
J. comp. Physiol. 78, 221--235 (1972) 
�9 by Springer-Verlag 1972 

LD Ratios and the Entrainment of Circadian 
Activity in a Nocturnal and a Diurnal Rodent* 

Pa t r i c i a  J .  DeCoursey  

Belle W. Baruch Coastal Research Institute, University of South Carolina, Columbia 

Received February 22, 1972 

Summary. The activity rhythms of 5 flying squirrels, Glaucomys volans, and 
7 chipmunks, Tamias striatus, were examined under controlled conditions in the 
laboratory. Free-running, circadian rhythms were demonstrated using a total of 
25 LL or DD experiments. With 46 LD schedules the limits of entrainment in a 
24-hour day were determined, and the phase angle difference for each schedule 
measured. Glaucomys was able to synchronize to schedules ranging from 1 second 
o5 light per 24-hour day to at least 18 hours light per day with little or no change 
in the phase angle. Tamias showed an oscillatory type of entrainment when the 
photoperiod was less than 3 hours per 24-hour day or greater than 23 hours, but in 
the intervening region was capable of stable entrainment. A tendency was evident 
for the phase angle difference to become less positive as the LD ratio increased. 
In Glaucomys single, isolated light pulses of either one second or 24 hours duration 
were able to bring about relatively large shifts in the phase of the activity rhythm. 

Precise endogenous  t iming  of a ve ry  wide range of da i ly  physiological  
funct ions  has been recognized in a large number  of p l a n t  and  an ima l  
species. The mos t  common evidence for such c i rcadian  clock phenomena  
has  been the  demons t r a t i on  of a f ree-running r h y t h m  under  cons tan t  
condi t ions  which has  a per iod  close to,  b u t  no t  exac t ly  24 hours ;  these  
r h y t h m s  can be synchronized  b y  means  of specific cyclic factors  of the  
env i ronmen t  called synchronizers ,  Zei tgeber  or en t ra in ing  agents  (Aschoff, 
1963). The  widespread  occurrence of c i rcadian  clocks and  the i r  impor t ance  
in the  ecology of an imals  has  engendered  much  in teres t  in recent  years  
in the  synchron iza t ion  or e n t r a i n m e n t  mechanisms.  F o r  comprehensive  
coverage see the  sympos ia  volumes  : Biological  Clocks (Chauvnick,  1960) ; 
Circadian Clocks (Aschoff, 1965 c) ; and  B iochronomet ry  (Menaker,  1971). 

The concept  t h a t  c i rcadian  en t r a inmen t  mus t  involve  bo th  f requency  
control  of a non-24-hour  funct ion,  as well as phase  control ,  has  s t imu la t ed  
several  f ru i t fu l  approaches  towards  unde r s t and ing  en t a inmen t  pheno-  
mena.  Much inves t iga t ion  has been carr ied  out  wi th  roden ts  because  of 
the  pa r t i cu l a r ly  clear expression of clock-control led,  locomotor  ac t iv i ty  
in th is  group,  and  the  consequent  ease and  precis ion with  which measure-  

* Dedicated to Professor Jiirgen Aschoff on the occasion of his 60th birthday. 
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ments  can be made. Part icular ly product ive in the rodent  group has been 
the s tudy  of phase response systems, in which the effect of a single light 
signal on free-running rhy thms  has been systematical ly determined 
th roughout  the entire circadian cycle of an organism (summaries in 
Aschoff, 1965b ; Pit tendrigh,  1960, 1965). The method has been successful 
for several nocturnal  rodents, including Peromyscus (Rawson, 1956), 
Glaucomys (DeCoursey, 1961), Mesocrieetus (DeCoursey, 1964). These 
response systems can be used to explain in a quali tative way  entra inment  
for the species measured, as well as for other  nocturnal  rodents in which 
entra inment  is very  similar, such as Glis (DeCoursey, unpublished), 
Dil~odomys and Neotoma (Justice, 1960), and Perognathus (Stewart  and 
Reeder, 1968). The first direct determinations of phase response systems 
in diurnal rodents proved ra ther  difficult and unrewarding (DeCoursey, 
unpublished experiments;  Swade, 1964), and entra inment  in this group 
remained poorly understood. Very recently K r a m m  (1971) has made 
great  strides in quantifying the phase response systems and entra inment  
pat terns  in the diurnal antelope squirrel, Ammosl)ermophilus leueuru~. 

I n  an a t t empt  to compare circadian entra inment  of diurnal and 
nocturnal  rodents, two less common techniques were used in this study. 
The limits of entrainment  of the act ivi ty  rhy thms  for a wide spectrum 
of LD ratios in a 24-hour-day schedule were first ascertained. Secondly, 
the phase angle differences of the entrained rhy thms  in these LD schedules 
were analyzed. Da ta  are presented for one nocturnal  rodent,  the eastern 
flying squirrel Glaucomys volans, and one closely related diurnal species, 
the eastern chipmunk Tamias striatus. 

Materials and Methods 
Field observations of wild populations of flying squirrels and chipmunks were 

made on the University of Wisconsin Campus at Madison to supplement the 
laboratory experiments. For the laboratory experiments, seven Tamias striatus 
were live-trapped at Madison, Wisconsin; all animals used the wheels immediately, 
and all showed clear, rhythmic activity. Twelve ranch-raised, juvenile Glaucomys 
volans were used, but proved difficult to work with; therefore, supplementary data 
from previous experiments were incorporated into this paper. 

All animals were housed singly for the experiments in a recording wheel cage, 
each in a light-proof chamber with individual lighting and ventilation systems. 
Light was supplied in the photoperiods and constant light periods for the flying 
squirrels by tubular incandescent fixtures. Light intensities for LL experiments 
were controlled by means of a variable resistor. All LD schedules for Glaucomys 
provided 0.5 f.c. during L, and 0.00 f.c. (no detectable light) during D, with a step 
transition from L to D. For LL intensity control in the Tamias experiments, the 
number of fluorescent lights was varied, and for very low intensities translucent 
white paper, or white cardboard sheets were inserted as neutral density filters under 
the glass shield of the lamp housing. Light intensity for the LD experiments was 
constant for a specific experiment, but varied in the different isolation chambers 
from 23-36 f.c., in all but a single 9L: 15]) schedule for 1 chipmunk, where it equalled 
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57 f.c. Light intensity at the level of the nest chamber was measured with a McBeth 
Illuminometer. The temperature of the laboratory was maintained at 20~ i 1~ 
isolation cabinets were ventilated at the rate of 5 ftS/min, insuring that  slight 
temperature changes within the cabinets, if present, were correlated with the 
specific light schedule of that  cabinet. No at tempt was made to sound-proof the 
cabinets, or eliminate building noises, but the ventilator fans effectively masked 
much of the background sounds. Food and water were available, ad libitum. The 
animals were checked, and food replenished at approximately weekly intervals, 
without change in the experimental light conditions, usuMly during the active time 
of each animM. 

A preliminary series of constant light or LD experiments with the chipmunks 
was designed to check the general characteristics of their activity cycles and the 
validity of the measurement techniques. The results are described briefly in the 
observation section, and in DeCoursey (1972 a) in greater detai l  Comparable material 
is available for the flying squirrel in DeCoursey (1961). In the second series of experi- 
ments, the basic plan involved systematic variation of the LD ratio in 24-hour 
schedules for Glaucomy8 and Tamias. Animals were maintained on a specific schedule 
for several weeks until a stable phase relationship between activity onset and the 
light cycle had been established; then a new light schedule was initiated. LD 
schedules were selected to span the 24-hour day schedule, emphasizing the limits 
of entrainment. In ~ third series of experiments the effects of single, 1-second pulses 
of light at onset time, and of single 24-hour light periods were measured for Glaucomys. 

Activity was recorded by means of a 20-channel Esterline-Angus Operations 
Recorder. The data of each individual were processed to graphically portray a 
chronological sequence of 24-hour activity scans (see DeCoursey, 1961 for details 
of method). Nomenclature follows the Circadian Vocabulary (Aschoff, Klotter and 
Wever, 1965). 

Observations 

Preliminary Considerations 
Field observations of the two species were used in determining normal 

activity patterns. Observations of wild populations in Madison indicated 
that  the chipmunks were active intermittently from dawn until dusk, 
and were rarely seen outside their shelters after dark, while the flying 
squirrels were highly nocturnal, initiating activity shortly after sunset 
and terminating activity before dawn. 

Under laboratory conditions both species readily used the running 
wheels, and continued to show regular, rhythmic patterns of activity 
under a variety of environmental lighting conditions. Endogenous, 
free-running rhythms of activity were present in both Tamias and 
Glaueomys under constant lighting condition (Fig. 1); a summary of all 
constant lighting experiments further illustrates the circadian nature 
of the underlying clock function (Fig. 2). Fig. 1 contrasts a typical noc- 
turnal entrainment response for Glaueomys in an LD schedule with the 
strongly diurnal pattern in Tamias. 

T h e  c lear  onse t  of a c t i v i t y  for  Glaucomys (DeCoursey ,  1961) a n d  fo r  

m o s t  Tamias m a d e  onse t  a c o n v e n i e n t  re fe rence  p o i n t  for  m e a s u r i n g  

t h e  f r e e - r u n n i n g  per iods ,  a n d  also for  d e t e r m i n i n g  t h e  l imi t s  of en t r a in -  

16" 



224 P . J .  DeCoursey: 

A. Glaucomys volcms B.  - famias st r iatus 
I - -  - -  

- 1 - -  

" - -  1"3 

10 ', 
20 ~ ~. -- _ . . . . .  

O 

3 0  20 
.d 

t J 
40 = 24 h ours 

Q 
r - ~  

t I 
2Z, h0urs 

Fig. 1 A and B. Original records i l lustrat ing entrainment to 12L: 121) schedules and 
subsequent free-running rhythms under constant conditions for nocturnal Glau- 
comys volans (A), and diurnal Tamias striatus (B). Consecutive 24-hour activity 
scans are arranged vertically, with deflections from the recorder baseline indicating 
activity in the running wheel; underlining designates light period of the LD schedule, 

and A feeding in the light time. For further explanation see text 
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Fig. 2 A and B. Summary of free-running rhythms in Glaucomys (A) and Tamias (B). 
Circles indicate conditions: �9 DD or LL; �9 LD; curves are eye-fitted 
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Fig. 3A and B. Limits of LD entrainment for Glaucomys (A) and Tamias (B). Each 
circle represents the value in one test period for a single animal: o free-running 
rhythm, (D oscillatory phase angle during entrainment, �9 stable phase angle, 
| masking or damping of activity, or results too erratic to analyze by onset method. 
The schematic line and symbols above the points summarizes entrainment limits: 

stable entrainment, ~ oscillatory entrainment, [:~ free-running rhythm, 
]• • • no data available because of measurement difficulties, FR free-running 

rhythm. For further explanation see text 

men t  and phase angle differences. I n  contrast ,  the end of act ivi ty  was 
almost  always very  irregular in both  species (Fig. 1). 

The effects of feeding, light, or social disturbances on the act ivi ty  
rhy thms  were carefully considered. The Tamias were part icularly sus- 
ceptible to noise disturbance. Disturbance at  any  time in the hours prior 
to onset t ime very  frequently initiated the act ivi ty  period for t ha t  day, 
thus  masking true onset time. No permanent  phase shifts or frequency 
changes due to feeding or noise were noted, such as Eskin (1969) reported 
for the English sparrow. Therefore, by  restricting maintenance disturb- 
ances to the active period of an animal, wi thout  change in the lighting 
conditions, most  masking effects could be avoided. 

In  order to briefly evaluate the stabili ty and reproducibil i ty of LD 
synchronizat ion data  in a single individual, two Tamias were placed in 
a 9L : 15D schedule and allowed to entrain for several weeks, then placed 
in LL, and finally allowed to resynchronize again in a 9L :15D schedule 
(Table 1). Results indicate a high degree of reproducibil i ty under  these 
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Fig. 4. Original activity records for Glaucomys in LD and DD schedules. Recording 
as in Fig. 1 with additional symbols: �9 feeding in dark, ~ impulse synchronizer 

of 1-second duration. For further explanation see text 

c i rcumstances ,  bu t  do no t  pe rmi t  a n y  conclusions abou t  Tamias in other  
schedules, or even abou t  s tab i l i ty  of an  ind iv idua l  over  longer per iods  
of t ime wi th  var ious  in tervening  schedules. Var ia t ion  be tween indiv iduals  
is also brief ly assessed for 4 animals  on a 9L:  15D schedule in Table  1. 
Mean values  for phase  angle differences range f rom @ 34 to @ 163 min,  
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Table 1. Variability in response of Tamias to a 9L: 15D schedule with phase angle 
difference calculated as average minutes of activity onset before start of the light 

schedule 

Animal Light regime 

First 9L: 15D schedule Second 9L: 15D schedule 

Mean St. Dev. Days Mean St. Dev. Days 
in min in min 

1401 163 ~:14 15 - -  - -  - -  
1402 62 •  13 - -  - -  - -  
1405 34 •  15 37 ~15 16 
1407 44 ~12 17 42 ~: 9 t7 

suggest ing considerable  difference in response be tween ind iv idua ls  on 
ident ica l  LD schedules. Thus,  the  character is t ics  of ac t i v i t y  r h y t h m s  of 
Glaueomys and  Tamias in the  p re l imina ry  exper iments  made  i t  feasible 
to u n d e r t a k e  sys temat i c  L D  ra t io  exper iments .  

LD Ratio Experiments 

I n  the  second series of exper iments ,  a sys t emat i c  survey  of the  l imits  
of en t r a inmen t  was carr ied out  for Glaueomys and  Tamias. On each 
schedule the  an imal  was al lowed to achieve and  ma in t a in  a s table  phase  
for a m i n i m u m  of 15 days  (Tamias) or 10 days  (Glaucomys). After  tes t ing  
in 0L : 24D (DD) and  0D : 24L (LL) the  pho to f rac t ion  for Glaucomys was 
va r ied  f rom 1 sec L : 2 4  hours  D to 18L:6D (Fig. 3). Pho toper iods  for 
Tamias ranged  f rom ~ L : 2 3 ~ D  to 23~L:~-D (Fig. 3). I n  order  to  
avo id  the  ex t r eme ly  long runs  of ten necessary  for resynehron iza t ion  and  
e l imina t ion  of t r ans ien t s  to  occur, f ree-runs be tween LD schedules were 
usua l ly  omi t ted .  I n  the  m a j o r i t y  of exper iments  the  chief reference po in t  
a t  the  s t a r t  of a new schedule r emained  f ixed:  l ights  ON for the  d iu rna l  
Tamias, and  l ights  O F F  for the  noc tu rna l  Glaucomy~ (Fig. 4, 5). g o w e v e r ,  
in cr i t ical  instances,  to  es tabl ish  unequivoca l ly  t h a t  l ight  was no t  
exer t ing a masking  effect and  to  demons t r a t e  t h a t  the  synchroniza t ion  
of a non-24-hour  r h y t h m  was occurring,  the  L D  schedules were inter-  
spersed wi th  several  weeks of L L  or D D  (Fig. 6). To supp lement  the  
Glaucomys da ta ,  11 schedules f rom earl ier  exper iments  (all schedules 
wi th  15 or more days  of s tab le  en t ra inment )  were included.  

Unde r  these condi t ions  i t  is a p p a r e n t  t h a t  bo th  species are able  to  
synchronize  over  a wide range of LD ra t ios  (Fig. 3). Glaucomys was able 
to en t ra in  to all  schedules f rom 1 second of l ight  per  d a y  to  18 hours  of 
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Fig. 5A-C. LD ratio experiments for limits of entrainment in Tamias in short 
photoperiods (A), and in long photoperiods (B and C). Symbols and recording as in 
Fig. 1 and 4 with additional symbol . . . . .  for equipment failure. For further 

explanation see text 

light per day  with very  little change in phase angle. Of part icular  interest 
in these experiments is the ability of Glaucomys to  synchronize to an 
impulse signal of 1 second durat ion each day  (Fig. 4, 6). 
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Tamias, similarly, was able to synchronize to a wide range of LD 
ratios. Stable ent ra inment  occurred for all animals tested between 
6L :18D and 21L:3D.  Complete failure to entrain was seen &t 
23~L: ~s with this schedule the free-running r h y t h m  is evident, 
scanning the 24-hour day  in the course of 26 days. The period of the 
act ivi ty  r h y t h m  continued unchanged in the subsequent L L  (Fig. 5C: 

in the LD = 23 : 06 =L 61 min Std. Dev., while T in L L  of the same 
intensi ty = 23 : 05 ~ 66 rain). At  either end of the LD ratio scale, between 
the free-run and the stable ent ra inment  regions, was a zone of oscillatory 
entrainment .  While m a n y  examples of transients were seen in Glaucomys 
and Tamias entrainment,  such "ove r shoo t s "  usually subsided quickly. 
I n  contrast ,  the oscillatory phenomena appeared to persist as long as 
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Fig. 6. Impulse synchronization in Glaucomys by a 1 second pulse of light (0.5 f.e.). 
Symbols and recordings as in Fig. 1 and 4, with additional symbol ~ for phase 

angle difference, and v for period 

the schedule was continued with little or no change in amplitude, 
suggesting perhaps the beginning of synchronization breakdown. 

The consideration of phase angle differences for the LD schedules 
gives further insight into the mechanism of entrainment. In  the nocturnal 
Glaucomys, the phase angle difference, calculated as onset of activity to 
start  of darkness, was negative for all LD ratios tested, and little, if any, 
change was detectable from 1 second of light per day to 18 hours L per 
day (Fig. 7A). The Tamias were not exclusively day-active, for with very 
short photoperiods the activity extended well into the dark periods 
(Fig. 5A). In  spite of this "part ia l  nocturnal i ty",  the phase angle dif- 
ference values show a definite relationship between lights ON and onset 
of activity. A great deal more variability in the measurements is seen, 
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further explanation see text 

probably  reflecting large individual differences, as well as the greater 
lack of precision of the ch ipmunk in general. The da ta  indicate a tendency 
for the phase angle to become less positive as the LD ratio increased, 
i.e. with longer dayl ight  t ime the chipmunks s tar ted act ivi ty  closer to 
the t ime of l ights ON (Fig. 7]3). 

To measure the abili ty of isolated pulses to shift the phase of the 
rhy thm,  several experiments were carried out. For  one flying squirrel 
which had been synchronized to the impulse synchronizat ion schedule 
(Fig. 4), the free-running r h y t h m  was measured in DD ( ~ = 2 3 : 5 7 ) .  
Then a 1-second flash of light was tested at  onset time. The resul tant  
delays for two replicate tests, each 28 minutes, were adequate  to correct 
the free-running r h y t h m  to match  the 24-hour period of the LD schedules. 
I n  similar fashion, replicate tests for a 24-hour light signal were made, 
yielding values of 38 minutes delay and 56 minutes delay, respectively. 
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Discussion 
The observations of Glaucomys under natural field conditions (De 

Coursey, 1961), in cages under natural photoperiods (DeCoursey, 1960, 
Graefe, 1961) and in artificial LD schedules indicate a highly nocturnal 
habit. With Tamias the picture is almost a mirror image, for the observa- 
tions of this study and of Graefe (1961) confirm its diurnal habits. Recent 
experiments with circadian rhythms have clarified such activity regu- 
lation processes. The complex interrelationships of animal rhythm to 
envh'onmental parameters have been ably discussed in several works 
(Aschoff, 1965a, 1969; Aschoff and Wever, 1962b). After considering 
theoretical and practical factors, the experiments reported here were 
designed with step transitions between L and D, usually without inter- 
vening constant conditions and with relatively short entrainment runs. 
Certain limitations of such conditions should be kept clearly in mind. 
Gradual, long-term changes of free-running period have been reported 
with several species (Eskin, 1969; Kramm, 1971). Constant environment 
schedules in the present experiments were used primarily to illustrate 
the endogenous component, but complications could arise due to depend- 
ence of ~ on T (Aschoff and Wever, 1962c; Hoffmann, 1963). Eskin 
(1969) and Kamm (1971) have also pointed out long persisting transients, 
and possible long-term changes in phase of animals. This difficulty was 
minimized for Glaucomys and Tamias by eliminating free-runs between 
schedules. I t  is possible, however, that  the so-called oscillatory entrain- 
ment merely reflects such long-lasting transients. 

The question tha$ this work asks is whether the transition effects of 
hght schedules are adequate to explain synchronization in Glaucomys and 
Tamias, or whether duration of photoperiod is responsible. The rationale 
behind the experiments is as follows. If a phase response system is demon- 
strated by means of light pulses, then an impulse synchronizing agent should 
be able to entrain the free-running rhythm (Aschoff, 1960; DeCoursey, 
1961). Furthermore, a wide-range of LD ratios should be able to entrain 
without marked phase changes. Finally, single, isolated light signals 
should be able to correct the free-running rhythm to the period of the 
light cycle. These hypotheses seem to be upheld by the Glaucomys data, 
but it is well to remember that  alternate explanations are possible 
using other models of entrainment (Achoff, 1965a; DeCourscy, 1972 b). 

If, on the other hand, the LD entraining schedule has a proportional 
effect on the underlying timer, then a smaller range of LD ratios might 
be expected to entrain, and a significant change in the phase angle 
difference would be expected. This seems to be the case with the day- 
active Tamias. 

While it is known that  many animals are able to use LD schedules 
for entrainment, relatively few workers have tested LD ratio limits or 
impulse synchronizers. Erkert (1970) tested the range between 4L:20D, 
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and 22L:2D for two species of fruit eating bats, and found that  both 
species readily entrained. Eskin (1969) using the house sparrow, found 
entrainment from 0.5L:23.SD to 15L:9D, with an oscillatory type of 
entrainment at the short end of the spectrum. Similarly, Minis (1965) 
used 6L: 18D to 18L :6D with the pink boll worm, and found all schedules 
effective. Using Drosophila eelosion, Pittendrigh (1960) assayed light 
periods in a 24-hour schedule ranging from 10 minutes to 23 hr:35 min. 
Even less is known of minimum duration of signals required for entrain- 
ment. In a few cases, impulse schedules have been effective, as in the 
10 minute signals for Drosophila (Pittendrigh, 1960), but in birds the 
reduction of two skeleton photoperiods of an hour's duration each, to 
1/2 hour each caused the birds to free-run (Enright, 1965), and a 15 minute 
signal for a bird in dim light resulted in relative coordination (Aschoff, 
1965b). 

The exact relationship between LD ratio and phase has been examined 
by Aschoff (1965a, 1969), Asehoff and Wever (1962a), and Enright (1966). 
Other fairly complete assays of this relationship are found in Pittendrigh 
(1960) for Drosophila and in Eskin (1969) for Passer domesticus. 

The natural environment with all its multiple latent synchronizers, 
its greater amplitude of LD, its complex twilight transitions and weather, 
its yearly variations, as well as possible endogenous seasonal changes of 
the animal make the question of control in nature vastly more complex 
than in the simple LD regimes of these experiments with Glaucomys and 
Tamias. A number of papers have considered factors of the natural 
environment other than the LD ratio of step transition schedules. Swade 
and Pittendrigh (1967) studied circadian rhythms of rodents during 
the summer months in the Arctic. Even though the sun did not set, 
the animals still exhibited daily rhythmic activity. Furthermore, both 
Artie and temperate zone species were able to entrain in the labora- 
tory to low amplitude sinusoidal light cycles in which the maximum- 
minimum ratio was as small as 2.5. Asehoff et al. (1970) have shown some 
of the complexities of synchronization of tree-shrews, hamsters and 
finches at high latitudes; Erkinaro (1970) has studied entrainment of 
the rodent Apodemus at the Arctic Circle. Several papers have stressed 
the importance of twilight in phase control (Asehoff and Wever, 1965; 
Wever, 1967). 

In summary, laboratory experiments suggest that  in the nocturnal 
Glaucomys the transitions of an LD schedule can be very effective in the 
entraining process, while Tamias is much more dependent on the LD 
ratio. 

Conclusions 
The flying squirrel, Glaucomys volans, is highly nocturnal, both in 

natural habitat  and in a variety of artificial LD schedules in the laboratory, 
while the eastern chipmunk, Taraias striatus, is strongly diurnal. 
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Comparison of the  ab i l i ty  of the  two species to  en t ra in  to  var ious  L D  
ra t ios  in a 24-hour day ,  and  of the  phase  angle differences of the  two 
species in these schedules showed m a r k e d  differences. A s table  phase  
angle was found in Glaucomys from 1 second of l ight  per  day  to 18 hours  
per  day ,  wi th  l i t t le  de tec tab le  change in the  phase  angle difference. 
Some Tamias were able to  en t ra in  over the  ent ire  range ~L :23~D to  
2 3 L : l D  bu t  a t  the  ex t reme  ends of these schedules an  osci l la tory  t y p e  
of synchroniza t ion  occurred which m a y  ind ica te  e i ther  long-last ing 
t ransients ,  or the  beginning of synchroniza t ion  failure.  

Single pulse signals were shown in Glaucomys to  shift  the  phase  of 
the  f ree-running r h y t h m  enough to account  for correct ion of the  free- 
running  r h y t h m  to a 24-hour frequency.  
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