
ing the hawk, and other randomly occur- 
ring variables may influence a hawk's se- 
lection of prey as well. (I was unable to 
monitor, let alone control, these extra- 
neous variables.) In experiments involving 
simultaneous oddity, a common mouse is 
more likely to be exhibiting attractive, ran- 
domly occurring behavior than the odd 
mouse. For example, if mice of two colors 
are presented in a ratio of 9: 1, the com- 
mon mouse is nine times as likely to show 
a given attractive behavior at any given 
moment. In my experiments involving se- 
quential oddity, common and odd mice 
each have equal probability of showing a 
given behavior. Thus the influence of odd- 
ity may have been obscured by random, ir- 
relevant variables in my previous experi- 
ments involving aggregations of prey. 

It is possible that reinforcement plays a 
role in determining the results of present 
and previous experiments, but I doubt it. 
The possibility exists because birds were 
not fed until after the last experiment of 
the day, and the color of the last mouse 
taken thus might act as positive reinforce- 
ment for a preference of that color. How- 
ever, in all experiments the birds were fed 
regardless of the color of the last mouse 
and thus there is no reason why two birds 
in part A, and three birds in part B, shifted 
preferences. Further, a detailed analysis of 
previous experiments (1) in which mice of 
both colors were always available showed 
no correlation between the color of the 
mouse last taken on one day and the first 
mouse taken the next, when the influence 
of the long-term SSI was taken into ac- 
count. Last, to test the possible role of re- 
inforcement, Belle was run for ten addi- 
tional days beyond those listed in part B of 
Table 1. In these 10 days, the mouse se- 
lected in the choice situation (llth trial) 
was invariably white. The bird was not al- 
lowed to feed but was then presented with 
a single gray mouse which it captured and 
the bird was then fed. In spite of the rein- 
forcement for gray, the bird continued to 
choose white mice for the 10 days. 

Since the birds were not permitted to 
feed on the first ten mice on each day, lack 
of reinforcement acting against the selec- 
tion of that color may have been influenc- 
ing the results. This also seems unlikely be- 
cause the birds continued to prey upon 
mice in a situation where choice was not 
possible, in spite of the fact that they were 
not reinforced. Further evidence against 
the hypothesis can be seen in the length of 
runs of captures of a given color of mouse, 
without reinforcement, in my previous ex- 
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than ten on 34 percent of the possible oc- 
casions, in spite of the fact that this often 
meant that the birds were continually se- 
lecting the odd or uncommon color of 
mice. In the 5440 individual trials, mice 
were presented in a ratio of 9: I for 55 per- 
cent of the time, 8: 2 for an additional 18 
percent, and 7: 3 for yet another 13 per- 
cent. Lengthy runs, particularly of the odd 
or uncommon color, are unlikely because 
of the various random influences on selec- 
tion discussed above. The relatively high 
incidence of lengthy runs, in spite of the 
variety of factors which militate against 
them, suggests that negative reinforcement 
is not important in determining prey selec- 
tion in my experiments. 

The data thus seem to indicate a prefer- 
ence for odd mice in five out of six birds 
tested. In the remaining bird (Walda), a 
long-term SSI appeared to be the most im- 
portant factor determining prey selection, 
a factor which also influenced the results 
from the other five birds. 

Many observations and experimental re- 
sults fit into the generalization that preda- 
tors select odd prey (4), but unequivocal 
data are lacking. Goshawks (Accipiter 
gentilis) have been shown to select the un- 
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Invertebrates offer attractive experimen- 
tal material for investigations aimed at the 
cellular basis of associative learning in- 
asmuch as they show simple, controllable 
behaviors and possess correspondingly 
simple nervous systems (1). Among these 
animals the mollusk Pleurobranchaea is 
uniquely suited for study because it exhib- 
its strong associative learning as shown by 
classical and avoidance conditioning of its 
feeding behavior, and because it is the only 
animal in which evidence of learning can 
be detected in completely isolated nervous 
systems (2). The behavioral changes pro- 
duced to date in Pleurobranchaea, how- 
ever, require many days of conditioning to 
become firmly established. Such long peri- 
ods of time present serious technical diffi- 
culties for experiments aimed at pinpoint- 
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common color morph out of flocks of do- 
mestic pigeons (Columba livia), but odd 
colored pigeons can be considered to be 
conspicuous relative to the flock in which 
they fly (5). Other evidence for the selec- 
tion of odd prey is essentially anecdotal. 
My results suggest that oddity is an impor- 
tant factor in prey selection. Odd animals 
are almost invariably unfit animals and a 
prudent predator would select unfit ani- 
mals out of a prey population (6). Selec- 
tion of unfit animals would benefit both 
predator and prey and tend to drive the 
predator-prey system to optimal yield. 
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ing the quality, time of consolidation, and 
locus of the cellular and physiological 
events that underlie learning. For this rea- 
son, we have sought and now report on 
long-lasting behavioral changes, attribut- 
able to associative learning, which can be 
produced in only 1 day. The effectiveness 
of the present conditioning paradigm, to- 
gether with the suitability of the behaviors 
of Pleurobranchaea for physiological anal- 
ysis (3, 4), provides a new and useful exper- 
imental system for studying learning. 

Specimens of Pleurobranchaea califor- 
nica (MacFarland) of about equal size and 
having a mean weight of 175 g were ob- 
tained off the coast of southern California. 
The animals were maintained individually 
in transparent plastic trays (6.5 liters in 
volume) so that they could be viewed from 
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Learning: Rapid Aversive Conditioning in the 

Gastropod Mollusk Pleurobranchaea 

Abstract. Untrained Pleurobranchaea feed voraciously when presentedfood and with- 
draw from electrical shocks. We trained experimental animals in ten trials spaced I hour 
apart to withdraw from food alone by electrically shocking them if they fed or were indif- 
ferent to food. The greatest increase in the number of learned withdrawal responses oc- 
curred within 12 hours after conditioning, and was accompanied by long-lasting increases 
in the threshold and latency of feeding responses. Control animals, which received food 
and shock alternately (unpaired) every half hour, showed considerably weaker changes 
than experimentals. These control responses quickly returned to initial levels after condi- 
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different angles, and in fresh running 
seawater (1 to 2 liters per minute at 16?C). 
All the animals were fed about 1 percent of 
their body weight of cleaned squid mantle 
once each week before the experiments, 
and were not fed during the experiments. 
Pleurobranchaea is a voracious, can- 
nibalistic carnivore that is capable of in- 
gesting amounts of food equivalent to 
about 10 percent of its body weight every 3 
to 5 days, and therefore the feeding regime 
maintained the animals motivated for 
feeding. After acclimation to the labora- 
tory, the animals were randomly sorted 
into experimental (N = 29) and control 
(N = 30) groups. Each experimental ani- 
mal was matched with a control animal of 
approximately equal feeding threshold (de- 
scribed below), and their trays were placed 
side by side so that they were exposed to 
the same laboratory conditions. The condi- 
tioning and postconditioning observations 
described below were pooled from five rep- 
licate experiments, all of which yielded 
similar results. 

In each of ten conditioning trials, spaced 
1 hour apart, experimental animals were 
given about 5 ml of a standard solution of 
squid homogenate [designated 10? concen- 
tration, see (4)], which was applied gently 
over the oral veil of the animal at a rate of 
about 0.2 ml/sec via a syringe fitted with a 
tube extension; we did not contact the ani- 
mals while they were given food stimuli. 
The food solutions contained a small 
amount of Procion yellow dye as a visible 
marker so that the flow and contact of the 
food onto the animals could be observed. 
The feeding behavior consists of orienta- 
tion movements, extension of the pro- 
boscis, and bite responses (2, 3), all of 
which can occur coordinately in a bite- 
strike response as shown in Fig. B. We 
studied the effect of conditioning on the 
most obvious of these, the proboscis and 
bite or strike responses. If the animals 
showed one of these responses or were in- 
different to food within a 180-second pe- 
riod of observation, they were given elec- 
trical shocks (60 seconds; 70 volts; 10-msec 
d-c pulses at 15 per second). If the bite or 
strike response occurred, they were given 
the shocks immediately, but if neither of 
these responses occurred, and if a sus- 
tained withdrawal response was not ob- 
tained, the shocks were given after 180 sec- 
onds. The shocks were applied across the 
head and oral veil by means of spanning 
metal electrodes held several millimeters 
away from the animal, but contact was of- 
ten unavoidable. Evidence of effective 
shocks was convulsive contraction of the 
body, lowering and contraction of the 
rhinophores and oral veil, and movement 
of the head away from the source of the 
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shocks (Fig. 1, C and D). Control animals 
were run concurrently with experimentals 
and received as much stimulation, but they 
were given food and shock alternately (un- 
paired) every half hour. 

During the early stages of conditioning, 
our paradigm resembled classical condi- 
tioning, since the to-be-conditioned food 
stimulus preceded shock by a relatively 
fixed interval governed by the latency of 
the bite-strike response. Classical condi- 
tioning requires (5): that the uncon- 
ditioned stimulus (UCS) reliably elicits the 
unconditioned response (UCR); that the 
conditioned stimulus (CS) does not elicit 
the UCR; that the animals do not habit- 
uate to repeated presentations of the CS at 
interstimulus intervals used in the training 
regime; and that the conditioned response 
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(CR) resembles the UCR. Shock was an 
appropriate UCS since it invariably elicits 
withdrawal responses (UCR). Food was an 
appropriate CS since, as shown by over 99 
percent of about 50,000 observations made 
here and in previous investigations (2, 4), 
squid stimuli elicit nonhabituating feeding 
responses rather than withdrawal re- 
sponses. And, as shown below, the CR re- 
sembles the UCR. 

During conditioning, the behavioral ob- 
servations were conducted blind. One per- 
son who did not know the identity of the 
animals presented the food and noted their 
responses. After this observation, a second 
person who knew the identity of the ani- 
mals applied shock accordingly if the sub- 
ject were an experimental animal or with- 
held shock for one-half hour if the subject 
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Fig. 1. Behavioral observations. (A) A specimen of Pleurobranchaea, about 7 inches (7.8 cm) in 
length, shown locomoting from left to right in the photograph. Structures pointing upward on either 
side of the head are the rhinophores; the oral veil, resembling a cowcatcher, is below and in front of 
the rhinophores: the mouth area lies below the oral veil. (B) Bite-strike response of naive animal to 
food: the proboscis, extended beneath the outstretched rhinophores and oral veil, and the lifted foot 
are aimed in almost a leap toward the descending food. (C) Unconditioned withdrawal response to 
shocks applied via spanning electrodes. (D) Shock-elicited withdrawal response during conditioning 
when food was present. (E) Approach-avoidance response. The animal is shown postured ambiva- 
lently between a withdrawal and a feeding response: the rhinophores and oral veil are withdrawn, the 
foot has begun to swing away, and the proboscis is only slightly extended (the lips of the mouth even- 
tually moved in a tiny, distasteful bite). (F) A fully conditioned withdrawal response elicited by food 
(compare with B). 
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were a control. Knowledge of these opera- 
tions with shock was withheld from the 
person who made the initial observations. 

Figure 1 illustrates the behavioral changes 
that occurred during conditioning. Food 
alone initially elicited only a few condi- 
tioned withdrawal responses (CR), but as 
conditioning progressed, food began to 
elicit approach-avoidance responses (Fig. 
1E) and then many withdrawal responses 
(Fig. 1F). Figure 2A shows, however, that 
the control animals as well as the experi- 
mentals exhibited such behavioral changes; 
only on trial 9 was there a statistically sig- 
nificant difference (6) between the experi- 
mental and control animals (P < .01; on 
all other trials P > .05; x2 test). 

In contrast to these results, we obtained 
strong differences between experimental 
and control animals after conditioning. 
The observations were begun 12 hours af- 
ter the last conditioning trial and were re- 
peated every 24 hours thereafter. In these 
observations, we measured the threshold 
and latency of the proboscis and bite-strike 
responses, and the withdrawal response 

- 
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levels. To measure thresholds, the animals 
were placed individually in a seawater- 
rinsed glass tray containing fresh sea- 
water. Tenfold serial dilutions of the 10? 
concentration of the squid homogenate 
were then applied gently over the oral veil 
by means of Pasteur pipettes fitted with 
squeeze bulbs. One milliliter of each of six 
dilutions was applied in each trial, begin- 
ning with a 10-5 dilution and advancing a 
seriatim toward the maximum concentra- 
tion (10?) until the proboscis and bite-strike 
responses were obtained. The presentation 
of each solution required about 15 sec- 
onds. In thousands of threshold measure- 
ments conducted in these and in previous 
(4) experiments it has been found that the 
proboscis extension response has about a 
tenfold greater sensitivity than the bite- 
strike response. In the event that neither 
of these responses was obtained with even 
the maximum concentration, a threshold 
value of 10+1 was assigned to the proboscis 
response, and a value of 10+2 was assigned 
to the bite-strike response; this avoided the 
mathematically meaningless notion of in- 

Post Conditioning (Hours) 
Fig. 2. Pooled data from five replicate experiments. (A and B) Percent of experimental animals (solid 
curve; N = 29) and control animals (dashed curve; N = 30) that withdrew from food in each condi- 
tioning trial (A) and at different times postconditioning (B). Asterisks indicate statistical differences 
between experimental and control groups significant at P < .01; differences at other points are not 
significant (P > .05); x2 test. (C to F) Postconditioning observations on feeding behavior. Measure- 
ments of latency and threshold of the proboscis response (C and E) and of the bite-strike response (D 
and F) were first made at 12 hours postconditioning; preconditioning values are lalso shown (at Pre) 
on the abscissa. In C to F, single asterisks indicate statistical differences between experimentals and 
controls significant at P < .01, double asterisks indicate P < .02; differences at other points are not 
significant (P > .05); Mann-Whitney U test. Vertical bars indicate standard errors. 
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finite thresholds in the computation of 
means. These assigned values are probably 
conservative since it is assumed that if the 
proboscis extension did not occur in re- 
sponse to the 10? concentration it would 
have occurred in response to the next ten- 
fold greater concentration (10+1) were it 
available, and similarly that the bite-strike 
response would have occurred in response 
to the following tenfold greater concentra- 
tion (10+2). 

Immediately after the threshold deter- 
minations, the order of animals was re- 
peated for measuring latencies. For these 
measurements, the animals were retained 
in their home trays. A slow, continuous 
flow (0.2 ml/sec) of the 10? concentration 
of food was gently presented over the oral 
veil; as in conditioning, we noted at this 
time whether the animals withdrew or fed 
to food. The latency of feeding movements 
was taken as the time from the contact of 
the food on the animal to the time of the 
first noticeable proboscis extension and 
bite responses. 

All the postconditioning observations 
were conducted double-blind. The location 
of the animals in the laboratory was 
changed twice in succession by different 
people so that each day neither the last 
person who moved the animals nor the per- 
sons making the observations knew 
whether the animals were experimentals or 
controls. 

Figure 2B shows that by 12 hours af- 
ter conditioning there were significantly 
strong differences between the number 
of withdrawal responses obtained from 
the experimental and control animals 
(P < .01; x2 test), and that the withdrawal 
level of the experimental animals had 
greatly increased while the level of the con- 
trols decreased to near the preconditioning 
level. These differences persisted for 132 
hours without shock reinforcement before 
extinguishing. Increases in the response 
levels of the experimentals after condi- 
tioning has been observed in previous 
learning studies on Pleurobranchaea (2). 
This improvement in performance is of in- 
terest here, for it indicates that much of the 
consolidation of the learned response oc- 
curs in just a few hours after conditioning. 
The quick recovery of the controls suggests 
that the withdrawals obtained from them 
during conditioning may have been caused 
by sensitization which is known to produce 
relatively short-term effects (7). 

Figure 2, B to E, shows that the changes 
in the withdrawal behavior of the animals 
were accompanied by equally strong 
changes in the feeding behavior. We re- 
corded significant differences between the 
experimental and control animals in the la- 
tency and threshold of the extension of the 

proboscis and in the latency of the bite- 
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strike responses for 132 hours after condi- 
tioning (P < .01; Mann-Whitney U test). 
The threshold of the bite-strike response of 
the experimental animals, however, contin- 
ued to be significantly different from the 
threshold of the controls for over 180 
hours (Fig. 2F; P < .01 through 156 hours, 
P < .02 at 180 hours; Mann-Whitney U 
test). After 180 hours the observations on 
extinction were terminated so that the ani- 
mals could be reconditioned in other ex- 
periments (8). 

The results of this iinvestigation demon- 
strate that pairing or contiguity of food 
(CS) and shock (UCS) are necessary to 
produce the long-term changes in the with- 
drawal and feeding behavior of the experi- 
mental animals. As further required in 
classical conditioning (5, 7), experiments 
designed to control for pseudoconditioning 
and sensitization, in which food and shock 
were presented unpaired to the control ani- 
mals, did not yield the same long-term be- 
havioral changes as were produced by 
paired stimulation. We interpret these data 
to show that the rapid and long-lasting be- 
havioral changes of the experimental ani- 
mals are attributable to associative learn- 
ing. 

The ability of the present paradigm to 
generate rapid learning of food aversion is 
striking, particularly when one considers 
that no alternative, safe food was made 
available and that the animals were main- 
tained in a relatively starved condition. 
The drive to feed is usually so strong in 
Pleurobranchaea that feeding thresholds 
remain stable even after electroconvulsive 
shocks (4). It would be expected, therefore, 
that food stimuli would be strong rein- 
forcers of behavior and that hungry ani- 
mals would be difficult to train to avoid 
food. Previous experiments on Pleuro- 
branchaea show, however, that a paradigm 
which used a food stimulus to reinforce 
conditioned feeding responses to mild tac- 
tile stimulation was much less effective 
than the food aversion paradigm we used 
here. 

This apparent contradiction may be 
placed into perspective by viewing the 
stimulus-response repertoire of Pleuro- 
branchaea in the context of behavioral 
hierarchy which describes how an animal 
will behave when confronted simultane- 
ously by stimuli that elicit different re- 
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escape, elicited by strong noxious stimula- 
tion. The results of the learning studies on 
Pleurobranchaea are consistent with the 
notion that the reinforcing power of a 
stimulus is governed by its drive or motiva- 
tional value (7); tactile stimulation has 
been used only as a CS, food as a CS or 
UCS, and noxious stimulation only as a 
UCS. As a first approximation, we can say 
that the lower the position of a stimulus on 
the hierarchy the greater will be its utility 
as a CS, while the higher its position the 
greater will be its effectiveness as a UCS- 
as a reinforcer. Thus, in the context of the 
behavioral hierarchy of Pleurobranchaea, 
it is not unexpected that strong noxious 
stimulation would be a more effective rein- 
forcer than food. 
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Acidity in Rainwater: Has an Explanation Been Presented? Acidity in Rainwater: Has an Explanation Been Presented? 

The recent report by Likens and Bor- 
mann (1) certainly points out the manifold 
ecological problems, both present and po- 
tential, that are associated with the possi- 
bility of acid rain. It cannot be disputed 
that the tall smokestacks introduced in re- 
cent years disperse the emitted SO2 over a 
broader area. That is precisely the philoso- 
phy behind tall stacks. Whether there has 
been a concomitant increase in acidity in 
the rainwater of rural areas in the north- 
eastern United States has not been docu- 
mented in the data of Likens and Bormann 
since, as shown in their figure 1, thepH re- 
mained relatively constant over an 8-year 
period. 

The authors, however, do show in their 
figure 2 a striking 70 percent decrease in 
SO42- since 1950 in rainwater at Ithaca, 
New York. This change is probably cor- 
rectly attributed to the shift in use from 
coal (high in sulfur) to natural gas (low in 
sulfur). The statement is made (correctly) 
that the drop in the sulfur concentration is 
difficult to reconcile with the proposed (not 
substantiated) recent increase in acidity. 
The contention is then made that high 
particulate loadings from the combustion 
of coal in the past could have caused neu- 
tralization of the acid sulfate. Likens and 
Bormann further conclude that the instal- 
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lation of particle-removing devices in tall 
smokestacks eliminates these alkaline sub- 
stances, consequently permitting appre- 
ciable quantities of SO2 to be converted to 
acid. 

This argument cannot be correct. As an 
example, coal could contain 3 percent sul- 
fur (6 percen't as SO,) and 15 percent ash 
(composed of 50 percent SiO2, 30 percent 
Al103, 15 percent Fe203, and 3 percent 
CaO). The alumina and silica are quite in- 
ert, and there is just not enough material 
left to neutralize the SO2. The only com- 
ponent of any possible significance is 
Fe203. Even if we consider the highly un- 
likely overall reaction 

3 SO2 + Fe203 + 302 -, Fe2(SO4)3 2 

it would require essentially all of the Fe203 
to consume an appreciable amount of the 
SO2. Since there are so many competing 
processes, it is most unreasonable to as- 
sume that a reaction could appreciably 
proceed when the reactants are present in a 
near stoichiometric relationship. Further- 
more, 25 years ago particulate-removal de- 
vices in operation in the northeast, if they 
were mechanical, removed > 50 percent of 
the ash or, if electrostatic (in common us- 
age), > 75 percent. Modern electrostatic 
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