera-
tures the effect of the variable temperatures will be accelerative. So if temperatures below
16°C. would have been tried, there is every likelihood that the above authors also would have
got a lower bend like many other previous workers. In fact Pruthi (1940) while quoting the
data of the same authors gives a dotted bend also besides the straight line on the lower side.
However, the point, of major interest brought out by this effort at equation fitting is that the
applicability of the equation (7) may prove to be of great significance as this is the most
important equation of biological statistics. It appears that nobody has tried this equation
although a number of hyperbolic, parabolic, and other exponential equations have been tried,
some proving better like the above one than the hyperbolic equation specially for extrapolation
purposes. A comparative review of literature, however, will be given later when the full
gignificance of equation (7) will be dealt with.

* ¥, = highest value of Developmental Index (Reciprocal of Developmental Periods); ¥ = value of
Developmental Index corresponding to temperature t; t; = temperature corresponding to ¥ ; @ = (fg—#);
a = constant; e = constant.

1 This curve may be taken to be unnatural (as it was at first taken to be by Mr. Krishna Iyer) because
the curve of Fig. 1 has not been shown symmetrical about t5. Therefore it is to be pointed out that the
other side of the curve does exist and has actually been realised in practice in a number of species.
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(C) Caleulation of Developmental Periods.

Having a clear conceptlon of the relative effects of variable and constant temperatures as
discussed heretofore, it becomes possible even to calculate the actual values of accelerative and
retardative effects of variable temperature over development under constant temperature
observed in the laboratory. Thus if it is found as in the case of E. fabia (and probably in
insects in general as indicated by the illustrations of a number of workers on the subject) that
equation (7) is applicable to the curve of developmental indices, the developmental periods
under variable temperatures with known range of fluctuation can be calculated as follows:—

It is clear that with the help of equation (7) the value of developmental index corresponding
to any constant temperature can be easily calculated after finding out the values of Y and
constant a with the help of a few experimentally determined values of developmental periods
corresponding to certain constant temperatures. In the case of variable temperatures the
values of Y also have to remain fluctuating with temperature fluctuation., Therefore the average
value of ¥ has to be calculated corresponding to any particular range of temperature fluctuation.
This average value of ¥, however, cannot be found out merely by taking the mean of the two
extreme values of ¥ correspondmg to maximum and minimum temperatures because the rates
of increase and decrease in the value of Y are not constant specially in the lower and higher
zones of temperatures. Therefore the value of integral

T2
Yo.f e~ d .. .. .. ce e (8)
3

(i.e. the integral between the limits of the values of z corresponding to maximum z, and
nminimum z, temperatures) has to be calculated giving the* total of all the values of Y cor-
responding to every point in the whole range of temperature fluctuation, and then the value of
this integral has to be divided by the range of temperature fluctuation in order to get the
average value of Y for the given range. The equation for this calculation thus comes to be

x2 2
YO e‘“”d;l:
=0 __ .. .. .. .. (9

b —to

Y(h —tg)

Y 4,—t, = average value of developmental index corresponding to temperature fluctuation
(t1—to)
between t; (max.) and f, (min.) temperatures corresponding to which the
values of @ are x; and z, respectively.

At the first sight the above equation—specially the integral portion—will appear to be too
complicated and tedious to gain general applicability and popularity. Therefore it has to be
pointed out that our equation (7) is almost identical with the equation of Normal Frequency
or Probability Curve (10) which is the basic and most important equation of Statistics and on
which so much work has already been done that calculations based on it have become com-
para,tlvely much easier. Therefore the methods employed in calculating the various frequencies
(Y) in equation (10) can be usefully adapted to find out the values of developmental indices (Y)
in equation (7).

Equation of the curve of

Y=Y,.e o T - (0 "Dev. Indices.
x2
T2 g0 )
}.7 =TYo.c Equation of the Normal
or .- .. (10} Frequency or Probability
z? Curve,
e T 2.8

a\/271

* Mr. Krishna Iyer thinks that the correct expression for the phra.se total . . fluctuation’ is
‘ total area of the curve between the ordinates corresponding to xy and zg’.

2
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Thus from the ahove two equatlons (7 and 10) it will be clear that if the numerical values
of x, ¥, and ¥, are kept identical in the two then

1 1

z z
(l-—2"—020r0-— ‘2—(101‘;—— T (11)
2a
And equation (7) can be written as
e—ar” e e .. (20)
N/ﬂ '\/277'
ar .
Y = 0-39894/2q .e-%" O 0 1)
Also
1 z 2 I
——=—= | ¢ 20%dr =039894/2.a | e-*’dx .. .. .. (13)
oV 27 0 o

Now we find that the values of the integral
xz
1 2
——=1 e 2.0% dx
a\/ 2@
v o

have been computed corresponding to different values of z varying from 0-00 onwards at
o
intervals of 0-01 and published in what are commonly known as Sheppard’s Tables.* Therefore

just after calculating the value of

— we can directly see from these tables the value of
A 2a
integral (13). Further the value of

T2

0-3989\/%j e dy R ¢ 1))

ry

can be found out by finding the value of integral (18) first for the value of —— and then for

2a

sz and then deducting the former from the latter. The value of integral (8) can be found

2a
_ Yo
0-39894/2a

The comparative simplicity of the above calculation can be illustrated by a definite
numerical example:

Suppose we want to calculate the average pupal period of K. fabia under a variable tempera-
ture of 55-824-9-795 and also under the constant temperature of 55-8240.

Calculated with the help of the data on pupal periods published by Ahmad and Ghulam
Ullah (1939) the values of Developmental Constants for E. fabia are:—

Yo = 1364
to = 95°F.

out by multiplying the value of integral (14) by

a = 0-001303 or Jl = 19-59
2a

* Sheppard, W. F. (1903)—Biometrika, 2, 174-90. (These tables are now reproduced at several places.)
2B
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Now from the above example
t; = 55-824-9-795 = 65-615
to = 55:82—9-795 = 46-025

Therefore
z1 = 95—65-615 = 29-385
Ty = 95—~46-025 = 48975
Therefore
v 29385
T = 1959 =15 .. .. .. .. .. (A)
2a
g 489715
T_-——1959 =25 .. .. .. .. .. (B)
2a

Now from Sheppard’s Tables we find as explained above that

the value of integral (13) = 0-4332 corresponding to (A)

and = 0-4938 ,, (B)
Therefore value of integral (14) = 0-4938—0:4332 = 0-0606
" p (8) = 00606 Yo
039894/ 2a
__0-0606 x13-64x19-59
- 0-3989
40-58
f ‘ = e = 2-072
Therefore Y(tl—tz) 55615 —40-09% 2-07
100

Therefore pupal period = = 48-27 days under a variable temperature of

2:072 55-82+9-795

The pupal period at constant temperature can be found much more easily with the help
x2
of Sheppard’s Tables as they also contain the value of \/]_2__ ¢ 30% for different values of © .
Dot a

Thus for pupal period at 55-82 (constant)

x x 95—55-82

- = — = = 2

a 1 19-59 0

2a

For ¥ = 2-0, we find in Sheppard’s Table
g

22

03989 ¢ " = \/12_ ¢ 3ot = 0-0540
73
o e 00540X1364
Therefore Y = Yy e =—pa0sg = 1-846
100

Therefore. pupal period = = 54:16 days at constant temperature of 55-82°F.

1-846
Therefore Accelerative value of

Variable Temperature of 55-8249-795 = 5416 —48-27 =589 days over full pupal period at
55-82°F. constant.
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From these calculations it will be clear that it is every point in the whole range of tem-
perature fluctuation that determines the developmental period under variable temperatures
and not only the average. For example, the pupal period should be quite different if the range
of fluctuation changes although the value of the average may remain unaltered.

In the end it needs to be mentioned that in the above calculations it is implied that the
fluctuation in temperature is quite regular whereas it is not strictly true in nature but this
flaw if at all is common to all correlations between different phenomena and average
temperature.

I record my sincere and respectful thanks to Dr. H. 8. Pruthi, the Imperial Entomologist
of India, for his kind guidance and constructive criticism which form a constant source of
encouragement so indispensable for solving difficult problems. I am also thankful to Mr. P. V.
Krighna Iyer for listening to my mathematical reasonings involved in this paper. Acknowledg-
ment is due to Dr. Ramdas Menon who is carrying on rearing in the field and with whom it is
intended to give definite experimental proofs to the ideas advocated in this paper.
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