
mm posterior to lambda, 3.4 mm lateral to the 
midline and 8.5 mm beneath the top of the skull. 
For RPC rats they were 2.0 mm posterior. 1.0 
mm lateral, and 9.2 mm deep. The electrodes 
were then cemented in place on the skull and 
attached to a 22-gauge wire to  which "bubble 
clips" or  jeweler's pin clutches" could be 
attached. Another 22-guage wire was attached 
to a skull screw to  serve as an indifferent elec- 
trode. After being tested, the rats were killed 
and perfused with 10 percent Formalin. The 
brains were removed and electrode placements 
in the C N  or  RPC were verified by examining 
serial histological sections stained with cresyl 
violet. 

7. The apparatus to measure startle has been de- 
scribed [G. T .  Weiss and M. Davis, Pharmclcoi. 
Biochem. Behuv. 4 ,  713 (1976)l. Briefly, an 8 by 
15 by 15 cm Plexiglas and wire mesh cage 
suspended between compression springs within 
a steel frame was used. Cage movement resulted 
in displacement of an accelerometer where the 
resultant voltage was proportional to the veloci- 
ty of displacement. Startle amplitude was de- 
fined as the maximum accelerometer voltage 
that occurred during the first 200 msec after the 
startle stimulus was delivered and was measured 
with a specially designed sample and hold cir- 
cuit. The stabilimeter was housed in a lighted, 
ventilated, sound-attenuated chamber, 50 cm 
from a high-frequency speaker. The acoustic 
startle stimulus was a 50-msec, 110-dB burst of 
white noise having a rise-decay time of 0.1 
msec. Background white noise was 80 dB. 

Sound-level measurements were made within 
the cages with a sound-level meter (General 
Radio 1551-C) (A scale). 

8. Electrical stimuli were monophasic, negative- 
going single pulses 1 msec long delivered 
through a mercury slip ring from a constant- 
current stimulator. One or  two days before the 
main experiment, rats were tested with a few 
bilateral shocks to determine the intensity re- 
quired to produce a startle of about 20 to 40 
units. These intensities, which ranged from 
about 25 to 100 FA to each electrode, were then 
used in the main experiment. Subsequent histol- 
ogy showed that higher currents were generally 
required to  elicit startle when electrode tips 
were somewhat off target. However, placements 
on target occasionally required higher currents, 
perhaps because of local tissue damage. The 
electromyographic topologies of the responses 
to acoustic stimuli were similar to those to 
electrical stimulation of the C N  or RPC ( 5 ) .  

9. If rapid rates of stimulation through the RPC are 
used (for example, I stimulus per second), re- 
sponses will decline. Hence a separation of 
habituation and sensitization may depend on the 
exact interstimulus intervals used. 

10. J .  N. Sanes, J .  R .  Ison, A. A. Adelson. Ne1o.o- 
sci. Abstr. 4 ,  304 (1978). 

1 1 .  Supported by N S F  grant BNS-78-17421, NIMH 
grants MH-25642 and MH-18949, Research Scl- 
entist Development Award MH-00004 to M.D.,  
and by the state of Connecticut. 

14 May 1981; revised 13 January 1982 

A New Role for Temperature in Insect Dormancy: 
Cold Maintains Diapause in Temperate Zone Diptera 

Abstract. In early autumn, high temperatures terminate diapause in the aljaya 
blotch leafminer Agromyza frontella; low temperatures maintain diapa~rse. These 
responses s~lbserve a thermally malleable dormancy and ullow flexibility in the 
annual number of generations. The view that favorable conditions c,annot reverse the 
course of diapause are contradicted by the data on A ,  frontella. A better understand- 
ing of the diverse seasonal adaptations that insects have evolved may add precision 
to l$e history st~ldies and phenological models in insect pest management. 

Diapause, a physiological state of de- under favorable conditions, until after 
velopmental and reproductive suppres- certain physiological changes have oc- 
sion, is a prime synchronizer of insect curred. In many species of insects from 
seasonal cycles. It  is regulated by token the temperate region these changes take 
stimuli (primarily photoperiod and tem- place at low temperatures (compare ver- 
perature) that allow the insect to antici- nalization) (1, 3 ,  7, 8).  Despite evidence 
pate approaching seasonal changes (1- to the contrary (3) ,  researchers and writ- 
4). The specific action of natural photo- ers of general texts (9, 10) frequently 
period and temperature has been charac- assume that low temperatures are re- 
terized for very few natural populations, quired to accelerate diapause termina- 
particularly as they undergo overwinter- tion. Our results with the alfalfa blotch 
ing (3, 5, 6). This omission limits the leafminer Agromyza ji.ontella (Rondani) 
interpretation of how life histories 
evolve, and it impedes the construction 
of accurate phenological models in insect I T 
pest management. For  example, it is ,,,. 
generally considered that once fully initi- 
ated, diapause is not reversible, even 
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tal conditions that favor growth and de- 
velopment. The results also show that 
low temperature can delay, rather than 
hasten, the completion of diapause in the 
temperate zone. 

Agromyza frontella is a European spe- 
cies that was introduced into North 
America in the 1960's. Since then, it has 
become widespread in the northeastern 
United States and in Canada (11, 12), 
where it has caused significant damage 
to alfalfa. Females oviposit into the me- 
sophyll of alfalfa leaflets, and the three 
larval instars mine and feed between the 
epidermal layers. Mature larvae exit 
from the mines and drop to the soil for 
pupation. In eastern North America, A .  
frontella produces three complete, and 
in some areas, a fourth or fifth genera- 
tion per year (11-14). Overwintering is 
accomplished by partially developed pu- 
pae within puparia, at a soil depth of 
approximately 2 cm (13). 

To  investigate the overwintering of a 
natural population, specifically to estab- 
lish the influence of naturally occurring 
temperatures on diapause maintenance 
and termination, we tested the thermal 
responses of a field population through- 
out dormancy (15). Our data (Table 1 and 
Fig. 1) (16) show that both photoperiod 
and temperature have roles in regulating 
diapause; however, temperature domi- 
nates. At 21°C, emergence of A .  frontella 
individuals occurs within 18 to 19 days 
during all months from September 
through March; this means diapause is 
reversed at that temperature. During 
September and October, development at 
10°C proceeds at approximately one- 
sixth the rate of that at 21°C; in Novem- 
ber the rate of development at 10°C 
increases to about one-fourth of that at 
21°C. Subsequently, in January, Febru- 
ary, March, and April, development at 
10°C stabilizes at approximately one- 
third the rate at 21°C-the level charac- 
teristic of postdiapause (17) and nondia- 
pause (18) development. 

Diapause in A, frontella, as in other 
insects (19), is a dynamic state, and the 
thermal responses of the insects change 
throughout its course. During Septem- 
ber, diapause development is very sensi- 
tive to diapause-maintaining tempera- 
tures; both 10°C and 15.6"C retard the 
rate of diapause development. During 
October and November, thermal mainte- 
nance of diapause decreases; for exam- 
ple, by the end of October 15.6"C no 
longer decelerates diapause develop- 
ment, and by the end of November the 
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response at  10°C has decreased signifi- 
cantly (Fig. 1 and Table 1). The insects 
remain in dormancy after January, but 
mechanisms other than thermal reac- 
tions control the dormancy (17). Postdia- 
pause pupal development begins when 
soil temperatures rise above the thermal 
threshold for development (3.9"C); in the 
Ithaca, New York, area this occurs dur- 
ing April (13, 17, 18). 

Development in a number of species of 
insects from the temperate region con- 
tradicts the generalization that cold ter- 
minates diapause in that they end dia- 
pause more quickly under warm rather 
than cold conditions (3 ) .  However, these 
species generally rely on photoperiod as 
the primary diapause-maintaining factor. 
Although day length also has an impor- 
tant role in diapause maintenance during 
autumn in A.  frontella (16, 17),  the re- 
sponse is considerably less pronounced 
and can be overriden by temperature 
(17). Thus, we now have an example in 
which low temperature is the primary 
factor maintaining autumnal diapause in 
a species of insects from the temperate 
region (20). These data expand our con- 
ception of temperature's role in regulat- 
ing insect dormancy. We can now regard 
high temperature not only as a primary 
factor in maintaining diapause in the 
fall, but also as  a hastener of its comple- 
tion. 

In A .  frontella the strong response to 
temperature during the initial stages of 
diapause provides between-year flexibil- 
ity in the life cycle of an insect that also 
responds to photoperiod. That is, the 
dominance of temperature over photope- 
riod allows A.  frontella to  switch from a 
diapause mode to a nondiapause mode 
late in the season. Thus, if pupae in 
diapause experience temperature condi- 
tions favorable for growth and develop- 
ment, diapause can be reversed, and an 
additional, late-season generation can be 
produced (21). This type of malleable 
diapause could evolve only in a species 
with a short life cycle. In this case, it 
allows A.  frontella to produce as many 
as four or five, rather than being restrict- 
ed to three, generations in years or at 
localities with warm autumnal condi- 
tions. We expect, therefore, that when 
examined closely, A.  fiontella will ex- 
hibit considerable variability in the num- 
ber of generations per year even among 
populations at the same latitude if local 
temperature conditions vary. 

The data have implications for life 
history studies as  well as  insect pest 
management. The study of life history 
strategies has largely stressed variation 
in development, survival, and reproduc- 

Table 1. Relative rates of development in A.  
frontella after transfer of overwintering pu- 
paria from outside into three thermal condi- 
tions in a light-dark photoperiod of 16 hours of 
light and 8 of darkness. Details for each 

September 
October 
November 
December 
January 
February 
March 
April 

*Calculated by, dividing emergence time at each 
temperature by the emergence time at 21.I0C. Range 
of sample sizes 22 to 78; mean + I standard devi- 
ation = 43 i 11. 

tion due to genetic variability and envi- 
ronmental diversity. Our data indicate 
that a third important factor is the phys- 
iological status of the organisms. For  
example, in A, frontella the relation be- 
tween temperature and developmental 
rate varies during the season, as the 
insects pass through early diapause, late 
diapause, postdiapause, and nondia- 
pause periods. This variation could 
strongly influence the calculation of de- 
velopmental and reproductive capacity. 
Such studies may greatly improve pre- 
dictions of growth, development, repro- 
duction, and survival for some species 
under field conditions. This would result 
in pest management models of greater 
utility. In the case of A. frontella, these 
data are being incorporated into an exist- 
ing pest management model (22) which 
can now accurately predict the number 
and timing of late-season generations 
and the timing of vernal emergence and 
activity. 
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