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Fig. 2. Modification of the daily dynamics of eclosion by light-on and/or a high temperature pulse applied at a various time after

the light-off (Series A, D, E).

A – constant temperature of 20°C (control); D – 2-h-long high temperature pulse (30°C) at the onset of scotophase; E – 4-h-long

high temperature pulse (30°C) at the onset of scotophase. Numbers on the right side of the plots indicate the duration of the scoto-

phase in a given treatment.

The circles with the error bars are the median hours of eclosion with quartiles, relative to the light-off. The letters above a circle

represent the comparison of medians relative to the time, indicated by a vertical dotted line (light-off in Series A, temperature step-

down in Series D,E). Medians are not significantly different (p > 0.05, Kruskal-Wallis test) if they are followed by the same letter.

Roman and Greek letters are for the comparison between treatments of the same column (within a series) and of the same row

(among different series), correspondingly.

The lines connecting the circles show the shift of an eclosion median time with change of light-on position.

For further explanations see the text.



during the period of the observation. The median was used

instead of mean in the estimation of the phase of eclosion peak,

because the distributions were often skewed. Median time of

eclosion was compared among treatments by Kruskal-Wallis

test. The comparison between fraction of adults eclosing within

a given time period in different experiments was made by

ANOVA test after arcsines transformation.

RESULTS

Series “A” experiments: eclosion under a constant

temperature of 20°C (control)

Results of experiments conducted under a constant tem-

perature of 20°C are shown on the left column of Fig. 1.

In the treatment with complete absence of a dark period,

the number of eclosed adults proceeded gradually

throughout the observation period, without any distinct

peaks. After a short period of darkness (2 h) light-on

induced a rather weak response, median eclosion time fol-

lowing light-on with latency of 10 hours. With a further

increase of the scotophase duration the immediate

response to light-on gradually intensified and the median

shifted to the beginning of the photophase. After the 12-

h-long scotophase the light stimulus evoked eclosion in

65% of adults.

The relationship between the immediate response to the

stimulus and the latency to the median was best fitted by

exponential trend (Fig. 3). With increase of the magnitude

of the response, the latency exponentially reduced. A

similar correlation was obtained in treatments with the

constant temperature (Series A) and a high temperature

pulse (Series D and E). Hereafter, when comparing the

results of these Series, we shall use the phase of eclosion

relative to the onset of the photophase as an indirect

parameter of sensitivity to the light stimulus (see the

“Discussion”).

Series “B” experiments: 2-h-long high temperature

pulse just before the light-on

Results of treatments where light-on was preceded by a

2-h-long high temperature pulse are shown in Fig. 1,

column “B”. In all treatments, except the one with total

absence of a scotophase, the temperature perturbations

caused significant modification of the eclosion pattern, in

comparison with the controls (p < 0.05, Kruskal-Wallis

test). Like the light stimulus, a rise of temperature in

darkness induced eclosion in a certain fraction of adults,

the response increasing with the time elapsed since

light-off (see the points, corresponding with the end of

the thermophase on the curves in Fig. 1, column “B”).

Interestingly, in experiments with short (less than 8 h)

scotophases a temperature pulse caused minor masking

effect, but seemed to inhibit the response to the subse-

quent light-on. This effect was expressed both in the

reduced immediate response to the light stimulus (p <

0.05, ANOVA) and the prolonged latency to a median

eclosion time (p < 0.05; Kruskal-Wallis test), in com-

parison with the controls. In treatments with more pro-

longed scotophases a temperature pulse evoked eclosion

in a considerable fraction of adults in darkness, therefore

emergence started earlier than in the controls (p < 0.05;

Kruskal-Wallis test), with reducing the response to the

following stimulus (light-on) (p < 0.05, ANOVA).

Series “C” experiments: 2-h-long high temperature

pulse just after the light-on

Column “C” in Fig. 1 shows the results of experiments

where light-on coincided with the beginning of the high

temperature pulse. It is apparent from these data that the

temperature step-up considerably enhanced the effect of

the light stimulus. A strongly pronounced response to the

joint influence of the stimuli was recorded even in the

treatments with short (2 and 4 h) scotophases.
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Fig. 3. Relationship between the magnitude of immediate response to the light stimulus and the latency from light-on to a median

eclosion time.

Solid circles indicate the control treatments (Series A, constant temperature of 20°C), open circles indicate the treatments with a

high temperature pulse at the onset of scotophase (pooled data of Series D, E). Fraction of adults was calculated relative to the total

number of adults eclosing during the period of records (24 h). The lines indicate the exponential trend for control (solid line, y =

10,62e-0,025x; R2 = 0,92) and experiment (broken line, y = 10,26e–0,025x; R2 = 0,84).



To examine if this activating effect of temperature is

merely a summation of the stimuli impacts, we compared

an immediate response to a single factor (light-on or tem-

perature step-up in darkness) and to the stimuli applied

simultaneously. The fraction of specimens eclosing

within 2 h after the beginning of the action of exogenous

factor(s) is shown in Fig. 4. The degree of response

increased with the prolongation of the scotophase. In gen-

eral, light-on exerted a more considerable influence than a

temperature rise. The broken line denotes the theoretical

predictions of fraction of individuals, eclosing within 2

hours after a stimulation of both factors, estimated from

the standard formula of percentages addition:

 P (t + ph) = P (t) + P (ph) ((100-P (t)) /100, where

P (t) - percentage of adults eclosing after the tempera-

ture rise in darkness (experimental data);

P (ph) - percentage of adults eclosing after the light-on

(experimental data);

P (t + ph) - percentage of eclosed adults, which is

expected based on the assumed independent impacts of

these factors (prognosis).

The data given in Fig. 4 strongly testify that the simul-

taneous action of light and temperature stimulus exerted a

more significant influence, than could be expected if the

factors acted independently.

Series “D” and “E” experiments: high temperature

pulse (2 or 4 h) at the onset of scotophase

These sets of experiments were designed to specify the

inhibitory effect of high temperature on the responsive-

ness to the light stimulus, observed in the first half of the

12-h-long scotophase (Series “B” experiments).

The results are shown in Fig. 2, columns “D” and ”E”.

A high temperature pulse at the onset of the scotophase

did not cause eclosion in darkness, but inhibited the

response to the light stimulus applied several hours later

(compare the diagrams with an equal scotophase duration,

placed diagonally in Fig. 2). The effect was expressed as

a reduced immediate response to light-on (in all treat-

ments except “10D”, there was a significant difference in

comparison with the controls, p < 0.05, ANOVA) and

prolonged latency to a median eclosion time (in treat-

ments with scotophase less than 10 h, p < 0.05, Kruskal-

Wallis test). For instance, after 6 h of darkness, light-on

induced eclosion in 50% of adults in the control group,

median eclosion time fell on 10h. At the same time, no

response was observed in treatments with a temperature

pulse, and the medians were at 12 and 16 h in variants

“D” and “E”, correspondingly (compare var. 6A, 6D and

6E in Fig. 2).

The median eclosion time appears to be in a phase rela-

tion with the temperature step-down. To illustrate this, the

plots in Fig. 2 were so arranged that in the same row there

are the treatments with different prolongation of scoto-

phase, but with the same period from temperature step-

down to light-on (or, in the controls, from light-off to

light-on). The eclosion distribution was compared among

the treatments relative to a time denoted by a vertical

dotted line. In most cases, there were no significant dif-

ferences between treatments of the same row (p > 0.05,

Kruskal-Wallis test). This suggests that the latency from a

light-on to a median in Series D and E was defined by not

the whole duration of the scotophase, as in the controls,

but by the “unaffected” part of the scotophase after the

temperature drop.

Another parameter of the responsiveness, an immediate

response to the light stimulus, was also found to be in a

phase relation with temperature step-down. Fig. 5 shows

the results of prolonged experiments of Series A and E. In
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Fig. 4. Daily changes in the responsiveness to single or joint action of the light and temperature stimuli .

A – light-on stimulus; B – temperature step-up in darkness; C – simultaneous light-on and temperature step-up (the data were

obtained in the series marked by correspondent letters).

“C prognosis” - a theoretical prediction of response to join action of the stimuli, based on the assumed independent impacts of the

factors, “C experiment” - experimental data.

On the ordinate, there is a percentage of adults, eclosing within 2 hours after the stimulus application at a given hour, relative to

the total number of adults eclosing during 24 h after light-off. The error bars indicate confidence intervals. 

For further explanations see the text.



both variants the degree of immediate response to

light-on significantly changed throughout 24 h after the

onset of darkness. In the treatment with a 4-h-long high

temperature pulse the observed daily dynamics was evi-

dently shifted to the later hours. A mean time of maximal

responsiveness fell on 12.0 ± 0.8 (SEM) h under the con-

stant temperature, but on 15.3 ± 0.7 h if the thermophase

was applied at the onset of darkness (p < 0.05, t-test).

Thus, in experiments with a high temperature pulse

applied at the onset of the scotophase the changes in the

responsiveness were in the same phase relation with tem-

perature drop, as with light-off in the controls.

DISCUSSION

Daily changes in masking effect of light and

temperature

Results of this investigation have shown that the magni-

tude of the immediate response induced by light-on

or/and a temperature rise in T. embryophagum depended

on the time of stimulation. Just after light-off individuals

exhibited weak sensitivity to light-on, intensity of the

response increasing gradually peaking at 12 h after the

light-off and then reduced again (Fig. 5). Similar changes

were observed in response to a temperature step-up in

darkness throughout the 12-h-long scotophase (Fig. 4).

The data are consistent with the previous findings that

the response to various exogenous stimuli is under control

of a circadian oscillation. For instance, circadian rhyth-

micity in insects has been documented for sex pheromone

perception, probing and optokinetic responsiveness, sen-

sitivity to drug and olfactory stimuli, etc. (Brady, 1975,

1978; Saunders, 1982; Zhukovskaya, 1995; Krishnan et

al., 1999; Andretic & Hirsh, 2000). Daily changes of the

masking effect of the light stimulus were also demon-

strated for behavioural and adult eclosion rhythms

(Zotov, 1983; Morris & Takeda, 1994; Germ & Tomioka,

1998a). These modulations in responsiveness to light are

thought to be caused by the circadian rhythms in sensi-

tivity of visual system to light, which are well known in

insects (Germ & Tomioka, 1998a, 1998b; Pyza & Cym-

borowski, 2001).

Such circadian changes in responsiveness to exogenous

stimuli seem to be of adaptive significance preventing the

response to occasional changes of environment at an

inappropriate time (Tshernyshev, 1984).

Modification of responsiveness to light-on by a high

temperature pulse

The experimental data indicate that two factors inter-

acted in a complex manner, i.e. a high temperature pulse

essentially affected the response of the individuals to

light-on. Two opposite effects, especially pronounced in

the first half of the 12-h-long scotophase, were observed,

according to the position of the thermophase relative to

the photophase.

Activating effect of a high temperature pulse

The response to the light stimulus was considerably

enhanced when a temperature step-up and light-on were

coincident. This effect exceeded the mere summation of

single stimuli impacts (Fig. 4), suggesting that the influ-

ences of the two factors are converged by a certain inte-

gration mechanism. This is consistent with the previous

findings that light and temperature information are appar-

ently integrated on some levels of the circadian system

(Ikeda & Tomioka, 1993, Moore & Rankin, 1993; Sidote

et al., 1998; Tomioka et al., 1998).

Interestingly, the cumulative effect of the simultaneous

actions of light and temperature changes was observed

previously in the studies with daily synchronous changes

of light and temperature (Moore & Rankin, 1993;

Zaslavski et al., 1995). For instance, when the adult eclo-

sion rhythm in Trichogramma evanescens was synchro-

nizing to several light cycles combining with a short

thermophase at the onset of the photophase, an effect elic-

ited by such entrainment significantly exceeded a simple

sum of effects of single light or temperature cycle
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Fig. 5. Daily changes in responsiveness to the light-on stimulus.

Solid line is for control treatments (constant temperature of 20°C, Series A), broken line is for experiments with 4-h-long high

temperature pulse at the onset of the scotophase (Series E). On the ordinate, there is a percentage of adults, eclosing within 2 hours

after light-on at a given hour, relative to the total number of adults eclosing during 48 h after light-off. The curves are based on 5

(control) or 3 (experiment) replicates and smoothed with 2-point sliding means.
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