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Summary.  We have developed two distinct methods of biological rhythm ana- 
lysis. The procedures are based on existing techniques for analysis of time series, 
Enright's periodogram and autocorrelation, and both of the new methods use the 
parameter, period length @), for defining oscillatory phenomena. We empirically 
evaluated the two types of analyses using real biological data from circadian rhythm 
studies in salamanders and sparrows. 

The first method permits us to make a statistical comparison of period lengths 
between groups of animals in given treatments. This method is useful for data where 
the signal-to-noise ratio of the suspected rhythm is very low; and the method is not 
adequate for making a definitive judgment from single animals. I t  can best be ap- 
plied to the question of whether a signal is entraining a rhythm or not and to ques- 
tions of group differences in period length. 

With the second method, we determined period length versus time. Using this 
procedure, we took into consideration the observation that the period length of 
many biological oscillations changes with time. The method is applicable to records 
from individual animals, and it can be used to compare treatment effects in indi- 
vidual animals. The technique can also be used to answer the common question 
of whether periodicity per se exists within a defined range in a time series. 

Introduction 

Often in s tudy ing  biological  r hy thms ,  one encounters  var iables  where 
the  r h y t h m i c  signal is small  in re la t ion  to  the  f luctuat ions ,  or noise, in  
the  whole record.  This  occurs when a r h y t h m  has  a low ampl i tude ,  or  
when the  d a t a  ga ther ing  techn ique  is i nadequa t e  for the  r h y t h m  to  be 
a p p a r e n t  in classical p lots  (Fig. 1, 2). W e  have  deve loped  a m a t h e m a t i c a l  
tool  for  f i l ter ing noise f rom biological  osci l lat ions which is empi r ica l ly  
sa t i s fy ing to  us, and  i t  does no t  requi re  a g rea t  deal  of m a t h e m a t i c a l  
sophis t ica t ion.  The  m e t h o d  is based  on a p rev ious ly  deve loped  techn ique  
for s tudy ing  rhy thms ,  En r igh t ' s  pe r iodogram (Enright ,  1965). Our  pro-  
cedure relies on measures  of per iod  length  and  is called " g r o u p e d - t a u -  
compar i sons" .  F o r  empir ica l  ver i f icat ion,  we have  app l ied  our  m e t h o d  to  
the  quest ion of whe the r  a l ight  signal en t ra ined  the  locomotor  a c t i v i t y  
osci l la t ions of groups  of pa r t i cu la r  organisms,  t iger  sa lamanders  and  
house sparrows.  
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Fig. 1. Enright periodogram and event record from a salamander (Ambystoma 
tigrinum) with a clearcut rhythm in a light cycle (LD 12:12). The peak which is 
seen at  48 hours in the periodogram is due to the presence of the peak at  24 hours; 
this is an artifact of the periodogram technique. The bar over the event  record in- 
dicates the relationship of the light cycle to the animal's activity record. The activ- 
i ty records have been cut into 24-hour segments at 0300 hours and aligned verti- 
cally in chronological order. The periodogram was calculated and plotted with a 

computer 
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Fig. 2. Enright periodogram and event record from a salamander with considerable 
"noise"  in its record. A peak does, however, occur at 24 hours though it  does not  

stand above the noise as in Fig. 1. Other features as in Fig. 1 
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Since the grouped-tau-comparisons method depends on period length, 
it  seems suitable to discuss i t  together with a second procedure, deter- 
mina t ion  of "tau-versus-t ime".  We developed tau-versus- t ime because 
biological oscillations change in period length with respect to t ime (Eskin, 
1971; Aschoff, 1963; Aschoff et al., 1972; DeCoursey and  DeCoursey, 
1964; Palmer,  1964; Roberts ,  1960). Exis t ing  procedures for ma themat -  
ical analysis of rhy thms  do not  reveal the inherent  changes in period length 
(T), bu t  ins tead yield one overall value for the collective period lengths 
in  a t ime series. Our method for tau-versus- t ime is based on determina-  
t ion of successive period lengths by  autocorrelat ion functions.  I t  tu rns  
out  t ha t  the procedure is no t  only useful as a way to measure changes in 
period length through time, bu t  also as a means  of detect ion per se of a 
r h y t h m  in  a given period range. We verified this method with artificial 
da ta  and  with locomotor ac t iv i ty  records from sparrows. 

Methods 

A. Animals and Data 
The data used for empirical validation of the analytic procedures were obtained 

in experiments with amphibians (salamanders, Ambystoma tigrinum) and with birds 
(sparrows, Passer domesticus). The amphibian data were counted manually from 
individual, continuous, Rustrakevent records (obtained by methods of Adler, 1969, 
Note 4) as 2-digit hourly totals, 24 numbers per day. The bird data were collected 
and summed automatically (by methods of Binkley, Klnth, and Menaker, 1972) 
from individuals as a continuous series of 2-digit numbers; each number was a 6-min- 
ute perching activity total; 240 such numbers were obtained per day per bird. 
Forty-eight salamander records were analyzed; the records from salamanders in 
light-dark cycles (LD 12:12) were 14 days long and the records from salamanders 
in constant darkness (DD) were 22 days long. Twelve sparrow records were used 
in the analyses; the individual records ranged from 15-28 days in length. The birds 
had been subjected to a light cycle (LD 12:12), to constant darkness (DD), to con- 
stant light (LL), and to darkness and pinealectomy (PINX). These treatments 
produce entrained, freerunning, freerunning or aperiodic, and aperiodic locomotor 
behavior, respectively (Gaston and Menaker, 1968; Gaston, 1971; Binkley, Kluth, 
and Menaker, 1972). 

The data sets from the amphibians and birds were punched onto computer 
cards and computations were made with a Univac 1107 computer; a Calcomp 
Digital Paper Plotter was used for graphing results of analyses. Event records were 
reduced photographically. 

B. Grouped-Tau-Comparisons : Method /or Computation 
In this procedure, a continous time series from a single salamander was ana- 

lyzed by the method described by Enright (1965), and a periodogram was obtained 
with points at one-hour intervals for periods ranging in length from 0 to 72 horn's. Since 
a circadian rhythm was suspected, the periodogram was divided into regions con- 
taining tau ~ 24 as the modal period value, and the periodogram maximum in the 
selected region was determined. This procedure was repeated for all 24 animals in 
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the study separately for LD and DD portions of the experiment. The period lengths 
at which the raaxima oecured in the individual animals were then grouped by treat- 
ment (LD or DD) and compared using standard statistical methods. Similar periodo- 
grams and maxima were calculated for birds. Controls were calculations on a set 
of random numbers and tests of the amphibian data for a 33-hour rhythm (Tables 1 
and 2). 

C. Tau Versus Time: Method/or Computation 

In the second procedure, a continuous perching record from a bird was parti- 
tioned relative to solar time so that the first segment consisted of days 1, 2, and 3 
of the record, a 72-hour section containing 720 data values. An autoeorrelation 
function was calculated on this series for the periods 12.0 to 36.0 hours, or lags 120 
to 360 (Blackman and Tukey, 1958). The maximum value of the autoeorrelation 
function was determined, and the period length at which this maximum occurred 
constituted the first measure of period length. Then a segment including days 2, 3, 
and 4 was subjected to identical calculations, giving the second measure of period 
length. This was repeated to the end of the continuous data record yielding N-2 
values of period length, where N ~ the number of sidereal days in the record. As a 
control, the calculation was also made on a set of pseudor~ndom numbers obtained 
from the computer's random number generator. 

Results 

A. Grouped- Tau-Comparisons 

W e  used grouped- tau-compar i sons  to  t es t  the  hypothes is  t h a t  an im- 
posed L D / 2 : 1 2  cycle synchronized  the  ac t i v i t y  of birds  and  sa laman-  
ders. I f  such synchroniza t ion  occurred,  the  ac t i v i t y  r h y t h m s  of the  ani- 
mals  should exhib i t  two de tec tab le  propert ies .  F i r s t ,  the  per iod  length  
of the  synchronized r h y t h m s  should be t t e r  app rox ima te  the  per iod  of the  
en t ra in ing  cycle (24 hours) t h a n  the  per iod lengths  of the  unsynchronized  
r h y t h m s  ; second, the  amoun t  of va r i a t ion  in per iod length  should be less 
in  the  synchronized animals  t h a n  in  those  exhib i t ing  endogenous (and 
therefore  more  individual) ,  unsynchronized  rhy thms .  

Using the  me thod  of g rouped- tau-compar i sons ,  we found tha t ,  as 
expected,  the  sparrows in DD exhib i ted  a grea ter  var iance  in per iod  
length  t h a n  the  sparrows in LD (Table 1) and  the  per iod length  of the  L D  
sparrows was equal  to precisely 24 hours,  the  per iod length  of the  entra in-  
ing cycle. I n  the  sa lamanders ,  where the  r h y t h m s  were not  as clear as 
those in the  sparrows, the  var iances  of the  g rouped- tau-compar i sons  sup- 
po r t  the  hypothes is  t h a t  the  imposed  l ight  cycle synchronized  the  r h y t h m s  
for the  19-29 and 14-34 hour  ranges. W h e n  the  whole pe r iodogram was 
tes ted ,  as expected,  the  significance d i sappeared  due to  the  large a m o u n t  
of noise in the  sa l amander  records.  The  average LD per iod length  was 
closer to  24 t h a n  the  DD average.  W h e n  the  28-38 hour  range of the  same 
per iodogram was t e s ted  for a hypo the t i ca l  33-hour r hy thm,  the  LD and 
DD var iances  were no t  s ignif icant ly  different  (Table 2). 
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Table 1. Grouped-tau-comparisons in sparrows (obtained by three methods). The 
individual overall taus (determined for 4 individuals, A-D), the averages, and the 
variances are listed. The entrained birds (those in LD 12:12) exhibit less variation 
than the fl'eerunning birds (those in DD). Note that the three methods do not 

always yield identical overall tau values for the same individual 

Individual tan (period length) Average 

A B C D Tan Variance 

Freerunning 

Autocorrelation 25.0 25.2 23.9 22.2 24.07 1.4 
Enright's periodogram 24.5 25.4 23.9 22.3 24.04 1.3 
Tau-versus-time (ave.) 24.5 25.6 23.3 22.2 23.9 1.5 

LD entrained 

Autocorrelation 24.00 24.00 24.00 24.00 24.00 0 
Enright's periodogram 24.00 24.00 24.00 24.00 24.00 0 
Tau-versus-time (ave.) 24.04 24.00 24.07 24.00 24.02 0.03 

Table 2. Grouped-tau comparisons in amphibians (obtained with the Enright 
periodogram method). The taus were taken where periodogram maxima occurred 
in the indicated range; 24 individuals constitute each point. The four regions are 
based on the same group of periodograms. As the range is widened, the noise in the 

records obscures the circadian peak 

Interval Light Mean Variance Significance 

(24-hour rhythm test) 

19-29 LD 23.91 2.77 Significant 
DD 23.58 10.34 

14-34 LD 23.80 8.84 Significant 
DD 25.16 39.44 

3-72 LD 32.12 409.50 Not significant 
DD 38.75 571.23 

(33-hour rhythm test) 

28-38 LD 33.04 11.00 Not significant 
DD 33.08 9.34 

B. Tau- Versus-Time 

Tau-versus- t ime has two uses. First ,  taus can be measured and p lo t ted  

versus t ime (Fig. 3 and 4) for an individual .  Such curves, or par ts  of them, 

can be compared wi th in  or between individuals.  Second, the var iabi l i ty  

in tau  values obta ined in animals in a g iven condit ion provides a measure 

of the  s tabi l i ty  of the  period of the cycling function,  and indeed, an indi- 
cat ion as to whe ther  the  examined  period appears  a t  all in the  data.  

5* 
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Fig. 3. Plot of tau-versus-time and activity record from a sparrow whose perching 
activity was synchronized with the light portion of its lighting regime. (LD 12:12). 
The event records has been arranged as described for the salamanders in Fig. 1 and 2 

except that it was cut at 2400 hours. As expected, tau = 24 at all points 
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Fig. 4. Plot of tau-versus-time and activity record from a sparrow whose perching 
activity was freerunning in constant darkness (DD) with a circadian rhythm. 
The period length fluctuates with time, displaying greater variation than the period 

length of the entrained rhythm in Fig. 3 

We tested tau-versus- t ime on a var ie ty  of known types of da ta  from 
sparrows and  on r andom numbers .  We obtained predictable results based 
on previous knowledge of event  records. En t r a ined  birds had t au  values 
very  close to the en t ra in ing  period (24.0) with very  small variances (av- 
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Fig. 5. Histograms of the taus obtained in tau-versus-time calculations for sparrows 
in three conditions and for random numbers (RAN). Four records were analyzed 
for each condition, but not all are shown where results were very similar (for LD 
and aperiodic birds). LD Entrain is a histogram from a bird that was subjected to a 
light cycle (LD 12:12); the four freeruns were obtained in DD or LL (note the 
individual differences in tau); and aperiodic records were analyzed from a normal 
bird in constant light (LL) and from three birds which were pinealectomized and 
in constant darkness (DD PINX). The mean and two variances are indicated for 

each individual just below its histogram 

erage s 2 = 0 . 0 3 ,  N = 4 ) .  The f reerunning birds exh ib i t ed  a somewhat  
g rea te r  var iance  in keeping with  the i r  changing per iod  lengths  (average 
s 2 = 2 . 2 2 ,  N = 4 ) .  The  aper iodic  birds  had  ve ry  high var iances  corre- 
sponding to  the i r  fai lure to  exhib i t  a de tec tab le  r h y t h m  (average s 2 =  
49.60, N = 4 ) .  These tendencies  are read i ly  seen in sample  f requency  dis- 
t r ibu t ions  of the  t aus  ob ta ined  f rom ind iv idua l  birds  (Fig. 5). R a n d o m  
numbers  were not  unl ike the  aper iodic  birds in the i r  f requency  dis- 
t r i bu t ion  and  a m o u n t  of var ia t ion .  

Discussion 

The sophis t ica ted  reader  will quickly  see t h a t  we have  no t  m a p p e d  all 
of the  m a n y  ways  of t rave l l ing  to  the  same des t ina t ion .  F o r  example ,  
g rouped- tau -compar i sons  can be made  wi th  t aus  de te rmined  b y  auto-  
correlat ion,  t au-versus - t ime ,  or wi th  the  cosinor (Blackman and Tukey,  
1958; t I a lbe rg ,  Tong,  and  Johnson ,  1967). Fu r the r ,  t au -versus - t ime  
could make  use of o ther  m a t h e m a t i c a l  ways  of :finding the  taus.  We  
have  chosen methods  for the i r  compu ta t i ona l  s implic i ty .  Each  m e t h o d  
we have  presen ted  is especial ly  appl icable  to  cer ta in  types  of questions.  

The  m e t h o d  of g rouped- tau-eompar i sons  is l imi ted  to  exper iments  
where en t r a inmen t  is being t e s ted  or to  Aschoff ' s  Circadian Rule  ex- 
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periments (Hoffmann, 1965). The individual taus may also be used as 
an objective criterion for guidance in reinspection of the original data. 

The technique, tau-versus-time, has much broader application. Since 
it measures period length objectively, it has potential value for studies 
of biological rhythms where period length is the experimental variable. 
A curve of taus graphed against time is a better measure of this period 
length than a single overall measure because progressive changes are 
taken into account. Indeed, overall taus obtained by autocorrelation, 
power spectra, and Enright's periodogram are not quantitatively identical 
for the same data set because the techniques tend to emphasize different 
characteristics of the data (Table 1 ; Strumwasser, Schlechte, and Stree- 
ter, 1967). The risk in tau-versus-time determinations, rather than single 
overall tau calculation, is a loss in resolution--that is, the fewer cycles 
contributing to a tau determination, the greater the possible error of 
that  determination. However, where tan is known to change with time, 
statistical resolution of tau becomes a less meaningful distinction. 

Period lengths have previously been determined by setting up cri- 
teria for onsets, graphical filtering, and use of special data collection tech- 
niques according to the individual experiment being analyzed (Aschoff 
et a l . ,  1971 ; Eskin, 1971 ; DeCoursey and DeCoursey, 1964; Palmer, 1964; 
Roberts, 1960). A strength of tau-versus-time is that  it avoids setting 
up arbitrary criteria for determining onsets. The method should be ap- 
plicable to a wide variety of data types. We hope that  tau-versus-time 
may provide measures of period length suitable to experiments with 
many types of biological oscillations. 
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