
and auditory stimuli. However, slight 
differences in P300 distribution with dif- 
ferent modalities have also been found in 
humans (12). In contrast, there are pro- 
found differences in the scalp distribu- 
tion of earlier components of the AEP 
with changes in modality. Thus, it is 
likely that spatially adjacent structures 
contribute to the P300 component 
evoked by stimuli of different modalities 
in both the human and the cat, whereas 
separate neural structures are respon- 
sible for the generation of the earlier 
components of the, AEP. 

Previous research on P300 has been 
done exclusively on humans. However, 
localization of the neural generators con- 
tributing to P300 will require depth re- 
cording and lesion experiments which 
can be done more easily in nonhuman 
subjects. Likewise, investigation of neu- 
ral information-processing mechanisms 
reflected in the P300 waveform will re- 
quire detailed study of unit responses 
and anatomical pathways, which must be 
carried out in animals. This demonstra- 
tion in cats of a late positive component 
in the AEP that behaves comparably to 
the human P300 provides the opportu- 
nity to obtain this important anatomical 
and physiological information. It is not 
necessarily the case that precisely the 
same neural processes give rise to P300 
in cats and humans. However, the dem- 
onstrated similarity in the behavior of 
the component between species suggests 
that the processes might be comparable. 
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Lunar Phasing of the Thyroxine Surge Preparatory to 
Seaward Migration of Salmonid Fish 

Abstract. Anadromous salmonid fish show a distinct surge in plasma thyroxine 
during the smoltification period prior to their migration to the sea. Analysis of 27 
groups of hatchery-reared salmon and anadromous trout indicates that thyroxine 
levels peak coincident with the new moon. The ability to predict migratory readiness 
by lunar calendar would have substantial implications for the eficient culture of this 
economically important protein resource. 

Each year salmon and closely related 
anadromous trout species hatch in fresh 
water and, at the end of an early but vari- 
able phase of growth and development, 
migrate to the ocean. In most species 
this migration is preceded by a dramatic 
and essential transformation in appear- 
ance, behavior, and metabolism known 
as smoltification. The sum of these de- 
velopmental changes results in fish 
which are fully suited to life in the ocean 
(1). The ability to predict when this mi- 
gration will occur has long been a major 
concern of agencies responsible for the 
maintenance and enhancement of sal- 
monid fisheries. 

Knowledge of the optimal time for re- 
lease of hatchery-reared fish is necessary 
for the efficient operation of salmon en- 
hancement programs. Thus, many phe- 
nomena, such as scale loss, changes in 
coloration, body size, and gill Naf,  KC- 
adenosinetriphosphatase activities, have 
been used as indicators of migratory 
readiness, but none of these has been 
completely satisfactory. And, therefore, 
the problem of when to release hatchery 
stock has remained, despite the intensive 

investigative efforts by salmonid culture 
agencies and research laboratories. 

Smoltification may be viewed as a par- 
tial analog of amphibian metamorphosis; 
indeed, the hormones regulating both 
these phenomena together with their pat- 
tern of release may be similar. Unlike 
amphibian metamorphosis, however, the 
changes associated with smoltification 
are of finite duration, and, if the smolted 
fish are prevented from migrating to sea- 
water, they will revert (desmoltify) to an 
immature parr-like condition (I). After 
reversion has taken place, young salmon 
that are transferred to seawater are un- 
likely to survive or grow. Indeed, if 
salmon are introduced into seawater, ei- 
ther prior to or following the period of 
smoltification, mortality is high. Of those 
that survive, many do not grow but ap- 
pear generally weak, a condition known 
as "stunting" (2). The accurate timing of 
the release of hatchery-raised fish is, 
therefore, clearly critical to the success 
of these fish in seawater and ultimately 
to their contribution to the salmonid fish- 
ery as a whole. 

Although the stunting phenomenon 
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may invalve malfunction in several en- 
docrine systems, thyroid hypoactivity 
may be the central cause (2). Endocrinol- 
ogists have known for some time that the 
thyroid hormones, thyroxine (T,) and 
triiodothyronine (T,), can stimulate, at 
least in part, virtually every phase in the 
smoltification process (I). It has been re- 
ported that during the smoltification of 
both coho and masu salmon, plasma T, 
rises to a distinct peak before returning 
to base levels (3). Survival of coho in 
seawater appears to be directly related to 
the proportion of this T, surge completed 
prior to seawater entry (4). This surge 
thus appears to be an excellent indicator 
of smoltification. Within a given locale, 
the T, peaks of various stocks will fre- 
quently, although not always, coincide. 
Moreover, the timing of the peaks varies 
with latitude and from year to year. 

For the past several years in collabora- 
tion with the California State Depart- 
ment of Fish and Game, Washington De- 
partment of Fisheries, Oregon Depart- 
ment of Fish and Wildlife, and U.S. Fish 
and Wildlife Service, we have continued 
to monitor the patterns of plasma T, 
through the smoltification period in a 
large number of selected stocks of Pacif- 
ic salmon and anadromous trout (5). 

One of our objectives has been to find 
a practical and reliable method for timing 
hatchery releases. The results indicate 
that, in spite of the considerable variation 
noted above, there is a high degree of lo- 
cal interstock synchrony each year. Both 
of the California coho salmon stocks ex- 
amined in 1980 showed T, peaks on 18 
March. In 1979 five of six Washington 
and Oregon coho stocks sampled bi- 
weekly had peaks within the same week, 
and in 1978 eight of nine Washington and 
Oregon stocks peaked within 6 days of 1 
May. 

What accounts for this strong synchro- 
ny and the coincidence of T, peaks 
among many stocks as well? Earlier in- 
vestigators (I) concluded that there was 
a strong endogenous component that 
times the onset of smoltification which is 
controlled, although not completely, by 
photoperiod. We believe that an addi- 
tional external zeitgeber may be in- 
volved. 

The lunar cycle meets the require- 
ments for such a zeitgeber. It is a cue to 
which all stocks are exposed, its phase 
relation with photoperiod varies from 
year to year, and its period length is 
short enough to be used as a timing sig- 
nal by more northern stocks that smolt- 
ify later than those in California. 

When the possibility of a lunar zeit- 
geber first arose in discussion, we real- 
ized that our sampling frequency (every 
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2 weeks) was not ideally suited to estab- 
lishing whether an association existed 
between a phase of the lunar cycle and 
the timing of the plasma T, peak. In this 
regime the true plasma T, peak could oc- 
cur as much as a week away from the 
sample dates. Fortuitously, samples 
from the California stocks (Fig. 1) that 
we examined first were obtained close to 
the new and full moon. In the Mad River 
stock studied in 1979, the measured 
plasma T, peak occurred within 1 day of 
the new moon. In 1980 the peak occurred 
in both of the California stocks (Trinity 
River and Iron Gate) in the sample taken 
nearest the new moon (2 days) (Fig. 1). 
The peaks for Washington and Oregon 
stocks were also correlated with the oc- 
currence of the new moon. 

We reasoned that if a significant asso- 
ciation existed between one phase of the 
lunar cycle and the plasma T, peak, the 
measured peaks should occur in one-half 
of the cycle more frequently than could 
be explained by chance. Of the 27 devel- 
oping salmonid populations analyzed in 
1978, 1979, and 1980, 21 showed peaks 
that fell within the 2 weeks around the 
new moon. Chi-square analysis showed 
these data to be highly significant 
(x2= 8.34; P < .01). This is particularly 
impressive since the sampling frequency 

.o.oeoeo.oeo.o 
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Fig. 1. Patterns of plasma T, in three Califor- 
nia coho salmon stocks plotted on a lunar cal- 
endar. e, new moon; 0, full moon; ", Trin- 
ity stock raised at Mad River Hatchery. 

i 3/18 

itself introduced an error of plus or mi- 
nus 1 week. 

We next asked, given the sampling fre- 
quency, whether there was a significant 
tendency for the measured plasma T, 
peaks to occur on or near a more specific 
portion of the lunar cycle. In this regard, 
we did have one important advantage. 
Although the sampling was not as fre- 
quent as we would have preferred, we 
did sample 27 stocks, and these were 
measured at random with respect to lu- 
nar phase. 

In the analysis, the T, peaks were han- 
dled as a discrete circular distribution 
about the lunar cycle (6) ,  and the mean 
time for the occurrence of the T, peak 
was calculated as the vector resulting 
from the sum of individual vectors de- 
scribing the time-directed T, peaks mea- 
sured for each stock. Accordingly, the 
resultant time is independent of the ref- 
erence frame chosen to describe the cir- 
cular distribution. Plasma T4 in the 
salmonids tested showed a significant 
tendency (P < .01) to peak exactly at the 
new moon with a confidence interval (99 
percent) of plus or minus 3.8 days. Thus, 
the results indicate that the reversal of 
the trend of increasing plasma T, con- 
centration is coincident with the time of 
the new moon. 

At this time we can only speculate as 
to the potential advantages lunar phasing 
of the spring thyroxine peak might have 
for salmonids. Lunar phasing seems gen- 
erally to coordinate the activities of in- 
dividuals or to relate activity (or both) 
to some environmental phenomenon. A 
large number of behavioral events and 
physiological variations including 
spawning and migration display well-de- 
scribed lunar and semilunar periodicities 
(7). The semilunar spawning and hatch- 
ing of the grunion Leuresthes tenuis on 
the Pacific Coast are well known, but 
only one of the many such examples 
among teleost fish (8). 

Among salmonids, thyroid hormones 
play a demonstrated role in virtually 
every phase of development: in growth, 
in silvering, in the onset of migratory 
restlessness, in the acquisition of sea- 
water preference, and others (1). There 
is evidence that group behavior, like 
schooling, may be adaptively important 
during the seaward migration of most, if 
not all, anadromous salmonids. Along 
this line, the migration of steelhead trout 
through a smolt-trapping system at Mad 
River essentially began and peaked with- 
in a week of the new moon in 1977 (9). In 
another study, behavior associated with 
seaward migration, although interpreted 
by the investigators to be dependent on a 
rise in water temperature, commenced in 
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