
model and partial self-fertilization, as de- 
scribed in Crow and Kimura (6, pp. 92- 
94, 144, 152). There is a geometric ap- 
proach to equilibrium, and at equilibri- 
um, F, the fixation index of Wright, is re- 
lated to h, the proportion of self-fertiliza- 
tion, by F - h/(2 - h). In partial self- 
fertilization a fraction h of mates have 
unit correlation and the remainder zero, 
so that overall the correlation coefficient 
is h. In the model given here the correla- 
tion between mates is /~, and hence the 
relation between h and F is the same as 
that between /x and X. Wright's F corre- 
sponds to X, and h to f. 

However, there are two differences be- 
tween the models. First, in Wright's 
model of self-fertilization F is essentially 
positive, whereas in the model given 
here X can be negative. Second, and 
more important, the equilibrium mating 
frequencies are different in the two mod- 
els. For example, if q = ., the genotype 
frequencies are fo = f2 = ?(1 + X), 
f =- (1 - X), and the mating fre- 
quencies involving heterozygotes are as 
shown in Table 1. 

The list of papers which have been 
written on assortative mating in relation 
to a single locus is too extensive to be 
given here, but a number of the more im- 
portant ones are cited by Crow and Ki- 
mura (6, pp. 143, 161). Lewontin et al. 
(7) draw distinctions between assortative 
mating, inbreeding, and selective mat- 
ing, which are relevant to the previous 
two paragraphs of this report. The equi- 
librium system given by Eq. 3 was in- 
troduced by Stark [see (8), where it is dis- 
cussed in greater detail]. 
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The Effect of Stimulus Sequence on the Waveform of 

the Cortical Event-Related Potential 

Abstract. The waveform of the cortical event-related potential is extremely sensi- 
tive to variations in the sequence of stimuli preceding the eliciting event. The wave- 
form changes were manifested primarily in the amplitudes of the negative com- 
ponent of the potential that peaked at 200 milliseconds, the positive component that 
peaked at 300 milliseconds, and the slow-wave components. A quantitative model was 
developed relating the waveform changes to changes in event expectancy. Expec- 
tancy is assumed to depend on a decaying memory for events within the prior se- 
quence, the specific structure of the sequence, and the global probability of event 
occurrence. For stimuli relevant to the task, the less expected the stimulus the larger 
the amplitudes of late components of the event-related potentials. 

The Effect of Stimulus Sequence on the Waveform of 

the Cortical Event-Related Potential 

Abstract. The waveform of the cortical event-related potential is extremely sensi- 
tive to variations in the sequence of stimuli preceding the eliciting event. The wave- 
form changes were manifested primarily in the amplitudes of the negative com- 
ponent of the potential that peaked at 200 milliseconds, the positive component that 
peaked at 300 milliseconds, and the slow-wave components. A quantitative model was 
developed relating the waveform changes to changes in event expectancy. Expec- 
tancy is assumed to depend on a decaying memory for events within the prior se- 
quence, the specific structure of the sequence, and the global probability of event 
occurrence. For stimuli relevant to the task, the less expected the stimulus the larger 
the amplitudes of late components of the event-related potentials. 

The cortical event-related potential 
(ERP) associated with the rare outcomes 
of Bernoulli trials that are relevant to a 
task is different from that associated with 
the frequent outcomes (1-3). If, for ex- 
ample, a subject is instructed to count 
the occurrences of a few low-pitched 
tones embedded in a series of high- 
pitched tones, the low-pitched tones elic- 
it ERP's characterized by a large nega- 
tive component peaking at 200 msec 
(N200), a large positive component peak- 
ing at 300 msec (P300), and large slow- 
wave (SW) components (3). The dis- 
tinction between the types of ERP wave- 
forms made it possible for us to develop 
a discriminant function in which ERP's 
to individual tones were classified as 
"rare" or "frequent" (4). When a "cor- 
rect" classification was defined as the 
categorization of an ERP elicited by a 
rare tone as "rare" and by a frequent 
tone as "frequent," the discriminant 
function formed from the ERP data of 
one group of subjects correctly classified 
81 percent of all ERP's from a group of 
new subjects. Although the classification 
technique was successful, the reasons 
for misclassifying 19 percent of the trials 
remained unclear. An analysis of the 
waveforms associated with the misclassi- 
fications suggested that the erroneous 
classifications reflected systematic trial- 
to-trial variations in the ERP waveforms. 
Some of the "rare" events seemed to 
elicit a "frequent" waveform, and vice 
versa (5). Since the underlying assump- 
tion of research involving ERP's is that 
the ERP's elicited by all occurrences of a 
particular type of event are identical, 
such trial-to-trial variations in the ERP 
required further examination. 

Inspection of the trial-to-trial wave- 
form measures suggested that the varia- 
tions might have been due to short-term 
sequential dependencies. Remington (6) 
and others (7-10) have demonstrated se- 
quential dependencies in choice tasks, in 
which reaction time (RT) on any given 
trial is sensitive to the specific sequence 
of preceding events. These sequential ef- 
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fects have been attributed by some to tri- 
al-to-trial changes in the subject's expec- 
tancies (9, 10). Since expectancy has 
been implicated as one determinant of 
the ERP waveform, we attempted to de- 
termine whether the waveform of the 
ERP exhibits similar sequential depen- 
dencies. 

Seven subjects listened to series of reg- 
ularly presented tone bursts. On each tri- 
al a high-pitched and a low-pitched tone 
were equally likely to occur (11). The 
subject was instructed to count the high- 
pitched tones silently and to report the 
count after each block of 200 trials. In a 
second condition, the probabilities of the 
high- and low-pitched tones were 
changed to .3 and .7, respectively (12). 
Each subject was tested on 800 to 1600 
trials, depending on the condition. 

During testing, the subject was com- 
fortably seated in a reclining chair in a 
well-lighted experimental room. The 
electroencephalogram (EEG) was re- 
corded with Burden Ag-AgCl electrodes 
from Fz, Cz, and Pz (according to the 10- 
20 system) which were referred to a 
linked mastoid electrode, with a wrist 
ground. The band pass of the amplifier 
system was set for a time constant of 0.8 
second and an upper half-amplitude fre- 
quency of 35 hertz. Additional elec- 
trodes (Beckman) were situated above 
and on the outer margin of the right eye 
to record eye movement and blink poten- 
tials. On each trial, a 768-msec epoch of 
the EEG, beginning 100 msec before the 
stimulus onset, was digitized from each 
of the recording channels (at a rate of 
one sample every 3 msec) and stored on 
digital magnetic tape. The EEG epochs 
contaminated with eye movement or 
blink artifacts were excluded from the 
subsequent waveform analysis. All trials 
entered into the tabulations of se- 
quences. 

Remington's terminology (6) will be 
followed. An "A" represents whichever 
stimulus event occurred on trial N (a 
first-order sequence). For the second-or- 
der sequences there were two possible 
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patterns of stimuli on trials N - 1 and N, 
"AA" or "BA." Similarly, there were 
four possible third-order patterns 
("AAA," "BAA," "ABA," or 
"BBA"), eight fourth-order patterns, 
and 16 fifth-order patterns. When the se- 
quences terminated with a high-pitched 
tone, an A in a sequence represents 
the occurrence of a high-pitched tone 
and a "B" that of a low-pitched tone. 
When the sequences terminate with a 
low-pitched tone, the labels are re- 
versed. A waveform measure can be 
plotted for each of the possible se- 
quences and a tree diagram constructed 
by connecting the points in each order to 
the related points in the higher and lower 
orders. For instance, the third-order se- 
quences ABA and BBA are related to the 
second-order sequence BA by the occur- 
rence of either an A or a B on trial 
N - 2. Branches at each node, which 
systematically diverge to high orders, in- 

dicate differential effects of the preced- 
ing stimuli in the sequence on the depen- 
dent variable on trial N (Fig. 1). 

The averaged ERP waveforms (from 
C,) for the sequences of the outer limbs 
of the tree structure are shown for one 
subject in Fig. 2. Large discriminant 
scores reflect large P300 components 
(and the associated N200 and SW com- 
ponents). There is systematic variation 
in the waveform of the ERP as a function 
of the sequence of preceding stimuli. The 
size of the P300 complex elicited by an A 
increases with the number of B stimuli 
that precede it (the ascending limb of the 
tree), and the size of the P300 complex 
decreases as runs of A stimuli of increas- 
ing length precede a given A. The influ- 
ence of preceding stimuli on the ERP 
elicited on trial N extends at least to trial 
N - 4 (Fig. la) (13). The discriminant 
score variations seem to result mainly 
from amplitude changes of the waveform 

components and not from large shifts in 
latencies of the components (Fig. 2) (14). 

In the unequal probability condition 
(.3/.7), the tree structures for the high- 
and low-pitched tones are displaced (Fig. 
1, b and c). The discriminant scores for 
each sequence are generally larger for 
the stimuli with a low probability and 
smaller for those with a high probability 
(15). The average displacement, how- 
ever, is no larger than the range of the 
discriminant scores observed for fifth-or- 
der sequences in each of the panels (Fig. 
1). The sequential determinants of wave- 
form variability seem to be at least as po- 
tent as the determinants of the ERP 
waveform associated with changing lev- 
els of stimulus probability. 

The tree structure reported here is sim- 
ilar to the RT trees of Remington (6) and 
Falmagne et al. (7). The analogous ef- 
fects in the two cases are the enhance- 
ment of the P300 complex and the prolon- 
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gation of RT with longer sequences of 
preceding B's. If, as has been argued (9), 
RT increases as an inverse function of ex- 
pectancy, a similar relationship between 
expectancy and ERP waveforms can be 
assumed. We proceeded, therefore, to 
develop a model, based on the concept 
of expectancy, to describe the sequential 
dependencies in ERP waveform. 

In serial RT tasks, when the intertrial 
interval is less than 2.0 seconds, the ef- 
fect of a stimulus sequence on the expec- 
tancy of a stimulus event is presumed to 
function as follows. The subject forms a 
local (as opposed to a global) subjective 
probability distribution that reflects 
event frequency within a "sliding win- 
dow." The more frequently an event oc- 
curs within that window, the greater is 
the subjective probability (expectancy) 
that the event will recur. When the next 
event in the sequence confirms the ex- 
pectations induced by the probability dis- 
tribution, RT is shorter than if the less ex- 
pected event occurs. 

In our experiment, the amplitude of 
the P300 complex (as measured by the 
discriminant score) seems to be larger 
when the expectation is disconfirmed 
than when it is confirmed by the eliciting 
event. Thus, a model accounting for the 
waveform data should estimate the ex- 
pectancy the subject has for an event as 

a function of the preceding sequence of 
stimuli. We assume expectancy to be de- 
termined in a linear additive fashion by 
three factors: (i) the memory for event 
frequency within the prior stimulus se- 
quence, (ii) the specific structure of the 
prior sequence, and (iii) the global proba- 
bility of the event. 

The assumption that the locally oper- 
ating, subjective probability distribution 
depends on a sliding window implies that 
the magnitude of the effect of a stimulus 
on the expectancy for succeeding stimuli 
is a decaying function of sequential posi- 
tion (or time) (10). We assume that the ef- 
fect of a stimulus on responses to suc- 
ceeding stimuli is governed by an expo- 
nential decay process (9). The specific 
form of the "memory" (M) expectancy 
function for event A on trial N as a func- 
tion of the sequence of past events Si is 
assumed to be 

N- II 

MA =E aS,i (1) 
i = :?-I 

where 

Ofor(S = B) 
Si - 

I for(Si = A) 

and where m equals the order of the se- 
quence (here, m = 5). The constant cx 
corresponds to the rate of decay in mem- 

ory of prior stimulus information 
(0 <o a < 1); small values of a indicate 
that only very recent events contribute 
to expectancy (16). 

Alternations in the stimulus sequence 
generate expectancies that the alterna- 
tion pattern will continue (10, 17). With 
regard to alternations, our model as- 
sumes that (i) a positive expectancy is 
generated for the stimulus on trial N that 
fits the alternation pattern, and a nega- 
tive expectancy is generated for one that 
breaks the pattern; (ii) the magnitude of 
the alternation factor should grow (linear- 
ly) with the number of consecutive prior 
alternations; and (iii) a minimum of two 
prior alternations are necessary to in- 
duce an alternation set. Thus, each stim- 
ulus sequence was assigned an alterna- 
tion factor A (S i), whose value (-3 to +3) 
was generated by these assumptions 
(18). 

The probability (P) that a stimulus will 
occur affects the discriminant score inde- 
pendently of sequential effects (Fig. 1). It 
may be conceived of as a reflection of 
long-term memory, or as a nonzero 
asymptote of the decaying short-term 
memory process that governs the more 
recent sequential effects. Similar effects 
of global probability operate on reaction 
times (6, 7). We assumed that the three 
determinants of expectancy [M(Si,a), 
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A(Si), and P] combine linearly and in an 
additive fashion to contribute to overall 
event expectancy and, therefore, to pre- 
dict the magnitude of the discriminant 
score. 

We first determined the memory decay 
constant a in Eq. 1 that would provide 
the best linear relationship between dis- 
criminant scores and the memory expec- 
tancy factor for the probability condi- 
tions, P = .3, .5, or .7. The value of a 
that maximized the linear correlation be- 
tween M and the discriminant scores did 
not differ among the three conditions 
(19). The mean value of a, 0.6, was thus 
selected as the memory decay rate for all 
conditions. We performed a multiple 
linear regression analysis in order to de- 
termine the equation relating the values 
of the fifth-order discriminant scores to 
M, P, and A: 

Expectancy = 0.235M + 

0.033A + 0.505P - 0.027 (2) 

In Fig. 3, the observed expectancies 
(measured as discriminant scores) for all 
three probability conditions are plotted 
as functions of the expectancy values de- 
rived from Eq. 2 (20). The regression 
equation accounted for approximately 78 
percent of the variance (R = .881) (21). 

The multiple regression analysis was 
repeated with pairs of factors to evaluate 
the incremental proportion of variance 
accounted for by each factor. The largest 
gains were added by including the P (38 
percent) and M (49 percent) factors; a 
small predictive increase was gained by 
including A (5 percent) (22). Alternations 
occurred in only a small number of se- 
quences (4 of 16) and their effect on the 
ERP waveform counters attempts to ex- 
plain these results in terms of habit- 
uation. If the mere occurrence of a stimu- 
lus affects all subsequent stimuli through 
habituation, the precise pattern of stimu- 
li within a sequence should not material- 
ly affect the results. 

Our model extends hypotheses pre- 
viously advanced to account for the ef- 
fects of event probabilities on the wave- 
form of ERP's (23). The amplitude of the 
P300 complex increases as the expec- 
tancy of a stimulus decreases, and 
multiple factors combine to determine 
the expectancy that the subject asso- 
ciates with individual stimuli. Moreover, 
the effect of expectancy can be inferred 
to be related to dynamic processes that 
develop over short progressions of stimu- 
li spanning time intervals of only a few 
seconds. Thus, caution should be exer- 
cised in the interpretation of changes in 
the waveform of the average ERP. The 
validity of the common assumption that 
the average is computed over a homoge- 
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neous data set must be carefully evaluat- 
ed for each experiment. For example, 
whenever the global probability of an 
event is increased, there is a correspond- 
ing increase in the number of runs of that 
stimulus in the series. If trials in such a 
series are averaged without regard to 
their serial position, the increased pro- 
portion of trials following long runs of 
like stimuli may well reduce the ampli- 
tude of the P300 complex. Also, an exam- 
ination of the behavior of the discrimi- 
nant scores obtained in our previous 
work on the classification of single-trial 
ERP's (4) suggests that many of the er- 
rors of classification may have been due 
to sequential effects. 

It is hardly surprising to find that the 
organism's response to "identical" stim- 
uli is in flux. The nervous system is not a 
passive recipient of inputs that are obedi- 
ently switched to outputs; rather it is a 
dynamic system that continuously gener- 
ates hypotheses about the environment. 
The P300 seems to be associated with the 
evaluation of such contextual hypothe- 
ses. 
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Drag Reduction by Formation Movement in Spiny Lobsters 

Abstract. Movements of spiny lobsters (Panulirus argus) information reduce drag 
during locomotion; such movement is of particular significance during mass migra- 
tion. Queues (single-file lines) of spiny lobsters sustain less drag per individual than 
do individual lobsters moving at the same speed. It is proposed that queuing behav- 
ior conserves energy and is a consequence of the evolutionary role of migration in 

Drag Reduction by Formation Movement in Spiny Lobsters 

Abstract. Movements of spiny lobsters (Panulirus argus) information reduce drag 
during locomotion; such movement is of particular significance during mass migra- 
tion. Queues (single-file lines) of spiny lobsters sustain less drag per individual than 
do individual lobsters moving at the same speed. It is proposed that queuing behav- 
ior conserves energy and is a consequence of the evolutionary role of migration in 
this particular species. 

A wide variety of animals assemble in 
stable aggregations or formations, either 
stationary or moving. The immediate 
adaptive significance of such formations 
is often far from obvious, despite its self- 
evident germaneness to current concern 
with the evolution of social behavior. 

Schooling of fish, herding of mam- 
mals, flocking of birds, and swarming of 
insects seem to provide protection 
against predation (1). Other advantages 
of aggregation relate to thermoregula- 
tion, mating efficiency, finding food, 
pooling of orientational information, 
learning, and reducing aggression. An ad- 
vantage occasionally suggested but infre- 
quently demonstrated is that energy is 
saved during long-distance locomotion, 
for example, that V formations of geese 
and some other birds reduce drag and in- 
crease lift; this hypothesis is supported 
by mathematical models but remains un- 
confirmed (2). We now present experi- 
mental evidence that precise, single-file 
line formations or queues conserve ener- 
gy by reducing drag during group migra- 
tory movements of the spiny lobster, 
Panulirus argus (3). 

Queuing is most prevalent during au- 
tumnal mass migrations during which 
thousands of spiny lobsters traverse 
open bottom, day and night, for periods 
of at least several days (4, 5). Queues of 
as many as 65 individuals are maintained 
through tactile contact by the antennular 
rami and first pereiopods of each lobster 
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with the extended abdomen of the lob- 
ster ahead. Queuing and clustering of lob- 
sters may deter predatory fish by pre- 
senting them with a barrier of antennae. 
Queuing may also facilitate the pooling 
of orientational information and the lead- 
ership by the best-oriented individuals at 
any instant. But a basic physical advan- 
tage may result from improved hydro- 
dynamic performance through reducing 
drag. 

From an analysis of film and field data, 
we constructed a model of a typical 
queue. Walking speed, proper inter- 
lobster positioning, and posture were de- 
termined from 35-mm color slides and 
16-mm color cine film taken during mass 
migrations near Bimini, Bahamas. Mea- 
sures of queue size and length of migrato- 
ry lobsters were based on field data (4, 5). 
Carapace lengths (CL) of migrating lob- 
sters at Bimini ranged from 55 to 126 mm 
with a mean of approximately 83 mm 
(1969, 84.6 mm; 1971, 82.1 mm). There 
was no apparent correlation between lob- 
ster size and position within a queue. 
The interlobster distance was measured 
between the trailing edge of the lead lob- 
ster carapace and the base of the rostral 
horns of the following lobster (range, 7 to 
34 cm; X = 16 cm). This distance is limit- 
ed by the length of the inner rami of the 
follower's antennules and the length of 
the abdomen of the lobster ahead. The 
angle between antennae, which the slow- 
ly moving lobsters constantly waved, 
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was approximately inversely proportion- 
al to queue speed (X = 150? at 15 cm/ 
sec; X = 92? at 28 cm/sec; minimum re- 
corded angle, 30? at 28 cm/sec). 

Queues ranged from 2 to 65 individuals 
during migrations, although isolated indi- 
viduals and small queues (fewer than six 
lobsters) often resulted when long queues 
were fragmented by intense fishing with 
nets by lobstermen. Lobsters maintained 
larger queues in undisturbed areas. 
While marching on level substrate, lob- 
sters stand erect, with the body axis held 
horizontal approximately 5 cm (85 mm 
CL lobster) above the substrate. 

Lobsters migrate at a rate that ranges 
from 15 cm/sec for queues just forming 
to 35 cm/sec for well-formed queues 
moving over open areas (X = 28 cm/ 
sec). During ultrasonic tracking studies, 
average walking speeds of 28 cm/sec 
were recorded for individual lobsters 
over distances up to several kilometers. 
Individual lobsters walked at maximum 
rates of 30 to 34 cm/sec for 10 to 30 m 
during orientation experiments (X = 21 
cm/sec,N = 23). 

A plywood tow tank (10 m long by 1 m 
wide by 0.75 m deep) filled with fresh- 
water was used to test the drag-reduction 
hypothesis. A variable-speed electric 
capstan was used to pull preserved lob- 
sters on a nylon monofilament line (0.6 
mm diameter). A weighted pendulum 
with an idler pulley, through which the 
towline was threaded, measured force in 
degrees of deflection, which was then 
converted to newtons (6). 

For test models, lobsters with all ap- 
pendages were preserved in 10 percent 
solution of formalin in seawater. Pieces 
of Styrofoam were placed inside the cara- 
pace dorsal to the approximate center of 
gravity so that the average density of 
each lobster was slightly greater than 
that of freshwater, and friction with the 
tank floor was essentially eliminated. 
Lobsters of the appropriate size range 
were connected in queues with thin stain- 
less steel wire. 

Two sources of error arose from using 
preserved specimens. We could not de- 
termine the drag associated with move- 
ments of the walking legs or antennae 
during locomotion, and our models could 
not make instantaneous trim adjust- 
ments, which, in living animals, might 
normally influence both lift and drag. 
However, neither of the inaccuracies 
seems sufficiently large to influence the 
interpretation of the data. 
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In initial experiments, we measured 
both individual drag and queue drag at 
varying speeds, keeping antennal angle 
and interlobster distance constant at 
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