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Abstract

Despite an abundance of evidence demonstrating that the temporal relationship between
events is a key factor in an organism learning an association between those events, a general
theoretical account of temporal contiguity has remained elusive. A particular question that has
received little attention is whether behaviour established with strong contiguity can be
maintained when contiguity is weakened. The primary aims of this thesis were to examine the
mechanisms underlying both the effects of contiguity on learning in rats and humans and the
maintenance effect described above.
The experiments reported in this thesis demonstrated that rats’ lever-pressing for
food/sucrose acquired with immediate reinforcement persisted when a trace/delay that would
have prevented acquisition was subsequently introduced, provided the lever was a valid signal
for reinforcement. In classical conditioning with a 10-second trace, rats performed magazineentry during lever-insertion (goal-tracking) instead of lever-pressing (sign-tracking); with zerotrace, rats both sign- and goal-tracked if lever-insertion time was 10 seconds, while goal-tracking
dominated with 5-second lever-insertion time. Furthermore, while it was found that context-US
associations may interfere with CS-US learning, context conditioning did not contribute to the
retardation of sign-tracking in trace conditioning. Overall, these results are consistent with the
theory that a localisable manipulandum that signals an appetitive outcome with strong contiguity
acquires hedonic value, and that such hedonic value drives lever-pressing behaviour that is
resistant to changes in the conditions of reinforcement.
Human performance in a conditioned suppression task was inversely related to trace
interval, but this apparent contiguity effect was at least partially mediated by the number of

v

distractors during the trace interval, as predicted by Revusky’s concurrent interference theory.
Furthermore, some transfer of conditioned suppression was observed when the trace was
subsequently lengthened. Despite the different explanations proposed to account for rat and
human performance in these experiments, the results suggest that the effects of contiguity on
learning may be driven by similar underlying mechanisms across species.

vi

Preface

The important influence of temporal contiguity on learning has been accepted for as long
as learning has been examined in the laboratory. An abundance of evidence demonstrates that
organisms are generally less likely to learn about a relationship between events the further these
events are separated in time. In modern times, such a view was first brought to prominence by
the philosophers of the Associationist school, most notably David Hume, and became established
in conditioning theory by such early theorists as I.P. Pavlov and E.L. Thorndike. Indeed,
temporal contiguity was once considered to be both a necessary and sufficient condition for
learning to take place. Mounting evidence to the contrary, however, led to widespread rejection
of this view in favour of the view that the contingency between events is the more important
factor. Although subsequent research sought to shift the emphasis back to contiguity, its precise
role in human and non-human animal learning remains incompletely specified.
An issue that has received relatively little empirical and theoretical attention is whether
learning about relationships between events with a strong temporal relationship can persist when
that relationship is subsequently weakened. Specifically, can behaviour acquired with no (or a
very short) delay persist when subsequent training involves a delay that would have prevented
acquisition? Data bearing on this specific question (e.g., Harker, 1956) and on the more general
question of maintenance of responding when conditions are deleteriously altered (e.g., Rescorla,
1989) have appeared sporadically since the mid 20th century, but no detailed study has been
carried out and no satisfactory account of the effect produced. Such maintenance of behaviour is
of theoretical importance, because while intuition dictates that behaviour should potentially
persist across increasing delays, theories of conditioning tend to suggest that learning depends
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only on the current strength of contiguity of the relationship to be learned, not those employed
previously.
The major aim of this thesis is to examine in detail the conditions under which
persistence of behaviour across weakening temporal relationships occurs and to provide a
theoretical account of such persistence. The history of research and theory related to temporal
contiguity is first reviewed briefly, followed by a more detailed review of various studies that
have addressed the issue of maintenance of behaviour across increasing delays (Chapter 1).
One specific aim of this thesis is to examine the maintenance effect in greater detail than
has been done previously, particularly the parameters under which maintenance of lever-pressing
in rats occurs. Previous studies have typically involved a single increment in length of delay
(e.g., Harker, 1956) or small increments (e.g., Messing, Kleven & Sparber, 1986; see Section
1.2.3 for further detail). In the experiments reported in this thesis, these previous results are
extended by examining the role of competing responses (Chapter 2) and employing larger and
more numerous increments, and also examining the effect of shortening the inter-trial interval
(Chapter 3). The role of conditioning of contextual cues is also examined, either by employing
procedures aimed at explicitly conditioning or extinguishing learning about the context (Chapter
4) or by manipulating other relevant intervals, namely the inter-trial interval and the conditioned
stimulus (CS) duration (Chapter 5). A further aim of these experiments is to examine the
maintenance of lever-pressing using procedures that employ either purely instrumental or purely
classical contingencies (see introduction to Chapter 2 for further detail). In the experiments
reported in Chapters 2 through 5, the subjects are rats exposed to operant chambers in which a
lever and a reinforcer (either food pellets or sucrose solution) are paired. Attempts are also made
to draw parallels with human learning, and a computerised conditioned suppression preparation
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was developed to examine the effects of contiguity on human learning, as well as to determine if
a maintenance-of-behaviour effect analogous to that observed in rats could be obtained and if so,
what the mechanism is underlying this effect (Chapter 6). Finally, in Chapter 7, the present
results are discussed in light of previous research, and an attempt made to provide a unified
account of maintenance of behaviour across increasing delays.
Several of the experiments reported in this thesis appear in manuscripts that are either
published, in press or submitted. Experiments 1 through 3 appear in Costa & Boakes (2007),
Experiment 8 appears in Costa & Boakes (in press), while Experiments 4 through 6 and
Experiments 12 and 13 appear in manuscripts that have been submitted for publication.

3

Chapter 1 Review of research on temporal contiguity and the maintenance
of behaviour across increasing delays of reinforcement

1.1

Historical perspective
A thorough review of research and theory relating to delay of reinforcement was

provided by Renner (1964), and many of the unresolved issues he raised were addressed by
Tarpy and Sawabini (1974). Since that time, important developments have been made, most
notably the emergence of associative theories of learning and a shift in emphasis away from
instrumental conditioning and towards classical conditioning. The purpose of this chapter is to
provide an historical account of research on temporal contiguity as an influence on learning with
a view to determining whether a unified and comprehensive framework is possible.

1.1.1

Early views on contiguity
Acknowledgement of the importance of contiguity can be found in Aristotle’s De

Memoria et Reminiscentia (c. 350 B.C.), although the principle was more articulately set out by
Hume (1739/1975). In discussing the factors involved in detecting causal relationships, Hume
stated that:
“I find in the first place, that whatever objects are consider’d as causes
or effects are contiguous” (1739/1975, p. 75)

Neither Aristotle nor Hume distinguished between spatial and temporal contiguity, but seemed to
consider them as two facets of the same principle. Hume (1739/1975) further proposed that an
apparent causal relationship between two events separated in time can, upon closer examination,
be observed to consist of a causal chain linking the cause to the effect, such that consecutive
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elements of the chain are contiguous. Such a view was to dominate the study of learning for
much of its history, while the priority placed on contiguity in the formation of associations
between psychological states by Hume was readily embraced in the earliest texts on modern
psychology. Spencer (1855; cited in Boakes, 1984), for example, stated that:
“When any two psychical states occur in immediate succession, an
effect is produced such that if the first subsequently recurs, there is a
certain tendency for the second to follow it.” (p. 530, emphasis added)

1.1.2

Thorndike and Pavlov
Two of the pioneering works in learning theory, Thorndike’s Animal Intelligence (1911)

and Pavlov’s Conditioned Reflexes (1927) both mention, albeit briefly, temporal contiguity as an
influence on learning. Thorndike (1911) stated that the rate of learning diminishes as the interval
between response and satisfaction/discomfort is increased:
“If, for example, four boxes were arranged so that turning a button
caused a door to open (and permit a cat to get to freedom and food) in
one, five, fifty and five hundred seconds, respectively, the cat would
form the habit of a prompt escape from the first box most rapidly and
would almost certainly never form that habit in the case of the fourth.”
(p. 249)

The one demonstration Thorndike reported on this issue was intended to provide evidence of
images or ideas in animals. A cat had been conditioned to climb up the front of its cage as the
experimenter approached with a piece of fish. Once this behaviour was established, 10 seconds
prior to approaching the cage the experimenter would clap his hands four times and say “I must
feed those cats”. The cat learned to respond to this signal after about thirty trials, leading

5

Thorndike to tentatively conclude that since a 10-second delay intervened between the signal and
the delivery of food, such learning must be evidence that an “idea” of the experimenter’s
approach was triggered by the signal.
It is noteworthy that Thorndike’s only empirical examination of learning with a delay,
described above, involved a classical, not an instrumental contingency. A similar contingency
was employed by Pavlov (1927), who referred to a special “group of conditioned stimuli” (p. 39)
which terminated prior to the provision of the unconditioned stimulus (US). In such a case, an
after-effect, or trace, of the CS remains in the animal’s nervous system once the stimulus itself is
withdrawn. (As a result of Pavlov’s work, the term trace interval is generally used to describe
the interval between CS-offset and US-onset, while delay describes the interval between CSonset and US-onset.) An association forms, in Pavlov’s view, not between a CS and US
separated in time, but between the US and the trace of the CS, which occur simultaneously. This
is in contrast to the view of Thorndike (1911), who expressed scepticism about a direct
connection between the “neurosis of [his signal], and with it the psychosis” and “the impulse to
[climb up the cage]” (p. 113) over such a long delay. In Pavlov’s procedure, food was presented
to dogs up to 3 minutes after the offset of an external stimulus. After repeated presentations,
Pavlov observed that a conditioned salivary response would occur not during CS presentation,
but at a certain interval after CS offset (the inhibition of delay effect), and he interpreted this as
evidence that a direct connection had been formed between food and the trace of the stimulus.

1.1.3

Early experiments (1917-1930)
The first study that examined the consequences of manipulating the time interval between

an instrumental response and its outcome appears to be that of Watson (1917), in which rats were
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required to dig through sawdust in order to gain access to a box containing food. For some of
these rats, access to the food was prevented for 30 seconds by the presence of a lid on the food
box, while other rats were allowed immediate access to the food. Watson found that rats learned
the digging response regardless of whether food was made available immediately or after a
30-second delay.
Watson (1917) provided no explanation as to how rats could have learned to perform a
response whose outcome followed after such a long delay, except to state the result brought into
question the validity of the law of effect. A less dramatic interpretation emerges when certain
procedural details and observations of Watson’s are taken into account. Prior to the
commencement of conditioning, the rats had undergone a phase of habituation, in which food
was made available to them via the food box; the food box could therefore be expected to have
acquired secondary reinforcing properties by virtue of its association with food. In addition,
situated on top of the food box was a lid with several perforations, the function of which was to
provide olfactory cues to a rat located adjacent to the food box. Given the presence of a
secondary reinforcer as well as direct olfactory stimulation, it does not seem surprising that rats
were able to learn the digging response in spite of the long delay. Support for this interpretation
is provided by Watson’s own observation that during the delay, rats would direct vigorous
behaviour at the food box.
Following Watson (1917), results from studies of delay were inconsistent, although they
supported the tentative conclusion that rats could learn a target response just as well with a delay
than with no delay. For example, Yarborough (1921) trained rats to turn in a maze when a
buzzer sounded to avoid electric shock, where the buzzer preceded the shock by a certain time
interval. Yarborough (1921) found that rats in all delay conditions (0, 1, 2, 4 or 6 seconds) were
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able to master the task, though the time taken to achieve mastery increased as delay increased.
Similarly, Simmons (1924) found that rats given food immediately following completion of a
complex maze performed no better, in terms of time, number of errors or trials to mastery, than
rats for whom food was delayed by 90 minutes.
Warden and Haas (1927) also examined the effects of delay on maze learning in rats.
Rats were assigned to one of three conditions: immediate, 1-minute and 5-minute delay. Upon
successful completion of the maze, rats were detained in the chamber in which food was given,
with access to the food cup prevented by a metal funnel for the appropriate delay. On three
measures (trials, errors and time), there was no reliable difference in the performance rats in the
immediate condition and those in the 5-minute condition, while rats in the 1-minute condition
took longer to achieve mastery and made more errors than the other two groups. This
unexpected finding was attributed by Warden and Haas (1927) to an artefact of the allocation of
rats to the three conditions, with further analysis revealing a greater degree of heterogeneity in
the response measures of the 1-minute condition than the other two conditions. Like Watson
(1917), Warden and Haas (1927) cite the absence of a difference between the immediate and
5-minute group as evidence against the law of effect. It is clear, however, that their procedure
suffers from the same shortcoming as Watson’s (1917): the metal funnel used to cover the food
cup contained perforations so as to allow olfactory stimulation, and it was almost certainly these
cues that allowed the rats to learn with very long delays.
In a follow-up to Warden and Haas (1927), Hamilton (née Haas) (1929) attempted to
remove the direct influence of cues associated with food during the delay period by detaining
rats in a compartment separate to the food compartment during the delay. In one experiment,
designed to examine the effect of delay on hunger drive, she found that rats would cross a
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chamber with an electrified grid floor in order to obtain food if they received the food
immediately after crossing, but not if they were detained for as little as 15 seconds. In a second
experiment, rats were required to successfully negotiate a maze in order to receive food. Upon
completing the maze, rats were detained in a delay compartment for 0, 1, 3, 5 or 7 minutes.
Hamilton (1929) reported that the rate of learning for the delay conditions was dramatically
slower than for the immediate condition, while there was no difference in learning rate as
measured by trials to mastery and number of errors amongst the delay conditions.
While Hamilton’s (1929) procedure removed the influence of visual and olfactory
reward-related cues by employing a separate delay chamber, the delay chamber itself may have
come to function as a secondary reinforcer. The procedure employed by Roberts (1930)
removed this potential source of secondary reinforcement by confining rats to the same chamber
in which the instrumental response was performed. In this experiment, each trial began with the
release of a rat from a restraining chamber into the “problem cage”, in which a wooden
pendulum hung from a mesh ceiling. Contact with the pendulum resulted in the opening of a
door leading to a further chamber (“feeding cage”), in which rats received food. There were four
groups in Roberts’ (1930) experiment, each differing only in the amount of time that elapsed
between pendulum-contact and the opening of the feeding cage door; the delays employed were
0, 5, 10 and 30 seconds. Although all four of Roberts’ (1930) groups learned to perform the
target response reliably, the longer the delay, the more trials were required for mastery. This was
attributed, at least in part, to the development of competing responses, what Roberts referred to
as “mislearning”. Longer delays were associated with a greater degree of mislearning (e.g.,
waiting in front of or attacking the door to the feeding cage), which slowed, but did not prevent,
the learning of the target response. Roberts (1930) appears to have been the first to invoke the

9

notion of response competition as a mechanism underlying the deleterious effects of delay. This
observation of mislearning led Roberts to claim some role for a recency effect, in which the last
movement prior to reinforcement should form the strongest connection with reinforcement, while
stating that mere recency could not be the crucial factor, since his rats learned the target response
even with a 30-second delay. Rather, Roberts speculated that these rats were able to select the
features of the situation that most readily “stand out from the general background or catch the
attention” (p. 55).

1.1.4

Hull’s goal-gradient hypothesis
Robinson (1932) raised the question of whether the so-called “law of contiguity” should

be considered a quantitative or a qualitative law; that is, can conditioning and contiguity be
considered as two continuous variables related by a quantitative function, or does contiguity
influence conditioning in an all-or-none fashion, as suggested by early research that
distinguished between the simultaneous and successive conditioning (see Section 1.1.10)?
Robinson (1932) favoured the quantitative account on both logical and empirical grounds, citing
the results of Yarborough (1921) as evidence.
The first specific quantitative law relating conditioning to contiguity was Hull’s (1932)
goal-gradient hypothesis, which emerged from a rapid accumulation of data from studies of
delayed reinforcement, predominantly maze learning. According to the goal-gradient hypothesis,
the conditioning to the goal of the component responses in a behaviour sequence becomes
progressively weaker the more distant (in space or time) the component is from the goal. The
goal-gradient hypothesis was able to explain various results from maze learning, including the
observation that rats that are given a choice between a shorter and longer path through a maze
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come to choose the shorter path (e.g., DeCamp, 1920), as the initial component of the behaviour
sequence required for the shorter path is less remote from the goal than that for the longer path.
Further data supporting the goal-gradient hypothesis were provided by Anderson (1933), who
found that when rats were detained after traversing a runway in order to obtain food, the longer
the period of detention, the more time rats took to traverse the runway – as above, the
components of the behavioural chain associated with the shorter path (but in time, not space)
were more strongly conditioned.
The specific functional form of the gradient proposed by Hull (1932) was based
predominantly on data obtained by Yoshioka (1929; cited in Hull, 1932) who, by varying the
absolute and relative differences in the lengths of two alternative paths in a maze, determined
that the relationship between the distance from the goal and the strength of the excitatory
tendency was best described by a positively-accelerating gradient; specifically, a logarithmic
curve. Preliminary data were reasonably well described by such a function, although two
undesirable implications of this function, as pointed out by Hull (1943), were that as the delay
approaches zero, habit strength approaches infinity, while once the delay increases beyond a
certain threshold, habit strength becomes negative.
Further evidence in support of the goal-gradient hypothesis was provided by Wolfe
(1934), who, like Anderson (1933), employed separate delay chambers in two different
discrimination tasks. In the first experiment, rats placed in a T-maze were rewarded for turning
in a particular direction (either left or right). Reward followed detention in the delay chamber,
which occurred immediately after the choice of path was made, for a certain period of time,
ranging from 0 to 20 minutes. Wolfe found that all but the 20-minute delay group learned the
discrimination, and that the performance of rats experiencing delays of up to 5 seconds was
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superior to that for rats experiencing longer delays. Wolfe’s (1934) second experiment
employed a black-white discrimination box in an attempt to reduce the influence of potential
position habits. Rats were required to choose between two parallel alleys, one black and one
white, only one of which led to food. Although performance over the first ten sessions of
training did not appear to depend on delay, over the next ten sessions rats experiencing
immediate reinforcement or a 30-second delay performed better than rats experiencing 1- and
10-minute delays. Wolfe (1934) reasoned that an incorrect response should be conditioned more
weakly than a correct response as a result of the weaker temporal relationship with reinforcement
– a rat that performed the incorrect response would have to wait until at least the next trial to
receive food, while a correct response resulted in more rapid access to food.
The most notable of the studies that attempted to specify the precise nature of the goalgradient were those of Perin (1943a, 1943b). One of Perin’s primary aims was to exclude the
influence of secondary reinforcement, such that a gradient of primary reinforcement could be
accurately determined. Taking the rationale of Roberts (1930) one step further, Perin provided a
constant experimental environment, such that the “problem box”, “delay compartment” and
“food box” were all the same chamber, meaning that cues associated with the delay compartment
were always present and therefore less likely to become secondary reinforcers. Perin (1943a)
found that rats required to press a lever to receive food had greater mean latencies the greater the
delay between a lever-press and food delivery (where the lever was retracted after a lever-press).
A steep gradient of reinforcement was observed, and there was no evidence of learning in rats in
the 30-second delay condition (see Figure 1). In order to analyse a measure other than latency,
Perin (1943b) employed a procedure similar to that described above, except that the vertical
lever could be pushed to the left or right, only one of which was reinforced, thus allowing an
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accuracy measure to be analysed (the direction in which each rat showed a natural preference for
pushing the lever in pre-training was used as the incorrect response during training, thus rats’
performance in training tended to begin from below chance). Using this procedure, the
performance of immediately reinforced rats did not differ markedly from those experiencing a
2-second delay, while longer delays (5, 10 and 20 seconds) resulted in a steep gradient (see
Figure 1), consistent with Perin (1943a).

Figure 1 Plots of performance as a function of delay from Perin (1943a) (left) and Perin (1943b) (right). For both
figures, delay (T’) is plotted on the horizontal axis. In the left panel, response latency (L) was inverted (1/L) and
plotted on the vertical axis as an index of speed of responding. In the right panel, the slope of the acquisition curve
(S) when rats performed at chance level (i.e., pushing the lever in the incorrect direction as often as the correct
direction) for each delay is plotted on the horizontal axis. S was employed as an index of rate of habit acquisition.
Thus, although the vertical axes of the left and right panels cannot be directly compared, in both cases a higher value
reflects greater habit strength. Reproduced from Perin (1943a, 1943b).

Studies such as those of Wolfe (1934) and Perin (1943a, 1943b) led to Hull’s (1943)
revision of the goal-gradient hypothesis. In this revision, Hull made several modifications to the
original hypothesis, most notably an alteration in the functional form of the gradient from a
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positive growth (logarithmic) function to a negative growth (exponential) function. Specifically,
maximum habit strength, m' , is related to delay, t, according to the function:
m' = M ' e − jt

where M ' is the maximum possible habit strength, e is the base of the natural logarithm and j is
a constant. Two implications of this function are that as t → ∞ , m' → 0 (as opposed to m'
becoming negative in Hull’s original (1932) conception), while when t → 0 , m' → M ' (as
opposed to m' → ∞ ).
Another important modification to the original hypothesis was the distinction between
two types of gradient: a primary gradient (what Hull called the gradient of reinforcement), which
is much shorter than originally conceptualised, and a derived gradient, which is longer than the
primary gradient and determined by secondary reinforcement (essentially the goal-gradient
described by Hull, 1932). Thus, according to the revised goal-gradient hypothesis, learning with
long delays requires at least one source of secondary reinforcement, while the removal of all
potential sources of secondary reinforcement (a difficult task, as pointed out by Perin, 1943b)
should mean that only short delays (less than about 30 seconds) should support learning.

1.1.5

Spence and secondary reinforcement
The shortening of the gradient of reinforcement as a result of greater control over

secondary reinforcement led Spence (1947) to question the very existence of a primary gradient,
suggesting instead that all learning with delayed reinforcement involved immediate secondary
reinforcement. Tentative empirical support for this idea was provided by Perkins (1947) and
Grice (1948), who sought to reduce the impact of secondary reinforcement even further than
Perin. Perkins (1947) employed a T-maze with delay chambers, similar to that used by Wolfe

14

(1934), and aimed to remove the influence of external cues in two ways. First, the potential for a
particular delay box to acquire secondary reinforcement properties was removed by randomly
interchanging the two delay boxes between sessions, such that each delay box was equally
associated with a left or right turn. Second, the maze was rotated 180 degrees each session to
prevent the use of cues external to the apparatus. Perkins (1947) found that the rate of learning
decreased as delay increased, with the most dramatic difference in performance between rats
experiencing delays of 15 seconds or less and those with 45 or 120 seconds. Furthermore,
performance of rats in the 45-second condition was inferior to that of a group experiencing a
45-second delay but with distinctive delay boxes, one of which always followed a correct
response, thus providing an external cue.
Although Perkins (1947) attempted to control for potential external sources of secondary
reinforcement, he noted that rats may utilise proprioceptive feedback in order to bridge delays;
that is, a proprioceptive trace of a particular response may remain in the nervous system until
food is obtained, and so this trace may acquire secondary reinforcing properties. Grice (1948)
sought to remove the influence of such internal secondary reinforcement by employing what he
described as a visual, rather than a spatial, discrimination task. In such a task, a certain visual
stimulus signals reward, while another visual stimulus signals the absence of the reward. Since
the locations of these stimuli can be interchanged, the proprioceptive trace of a particular
movement is not systematically associated with reward. Grice (1948) employed a black-white
discrimination box, in which rats were required to select one of two parallel alleys, one painted
white and the other painted black, and only one of which led to food. The relative locations of
the black and white alleys were alternated according to a pre-defined sequence, such that on
some trials the white alley was to the left of the black, and to the right on other trials. Using such
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a task, Grice (1948) found a very steep gradient of reinforcement, with three of the five subjects
in a 10-second delay condition failing to learn. Furthermore, when secondary reinforcement was
explicitly introduced, whether external (e.g., black goal box follows black alley) or internal
(obstacles in each alley force rats to perform certain movements following a certain choice of
alley), the gradient was extended. Grice (1948) concluded that these results were consistent with
Spence’s (1947) theory that no primary gradient of reinforcement exists, and that all delay
learning involves immediate secondary reinforcement. The learning that occurred in Grice’s
short-delay groups was attributed to the acquisition of secondary reinforcing properties by a
neural trace of the visual stimuli.
The goal-gradient hypothesis was motivated primarily by results obtained from maze
learning experiments, in which delays are characterised by response chains; that is, a particular
response is separated from the goal not by an empty delay period, but by a sequence of other
responses. While Hull, in his early formulations (1932, 1943) did not distinguish between the
“within-chain” and “non-chaining” types of delay (to use Spence’s later (1956) terminology), the
distinction was made in his 1952 account. Hull (1952) did little more than to distinguish
between the two types, suggesting only that the effects of both on learning appeared to be
similar. The distinction was, however, emphasised by Spence (1956), who by this time had
relaxed his earlier view of long-delay learning as immediate secondary reinforcement. In fact,
Spence’s views on the non-chaining case of delay (i.e., where a target response and the goal are
not linked by a sequence of necessary responses, as in maze learning), based primarily on a range
of studies conducted in his own laboratory, explicitly suggest that long-delay learning is only
prevented by the presence of competing responses. According to this account, a longer delay
between instrumental response and reinforcer provides greater opportunity for other responses to
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occur during the delay. By implication, learning with long delays should readily occur if the
opportunity to perform other responses during the delay is reduced. In support of this account,
Spence (1956) cited a study by Harker (1956) in which one group of rats learned to press a lever
for food when food followed a lever-press by 1 second, then continued to lever-press when the
delay was lengthened to 10 seconds. A crucial observation reported by Harker (1956) was the
tendency of rats in the 10-second delay stage to remain oriented towards the location of the lever
and the adjacent food cup during the delay, thus reducing the likelihood of the development of
competing responses. A similar observation was reported in a follow-up study by Shilling (1951,
as cited in Spence, 1956) 1, while Carlton (1954, as cited in Spence, 1956) found that rats learned
a lever-press response with a 10-second delay if they were restrained such that they remained
oriented to the lever and food cup during the delay.

1.1.6

Mowrer’s two-factor theory
In suggesting that learning across any delay could be attributed to immediate secondary

reinforcement, Spence’s (1947) aim was to solve the problem of retro-action, in which a
reinforcer acts backward over time to strengthen a stimulus-response (S-R) connection. By
proposing that all reinforcement is immediate, Spence was able to avoid the logical dilemma of
an effect (the strengthening of the S-R connection) preceding its cause (the reinforcing stimulus).
An alternative view was proposed by Mowrer (1960) in his revised two-factor theory. Mowrer’s
(1960) account abandoned the habit-formation conception of instrumental conditioning, instead
claiming that there are two components to learning: (1) an affective component, in which a
classical association forms between a stimulus and an emotional response (hope in the appetitive
1

Spence (1956) reports Harker’s study as an unpublished doctoral dissertation completed in 1950, hence the
presentation here of the Shilling (1951) and Carlton (1954) studies as “follow-up studies”. Harker’s work was
subsequently published in 1956.
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case, fear in the aversive case); and (2) a response that satisfies the affective component. Such
responses (or rather the connection between discriminative stimulus and response, SD-R) result in
“reverberation” in the nervous system, which typically lasts 30 to 45 seconds. Thus, using the
same mechanism proposed by Pavlov (1927) to account for trace conditioning with a classical
contingency, Mowrer’s (1960) theory states that instrumental learning with a long delay occurs
when the response trace is contiguously paired with a reinforcer. In addition to circumventing
the problem of retro-action, Mowrer’s (1960) account also readily generalises to classical
conditioning by replacing SD-R (intrinsic stimulation) with a CS (extrinsic stimulation),
effectively reducing the account to Pavlov’s (1927) stimulus trace account.

1.1.7

Memory accounts – decay versus interference
The theories of Hull and Spence emerged out of the abundance of data obtained from

studies of instrumental conditioning, in particular the maze learning paradigm. Spence (1956)
noted that delay of reinforcement in maze learning was fundamentally different to other types of
learning due to the unavoidable presence of response chains, and drew on a wider variety of
paradigms in constructing his own account. Nonetheless, Spence limited his theorising about
delay to instrumental conditioning. At around the same time, some interesting phenomena
relating to temporal contiguity in classical conditioning were emerging. In particular, Garcia,
Kimeldorf and Koelling (1955) found that rats learned an aversion to a flavour that was followed
by toxicosis 12 hours later. Furthermore, this aversion could be conditioned after a single
pairing of flavour and toxicosis. Such an observation posed serious difficulties for the accounts
of delay in vogue at the time. Further evidence that animals can learn in spite of long delays was
provided by Capaldi (1967), who found that rats rewarded on alternate trials in a runway learned
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to run more slowly on non-reinforced trials than on reinforced trials, even when trials were
separated by 24 hours. Thus, for example, rats were able to learn that delivery of food on one
day acted as a discriminative stimulus for non-reward the following day.
While little research relating to delay of reinforcement was conducted in the period
immediately following Spence’s (1956) work, research on human short-term memory addressed
some issues relevant to long-delay learning. Most notably, a topic of much debate was the nature
of forgetting, for which opposing views fell into two broad categories (as described by Lindsay
and Norman, 1972): forgetting is due to a time-dependent decay process (e.g. Brown, 1958)
versus interference from other items (e.g., Waugh & Norman, 1968). This fundamental
dichotomy was to prove influential in subsequent theories of conditioning, particularly in relation
to the influence of contiguity.
The interference account of short-term memory was embraced in Revusky’s (1971)
theory of the effects of delay on learning, which was developed as a more general theory than
had been previously proposed (e.g., Spence, 1956) and with the aim of accounting for taste
aversion learning over very long delays (e.g., Garcia, Kimeldorf and Koelling, 1955). This
theory was more general in the sense that, rather than referring to delays between instrumental
responses and their consequences or the temporal interval between the offset of a CS and the
onset of a US, Revusky referred to the interval between two target events, which he labelled Epre and E-post, thus providing an account of delay that was not restricted to a single learning
system.
The core concept of Revusky’s (1971) account is that of concurrent interference. In
sharp contrast to the earlier secondary reinforcement accounts of long-delay learning, Revusky
proposed that the type of short-term memory that allows learning about the relationship between
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E-pre and E-post – what he called associative memory – is long-lasting, and that the deleterious
effects generally observed when a long delay is employed result not from the rapid decay of
associative memory, but from interference by other events. Thus, in the absence of interfering
events, learning across a delay should occur. According to this account, events with the capacity
to interfere with a target association need not occur during the delay, but may occur during the
inter-trial interval. In what he termed the proximity corollary, however, Revusky (1971) stated
that events occurring between E-pre and E-post are more likely to interfere with the target
association than events that occur before E-pre or after E-post.
Since a large number of events may occur during the delay in flavour-toxicosis learning,
clearly any event does not necessarily interfere with a target association, and so the question of
what kind of events constitutes an “interfering” event is crucial. To address the issue, Revusky
(1971) invoked the notion of relevance, according to which certain pairs of events are more
readily associable with one another than other pairs of events. This notion is lent credence by the
“cue-to-consequence” finding of Garcia and Koelling (1966), in which, for example, a gustatory
stimulus is more readily associable with illness than a tone or a light, while the tone or light is
more readily associable with electric shock. Using this example, visual or auditory intervening
events are unlikely to interfere with a flavour-illness pairing, while a different flavour
experienced during the delay should be more likely to produce interference. More generally,
Revusky (1971) stipulated four conditions which must obtain for long-delay learning to occur:
(1)

E-pre and E-post must be highly associable with each other;

(2)

an event that precedes E-post (and thus competes with E-pre) must have low
associability with E-post;
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(3)

an event that succeeds E-pre (and thus competes with E-post) must have low
associability with E-pre; and

(4)

any intervening events must be highly associable with each other.

The concurrent interference account bears some similarity to competing response
accounts (e.g., Spence, 1956) in that responding to a pair of target events separated by a delay
may be moderated by one or more events external to the target pair. Revusky himself conceded
that in many cases data cannot distinguish between the two accounts. The difference in the
accounts of Revusky and Spence lies in the fact that according to Spence a delay of
reinforcement leads to an increase in the probability of responses occurring during the delay
period and therefore a relative decrease in the probability of the target response, while Revusky
claims that a response (or other event) occurring during the delay tends to interfere with the
target association. Furthermore, Spence’s (1956) account is bound to the S-R tradition and is
therefore restricted in scope, whereas Revusky’s (1971) theory encompasses a broader range of
learning phenomena, including behaviour controlled by both stimulus-stimulus and responsereinforcer associations.
There have been few tests of concurrent interference theory, due primarily to the
difficulty in controlling potentially interfering events. One such test was reported by Lett (1973),
who rewarded rats for making a correct turn in a T-maze. After making a response, whether
correct or incorrect, rats were removed from the experimental apparatus and placed in their home
cages for a certain period before being returned to the apparatus, where they received food. Lett
(1973) found that response-reward delays of up to 8 minutes did not impair performance, and in
subsequent studies obtained a similar result with delays of up to 20 minutes using the T-maze
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(Lett, 1975) and up to 1 minute in a black-white discrimination (Lett, 1974). The key factor in
all of Lett’s experiments was the removal of animals from the apparatus to their home cages.
These results are consistent with concurrent interference theory since it seems reasonable to
assume that any events that occurred in the home cages were not sufficiently relevant to interfere
with the target association. A similar explanation can be applied to Capaldi’s (1967) observation
that rats could associate one event (e.g., the delivery of reward) with another (e.g., the absence of
reward) across a 24-hour period, provided they were removed from the apparatus during this
time and then returned to the conditioning context.
Lieberman, McIntosh and Thomas (1979) proposed an alternative interpretation of Lett’s
results – namely, that it was not removal from the apparatus that facilitated long-delay learning
but the “marking” of a response in memory as a result of handling. According to the marking
hypothesis, a salient event marks an immediately preceding response, ensuring that the response
is easier for animals to recall when eventually given food. In support of the marking hypothesis,
in one experiment Lieberman et al. (1979) demonstrated that salient visual or auditory cues were
just as effective as handling in facilitating long-delay learning.
Revusky’s (1971) account was proposed in the wake of several influential studies (e.g.,
Rescorla, 1968; Kamin, 1969) that provided evidence that strong temporal contiguity was neither
necessary nor sufficient for learning. The associative theories of conditioning that emerged from
these studies focussed on the contingency between events (e.g., Rescorla & Wagner, 1972;
Mackintosh, 1975; Pearce & Hall, 1980). The first (and only) of the associative theories to
address the issue of temporal contiguity was Wagner’s (1981) standard operating procedures
(SOP) model, which, like Revusky’s (1971) theory, explicitly proposed a role for memory. In
Wagner’s model, stimuli are activated into a primary memory state, often referred to as a sensory
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register (A1), before decaying into a secondary memory state (A2) and finally into an inactive (I)
state. Stimulus representations simultaneously active in A1 form excitatory links with each
other, while a stimulus representation active in A1 forms an inhibitory link with a stimulus
representation simultaneously active in A2.
The critical aspect of SOP for contiguity is the decay process – failure of a CS and US
separated by a long interval to form an excitatory association is attributed to the decay of the CS
representation from A1 to A2 before the US is presented and a representation of it activated in
A1. Wagner (1981) proposed specific decay functions representing decay from each of the
activation states (i.e., A1 and A2), where rate of decay is a function of certain decay probabilities
and time. The theory provides an account for both trace (in which US-onset occurs some time
after CS-offset) and delay (in which the CS and US co-occur) conditioning, with emphasis on the
well-established observation that trace conditioning is generally harder to obtain than delay
conditioning. According to SOP, following CS-offset decay occurs as an exponential function of
time, with an initial rapid decline in activation followed by a decrease in the rate of decline to an
asymptote of zero activation. Thus, the longer the interval between CS-offset and the
presentation of the US (i.e., the trace interval), the less the activation of the CS in A1 when the
US is presented. A similar principle applies to delay conditioning, except that decay following
CS-onset is governed by a different decay function to that for CS-offset; following CS-onset,
activation increases with time up to a certain maximum before declining and stabilising at a
non-zero asymptote. Thus, the level of activation for a CS in delay conditioning will be greater
than the level of activation in trace conditioning at a given time.
While Wagner (1981) proposed that the activation of a stimulus in memory decays with
time, he did not propose a mechanism underlying such decay, the implication being that decay
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occurs spontaneously as a function of time. This contrasts with Revusky’s (1971) theory, in
which the activation of an event representation is not influenced by the passage of time itself, but
rather representations of other events overshadow the target event – to apply Lindsay and
Norman’s (1972) dichotomy, Revusky’s theory may be described as an interference theory,
while Wagner’s is a decay theory. Wagner’s decay probabilities, however, may be in turn
completely dependent on the degree of interference present, such that in the absence of
interference the probabilities are zero, and in the more general case these decay probabilities are
an increasing function of the number of relevant intervening events. Incorporating the
concurrent interference concept into SOP would resolve an apparent problem with this theory:
that due to the spontaneous decay of stimulus representations as a function of time, SOP does not
appear able to explain long delay/trace learning.

1.1.8

Timing accounts
While SOP addressed the influence of contiguity on learning, a growing body of data,

predominantly from autoshaping studies, led to the proposal that temporal relationships play a
more central role in learning. The most influential example is that of Gibbon’s (1977) scalar
expectancy theory (SET), in which he proposed that animals possess a timing mechanism that
allows them to estimate the time to reinforcement. In an application of SET to autoshaping data,
Gibbon and Balsam (1981) proposed that in delay conditioning the ratio of the interreinforcement interval (or cycle, C) to the inter-stimulus interval (or trial time, T) was the key
factor in the development of the conditioned response (CR). Specifically, a CR should result if
the expectancy ratio

C
exceeds some threshold. To account for the difference generally
T

observed between delay and trace conditioning, Balsam (1984) adapted SET, deriving an
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expectancy ratio that reduces to

C G C 
−  − 1 , where G represents the length of the trace
T T T


interval. In either case, the crucial assumption of SET for the influence of contiguity on learning
is that animals possess a timing mechanism upon which the decision to perform a response is
based. The intervals described above provide information regarding the relevance of the CS
relative to the background context; specifically, a shorter inter-reinforcement, longer trial time or
longer trace interval (with all other intervals held constant) all serve to reduce the ratios given
above and thus reduce the informational value of the CS. Empirical support for such timescale
invariance was provided by Gibbon and Balsam (1981), while results suggesting the importance
of the absolute, rather than relative, durations of these intervals have also been obtained. Lattal
(1999), for example, found that while rate of acquisition of magazine-entry behaviour in rats was
generally faster with larger

C
C
ratios, rate of acquisition also varied when was held constant
T
T

and the absolute values of C and T were varied.
The great strength of timing models (cf. Gibbon & Balsam, 1981; Gallistel & Gibbon,
2000) is that they account for the observation that animals can learn not only to expect an
outcome but also when to expect it, e.g., Pavlov’s (1927) inhibition of delay and Skinner’s
(1938) observation of “scalloping” in fixed-interval schedules. A similar account is the temporal
coding hypothesis (Miller & Barnet, 1993), in which it is proposed that the temporal relationship
between events is encoded as part of that association; that is, that time is not simply a factor that
influences learning, but is part of the content of learning. The temporal coding hypothesis makes
the noteworthy prediction that forward and backward CS-US pairings should be equally effective
in conditioning, and there is some evidence for this symmetry when an appropriate procedure is
employed (e.g., Matzel, Held & Miller, 1988). While the temporal coding hypothesis provides
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no explicit account of the effects of a delay or trace interval, along with other timing accounts it
attributes to organisms the ability to encode and estimate time, in contrast to previous accounts in
which any effects of time on conditioning were thought to be mediated by lower-order cognitive
processes.

1.1.9

Other important results
Many studies, employing a variety of preparations and species, have examined effects of

temporal contiguity on learning, with results varying widely. One paradigm in which
conditioning appears to be highly sensitive to temporal parameters is eyeblink conditioning in
rabbits. A typical eyeblink conditioning procedure utilises the nictitating membrane response,
which is a typical unconditioned response (UR) when rabbits receive a mild electric shock.
When a stimulus, such as a brief tone, is paired with shock, the nictitating membrane response
comes to be elicited by the stimulus. The development of a nictitating membrane CR occurs
under only a narrow range to inter-stimulus intervals (ISIs, i.e., the period from CS-onset to USonset); Smith, Coleman & Gormezano (1969), for example, found that the development of the
CR at a high rate required an ISI of at least 100 milliseconds. Maximum responding occurred
with an ISI of 200 milliseconds, while responding declined with an ISI of 800 milliseconds (see
also Schneiderman & Gormezano, 1964). Other studies suggest that longer ISIs can support
such responding, e.g., Kehoe, Cool & Gormezano (1991) suggested an upper limit of 3200
milliseconds for the rabbit’s nictitating membrane response, while conditioning of the heart rate
response in rabbits can occur with even longer intervals (Kehoe, Palmer, Weidemann & Macrae,
2000).
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Other preparations have revealed that non-human animals can acquire an instrumental
response with delays of reinforcement much longer than those anticipated by early theories of
contiguity. Although Revusky and Garcia (1970) suggested that long-delay learning may be
difficult to obtain when animals are trained in operant chambers, due to the potential for many
relevant intervening events to occur, several studies have demonstrated such learning. For
example, Lattal and Gleeson (1990) observed lever-pressing in rats and key-pecking in pigeons
with 30-second response-reinforcer delays. In their free-operant procedure, additional responses
performed during the delay reset the delay, such that adventitious immediate reinforcement could
be eliminated as a factor influencing performance. Another example was provided by
Dickinson, Watt and Griffiths (1992), who trained rats to press a lever for food that was
delivered after a programmed delay. In this procedure, the lever remained inserted during the
delay period and the first lever-press in each 1-second period programmed a reinforcer after the
specified delay. In one experiment, Dickinson et al. (1992) gave rats a session of non-reinforced
exposure to the conditioning context, with the aim of extinguishing any context-reinforcer
associations. Using this procedure, lever-pressing developed with delays as long as 64 seconds.
Dickinson, Watt and Varga (1996), employing a similar procedure, found that when
reinforcement was delayed by 32 seconds, the beneficial effect of the context exposure on leverpressing was attenuated if non-contingent reinforcers were delivered during this exposure, but
not if these non-contingent reinforcers were signalled by an auditory stimulus.
Another example of learning with long response-reinforcer delays was provided by
Williams (1999), who exposed rats to an instrumental contingency between a lever-press and
food with a 30-s delay. Under these conditions, learning was facilitated when a signal was
provided early in the delay period (i.e., within the first five seconds), but not late (i.e., last five
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seconds). Furthermore, Williams (1999) found that rats developed a preference for a lever for
which a press resulted in an unsignalled delay over a lever with a late signal. Williams (1999)
concluded that the late signal blocks the response-reinforcer association, in accordance with
concurrent interference theory (Revusky, 1971), while the facilitation of learning with an early
signal is consistent with the marking hypothesis (Lieberman et al., 1979).

1.1.10

Human studies – paired-associate learning
The first experiments on temporal contiguity addressed the question of whether human

subjects learned associations between items more effectively if these items were presented
simultaneously or successively. Bigham (1894) found that series of items presented to
participants simultaneously were remembered better than those presented in succession for
2 seconds each, with no delay between presentations, while Bergström (1907) found that when
nonsense syllables were presented in succession, the number of errors increased as the delay
between presentations increased. Using syllable pairs, Froeburg (1918) found that simultaneous
pairings were more effective than successive pairings, and that the length of delay between
successive pairings (range 0 to 5 seconds) made no difference to performance. With colourcharacter pairs, however, Froeburg (1918) found successive pairings to be superior to
simultaneous, concluding that when the elements of a stimulus pair can be readily unitised (as
with syllable pairs), simultaneous pairings should be superior to successive, while the reverse is
true for pairs not readily unitised (e.g., colour-character). In a further experiment, Froeburg
(1918) required his participants to read numbers during the interval between stimulus
presentations, and found that performance declined as the interval increased. This appears to be
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the earliest evidence that interpolated activities may interfere with acquisition of a target
association.
While paired-associate learning has been the subject of much subsequent research, it is
relevant to the present discussion only as a demonstration that early psychological researchers
understood the importance of temporal contiguity, and therefore is discussed no further here.

1.1.11

Human studies – knowledge of results
The early studies of contiguity in learning focussed on non-human animals and it was not

until the time of Hull’s early theorising about delay that Wolfle (1932) conducted what appears
to be the first study of contiguity in human conditioning. In this experiment, human participants
were given an electric shock to the finger, which was signalled by an auditory stimulus. The CR
measured was finger withdrawal. Using this procedure, Wolfle (1932) observed little
simultaneous or backward conditioning, while conditioning with forward CS-US pairings was
possible only with trace intervals of up to 0.6 seconds.
While Wolfle (1932) employed a classical conditioning procedure involving a simple
behavioural CR, ensuing studies of contiguity in human learning were dominated by
instrumental-type tasks in which knowledge of results (KR, later to be labelled information
feedback) was employed as a primary reinforcer. The first study to employ such a procedure was
that of Lorge and Thorndike (1935), who trained adult humans to throw a ball over their head at
an unseen target. In this within-subjects design, feedback on performance was given either
immediately or 1, 2, 4 or 6 seconds after the response. Also included was a condition in which
feedback was lagged, i.e., feedback for a response was provided only after one or more
subsequent performances of the response, in an attempt to determine the efficacy for an “empty”
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versus a “filled” delay interval. The results suggested that feedback was equally effective in all
of these conditions, leading Lorge and Thorndike (1935) to suggest that, if the response can be
“kept in mind” until feedback is given, then feedback is effectively immediate. This
interpretation is reminiscent of the stimulus trace accounts of non-human animal learning (e.g.,
Pavlov, 1927) mentioned above.
The studies of KR delay that followed Lorge and Thorndike (1935) were to provide
results more consistent with the findings of non-human animals; namely that long delays
generally result in poorer learning. Wolfle (1951) emphasised the importance of giving
immediate feedback in the training of skills, and the deleterious effects of contiguity on learning
with KR as reinforcement were reported in a variety of tasks, including factual knowledge
(Angell, 1949), verbal tasks (Saltzman, 1951), shape categorisation (Bourne, 1957) and colour
discrimination in children (Lipsitt & Castenada, 1958; Lipsitt, Castenada & Kemble, 1959).
Furthermore, Bilodeau (1956), using a task in which a lever-arm needed to be displaced at a
particular angle, found an effect of “trials delay” (i.e., the effect of “lagged feedback” that Lorge
and Thorndike (1935) failed to observe), where performance declined as the number of trials
between a response and feedback increased.
In contrast, Noble and Allcock (1958) found no effect of delays of up to 5 seconds in a
task in which participants were required to make a particular sequence of left-right responses.
Similarly, Bilodeau and Bilodeau (1958), using a variety of tasks involving hand movements,
suggested that unfilled KR delays do not result in a decrement of performance, but rather the
post-KR delay, i.e., the inter-trial interval, or the period between KR on one trial and the next
response, is the crucial period. According to this account, a long post-KR delay tends to result in
participants forgetting the previous response, and therefore poorer performance. Previous
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studies that had produced effects of KR delay, according to these authors, had in fact employed
designs that confounded KR delay with post-KR delay; that is, the total trial time was held
constant, such that an increase in KR delay resulted in a decrease in post-KR delay. Denny,
Allard, Hall and Rokeach (1960) confirmed the importance of post-KR delay using a task
requiring participants to draw a line of a certain length; performance was superior amongst
participants given immediate KR with a 10-second post-KR delay than for participants given
immediate KR with a 30-second post-KR delay.
The discrepancy in results of studies examining delay between human and non-human
animal research led Brackbill and Kappy (1962) to propose that humans can bridge long delays
by making use of response-produced cues. For example, in their own study, children were
required to discriminate between visual stimuli which could be readily named. Brackbill and
Kappy (1962) speculated that the name of the correct stimulus was covertly (and in some cases,
overtly) rehearsed during the delay, resulting in delayed KR being as effective as immediate.
This bears some similarity to the suggestion of Lorge and Thorndike (1935) that long-delay
learning is possible if participants can recall the response when given feedback. Brackbill and
Kappy (1962) also made the important observation that, when participants were tested a day
later, the performance of those that had received delayed feedback was superior to those whose
feedback had been immediate, concluding that the greater opportunity to utilise responseproduced cues in the delay conditions resulted in an effect analogous to resistance to extinction –
in fact, various studies have demonstrated greater resistance to extinction in non-human animals
following training with delayed reinforcement than training with immediate reinforcement, e.g.,
Pubols (1958). Since non-reinforcement may be considered a limiting case of delayed
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reinforcement, this result resembles the partial reinforcement extinction effect and may be driven
by the same underlying process (cf. Mackintosh, 1974).
Aside from theoretical considerations, the distinction between “learning” and “retention”
is of critical practical importance, since for the type of skills generally trained in KR tasks the
more permanent effects of training are more relevant than any transient effects. Brackbill and
Kappy (1962) also suggested that while not all experimental preparations will lend themselves to
the use of response-produced feedback, many will. For example, motor performance should
result in proprioceptive feedback, which participants may utilise to enhance retention (a view
supported by Schmidt, 1991), while a complex or multi-faceted task, such as the learning of a
new numeration system, as used by Paige (1966), in which the “response” was the completion of
an entire test, does not generate distinctive response-produced feedback. Paige (1966) tested his
participants three weeks after training and found that the performance of the immediate group
was superior to that of a group for whom feedback was delayed by one day.
Further support for the beneficial effects of delayed KR on retention was provided by
Brackbill, Wagner and Wilson (1964), who found that the “learning” of French words (as
indexed by number of errors made and number of trials to reach a criterion) was just as effective
when feedback was delayed by 10 seconds than when it was immediate, while “retention”, either
after one day or one week, was superior for the delay condition. Similar results were obtained in
a factual knowledge task (Sassenrath & Yonge, 1968) and a verbal learning task (More, 1969),
highlighting the practical importance of the delay-retention effect in an educational setting. In
addition, while Kulvahy and Anderson (1972), using a multiple-choice knowledge test, also
reported superior retention following delayed feedback, they proposed that rather than
participants utilising response-produced cues, the presence of a delay resulted in the forgetting of
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incorrect responses and therefore less interference with the correct response. Finally, the delayretention effect has also been observed in computer-based multiple-choice knowledge tests (e.g.,
Sturges, 1978).
In a comprehensive review of KR in the learning of motor skills, Salmoni, Schmidt and
Walter (1984) emphasised two crucial issues. Firstly, they reiterated the critical point made by
Bilodeau and Bilodeau (1958) that KR delay and post-KR delay are often confounded.
Secondly, they proposed that any detrimental effects of KR delay might rely upon the presence
of interpolated events. According to this account, empty delays or delays containing simple
activities provide no interference, and may actually improve learning and retention (e.g., if the
interpolated activity is estimation of errors in the response, or even the response itself, as in the
trials-delay procedure), while more complex interpolated activities tend to provide interference.
Furthermore, Schmidt (1991) revived Brackbill and Kappy’s (1962) idea that immediate KR
prevents the use of response-produced cues, a particularly relevant factor in motor learning, since
proprioceptive, visual and even auditory stimuli can provide useful feedback. Thus, as in animal
studies, events occurring during KR delay in human skill learning are a crucial determinant of
learning and performance. Specifically, the deleterious influence of interpolated events on
human learning bears a close resemblance to concurrent interference theory (Revusky, 1971),
while facilitation of learning by such events is reminiscent of the marking hypothesis (Lieberman
et al., 1979), and so these animal-based accounts of delay learning may also account for human
learning (see Section 1.1.13 for further discussion of concurrent interference theory as an
account of learning in both humans and animals).
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1.1.12

Human studies – predictive judgement
Inspired by Hume’s (1739/1975) views on causality, an alternative approach to the study

of delay in human learning was developed, in which the attribution of causality across time
delays is examined. Early studies involving procedures of this sort tended to suggest that the
impression of causality requires strong contiguity, whether participants tested were adults (e.g.,
Gruber, Frink & Damm, 1957; Michotte, 1963), young children (e.g., Siegler & Liebert, 1974) or
even infants as young as 4½ months (e.g., Leslie, 1982).
Following these studies, attempts were made to analyse causal judgements from an
associative learning perspective. Although the causal judgement literature has been dominated
by studies of classical conditioning, in which participants are required to rate the strength of
causal relationships between stimuli presented to them, instrumental conditioning analogues of
this task have most often been employed to examine contiguity. Wasserman and Neunaber
(1986), for example, found that in a task in which the aim was to illuminate a white light by
tapping a telegraph key, participants’ causal ratings were higher if key-tapping advanced the time
of the outcome than if key-tapping delayed the outcome, despite the fact that the responseoutcome contingency was the same in both conditions; that is, with contingency held constant,
higher causal ratings were assigned to response-outcome pairings that were closer together in
time. Shanks, Pearson and Dickinson (1989) also observed a deleterious effect of delay in a
computer task in which participants were required to press a key to illuminate a triangle; delays
as short as 2 seconds resulted in reduced accuracy in ratings. In a follow-up, Shanks and
Dickinson (1991) obtained a similar result, also demonstrating concordance between causal
ratings and a behavioural measure (responses per minute). The analysis of a behavioural
measure of learning is of great importance, since dissociation between behaviour and beliefs
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would suggest a role for implicit learning. Shanks and Dickinson (1991) observed no such
dissociation, thus providing support for what they describe as the intentional theory of
instrumental performance.
Shanks, Pearson and Dickinson (1989) acknowledged that when participants are asked to
rate the causal efficacy of a putative cause, the term “causes” may be assumed to mean “causes
immediately”. This is particularly pertinent for the type of task described above, since
participants might reasonably expect a system with an electronic mechanism to produce
essentially immediate causal relationships. The influence of such assumptions was addressed in
a series of experiments by Buehner and May (2002, 2003, 2004), whose knowledge mediation
hypothesis, based on the ideas put forward by Einhorn and Hogarth (1986), proposes that causal
attribution is influenced by assumptions based on prior knowledge. In a certain causal
judgement preparation a participant may expect an effect to follow its cause only after a certain
period of time, based on previous experience. Buehner and May (2002, 2003, 2004)
demonstrated that the type of task employed and the instructions given determine whether a
response-outcome delay reduces the accuracy of causal rating. For example, when participants
were required to rate the efficacy of pressing a button to illuminate a light globe, in which
illumination followed a button-press by 4 seconds, ratings were more accurate if participants
were first informed that the globe was an energy-saving globe, which took a few seconds to light
up, than if this instruction were absent.
Knowledge of the mechanism underlying a causal relationship was examined by
Schlottman (1999) with 5- to 10-year-old children. In 5- and 7-year-old children, knowledge of
a delaying mechanism did not attenuate the deleterious effects of a delay on causal judgement,
indicating the dominance of contiguity on causal attribution in these younger children, whereas
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causal attribution was guided by knowledge of mechanism rather than the effect of delay in 9and 10-year-olds.

1.1.13

Summary and conclusions
While the evolution of theory relating to the influence of temporal contiguity on human

and non-human animal learning has exhibited a clear trend towards the involvement of higherorder cognitive mechanisms, no account of contiguity has yet been able to encapsulate the
diverse array of phenomena from studies in which this variable was manipulated. The “neural
reverberation” accounts of Pavlov, Hull, Spence and Mowrer provide elegant explanations of the
effects of delay on learning, but are only applicable under a limited range of conditions. The
observation that conditioned taste aversion learning can take place with very long delays
between flavour and illness causes particular difficulties for these (and other) accounts, including
Wagner’s SOP. Revusky’s memory account circumvents this problem, while the cognitive
timing mechanisms introduced in the accounts of Gibbon, Balsam, Miller and others allow
temporal information to be directly involved in learning without the need for mediating factors.
The notion that even non-human animals can learn, not only to expect a US following a CS, but
also when to expect it has received some empirical support; recent data bearing on this issue
were obtained by Williams, Lawson, Cook, Mather, and Johns (2008), who found that rats could
learn the temporal characteristics of a CS-US relationships even with a zero or negative
contingency and delays as long as 90 seconds.
Despite originating from the tradition of non-human animal studies, research on
contiguity in human learning followed a different trajectory and while theories have been
developed to account for different types of human learning (e.g., skill learning with KR, causal
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judgement), little attempt has been made to unify the results from a variety of paradigms into a
single theory or to integrate such theories with those developed in the non-human animal
conditioning literature. A promising link is provided by the data on the influence of interpolated
events in human learning with KR (e.g., Bilodeau and Bilodeau, 1958), which resembles
Revusky’s (1971) concurrent interference theory. This link was made explicit in a study by
Lieberman, Vogel and Nisbet (2008), who found that feedback for a motor response (rapid hand
movement) given 4 seconds after the response was performed was inferior in participants who
were also instructed to perform a different movement during the delay period than for those who
made no additional movement during the delay (see introduction to Chapter 6 for more detail).
Despite the inherent difficulty in controlling the occurrence of events during a delay/trace
interval, further research examining the influence of intervening events seems the most
promising avenue in the development of a general and unified account of temporal contiguity.
Existing research has consistently demonstrated that such events have some role to play in either
promoting or interfering with learning, depending on the nature of the event and even its
temporal location within the interval (Williams, 1999), but such research has been sporadic and
fragmented.
Clearly, associative processes are not solely responsible for learning across delays in
humans, as demonstrated in a range of studies in which knowledge and reasoning play some role
(e.g., Buehner & May, 2004; Vandorpe, De Houwer & Beckers, 2007). Such findings highlight
a fundamental distinction between learning in humans and in non-human animals, although – to
generalise a point made by Shanks (2007) – the involvement of higher-order cognitive
mechanisms in learning does not preclude the use of associative processes under certain
conditions, and thus it may be said that prior knowledge, experience, reasoning, etc., moderate,
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rather than mediate, learning and performance. If a procedure were to remove the capacity for
such processes to be employed, it may transpire that humans and non-human animals are
similarly influenced by contiguity. If this is the case, Revusky’s (1971) theory is the simplest
and most inclusive account proposed to date.
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1.2

1.2.1

History of maintenance of behaviour across changing delays

General transfer of learning
While the question of whether behaviour acquired with no (or a very short) delay of

reinforcement can persist when a delay is subsequently introduced has been the subject of very
few studies, this phenomenon bears a close similarity to the well-established effect in
discrimination learning known as transfer along a continuum (Lawrence, 1952), or, more
recently, the easy-to-hard effect (Scahill & Mackintosh, 2004). When an organism is required to
discriminate between two similar stimuli (i.e., a hard discrimination), performance tends to be
facilitated if the organism first masters an easier version of the discrimination. For example,
Mackintosh and Little (1970) found that pigeons learned to discriminate an illuminated key of
wavelength 531 nm from a 542-nm key (a hard discrimination) if they had received prior training
with an easier version of the discrimination (501 nm versus 576 nm), but not with prior training
on the hard version.
A further example of the persistence of an established response when conditions are
deleteriously altered was provided by Rescorla (1989). In this study, a classical conditioning
procedure in which a keylight signalled the delivery of food with a contingency of 1.0 led to the
development of key-pecking (i.e., sign-tracking) in pigeons. When, in a subsequent conditioning
phase, the contingency was degraded by the delivery of additional USs during the inter-trial
interval (i.e., not paired with the CS), pigeons continued to key-peck at a comparable rate.
Pigeons in the control condition, which had received the additional USs from the start of
training, failed to acquire the key-peck response, indicating that the key-pecking response
acquired with a perfect light-food contingency persisted with a contingency that would have
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prevented acquisition of this response. Rescorla (1989) pointed out that this result poses
difficulties for most modern theories of conditioning.
While the mechanisms underlying both easy-to-hard transfer of discrimination learning
and persistence of sign-tracking with a degraded contingency are likely to differ from those that
drive maintenance across changing delays, the basic question is the same: if a task is too difficult
for an organism to master, can performance of that task be facilitated by prior training on an
easier version of the task?

1.2.2

Maintenance of conditioned behaviour across increasing delays
It is noteworthy that the experiment described in the previous section as the first to

analyse the effects of reinforcement delay on conditioning (that of Watson, 1917) did in fact
include a no-delay condition in which a 30-second delay was introduced in a subsequent
conditioning phase. Although Watson (1917) found that the digging response persisted when the
immediate condition was switched to delay, the importance of this result is downgraded by the
observation that the response was acquired by rats trained with a 30-second delay without prior
immediately-reinforced training.
A more thorough study of maintenance was conducted by Ferster (1953), in which
pigeons were required to peck a key for grain. Some of these pigeons persisted with a key-peck
response acquired under short delays when this delay was subsequently increased, although there
was much individual variability; pigeons were not transferred to a longer delay until responding
on a particular delay had stabilised, and even then some did not continue key-pecking when
transferred. Nonetheless, Ferster (1953) concluded that maintenance of key-pressing is driven by
superstitious responding that occurred during the delay, forming a response chain that bridged
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the interval between key-pecking and reinforcement. More important to the present discussion is
Ferster’s acknowledgement that “the effect of a delay on the frequency of a response depends
critically on the way in which the bird is introduced to the particular delay” (p 223). The results
obtained by Lucas, Deich and Wasserman (1981) corroborated this statement – they found that
maintenance of autoshaped key-pecking in pigeons at long trace intervals (up to 60 seconds)
depended on the trace intervals with which the pigeons were previously trained. Similar results
have also been obtained with increasing ISIs in eyelid conditioning with both rabbits (Prokasy &
Papsdorf, 1965; Kehoe & Holt, 1984) and humans (Prokasy, Ebel & Thompson, 1963). Prokasy
et al. (1963) noted the similarity of this effect to the easy-to-hard effect in discrimination
learning, while Kehoe and Holt (1984) invoked Mackintosh’s (1975) theory of attention to
account for their results in a fashion virtually identical to the way in which this theory accounts
for the easy-to-hard effect; namely, that initial “easy” training results in an increase in the
learning rate parameter for the CS relative to other cues, thus enhancing performance in the
“harder” version of training.
In contrast to these examples of positive transfer, Williams (1976) found that pecking in
pigeons acquired on a VI schedule diminished when a delay as short as 3 seconds was
subsequently introduced, although pecking under these delay conditions still occurred at a higher
rate than for a yoked control.
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1.2.3

Maintenance of lever-pressing in rats across increasing delays
The transfer of lever-pressing in rats across increasing delays was examined by Harker

(1956) and Messing et al. (1986). Since the experiments reported in Chapters 2 through 5 of this
thesis also involve rats lever-pressing for an appetitive outcome, these two studies are more
relevant to the present discussion than those mentioned in Section 1.2.2, and are therefore
described in more detail. In Harker’s design (see Table 1), three groups of rats (Groups I, III and
IV) were initially exposed to a discrete-trial lever-food contingency with a 1-second delay2,
while another two groups (Groups II and V) were trained with the same contingency as the other
groups but with a 10-second delay. In a second phase, the conditions for Groups I and II were
the same as in the first phase, while the delays for Groups III and V were interchanged, and rats
in Group IV received a phase of non-reinforcement. In all conditions, on each trial the lever was
retracted after the first lever-press. The comparison relevant to the present discussion is that
between Groups II (10-second delay → 10-second delay) and III (1-second delay → 10-second
delay). Rats in Group III acquired the lever-press response when reinforcement was delayed by
1 second and continued to lever-press at a high rate when the delay was increased to 10 seconds,
whereas while lever-pressing also developed in Group II, the response was acquired less rapidly
than Group III and stabilised at a lower rate. In fact, the pattern of responding in Stage 2 for
Group III was indistinguishable from that for Group I, in which reinforcement was always
delivered after a 1-second delay.

2

The 1-second condition was programmed as immediate reinforcement; the lag of 1 second was a consequence of
the mechanical action of the apparatus in delivering food following a lever-press. From Harker’s description of the
apparatus, it is assumed that, despite the lag in reward, rats received immediate auditory feedback.
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Table 1 Harker’s (1956) experimental design

Group

Stage 1

Stage 2

I

1-second delay

1-second delay

II

10-second delay

10-second delay

III

1-second delay

10-second delay

IV

1-second delay

Non-reinforcement

V

10-second delay

1-second delay

Harker (1956) proposed that secondary reinforcement played at least some role in the
persistence of lever-pressing when reinforcement delay was increased. By this account, the lever
and/or the food cup acquired secondary reinforcing properties during initial training, as
evidenced by the behaviour directed at these stimuli, such that although the delay to primary
reinforcement increased for Group III, the stimuli established as secondary reinforcers remained
temporally contiguous with food delivery, thus acting to bridge the lever-food delay. Harker
cited as evidence for the role of secondary reinforcement in this maintenance effect the
observation that rats in Group IV, initially trained with immediate reinforcement, demonstrated
resistance to extinction of lever-pressing when reinforcement was withdrawn in the second
phase. This resistance, Harker argued, must be due to secondary reinforcing properties acquired
by lever and food cup, and so the same force should be at work in Group III.
As already noted, a key feature of the results reported by Harker (1956) was emphasised
by Spence (1956). Drawing on the results from two other unpublished studies carried out in his
laboratory (Shilling, 1950; Carlton, 1954; as cited in Spence, 1956), Spence argued that the
maintenance of lever-pressing observed in all three experiments was dependent on the tendency
of rats to remain oriented to the food cup during the delay period. Shilling noted that rats trained
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with a 1-second delay then switched to a 5-second delay (who continued to lever-press despite
this switch) made anticipatory movements directed at the food cup during the 5-second delay,
while rats transferred from a 1-second to a 10-second delay (whose lever-pressing did not
persist) performed this behaviour during the initial part of the delay but then tended to turn away
from the food cup. Carlton (1954; as cited in Spence, 1956) attempted to obtain more direct
evidence for the importance of orientation by confining some rats so that orientation to the food
cup following a lever-press was ensured. Confined rats appeared to learn faster, as measured by
latency to respond, when trained with a 10-second delay than unconfined rats. In addition, while
confined and unconfined rats learned at a comparable rate when initially trained with immediate
reinforcement, confined rats showed greater persistence when a delay of 10 seconds was
introduced in subsequent training. Spence (1956) concluded that, if a rat remains oriented
towards the food cup during the delay period, this will reduce the probability of competing
responses that would otherwise interfere with the instrumental response. While confinement is
one method of ensuring orientation to the food cup, prior training with immediate reinforcement
(or a very short delay) also acts to maintain orientation toward the food cup.
An alternative account of Harker’s (1956) results was provided by Revusky (1971).
According to his concurrent interference account, the encoding of a reference association by an
organism where the reference events (E-pre and E-post) are separated by a long delay may be
prevented by interference from events that occur during the delay. If, however, the reference
events are first presented close together in time and an association between them is encoded,
such learning may prevent learning about intervening events that would otherwise have taken
place – thus, the learning of the association in initial training involves overshadowing of other
events by E-pre, while continued responding to E-pre in the second phase is an example of

44

associative blocking (Kamin, 1969). For example, in Harker’s (1956) Group II (10-second delay
→ 10-second delay), intervening events (e.g., contextual cues, other responses) overshadowed
the lever, and so the lever was pressed at a low rate, while in Group III (1-second delay →
10-second delay), the lever-food association established in the first phase blocked learning about
other events in the second phase.
Harker’s (1956) results may also be interpreted in terms of Lieberman et al.’s (1979)
marking hypothesis. According to this account, in initial training the lever-press is “marked” in
memory by the delivery of a reinforcer after a very short interval (1 second), so that in
subsequent training with a longer delay, the lever-press response is more likely to be
remembered.
A similar result to that reported by Harker (1956) was obtained by Messing et al., (1986)
using an autoshaping procedure. In this experiment, rats were allocated to one of four conditions
characterised by a sequence of training sessions with varying trace intervals. Training with a
0-second trace was followed by a 2-second trace, then a 4-second trace, then an 8-second trace.
Rats were allocated to one of four conditions, each ending with an 8-second trace but
commencing with either a 0-, 2-, 4- or 8-second trace interval. The results suggest that the
acquisition of lever-pressing, as measured by both response rate and latency to respond, was
comparable for the groups that commenced with 0-, 2- and 4-second trace intervals. Response
rate remained relatively low, and latency high, for the 8-second condition, although rats in this
condition showed some evidence of learning in the later sessions. Crucially, responding by rats
initially trained with 0-, 2- and 4-second trace intervals did not appear to be affected by the
weakening of the temporal relationship, even with an 8-second trace interval. Thus, although an
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8-second trace interval did not support the acquisition of lever-pressing, this interval could
support persistence of lever-pressing that had been acquired with shorter trace intervals.
While the studies described here addressed the basic question of whether training under
conditions of strong contiguity facilitates performance when contiguity is subsequently
weakened, each has limitations that prevent a thorough and integrated analysis of the effect.
Most notably, while various explanations for this maintenance of behaviour were proposed, none
were explicitly tested. A more controlled and extensive study of the phenomenon is required in
order to more thoroughly examine the conditions under which it occurs and to determine its
underlying mechanisms.
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Chapter 2 Maintenance of behaviour across changing delays

2.1

Introduction
The studies of maintenance of lever-pressing when contiguity is weakened conducted by

Harker (1956) and Messing et al. (1986) were both limited in scope and employed contingencies
with both classical and instrumental aspects. While Harker’s (1956) procedure may be said to
employ an instrumental contingency, food was in fact delivered on every trial; if a lever-press
was not recorded within 30 seconds of lever-insertion, a food pellet was made available above
the lever, such that retrieval of the pellet made a lever-press unavoidable. Thus, Harker’s
“instrumental” contingency bears some resemblance to a classical contingency. Similarly, while
Messing et al. (1986) describe their procedure as autoshaping (i.e., employing a classical
contingency between lever and food), the first lever-touch following lever-insertion resulted in
the immediate retraction of the lever, followed by food pellet delivery after the appropriate
interval. Lever-retraction occurred after 15 seconds if no lever-touch was recorded. Since the
precise nature of food delivery depended on the behaviour of the animal, the lever-press response
cannot be described as a purely classically conditioned response. One aim of the experiments
reported in this chapter was to examine maintenance of lever-pressing with a purely classical
contingency between insertion/retraction of a lever and the delivery of a US.
In a previous experiment (Costa & Boakes, 2007, Experiment 1), an instrumental
contingency was employed in which rats trained to press a lever for immediate food delivery
persisted with this response when a 20-second delay was introduced in subsequent training
(group EH, from the analogous easy-to-hard effect in discrimination learning), while rats trained
with a 20-second delay from the outset (group HH, hard-to-hard) failed to acquire this response.

47

A difficulty with any interpretation of maintenance based on such a procedure is the differential
number of reinforcers received; since food delivery is typically associated with an increase in
general activity, the decline in lever-press rate of rats in group HH resulting from delay was
likely to have been accelerated relative to group EH due to this difference in activity level. The
procedures employed by both Harker (1956) and Messing et al. (1986) circumvented this
difficulty by ensuring that food was delivered to every subject on every trial. Thus, the primary
aim of the experiments reported in this chapter was to examine this maintenance effect using
purely classical lever-US contingencies that equate reinforcement rates across trace conditions.
The classical contingencies that were employed in the experiments reported in this
chapter in order to equate for amount of reinforcement result in the potential for the
reinforcement of responses other than lever-pressing. Thus, while failure to lever-press may
reflect associative failure, possibly due to associative interference from contextual cues, an
alternative account is that the lever-US contingency is learned but expressed in some way other
than lever-pressing. In procedures employing classical contingencies involving a localisable CS,
animals have been observed, under certain conditions, to approach the location of US delivery
rather than the signal, a phenomenon termed goal-tracking (Boakes, 1977). Any absence of
lever-pressing following trace autoshaping may therefore reflect a performance effect rather than
an associative deficit. Of particular relevance are the results obtained by Brown, Hemmes,
Cabeza de Vaca and Pagano (1993), who found that when exposed to a classical contingency in
which a keylight signalled the delivery of food into a hopper, pigeons would sign-track (direct
their behaviour to the keylight) if food followed immediately, but would goal-track (direct
behaviour at the hopper) if food followed keylight-offset by 10 seconds. Thus, both groups of
pigeons learned the keylight-food contingency, but the topography of their response depended on
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the temporal relationship between keylight and food. Burns and Domjan (1996), however, found
that in a sexual conditioning preparation with male Japanese quail, a trace interval resulted in a
low rate of sign-tracking without the corresponding emergence of goal-tracking. Whether the
performance of a particular type of response in rats depends on the temporal relationship
between CS and US in autoshaping and the role such response competition plays in the
maintenance of a response across changing temporal relationships are issues addressed in the
present chapter.
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2.2

Experiment 1: Easy-to-hard transfer of autoshaped lever-pressing
The primary aim of Experiment 1 was to determine whether lever-pressing established

with no CS-US trace would persist when a trace that would have prevented acquisition of leverpressing was subsequently introduced. In this experiment, rats were placed in operant chambers
in which the insertion and retraction of a lever signalled the response-independent delivery of
sucrose solution. For half of the subjects, in initial training sucrose was delivered immediately
after lever-retraction, while in a subsequent phase of training an interval of 10 seconds separated
lever-retraction and sucrose delivery (group EH). For the other half, in both phases of training
sucrose was delivered 10 seconds after lever-retraction (group HH). Rats in group EH were
expected to lever-press at a high rate in the immediate phase and to continue at the same rate
when the 10-second trace interval was introduced, while rats in group HH were expected to
lever-press at a low rate throughout training.

Subjects
For this and all other experiments reported in Chapters 2 through 5, rats were obtained
from the University of Sydney’s Psychology Animal House breeding program. In Experiment 1,
sixteen naïve female hooded rats3 were 118 days old at the start of the experiment, with a mean
weight of 195 g (range 192-206 g). They were housed in the colony room in large polyurethane
cages measuring 26 × 59 × 37 cm, with eight rats per cage. A food deprivation schedule
provided 2-h access to food following each daily session, with unrestricted water access in the
home cages.

3

For all of the experiments in Chapters 2 through 5, female rats were used exclusively, due to availability.
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Apparatus
Eight operant chambers, measuring 30 × 26 × 31 cm, were housed in sound- and lightresistant shells. Two PCs each controlled four chambers and, for this and all other experiments
reported in Chapters 2 through 5, half of the rats (or approximately, where a sample comprises an
odd number of subjects) from each condition were allocated to one set of chambers and the other
half to the other set of chambers. These chambers were each fitted with a ceiling-mounted 40W
houselight and a fan providing some masking noise and both were switched on throughout every
experimental session. The two end walls and ceiling of each chamber were aluminium and the
side walls were clear Plexiglas. The floor of each chamber was composed of 16 stainless steel
rods, and a liquid reinforcer could be could be delivered from a 0.1-mL dipper cup into a
magazine located in the centre of one wall. The same wall contained two 48-mm-wide
retractable levers (MED Instruments Inc.), one on either side of the magazine aperture, but only
the right-hand lever was used in this experiment. This lever was mounted such that, when
extended, it projected 19 mm into the chamber, with its top surface 65 mm above the floor of the
chamber. The distance from the left-hand edge of the lever to the centre of the magazine aperture
was 65 mm. The US was 20% sucrose mixed in tap water.

Procedure
Following initial habituation, in which all animals spent 5 min in the operant chambers
with dippers containing sucrose in the upright position, all animals were given three sessions of
magazine training, in which sucrose was delivered on average every 60 s with levers retracted.
Each session consisted of 30 sucrose deliveries. Dipper time was set at 7 s for the first session, 6
s for the second session and 5 s for the third session.
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All animals then received classical conditioning, in which each of 20 trials commenced
with the insertion of a lever and concluded with the non-contingent delivery of sucrose (dipper
time 5 s). A variable inter-trial interval, defined as the period commencing with food delivery on
one trial and ending with lever-insertion for the next trial, was employed, with a mean of 60 s
(range 5-183 s) 4 . On each trial, the lever was inserted and withdrawn after 10 s. In Stage 1 (5
sessions), sucrose was delivered immediately after lever-retraction for animals in group EH and
10 s after lever-retraction for animals in groups HH. In Stage 2 (5 sessions), all animals received
sucrose 10 s after lever-retraction.

Results and Discussion
As illustrated in Figure 2.1, rats in group EH acquired the lever-press response rapidly
and persisted with this response when a 10-s trace interval was introduced, while rats in group
HH performed this response at a low rate throughout the experiment. While 6 of the 8 rats in
group EH achieved the pre-defined criterion of 8 trials out of 10 with a response by the end of
the experiment, none of the 8 rats in group HH achieved this criterion, χ2(1) = 9.6, p = 0.002.
Since the distribution of lever-pressing data diverged dramatically from normal, lever-pressing
was analysed using Mann-Whitney (i.e., non-parametric) tests. On the final day of Stage 1,
response rates in group EH (median 13.4 responses/min) were higher than those in group HH
(median 0 responses/min), U(8, 8) = 13, p = 0.042. Despite a slight decline in response upon the
introduction of a trace interval for group EH, the difference in rate between the groups persisted,
such that on the final day of Stage 2, response rates in group EH (median 11.4 responses/min)
were higher than those in group HH (median 1.2 responses/min), U(8, 8) = 8, p = 0.01. The

4

For all of the experiments described in Chapters 2 through 5, the range of values for the inter-trial interval
approximated a Poisson distribution.
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persistent difference between the two groups confirms that lever-pressing acquired with
immediate delivery of the US was maintained with a trace interval that did not support the
acquisition of this response.

Figure 2.1 Median response rates for groups EH and HH over Stages 1 and 2. A classical conditioning procedure
was employed, with sucrose as the US. Subjects in group EH were transferred from zero trace to a 10-s trace on
day 6. Since the data were analysed non-parametrically, error bars have not been included in this figure.
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2.3

Experiment 2: Hard-to-easy transfer of autoshaped lever-pressing
In Experiment 1, although rats trained with a 10-second trace interval failed to sign-track,

casual observation suggested that learning about the lever-sucrose relationship still occurred, but
was expressed as goal-tracking (i.e., magazine entry) rather than sign-tracking. Thus, the effect
of contiguity in the first phase of Experiment 1 may be explained by a response competition
account, such that strong contiguity results in sign-tracking while weak contiguity results in goaltracking (as in Brown et al., 1993). To account for the maintenance effect, it may be the case
that whatever response is established in the first phase will persist when the temporal
characteristics change. Specifically, while Experiment 1 revealed that lever-pressing acquired
with immediate sucrose delivery persisted when a trace interval was subsequently introduced,
according to this account goal-tracking should be acquired in initial training with a trace interval
and should persist if the US is delivered immediately in subsequent training; that is, an
established response interferes with the development of a new response.
In order to test this prediction, Experiment 2 included a “hard-to-easy” condition (i.e.,
training with a 10-second trace followed by training with zero-trace, HE), for which it was
predicted that rats would fail to acquire lever-pressing in both the hard and the easy phase.
Whether or not such failure is due to interference from goal-tracking cannot be determined in the
absence of measurement of goal-tracking, so the absence of sign-tracking would at best provide
only indirect support for the response competition hypothesis.
An appropriate comparison group must be equated with group HE for exposure to the
lever, sucrose and the conditioning context, but without the classical contingency between lever
and sucrose. While random CS and US presentations in the same session would satisfy these
criteria, such presentations may lead to learned irrelevance (Baker, 1976). Thus, an alternative
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procedure was used in the present experiment, in which rats in the control group, Block-E,
received blocked pre-exposure in the operant chambers to lever and sucrose separately. For half
of these rats, three US pre-exposure sessions were followed by three CS pre-exposure sessions,
while for the other half this order was reversed.

Subjects and apparatus
Sixteen naïve female hooded rats were 109 days old at the start of the experiment, with a
mean weight of 172 g (range 136-212 g). Housing, food and water access, US and apparatus
used were as in Experiment 1.

Procedure
Following initial habituation and magazine training, which proceeded as in Experiment 1
except that only two sessions (dipper times 7 and 6 s) were given, all animals then received
classical conditioning, in which each of 20 trials commenced with the insertion of a lever and
concluded with the non-contingent delivery of sucrose (dipper time 5 s). A variable inter-trial
interval with a mean length of 60 s (range 5-180 s) was employed. On each trial, the lever was
inserted and withdrawn after 10 s. In Stage 1 (6 sessions), sucrose was delivered 10 s after leverretraction for animals in group HE, while animals in group Block-E received blocked preexposure to the CS and US alone. In the CS pre-exposure sessions, the lever was inserted on
each trial for 10 s with no sucrose delivery, while the US pre-exposure sessions involved 40
sucrose deliveries (dipper time 5 s). For both CS and US pre-exposure sessions, a variable intertrial interval with a mean length of 60 s was employed. One sub-group of Block-E received
three sessions of CS pre-exposure followed by three sessions of US pre-exposure, while for the
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other sub-group the order was reversed. In Stage 2, both groups were trained as HE was in Stage
1, except that sucrose delivery immediately followed lever-retraction.

Results and Discussion
As illustrated in Figure 2.2, rats in group HE pressed the lever at a very low rate in
Stage 1. More importantly, the lever-press rate remained low in Stage 2, when the sucrose was
delivered immediately after lever-retraction. In contrast, animals in group Block-E rapidly
acquired the lever-press response when exposed to the immediate CS-US contingency. All but
one of the animals in group Block-E achieved the acquisition criterion of 8 trials out of 10 with a
response, as opposed to only two in group HE (one in Stage 1 and the other in Stage 2),

χ 2 (1) = 6.35, p = 0.02 (there was negligible difference in rate of acquisition between the two
sub-groups of Block-E). Furthermore, Figure 2.2 illustrates that rats in group Block-E were
responding at a higher rate (median 15.0 responses/min) than those in group HE (median 0.6
responses/min), U(8, 8) = 2, p = 0.002 on the final day of Stage 2, indicating that exposure to a
10-s trace interval interfered with sign-tracking and that subsequent training with an immediate
US did not attenuate this effect. Although no alternative response was measured, informal
observation suggested that rats in group HE developed goal-tracking rather than sign-tracking in
Stage 1, and that this persisted into Stage 2.

56

Figure 2.2 Median response rates for group Block-E over Stage 1 and group HE over Stages 1 and 2. A classical
conditioning procedure was employed, with sucrose as the US. Subjects in Block-E were given three sessions of
exposure to sucrose only and three sessions of exposure to lever only (counterbalanced) in Stage 1, followed by
classical conditioning with zero trace in Stage 2. Subjects in group HE were transferred from a 10-s trace to zero
trace on day 7. Since the data were analysed non-parametrically, error bars have not been included in this figure.

The use of blocked pre-exposure to CS and US leads to the possibility that responding
may be retarded relative to animals trained with the “easy” condition but without this preexposure. Presenting the US in the absence of the CS may lead to the conditioning of contextual
cues to the US, while presentations of the CS alone tend to result in latent inhibition, both of
which should act to interfere with acquisition of sign-tracking. This issue may be addressed
informally in the present case using a between-experiment comparison: the Stage 1 training of
group EH in Experiment 1 differed from group Block-E in the present experiment only in that

57

Block-E received blocked pre-exposure to CS and US, whereas EH did not. The median number
of trials to criterion for group EH in Experiment 1 was 32.5, while for group Block-E in the
present experiment the median number of trials to criterion was 33, suggesting that blocked preexposure had no appreciable effect on rate of acquisition.
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2.4

Experiment 3: Hard-to-easy transfer of autoshaped lever-pressing – signtracking versus goal-tracking
While the results of Experiment 2 are consistent with a response competition account of

the effects of contiguity on responding in an autoshaping procedure, such an interpretation
remains tentative while responses that potentially compete with lever-pressing are not measured.
In order to provide more direct evidence bearing on this issue, infrared motion sensors were
fitted to the apparatus such that the response deemed most likely to interfere with lever-pressing,
i.e., magazine-entry, could also be measured. Using the same basic procedure as employed in
Experiments 1 and 2, one aim of Experiment 3 was to determine whether rats that failed to signtrack when initially trained with a 10-second trace interval develop goal-tracking instead,
indicating that the absence of sign-tracking reflects a performance rather than a learning effect.
Thus, in the present experiment initial training involved a 10-second trace for half of the animals
(H) and no trace for the other half (E).
A further aim was to examine whether the response that dominated in initial training
persisted when the temporal relationship between the CS and US changed, as suggested by the
results for group HE in Experiment 2. Thus, rats first trained with the E condition were then
transferred to H, while rats initially trained with H were transferred to E. It was predicted that
for rats in group EH, lever-pressing would be the dominant response during initial training and
that this dominance would persist when a trace interval was subsequently introduced, while for
rats in group HE magazine-entry was expected to dominate in initial training (10-second trace)
and to interfere with the development of lever-pressing when the trace was subsequently reduced
to zero.
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Subjects and apparatus
Sixteen female hooded rats were 164 days old at the start of the experiment, with a mean
weight of 237 g (range 212-272 g) and had previously participated in an activity wheel
experiment. Housing, food and water access and US were as in Experiment 1. The apparatus
used was the same as in Experiment 1 with one important modification: infrared photocell
receptors were installed to record entry into the magazine. The infrared beam was recessed
20 mm into the magazine.

Procedure
Following initial habituation and magazine training, which proceeded as in Experiment 2,
all animals then received classical conditioning, in which each of 20 trials commenced with the
insertion of a lever and concluded with the non-contingent delivery of sucrose (dipper time 5 s).
A variable inter-trial interval with a mean length of 60 s (range 10-180 s) was employed. On
each trial, the lever was inserted and withdrawn after 10 s. For animals in group EH, sucrose
was delivered immediately after lever-retraction in Stage 1 (6 sessions) and after 10 s in Stage 2
(4 sessions), while for animals in group HE, sucrose was delivered 10 s after lever-retraction in
Stage 1 and immediately in Stage 2.

Results and discussion
Magazine-entry
The upper panel of Figure 2.3 shows the mean difference between the number of
magazine-entries made during lever-insertion and the number made in the 10-s period prior to
lever-insertion for each day of training. Contrary to expectation, during Stage 1 groups EH (zero
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trace) and HE (10-s trace) were very similar on this measure. Since the distribution of the
magazine-entry data was approximately normal, these data were analysed using trend analysis5
over sessions (separately for each stage), with group as a between-subjects factor. In Stage 1,
the mean CS – pre-CS difference score over the 6 sessions of Stage 1 was 2.37 for group HE and
1.69 for group EH, F < 1 (pre-CS rates of magazine-entry are reported in Table A1 of the
Appendix). Trend analysis failed to reveal a linear trend, F(1, 14) = 1.57, p = 0.231, but revealed
a quadratic trend, F(1, 14) = 9.45, p = 0.008. Group did not interact with the linear, F(1, 14) =
1.92, p = 0.188, or quadratic, F < 1, trends. This result suggests that rats can learn to associate
lever with sucrose whether these stimuli are separated by a 10-s interval or occur in immediate
succession.
In Stage 2, the CS – pre-CS difference scores were higher for group HE (mean = 4.06)
than for group EH (mean = -0.96), F(1, 14) = 21.50, p < 0.0005. Trend analysis revealed no
linear trend, F < 1, but a group × linear trend interaction, F(1, 14) = 11.12, p = 0.005. There
were no other trends or interactions, largest F = 3.53. Thus, when the conditions from Stage 1
were reversed, magazine-entry rate persisted for group HE (now with zero-trace) but diminished
for group EH (10-s trace).
The difference between number of magazine-entries made during the 10-s trace interval
(in Stage 1 for group HE and Stage 2 for group EH) and the number made during the 10-s period
prior to lever-insertion was also calculated and subjected to trend analysis. The lower panel of
Figure 2.3 shows that magazine-entry during the trace interval developed rapidly in group HE
(Stage 1) and that a high rate of responding in group EH at the start of Stage 2 appeared to
decline over sessions. For group HE, rats made more magazine-entries during the trace interval

5

For this and all subsequent trend analyses reported in this thesis, only linear and quadratic trends were considered.
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than prior to lever-insertion, averaged over the six sessions of this stage, F(1, 7) = 23.23,
p = 0.002. There was no linear trend in the difference score over the six sessions, F(1, 7) = 1.09,
p = 0.332, and the quadratic trend approached significance, F(1, 7) = 5.53, p = 0.051. Rats in
group EH (Stage 2) also made more magazine-entries during the trace interval than in the pre-CS
interval, F(1, 7) = 11.87, p = 0.011, while neither the linear trend, F(1, 7) = 2.51, p = 0.157, nor
the quadratic trend, F < 1, were significant.
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Figure 2.3 Top panel: Mean differences between number of magazine-entries during lever-insertion and during the
10-s interval prior to lever-insertion for groups HE and EH over the six sessions of Stage 1 and four sessions of
Stage 2. A classical conditioning procedure was employed, with sucrose as the US. Bottom panel: Mean
differences between number of magazine-entries during the 10-s trace interval and during the 10-s interval prior to
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lever-insertion for group HE in Stage 1 and group EH in Stage 2. In both panels, error bars represent ±1 standard
error.

Lever-pressing
Figure 2.4 shows that, as in previous experiments, rats initially trained with a 10-s trace
interval pressed the lever at a very low rate and that when subsequent training with no trace
interval took place, this rate remained low. This figure also shows that rats initially trained with
an immediate US did develop lever-pressing, although at a lower rate than was observed in
Experiments 1 and 2. Nonetheless, on the final day of Stage 1, the rate of lever-pressing was
higher for group EH (median 5.85 responses/min) than for group HE (median
0.15 responses/min), U(8, 8) = 11, p = 0.025). Furthermore, although lever-pressing in group
EH persisted when a trace interval was subsequently introduced, the rate declined over the
course of Stage 2, such that on the final day of this stage, the difference in lever-pressing
between group EH (median 2.25 responses/min) and group HE (median 0.15 responses/min) was
not statistically significant, U(8, 8) = 20.5, p = 0.236.
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Figure 2.4 Median lever-press rates for groups HE and EH during Stages 1 and 2. Since the data were analysed
non-parametrically, error bars have not been included in this figure.

In summary, these results demonstrate that rats learned a CS-US association whether the
US followed CS-offset immediately or after 10 s, expressing this learning predominantly as signtracking in the former case and goal-tracking in the latter. This result is consistent with the
findings of Brown et al. (1993) in pigeons, suggesting that failure to sign-track when a 10-s
interval separates CS and US reflects a performance effect rather than a failure of associative
learning. An unexpected result was the presence of goal-tracking in group EH during Stage 1,
which was performed as well as, not instead of, sign-tracking; that is, rats initially trained with
no trace interval performed both responses. This may be due a fundamental asymmetry between
sign- and goal-tracking; magazine-entry was required for a rat to receive food. Thus, the rapid
increase in magazine-entry rate for group EH, and its subsequent decline toward the end of
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Stage 1 (as shown in the upper panel of Figure 2.3 and suggested by the significant quadratic
trend) may be an indication that, while rats rapidly learned that food follows lever-insertion, it
took longer for them to learn the precise timing of the relationship; the decline in goal-tracking
reflects increasing accuracy in estimation of the time at which the US becomes available.
Further support for this account is suggested by the high rate of magazine-entry during the trace
interval by rats in group EH once transferred to the 10-s trace condition.
The prediction that the response established in initial training would persist when the
temporal relationship between CS and US was changed was confirmed for goal-tracking in group
HE, while the results from sign-tracking in group EH were less clear, due to unexpected
individual variability in lever-press rates. Only 4 out of the 8 rats in group EH pressed the lever
with any consistency, although observation revealed that of the other 4 rats in this group, 3
regularly made contact with the lever without having the contact recorded; 2 of these rats applied
insufficient pressure to the lever for the response to be recorded, while 1 rat vigorously pressed
the lever from beneath (only lever-contact with sufficient downward pressure was recorded).
Given these observations, the recorded rate of lever-pressing appears to be an underestimate of
sign-tracking and it appears likely that an analysis of lever-contacts rather than lever-presses
would have provided stronger confirmation of the prediction that an established response
interferes with the acquisition of a new response.
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2.5

General discussion
The experiments reported in the present chapter demonstrated that when rats were

exposed to a classical contingency between the insertion and retraction of a lever and a sucrose
US, upon lever-insertion they tended to approach the magazine (i.e., goal-track) whether the US
followed lever-retraction immediately or after 10 seconds, while an immediate US also resulted
in approach to the lever (i.e., sign-tracking). Furthermore, sign-tracking acquired with an
immediate US and goal-tracking acquired with a 10-second trace interval tended to persist when
the temporal relationship between CS and US was altered. In other words, the response that
came to dominate in initial training tended to interfere with the development of an alternative
response under conditions that would otherwise have fostered the development of that alternative
response. So, in the present case, although training with an immediate US promoted leverpressing, a previously established magazine-entry response interfered with the acquisition of
sign-tracking in subsequent training with an immediate US.
The emergence of goal-tracking that accompanied the absence of sign-tracking in trace
conditioning, also observed by Brown et al. (1993), is a result with important implications for
studies of conditioning in general. Many such studies have involved the measurement and
analysis of only one type of response; such practice may lead to an interpretation of results in
terms of a failure of associative learning when learning is in fact taking place but becoming
manifest through some other behaviour. For example, the failure of rats to approach a CS that
has been pre-exposed in the absence of the US may be interpreted as evidence of associative
failure (the latent inhibition effect; Lubow, 1989). Boughner and Papini (2003), however,
demonstrated that, although sign-tracking was prevented by CS-pre-exposure, goal-tracking was
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unaffected, indicating that the effect was one of performance rather than learning. These results
underscore the importance of measuring multiple responses (cf. Holland, 1977).
The development of both lever-pressing and magazine-entry in rats initially trained with
an immediate US highlights a fundamental asymmetry between these two types of response;
namely, that magazine-entry is necessary to obtain the US, while lever-pressing is not. As a
result, in rats that acquire lever-pressing some magazine-entry should be expected as rats come
to anticipate US delivery. Such an account would predict that in situations in which both signand goal-tracking occur, sign-tracking should occur early in the lever-insertion period, followed
by goal-tracking. The sequence of sign- and goal-tracking is an issue examined in Chapter 5.
Furthermore, a decline in goal-tracking during lever-insertion over the course of training (as
observed in Experiment 3) should be unsurprising, assuming that rats become more accurate in
estimating the time of US delivery, cf. Pavlov’s (1927) inhibition of delay. In addition,
magazine-entry can typically occur at any time during a conditioning session, while leverpressing can occur only in the presence of the lever. Thus, although the analysis of the sequence
in which these responses are performed may be informative, rats can potentially be engaging in
goal-tracking as the lever is inserted, meaning that goal-tracking is likely to be the first response
performed, irrespective of the sequence account given above.
These distinctions between the two types of response measured in the present
experiments suggest that the mechanisms underlying each may be fundamentally different. This
distinction may provide some insight into why CS-US contiguity differentially affects these
responses and also why an established response persists despite changes in contiguity. This issue
is examined in Chapter 3.
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Chapter 3 Maintenance of behaviour across progressively increasing delays

3.1

Introduction
It was established in Chapter 2 that both lever-pressing and magazine-entry developed

when the US immediately followed CS-offset, but that only magazine-entry developed when a
10-second interval separated these events. This raises the question of why the dominance of one
type of response over another depends on contiguity. One possibility is that while goal-tracking
is an anticipatory response (cf. Konorski, 1967; Wagner and Brandon, 2001), sign-tracking
reflects the acquisition of hedonic value by CS; if the signal is strong enough, it will acquire
sufficient hedonic value for sign-tracking to become the dominant response. Flagel, Akil &
Robinson (in press) have examined individual differences in sign- and goal-tracking behaviour in
rats and found that in rats with a tendency to sign-track to a lever, the lever is more likely to act
as a conditioned reinforcer than for those rats with a tendency to goal-track. This result suggests
that the lever acquires incentive value for “sign-trackers”. Applying this idea to the present
analysis of maintenance, such hedonic conditioning is stronger when reinforcement is immediate
than when a trace interval is used (cf. Mazur, 1997), such that immediate conditioning results in
the dominance of the ‘hedonic’ response (sign-tracking), while the anticipatory response (goaltracking) dominates in trace conditioning.
The primary aim of the experiments in the present chapter was to extend the findings of
Chapter 2 by examining whether lever-pressing in rats acquired with immediate reinforcement
persists across progressively increasing delays and decreasing inter-trial intervals, in both
classical and instrumental procedures. An increase in trace interval relative to inter-trial interval
effectively weakens the CS-US contingency, such that, for example, when the mean inter-trial
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and fixed trace intervals are equal in length, on average the US occurs midway between CSoffset on one trial and CS-onset on the next and is thus effectively a US delivered during the
inter-trial interval. In this sense, a negative contingency is in place, since the probability of a US
in the absence of the CS exceeds the probability of a US in the presence of the CS. An important
question is whether responding acquired with a zero-trace interval persists when the contingency
is weakened in this manner. Data demonstrating that learning can take place in spite of zero or
negative contingencies were provided by Williams et al., (2008; see Section 1.1.12) who
concluded that temporal learning can dominate contingency learning, a result that challenges the
pervasive view that contingency is both necessary and sufficient for learning (e.g., Rescorla,
1968).
While Williams et al. (2008) examined the acquisition of a conditioned response with
relatively weak temporal relationships and zero or negative contingencies, the maintenance of
established responding under such unfavourable conditions was of primary concern in the
present experiments. A further aim was to test the hypothesis that lever-pressing in rats comes to
be controlled by the hedonic value acquired by the lever, that such hedonic responding develops
provided the lever is a valid signal for food and that it persists when the conditions of
reinforcement are made less favourable.
The three experiments reported in this chapter examined the maintenance question using
a within-subjects design, in that, unlike the experiments in Chapter 2, no control groups were
included. This was done due to the exploratory nature of the research, which had as one of its
aims to test how much the delay/trace could be increased before responding began to diminish.
A between-experiment comparison with the experiments in Chapter 2 in which rats initially
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trained with long delay/trace intervals failed to lever-press was considered adequate under the
circumstances.
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3.2

Experiment 4: Easy-to-hard transfer of autoshaped lever-pressing with
progressive increases in trace duration
The aim of the present experiment was to extend the results from Experiments 1 and 3

and examine the extent to which the trace interval could be increased before lever-pressing
declined. Once the maximum trace interval that would support lever-pressing at a rate
comparable to the rate when the US was delivered immediately was determined, the inter-trial
interval was then gradually reduced in order to determine whether the same persistence of leverpressing would occur as when the trace interval is increased.
There is some evidence that fluid reinforcers may be less effective than food pellets for
producing autoshaped lever-pressing (Cleland & Davey, 1982). Although maintenance of
lever-pressing with a 10-second trace interval was observed in Experiments 1 and 3 using
sucrose solution as the US, the relative effectiveness of fluid and food USs was not examined.
Thus, a secondary aim of the present experiment was to provide a direct comparison between the
effectiveness of food pellets and sucrose solution under the present conditions.

Subjects and apparatus
Fifteen naïve female hooded rats were 110 days old at the start of the experiment, with a
mean weight of 170 g (range 140-196 g). Rats were housed as in the experiments reported in
Chapter 2, with the exception that eight were housed in one cage and seven in another. Food and
water access were the same as in Chapter 2, while the US was either 45-mg Noyes Precision
food pellets (Formula 1) or 20% sucrose mixed in tap water, delivered in 0.1-mL aliquots. The
apparatus was the same as in Experiment 3, except that delivery of each US was accompanied by
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a 300-millisecond tone, which was introduced in view of the differences in acoustic feedback
between the pellet dispensers (a click) and dipper (a brief motorised sound).

Procedure
Following initial habituation, in which all animals spent 5 min with either 5 food pellets
(group PEL, n = 8) or 10 mL sucrose solution (group SUC, n = 7) in the conditioning chambers,
all animals were given three sessions of magazine training, which proceeded as in Experiment 3,
except that for rats in group PEL one food pellet was delivered on each trial instead of sucrose.
Stage 1 of classical conditioning then commenced, in which, for all animals, a lever inserted for
10 s signalled delivery of a US. Five trials were given in each session, where the variable
inter-trial interval had a mean length of 300 s (range 29-914 s). For the first ten sessions, the US
was delivered immediately after lever-retraction, followed by four sessions in which the US
followed lever-retraction by 10 s, then four sessions with a 20-s trace and finally four sessions
with a 40-s trace. In Stage 2, for all animals, the trace was held constant at 40 s, while the mean
inter-trial interval was manipulated; two sessions of 300 s, followed by two sessions of 150 s
(range 14-457 s), then two sessions of 75 s (range 10-229 s), nine sessions of 40 s (in which the
fourth and fifth sessions were separated by five days without training – range 10-122 s), then
finally five sessions of 300 s.

Results and discussion
For all analyses, both lever-pressing and magazine-entry were approximately normally
distributed and were therefore analysed using parametric tests.
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Lever-pressing
As shown in Figure 3.1, autoshaped lever-pressing was acquired under zero-trace
conditions at a comparable rate by the PEL and SUC groups and persisted to a similar extent as
the trace interval was progressively increased to 40 s. This increase had little effect on rates of
responding until the interval was extended beyond 20 s, as confirmed by post-hoc contrasts
(Scheffé critical F = 8.55) that compared the lever-press rate on the final days of each trace
interval setting. These revealed a significant difference between the 20-s and 30-s trace sessions,
F(1, 13) = 9.03, but no differences between the 10- and 20-s trace sessions, F < 1, nor between
the 30- and 40-s trace sessions, F(1, 13) = 4.83. There was no main effect of US type,
F(1, 13) = 1.22, p = 0.289, nor did US type interact with any of the post-hoc contrasts, largest
F = 1.35.

Figure 3.1 Mean lever-press rates for groups PEL and SUC over Stage 1 of classical conditioning. The interval
between lever-retraction and delivery of food was initially 0, but increased in 10-s steps up to a maximum of 40 s.
During this stage, the mean inter-trial interval was held constant at 5 min. Error bars represent ±1 standard error.
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In Figure 3.2 it may be seen that in Stage 2, when the trace interval remained constant at
40 s and the inter-trial interval was progressively decreased, lever-pressing was little affected
until the inter-trial interval was reduced below 75 s. Post-hoc contrasts (Scheffé critical F = 8.55)
comparing the lever-press rate on the final days of each inter-trial interval setting failed to reveal
any change from 300 s to 150 s, F(1, 13) = 3.33, or from 150 s to 75 s, F < 1, but a decline in
rate following the introduction of a 40-s inter-trial interval, F(1, 13) = 13.53. No other
interactions, largest F = 8.1, or the main effect of US type, F(1, 13) = 2.51, p = 0.137, achieved
significance.

Figure 3.2 Mean lever-press rates for groups PEL and SUC over Stage 2 of classical conditioning. The interval
between lever-retraction and delivery of food was held constant at 40 s, while the length of inter-trial interval was
decreased from 300 s to 150 s, then to 75 s, then to 40 s and finally back to 300 s. Error bars represent ±1 standard
error.
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Magazine-entry
As suggested by Figure 3.3, during initial training with zero trace, the number of
magazine-entries increased when the lever was inserted. A US-type × session × CS – pre-CS
repeated measures analysis conducted on mean number of magazine-entries over the zero-trace
period revealed that, averaged over sessions and groups, significantly more magazine-entries
were made during the CS than in the 10 s prior to the CS, F(1, 13) = 7.83, p = 0.015 and that this
CS – pre-CS difference interacted with US type, F(1, 13) = 4.76, p = 0.048, this interaction being
attributed to an unexplained decline in the CS – pre-CS difference for the PEL group in the
fourth session (see Figure 3.3 – pre-CS rates of magazine-entry are reported in Table A2 of the
Appendix). The main effect of US type was also significant, with rats in group SUC making
more responses per trial (mean = 3.05) than group PEL (mean = 1.49), F(1, 13) = 6.73, p =
0.022. The main effect of session and all other interactions were not significant, largest F = 1.44.
The opposite pattern of CS – pre-CS responding was found once a 20-s trace was
introduced, in that rats tended to make fewer magazine-entries when the lever was present than
in the 10-s period preceding lever-insertion. This difference, averaged over session and group,
was not significant for the 10-s trace, F < 1, but was significant for every subsequent trace and
inter-trial interval, smallest F = 7.71, all ps < 0.05. There were no main effects of US type,
largest F = 1.96, while the only significant US type × CS-preCS interaction was for the 300-s
inter-trial interval, F(1, 13) = 8.88, p = 0.011.
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Figure 3.3 Mean difference between number of magazine-entries made during the CS and in the 10 s prior to CSonset for groups PEL and SUC over Stages 1 and 2 of classical conditioning. Error bars represent ±1 standard error.

Figure 3.4 illustrates the mean number of magazine-entries, as well as the rate of
magazine-entry (per second), during the trace interval in each stage of the experiment. It is clear
that for both groups the rate of magazine-entry was highest during the 10-s trace interval, and
then gradually declined as the trace was lengthened. However, as also shown in this figure, the
raw number of magazine-entries increased as the trace interval increased. The shortening of the
inter-trial interval had little effect on magazine-entry rate during Stage 2.
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Figure 3.4 Mean number of magazine-entries per second and raw number of magazine-entries made during the trace
interval, averaged over groups PEL and SUC for Stages 1 and 2 of classical conditioning. Error bars represent ±1
standard error.

In summary, lever-pressing acquired under zero CS-US trace conditions persisted at a
stable rate when the trace interval was increased to 10 and then 20 s. A 30-s trace interval
resulted in a slight decrease in rate but this response still persisted with a 40-s trace.
Lever-pressing also persisted when the inter-trial interval was reduced to an average of 75 s, but
then declined when this interval was reduced to 40 s; that is, equal in length, on average, to the
trace interval. The present lever-pressing data obtained from rats initially trained under zero
trace conditions can be compared with data from rats that had begun training with a 10-s trace
interval in several experiments under comparable conditions; none of these rats produced more
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than an occasional lever-press and instead showed a high level of magazine-entries (see Chapter
2).
In the present experiment magazine-entry during the CS period developed rapidly, but
also began to decline during zero-trace conditioning. By the time a 20-s trace was introduced
rats were performing fewer magazine-entries during the 10-s CS than during the preceding 10 s.
This may indicate an inhibition of delay effect similar to that observed by Williams et al (2008),
implying that the rats had learned that lever-insertion signalled that the US would not occur until
after a certain interval has elapsed. In an analysis not reported above we failed to detect any
relationship between rate of magazine-entry and proximity to the US; in contrast Williams et al
(2008) found that the rate of magazine-entry increased in the period leading up to the US. A
likely explanation for this discrepancy is that the rats in the present experiment received
insufficient training with each trace interval to have learned a specific temporal relationship with
sufficient accuracy – the maximum number of sessions under any one pair of trace intervals was
9 in the present experiment, as opposed to the minimum of 36 used by Williams et al. (2008).
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3.3

Experiment 5: Easy-to-hard transfer of instrumental lever-pressing using a
discrete-trial procedure
In Experiment 4 it was found that autoshaped lever-pressing could be maintained despite

trace intervals of up to 30 seconds. The primary aim of Experiment 5 was to test whether a
similar effect could be obtained with an instrumental contingency. Costa and Boakes (2007;
Experiment 1) found that rats instrumentally trained to lever-press for an immediate reinforcer
persisted in making this response when a 20-second response-reinforcement delay was
subsequently introduced. In the present experiment, rats were first trained with immediate
reinforcement (mean inter-trial interval 60 seconds), followed by training with a 10-second
delay, and then with delays increasing in a roughly geometric manner (ratio ≈ 1.5). As in
Experiment 4, once the maximum delay that would support lever-pressing at a rate comparable
to that of immediate reinforcement was determined, the inter-trial interval was manipulated
while holding delay constant: variable inter-trial intervals with means of 20, 60 and 180 seconds
were used, in this sequence for half of the subjects and the reverse for the other half. Following
the inter-trial interval manipulation, all subjects were exposed to a classical lever-food
contingency, followed by a phase of non-reinforcement, to examine further the conditions under
which instrumentally trained lever-pressing might persist.

Subjects and apparatus
Eight female hooded rats were 134 days old at the start of the experiment, with a mean
weight of 160 g (range 145-174 g) and had previously participated in an activity wheel
experiment. Housing, food and water access and apparatus were the same as in Experiment 4.
The US was 45-mg Noyes Precision food pellets (Formula 1).
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Procedure
For three days prior to the commencement of training, rats were provided with a handful
of food pellets in their home cages, prior to regular feeding. Following initial habituation (5 min,
5 food pellets) and magazine training (two sessions), Stage 1 of instrumental conditioning then
commenced, in which a lever was inserted for a maximum of 30 s on each trial, and a lever-press
recorded at the appropriate time (according to a fixed interval, FI, schedule) resulted in the
delivery of a food pellet. Twenty trials were given in each session, with a variable 60-s
inter-trial interval (range 5-183 s). In the first two sessions of Stage 1, delivery of food
immediately followed every lever-press (continuous reinforcement, CRF). In the next session,
an FI 6-s schedule was employed, in which the first lever-press recorded 6 s after lever-insertion
resulted in the retraction of the lever and the immediate delivery of a reinforcer. The FI schedule
was then increased to 12 s for one session and then 18 s for one session. This was followed by
four sessions of instrumental training (mean inter-trial interval 60 s, FI 18-s) with delayed
reinforcement, in which food delivery followed 10 s after a response made at the appropriate
time. A further four sessions employed a 15-s delay, then four sessions with a 25-s delay, four
sessions with a 40-s delay, four sessions with a 60-s delay and then finally eight sessions with a
90-s delay, i.e., the delay was 50% longer than the mean inter-trial interval.
In Stage 2, the delay was held constant at 60 s and the inter-trial interval was
manipulated, such that half of the rats (group ITI180) experienced six sessions with a variable
180-s inter-trial interval (range 17-549 s), followed by six sessions with a variable 60-s inter-trial
interval, then six sessions of with a variable 20-s (range 10-61 s) inter-trial interval. For the
other half (group ITI20), this sequence was reversed.
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In the final stage, all rats were then given two further sessions of instrumental
conditioning with a 60-s delay (mean inter-trial interval 60 s), before receiving nine sessions of
classical conditioning, in which the 10-s insertion of the lever signalled the delivery of food 60 s
after lever retraction. Each session contained 20 trials (mean inter-trial interval 60 s). This was
followed by nine sessions of non-reinforcement; these sessions were identical to classical
conditioning except that no food was delivered and were intended to determine whether
responding had become completely independent of the availability of food. Finally, a further
nine sessions of classical conditioning with a 60-s trace (mean inter-trial interval 60 s) were
given to all rats to test whether lever-pressing would be restored by the final lever-food temporal
relationship in the absence of any positive lever-food contingency.

Results and discussion
As shown in Figure 3.5, lever-pressing acquired under conditions of immediate
reinforcement was maintained at a high rate as the delay of reinforcement was increased to 40 s;
with further lengthening of the delay response rates declined. Nevertheless, even with a 90-s
delay and the inter-trial interval still at a mean of 60 s, the rats continued to respond at a rate of
over 20 responses/min, a rate comparable to that of autoshaped lever-pressing in Experiment 4.
Post-hoc contrasts (Scheffé critical F = 12.45) comparing the lever-press rate on the final day of
consecutive delay settings revealed no significant differences in lever-press rate between 10- and
15-s delays, 15- and 25-s delays, 25- and 40-s delays (all Fs < 1), 40- and 60-s delays,
F(1, 7) = 10.69, but a significant difference between 60- and 90-s delays, F(1, 7) = 40.82.
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Figure 3.5 Mean lever-press rates for all rats over Stage 1 of instrumental conditioning. The interval between a
response and delivery of food (according to an FI schedule) was initially 0, but increased to 10 s, then in
approximately geometric steps up to a maximum of 90 s. During this stage, the mean inter-trial interval was held
constant at 60 s. Error bars represent ±1 standard error.

Rates of lever-pressing during Stage 2, in which the inter-trial interval was manipulated,
are shown in Figure 3.6. Lever-press rates in this stage were adjusted for baseline responding by
subtracting from them the lever-press rate averaged over the eight 90-s delay sessions. This was
done in order to control for a large difference in baseline lever-pressing between these groups
that had emerged during the previous stage. Lever-press rate on the final day of each inter-trial
interval setting was subjected to a Group × Stage analysis of variance; this did not find any effect
of Group, Stage or Group × Stage interaction, largest F(1, 6) = 2.39, p = 0.17. Thus, when
baseline lever-press rate was taken into account, large changes in the inter-trial interval – ranging
from 20 to 180-s – had no detectable effect on lever-press rate.
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Figure 3.6 Mean lever-press rates (minus baseline rates) for all rats over Stage 2 of instrumental conditioning. The
delay was held constant at 60 s, while the inter-trial interval was altered. For group ITI20, a variable inter-trial
interval with a mean of 20 s was employed for the first 6 sessions (left panel), then a 60-s inter-trial interval
schedule for the next 6 sessions (middle panel) and finally a 180-s inter-trial interval for the final 6 sessions (right
panel). For group ITI180, the order of conditions was reversed. Error bars represent ±1 standard error.

When rats were switched to a classical contingency between lever-insertion and food
delivery, i.e., when the response-reinforcement contingency was removed (mean inter-trial
interval 60 s) with a 60-s trace (Figure 3.7, left panel), the lever-press rate declined somewhat.
When reinforcement was removed altogether (Figure 3.7, middle panel), an initial high peak was
followed by rapid decline to a near zero rate. Finally, the introduction of a classical contingency
(mean inter-trial interval 60 s, 60-s trace) following extinction reinstated and maintained
lever-pressing at a moderate rate (Figure 3.7, right panel).
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Figure 3.7 Mean lever-press rates for all rats over the final three stages of conditioning. All rats received 9 sessions
of classical conditioning (left panel) with a 60-s trace (mean inter-trial interval 60 s), followed by 9 sessions in
which the lever was inserted and retracted (mean inter-trial interval 60 s) but no food pellets delivered (middle
panel) and finally another 9 sessions of classical conditioning with a 60-s trace (mean inter-trial interval 60 s) (right
panel). Error bars represent ±1 standard error.

In summary, instrumental lever-pressing was generally resistant to increases in
reinforcement delay, notably persisting when the delay was 50% longer than the inter-trial
interval (i.e., 90 s). Nonetheless, such responding continued to be maintained at least partly by
the response-reinforcer contingency, since the introduction of a classical contingency with a 60-s
trace (mean inter-trial interval 60 s) – essentially non-contingent reinforcement, since the food
pellet was delivered approximately halfway between each successive lever-insertion – produced
a decline in response rate. Removal of reinforcement altogether produced rapid extinction of
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lever-pressing and, while reintroduction of a classical contingency restored lever-pressing,
response rate was now low.
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3.4

Experiment 6: Easy-to-hard transfer of instrumental lever-pressing using a
discriminated-operant procedure
A possible account of the maintenance of lever-pressing across increasing delays

observed in Experiments 1, 3, 4 and 5 is that acquisition of hedonic value by the lever during
immediate conditioning is resistant to changes in the conditions of reinforcement. According to
such an account, when the lever-reinforcer relationship is subsequently weakened by the
introduction of a delay (or reduction in the inter-trial interval), lever-pressing persists because the
lever has acquired hedonic value by virtue of its previous association with reinforcement.
In experiments so far reported, the insertion and retraction of the lever made it a highly
salient stimulus, one that plays two roles: it acted both as a manipulandum and as a signal for
food. If the lever were to remain present throughout each session, the latter role would be
removed and thus it would not be expected to acquire the same degree of hedonic value as in the
discrete-trial case. Under such conditions lever-pressing might be more sensitive to delays of
reinforcement than in the previous experiments. To test this possibility the present experiment
examined whether lever-pressing would persist under conditions in which the lever did not serve
as a signal for reinforcement. This was achieved by employing a discriminated-operant
procedure, in which the lever remained in the conditioning chamber throughout each session, but
only lever-presses made during the presence of a discriminative stimulus – intermittent flashing
of the houselight – were reinforced. Assuming that in previous experiments the signal value of
the lever was a major factor in maintaining lever-pressing despite long delays, it was predicted
that in the present experiments lever-pressing would decline when a relatively short delay was
introduced.
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Subjects and apparatus
Eight female hooded rats were 165 days old at the start of the experiment, with a mean
weight of 184 g (range 158-206 g) and had previously participated in an activity wheel
experiment. Housing, food and water access were the same as in Experiment 5. The US was
45-mg Noyes Precision food pellets (Formula 1). The apparatus was the same as in Experiment
5, except that the inside walls of the shells that housed the Skinner boxes were lined with white
cardboard, so as to increase illumination.

Procedure
For two days prior to the commencement of training, rats were provided with a handful of
food pellets in their home cages, prior to regular feeding. Following initial habituation (10 min,
5 food pellets) and magazine training (two sessions), instrumental conditioning commenced, in
which a lever was inserted for a maximum of 30 s on each trial, and a lever-press recorded at the
appropriate time (according to an FI schedule) resulted in the delivery of a food pellet. Twenty
trials were given in each session (mean inter-trial interval 60 s, range 30-183 s). In the first
session of instrumental conditioning, food was delivered on a CRF schedule, followed by one
session of FI 6-s, one session of FI 12-s and two sessions of FI 18-s.
This was followed by discriminated-operant training, in which the lever remained
inserted for each entire session. A trial consisted of the flashing on and off of the houselight at 5
Hz (the discriminative stimulus, SD) (mean inter-trial interval 60 s), lasting either until the first
lever-press was made at the appropriate time (according to an FI 18-s schedule) or 30 s if the
lever was not pressed. For the first phase of discriminated-operant training, if a lever-press was
recorded, a food pellet was delivered immediately. A discrimination ratio, DR =
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X SD
,
X PRE + X SD

was calculated for each trial for each rat, where XSD is the number of lever-presses made during
the SD and XPRE is the number of lever-presses made in the interval of equivalent length prior to
the SD. There were 20 trials per session, and rats were trained with immediate reinforcement
until all achieved a DR of at least 0.7. This criterion was met after 10 sessions, at which point
this training was continued but with a 10-s delay between an appropriate lever-press and food
delivery. After four sessions of training with a 10-s delay, a further four sessions with immediate
reinforcement (identical to the first phase of discriminated-operant training) were given,
followed by a further four sessions with a 10-s delay.
All animals received one further session of instrumental training with immediate
reinforcement, before being switched to training with a classical contingency, in which the
flashing houselight (10-s duration) signalled immediate delivery of food (mean inter-trial interval
60 s), in order to examine whether control of lever-pressing was transferred from the
response-reinforcer contingency to a stimulus-reinforcer contingency (Jenkins, 1977).

Results and discussion
As shown in Figure 3.8, lever-pressing rates in the presence of the flashing houselight,

SD, increased to a level of around 30 responses/min over the ten sessions of the first phase of
discriminated-operant training under immediate reinforcement conditions. By the tenth session
all rats reached the criterion DR of 0.70, with a mean for this session of 0.83 (SD = 0.06, range
0.72 – 0.93). With the introduction of a 10-s reinforcement delay responding declined rapidly;
by the fourth session of this condition the mean response rate (11.45 responses/min, SD = 14.58)
was significantly lower than on the final day of the preceding immediate training phase
(mean = 29.16, SD = 17.88), t(7) = 6.13, p = 0.0005. Reintroduction of immediate
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reinforcement for four sessions produced a complete return to a high rate of responding, while
return to 10-s delayed reinforcement once again led to a decline in responding, one that within
four sessions was significantly lower than in the final session of the preceding immediate phase,

t(7) = 2.83, p = 0.03. After a single session of immediate reinforcement had once again restored
responding, the change to a classical contingency by removing the response-reinforcer
contingency in the final phase of this experiment produced a steep decline to a near zero
response rate (also seen in Figure 3.8).

Figure 3.8 Mean lever-press rates during the SD for all rats over the course of conditioning. All rats received ten
sessions of instrumental conditioning with immediate reinforcement, followed by four sessions with a 10-s delay,
then a further four sessions with immediate reinforcement and a further four sessions with a 10-s delay. Following
this, one more session of immediate reinforcement was given, then six session with a classical lever-food
contingency and no trace interval. Error bars represent ±1 standard error.
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In summary, when the validity of the lever as a signal for reinforcement was removed by
employing a discriminated-operant procedure, control of lever-pressing by the flashing
houselight was rapidly acquired but, unlike in previous experiments, this did not persist when a
10-s delay was introduced. Furthermore, when the requirement that the lever be pressed in order
to receive food was removed, rats ceased to lever-press in spite of having previously developed
this response. Thus, lever-pressing had remained dependent on the response-reinforcer
contingency (cf. Jenkins, 1977).
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3.5

General discussion
The experiments reported in this chapter demonstrate that a reinforcer can control

conditioned behaviour even when that behaviour precedes the reinforcer by long intervals,
provided that the signal for responding (the CS in classical and the SD in instrumental
conditioning) is also, or is located near, the manipulandum. Lever-pressing persisted with trace
intervals of up to 40 seconds when a classical contingency was employed and with delays of up
to 90 seconds with an instrumental contingency, provided that the lever acted as a signal for
food. The observation of instrumental conditioning with long delays contrasts with earlier
studies that led to view that learning could only be supported by short temporal gradients (e.g.,
Grice, 1948). Another example of long-delay learning was provided by Dickinson, Watt and
Griffiths (1992), who found that free-operant lever-pressing in rats developed with delays as long
as 64 seconds. Similarly, Lattal and Gleeson (1990) found that delays of 30 seconds supported
the acquisition and maintenance of key-pecking in pigeons and lever-pressing in rats (see Section
1.1.9 for more detail).
There are two major differences between the present procedure and those described
above. The most apparent difference is that rats in the present experiments acquired the response
with immediate reinforcement before a delay was introduced and then progressively lengthened.
Although some decrement in lever-pressing was observed when the trace interval was increased
from 20 to 30 seconds in Experiment 4 and the delay was increased from 60 to 90 seconds in
Experiment 5, lever-pressing persisted to some extent under these conditions and is likely to
have persisted with little or no decrement at even longer intervals given sufficiently small
increments and more training with each interval.
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The second major difference is that in Experiment 5 a discrete-trial procedure was
employed, thus preventing the occurrence of adventitiously reinforced lever-presses during the
delay, as may have occurred in the study of Dickinson, Watt and Griffiths (1992). While Lattal
and Gleeson (1990) circumvented this problem by employing a “resetting delay”, the
discrete-trial procedure provides a simpler way of ensuring that the experienced delay matches
the programmed delay.
Harker (1956) found that rats initially trained to lever-press for food delivered 1 second
after a lever-press continued to respond when this delay was increased to 10 seconds, whereas
experimental conditions rats trained on 10-second delay of reinforcement from the outset failed
to acquire the lever-pressing response (see Section 1.2.3 for more detail). His explanation for
this result was that, when the rats were initially trained with a 1-second delay, the lever and food
cup acquired secondary reinforcing properties, as evidenced by the observation of behaviour
directed at these stimuli during the 10-second delay. Thus, immediate secondary (instrumental)
reinforcement was assumed to bridge the 10-second delay in the second phase. In his
examination of Harker’s results, Spence (1956) emphasised the importance of orientation during
the delay. According to his S-R account, the learning of the lever-food relationship with a short
delay ensured that rats maintained their orientation toward lever and food cup during long-delay
training, thus reducing the probability of competing responses. The account proposed here
resembles the accounts of Harker and Spence, although it has the advantage of being applicable
to behaviour controlled by either response-reinforcer or stimulus-reinforcer contingencies, while
the earlier accounts were restricted to response-reinforcer contingencies.
A view similar to, but more comprehensive than, that of Harker and Spence was proposed
by Revusky (1971), whose concurrent interference account states that any deleterious effect of
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delay on learning is due to associative interference by intervening events (see Section 1.1.7).
Thus, events other than Spence’s (1956) competing responses have the potential to interfere with
the learning of a target association, and Harker’s (1956) result can then be explained in terms of
associative blocking. That is, initial training with a short delay resulted in a strong association
between lever-pressing and food, while rats given initial training with a 10-second delay learned
to associate other events (both stimuli and responses) with food. When both groups of rats were
subsequently trained with a 10-second delay, the lever-food association acquired by those with
initial immediate training interfered with the other associations that would otherwise have
formed.
An alternative account of the maintenance of lever-pressing observed in the present
experiments and also by Harker (1956) is provided by the marking hypothesis (Lieberman et al.,
1979, as described in Section 1.2.3). Furthermore, the transfer of goal-tracking observed in
Experiments 2 and 3 can be explained by this account in a similar way to lever-pressing, i.e., in
initial training with a trace interval, the response most likely to be performed was magazineentry, and thus this response was marked in memory due to the contiguous delivery of sucrose.
A marking account of maintenance is inadequate, however, when the results of Experiment 6 are
considered. The marking hypothesis would predict that responding acquired with immediate
reinforcement and maintained with delayed reinforcement should not depend on whether a
discrete-trial or a discriminated-operant procedure used, whereas the results of Experiment 6
demonstrate such a dependency.
The results of Experiments 5 and 6 indicate that long reinforcement delays can maintain
an instrumental response but only when the manipulandum acts as a signal for reinforcement.
The distinction between goal-tracking as anticipatory behaviour (Konorski, 1967; Wagner &
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Brandon, 2001) and sign-tracking as behaviour reflecting the hedonic, or “incentive
motivational” (Robinson & Flagel, in press) value of the signal suggests that signal location is
important because hedonic conditioning of the signal serves to elicit approach towards it.
Furthermore, once a stimulus has acquired positive hedonic value, this is resistant to extinction
and can be maintained by delays of reinforcement that would not have supported its acquisition.
An advantage of the hedonic learning account of maintenance proposed here over the
accounts of Spence (1956) and Revusky (1971) is its application to both classical and
instrumental procedures. Thus, in relation to the classical conditioning procedure employed in
Experiment 4, where a substantial rate of magazine-entry occurred throughout the trace intervals,
Spence’s (1956) analysis of Harker’s (1956) results predicts that this response should have
become stronger and lever-pressing disappear once a trace interval was introduced following
initial zero trace training. Similarly, Revusky’s (1971) account predicts that an event of
sufficient relevance should interfere with a target association, and it seems likely that
magazine-entry during the trace interval should have produced such interference.
Unlike manipulation of the trace interval in Experiment 4 and of the reinforcement delay
in Experiment 5, varying the inter-trial interval had little effect on either lever-pressing or
magazine-entry. Since, in both experiments, the shortening of the inter-trial interval such that
this interval was less than or equal to the trace/delay interval effectively removed the positive
contingency between lever and the US, these results are consistent with Rescorla’s (1989)
finding that pigeons trained to sign-track with a positive CS-US contingency continued to do so
when the contingency was removed by inserting unsignalled USs into the inter-trial interval.
The results of Experiment 5 in fact go beyond the findings of Rescorla (1989) in that the delay
exceeded the inter-trial interval, meaning that lever-pressing was maintained by a contingency
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that was effectively negative. The demonstration that rats can continue to respond with weak
contiguity and zero or negative contingencies poses a challenge to widely-accepted view that
contingency is the dominant factor affecting conditioned responding.
While the rationale for examining maintenance of responding across increasing delays
without including control groups is provided in the introduction to this chapter (Section 3.1), it
must be noted that the absence of such controls places limits on any interpretation of the
maintenance effect. It is not certain, for example, that rats given sufficient long-delay training
from the outset would not have acquired lever-pressing and performed this response at a rate
comparable to those rats for whom the delay was gradually increased, nor can it be claimed with
confidence that maintained lever-pressing occurred at a rate comparable to rats that received
immediate reinforcement throughout training. The interpretation offered in this chapter,
however, seems reasonable in light of the results reported in Chapter 2, at least in relation to the
former issue. While between-experiment comparisons must be made with caution, the
experimental details are sufficiently similar across these experiments to speculate that long
delay/trace control groups in Experiments 4, 5 and 6 would have failed to acquire lever-pressing.
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Chapter 4 The influence of contextual cues on sign- and goal-tracking

4.1

Introduction
In Chapters 2 and 3 it was demonstrated that the absence of sign-tracking in autoshaping

procedures with a 10-second trace interval was accompanied by the development of goaltracking, indicating that rats had learned a CS-US association in spite of relatively weak
contiguity. While a response competition account was proposed in Chapter 3 to explain this
phenomenon, associative theories of learning typically attribute the deleterious effects of
contiguity on learned behaviour to associative interference from the context. Although the
observation in the present experiments of an alternative response under conditions of relatively
weak contiguity provides evidence against a context competition account, contextual cues may
still have some role to play in the acquisition and maintenance of sign- and goal-tracking, and are
examined in the present chapter.
Contemporary analyses of classical conditioning propose that the pairing of a CS and a
US can result not only in the formation of associations between CS and US, but also between
contextual cues and the US (cf. Balsam & Tomie, 1985). Furthermore, the strength of the CR
appears to be inversely related to the strength of the context-US association (Balsam &
Schwartz, 1981). One source of evidence for context conditioning involves the exposure of
subjects to the conditioning context in the absence of USs (or reinforcers, in the case of
instrumental contingencies). Such exposure is assumed to result in the extinction of any
context-US associations that may have been encoded. Reed and Reilly (1990), for example,
trained rats to lever-press for food delivered 5 seconds after a response. Following instrumental
training, some of these rats received several sessions of non-reinforced exposure to the context.
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In an extinction test, rats that had received non-reinforced context exposure pressed the lever at a
higher rate than those that had not. Dickinson, Watt and Griffiths (1992) obtained a similar
result when non-reinforced exposure to the context was given prior to each instrumental
conditioning session (with a reinforcement delay of 64 seconds).
An alternative source of evidence is the US-pre-exposure effect, in which prior to the
introduction of a classical contingency between a CS and a US, the US is first presented
unsignalled in the conditioning context. Such pre-exposure has been found to result in slower
acquisition of responding to the CS (Baker, Mercier, Gabel & Baker, 1981; Randich & LoLordo,
1979). In an early example of this effect involving autoshaping with pigeons, the delivery of
unsignalled response-independent food prior to conditioning retarded acquisition of pecking at
the keylight, a phenomenon labelled “learned laziness” (Engberg, Hansen, Welker & Thomas,
1972). Tomie’s (1976) finding that acquisition of key-pecking was only retarded by prior
exposure to unsignalled USs if these unsignalled USs were delivered in the same context as
conditioning suggested that this phenomenon could be attributed to conditioning of contextual
cues. Balsam and Schwartz (1981) obtained a similar result with ring doves, also demonstrating
that both acquisition and maintenance of conditioned responding were inversely and
monotonically related to the number of non-contingent food presentations, and that this context
conditioning was relatively rapid.
Pecking at the keylight (i.e., sign-tracking) was the only response recorded by Tomie
(1976) and by Balsam and Schwartz (1981). An alternative explanation to associative blocking
for the effect of unsignalled USs on subsequent conditioning is that the context comes to control
some form of conditioned behaviour that competes with the development of sign-tracking. This
response competition possibility was discussed by Balsam (1985) who suggested that a context
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containing unsignalled USs comes to elicit ‘general activity’ (measured in his experiments as
movement across hinged panels comprising the floor of the conditioning chamber).
A more specific response than general activity is goal-tracking, which has been
demonstrated to develop instead of sign-tracking under certain conditions (Chapters 2 and 3; see
also Brown et al., 1993; Boughner & Papini, 2003). It is therefore possible that interference with
sign-tracking produced by US-pre-exposure results at least partly from response competition, as
suggested by Balsam (1985), but specifically from a change from sign- to goal-tracking in the
way the CS-US association is expressed.
The aim of the experiments reported in the present chapter is to examine the role of
contextual cues under the conditions reported in Chapter 2 and 3, using procedures that aim to
either extinguish (Experiment 7) or condition (Experiment 8) contextual cues to a food US.
Unlike in previous similar studies, the effect of the context manipulations on both sign- and goaltracking are analysed.
As in any experiment involving such appetitive USs, an initial phase was required in
order to train rats to drink sucrose promptly from the dipper before lever-sucrose pairings were
introduced. Given that such magazine training inevitably involves context conditioning, all rats
were magazine-trained in an altered version of the conditioning context, as in Tomie (1976),
achieved in the present case by manipulating visual, auditory, tactile and olfactory cues in the
conditioning chambers with the aim of reducing to a minimum generalisation from the altered to
the normal context.
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4.2

Experiment 7: The effect of context extinction on trace autoshaping
The aim of Experiment 7 was to determine whether rats exposed to a classical lever-food

contingency with a 10-second trace interval would respond (i.e., either sign- or goal-track) at a
higher rate if given extensive non-reinforced exposure to the conditioning context. This
experiment followed the basic context extinction procedure of Dickinson et al. (1992;
Experiment 3) in that each conditioning session was accompanied by a context exposure session,
but with two major differences: first, the present experiment employed a classical lever-sucrose
contingency rather than a free-operant procedure, and second, context exposure in the present
experiment preceded the conditioning session on some days and followed it on others. Thus, in
the present experiment, all rats received classical lever-sucrose pairings with a trace interval of
10 seconds. Either before or after every conditioning session, half of the subjects spent 30
minutes in the operant chambers (context extinction, CE) and the other half spent 30 minutes in
an alternative context (context control, CC).
Two unreported experiments failed to find an effect of context extinction on signtracking. It is possible that these experiments, which comprised conditioning sessions of
20 trials, each with a 10-second trace interval, provided sufficient context conditioning to negate
any effect of context extinction. For this reason, each conditioning session in the present
experiment contained 5 trials, in order to permit a more detailed probe of the course of
conditioning.

Subjects and apparatus
Sixteen female hooded rats were 179-181 days old at the start of the experiment, with a
mean weight of 218 g (range 194 - 242 g) and had previously participated in an activity wheel
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experiment. Housing, food and water access were the same as in Experiment 6. The US was
20% sucrose mixed in tap water, delivered in 0.1-mL aliquots. The apparatus was the same as in
Experiment 5, except for an important modification. For initial habituation and magazine
training an altered context was created by lining the floor of each operant chamber with avian
mesh and placing an open jar of Vicks Vaporub above the chamber ceiling. Sessions involving
this altered context were run with houselight and fan switched off.

Procedure
Following initial habituation (10 min, 5mL sucrose) and magazine training (three
sessions), both of which took place in the altered context, all subjects spent three 30-min sessions
in the operant chambers with the levers retracted and without sucrose delivery. In this and
subsequent stages, the avian mesh and Vicks Vaporub were not present in the chamber, and all
sessions were run with the fans and houselights turned on. Classical conditioning then
commenced (twelve sessions), proceeding as in Experiment 4, except that for all animals sucrose
was delivered 10 s after lever-retraction and each session consisted of 5 trials. Each session was
either preceded or followed by a session of context exposure (following a double alternation
pattern), in which animals in group CE (n = 8) spent 30 min in the operant chamber in the
absence of lever and sucrose, while animals in group CC (n = 8) spent 30 min in small acrylic
tubs measuring 45 × 30 × 15 cm.
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Results and discussion
As shown in Figure 4.1, rats in both groups pressed the lever at a very low rate
throughout training. On the final day of conditioning, both groups CC and CE had median
response rates of 0, U(8, 8) = 25, p = 0.354.

Figure 4.1 Median lever-press rates for groups CE and CC during classical conditioning. A classical conditioning
procedure was employed, with sucrose as the US. All subjects experienced a 10-s trace interval for the 12 days of
classical conditioning. Since the data were analysed non-parametrically, error bars have not been included in this
figure.

Figure 4.2 shows the mean difference between the number of magazine-entries made
during lever-insertion and the number made in the 10-s period prior to lever-insertion for each
day of conditioning (pre-CS rates of magazine-entry are reported in Table A3 of the Appendix).
Averaged over the twelve sessions, rats performed significantly more magazine-entries during
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lever-insertion than in the preceding 10 s, F(1, 14) = 13.57, p = 0.002. Rats in both groups
exhibited an increase in this response before a gradual decline, as indicated by a significant
quadratic trend, F(1, 14) = 23.22, p < 0.0005, and the absence of a linear trend, group differences
and any group × trend interactions, all Fs < 1. These results suggest that, as in Experiment 3, the
rate of magazine-entry during the lever-insertion period and trace interval declined as rats
became more accurate in the timing of their goal-directed behaviour.

Figure 4.2 Mean differences between number of magazine-entries during lever-insertion and during the 10-s
interval prior to lever-insertion for groups CE and CC over the twelve sessions of classical conditioning. Error bars
represent ±1 standard error.

Figure 4.3 shows that the pattern of magazine-entry during the trace interval was similar
to that during lever-insertion. Averaged over the twelve sessions, rats performed significantly
more magazine-entries during the trace interval than in the 10 s preceding lever-insertion, F(1,
14) = 37.72, p < 0.0005. For trace magazine-entries both the linear, F(1, 14) = 8.14, p = 0.013,
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and quadratic, F(1, 14) = 20.19, p = 0.001, trends over sessions were significant, reflecting the
fact that although magazine-entry during the trace developed and then declined over sessions as
it did during lever-insertion, both the development and the decline were slower than for
magazine-entry during lever-insertion, as shown in Figure 4.3. There were no group differences
or group × trend interactions, all Fs < 1.
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Figure 4.3 Mean differences between number of magazine-entries during the trace interval and during the 10-s
interval prior to lever-insertion for groups CE and CC over the twelve sessions of classical conditioning. Error bars
represent ±1 standard error.

In summary, classical conditioning with a 10-s trace interval prevented the acquisition of
sign-tracking as in previous experiments, even following extensive non-reinforced exposure to
the conditioning context. Also, as observed in previous experiments, classical conditioning with
a 10-s trace supported the acquisition of goal-tracking, indicating that rats had learned the CS-US
contingency, while there was no differential effect of context exposure on this response either.
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4.3

Experiment 8: Context blocking of autoshaped lever-pressing
While Experiment 7 produced no evidence that context-US associations are conditioned

during trace autoshaping in rats, the primary purpose of Experiment 8 was to examine the effect
of explicitly pairing the US with the conditioning context prior to classical conditioning in which
a lever signals the US. US-pre-exposure in the conditioning context has been repeatedly shown
to attenuate the acquisition of key-pecking in birds when subsequent training is given in which
US delivery is signalled by a localised stimulus (e.g., Tomie, 1976; Balsam & Schwartz, 1981).
The first aim of the present experiment was to establish whether the attenuation of sign-tracking
under zero-trace conditions by prior context conditioning can also be found when rats are
exposed to a classical lever-US contingency.
In light of the various examples of divergence between sign- and goal-tracking (Brown et
al., 1993; Boughner & Papini, 2003), it is possible that the effects of US-pre-exposure on
autoshaped behaviour might differ according to whether goal-tracking or sign-tracking is
considered. Thus, a second aim was to determine whether prior context conditioning would
attenuate magazine-entry as well as lever-pressing. Half of the rats (Block) received unsignalled
USs in the conditioning context prior to a classical conditioning (lever-food) phase, while the
other half (Control) received no USs in this context. Within these conditions, half of the rats
were exposed to a classical lever-food contingency in which food followed lever-retraction
immediately (Imm), while the other half received food 10 seconds after lever-retraction (Trace).
A US-pre-exposure effect for sign-tracking would be demonstrated by less lever-pressing in
group Block-Imm than in Control-Imm, while equivalent goal-tracking rates in these groups
would suggest that the effect was a performance, rather than an associative blocking effect.
Furthermore, while neither the Block-Trace nor the Control-Trace groups were expected to sign-
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track, the question of interest regarding these groups was whether context conditioning would
block the development of goal-tracking. Associative blocking by the context would be indicated
by a higher rate of goal-tracking in Control-Trace than in Block-Trace.
Finally, a second stage was added, in which all rats were given the 10-second trace
condition. This was in order to confirm that behaviour established under immediate
reinforcement conditions in the first phase would persist despite the introduction of such a trace
interval (see Experiments 1, 3, 4 and 5).

Subjects and apparatus
The experiment was run in two replications. Fourteen female hooded rats were used in
the first replication. They were 212 days old at the start of the experiment, with a mean weight
of 221 g (range 188-247 g). Another fourteen female hooded rats were used in the second
replication. They were 137 days old at the start of the experiment, with a mean weight of 213 g
(range 188-235 g). All animals had previously participated in an activity wheel experiment.
Eight rats from the first replication were allocated to the two Trace conditions (each n = 4), while
six were allocated to the Imm conditions (each n = 3). These numbers were reversed for the
second replication, such that, after both replications, all groups comprised seven rats. Housing,
food and water access and US were the same as in Experiment 7, as was the apparatus except
that only seven operant chambers were used.

Procedure
Following initial habituation (10 min, 5mL sucrose) and magazine training (three
sessions, mean inter-trial interval 30-s), both of which took place in the altered context, context
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conditioning commenced. In this and subsequent stages, the avian mesh and Vicks Vaporub
were not present in the chamber, and all sessions were run with the fans and houselights turned
on. In this stage, animals in groups Block-Imm and Block-Trace received 20 non-contingent
deliveries of sucrose (dipper time 5 s, mean inter-trial interval 60 s, range 10-183 s) in the
absence of the lever. Animals in group Ctrl-Imm and Ctrl-Trace received no sucrose but spent
the same amount of time in the operant chambers as the other animals.
This was followed by classical conditioning, which proceeded as in Experiment 8 except
that there were 20 trials, and for animals in groups Ctrl-Imm and Block-Imm sucrose delivery
followed immediately after lever-retraction, while for subjects in groups Ctrl-Trace and BlockTrace sucrose was delivered 10 s after lever-retraction. Conditioning in Stage 2 proceeded as in
Stage 1, except that all rats were given the trace condition whereby on each trial sucrose was
delivered 10 s after lever-retraction.

Results and discussion

Acquisition of sign-tracking in Stage 1.
As seen in Figure 4.4, only group Ctrl-Imm acquired lever-pressing. By session 5 leverpress rates in this group were reliably greater than those in the Block-Imm group, U(7, 7) = 9,

p = 0.047 (Figure 4.4, upper panel), thus confirming that the context conditioning procedure
reduced sign-tracking. In the trace condition only 2 rats out of 14 showed any tendency to press
the lever (none of the other rats exceeded an average of 1.5 responses/min) and, as suggested by
the lower panel of Figure 4.4, there was no detectable difference in this response in Session 5
between the Block-Trace and Ctrl-Trace groups, U(7, 7) = 18.5, p = 0.469.
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Figure 4.4 Top panel: Median lever-press rates for groups Block-Imm and Ctrl-Imm during Stages 1 and 2. A
classical conditioning procedure was employed, with sucrose as the US. All subjects experienced immediate
delivery of the US in Stage 1, while in Stage 2 all subjects were transferred to a 10-s trace. Bottom panel: Median
lever-press rates for groups Block-Trace and Ctrl-Trace during Stages 1 and 2. All subjects experienced a 10-s trace
in both stages.
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Acquisition of goal-tracking in Stage 1.
Magazine-entries during the 10 s prior to lever insertion (pre-CS) and during lever
insertion (CS) are shown in Figure 4.5 (pre-CS rates of magazine-entry are reported in Table A4
of the Appendix). A mixed ANOVA applied to these data from the Immediate groups (top
panel) revealed that over the 5 sessions of Stage 1 the difference between pre-CS and CS scores
approached significance, F(1, 12) = 3.79, p = 0.08, and, importantly, this difference interacted
with Session, F(1, 12) = 4.96, p = 0.002, The main effect of Context (Block vs. Control)
approached significance, F(1, 12) = 4.03, p = 0.07, but neither the main effect of Session nor any
interaction came close to significance, largest F = 1.80. A subsequent analysis of CS – pre-CS
difference scores for magazine-entries by the two Immediate groups over the five sessions of the
first stage revealed a linear trend, F(1, 12) = 6.77, p = 0.023, but, as suggested by the upper panel
of Figure 4.5, no main effect of Context, F < 1, and no interaction between this factor and trend,

F(1, 12) = 1.25, p = 0.282. Thus, although at the start of training the Block group tended to
make more magazine-entries than the Control group both before and during lever insertion, goaltracking, as measured by CS – pre-CS scores, was acquired by both groups at a comparable rate.
As for the two Trace groups, analysis of the CS and pre-CS magazine-entries shown in
the bottom panel of Figure 4.5 revealed a significant overall linear trend, F(1, 12) = 6.76,

p = 0.02, but no other main effects or interactions, largest F = 1.92. Although inspection of these
data suggested that the Ctrl-Trace, but not the Block-Trace, group developed some goal-tracking
during the CS, analysis of CS – pre-CS scores in the two trace groups over the five sessions of
the first stage did not reveal any main effect or interaction, largest F(1, 12) = 2.82.
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Figure 4.5 Top panel: Mean number of magazine-entries made during the CS and in the 10 s prior to CS-onset for
groups Block-Imm and Ctrl-Imm over Stages 1 and 2 of classical conditioning. Bottom panel: Mean number of
magazine-entries made during the CS and in the 10 s prior to CS-onset for groups Block-Trace and Ctrl-Trace over
Stages 1 and 2 of classical conditioning. Error bars represent ±1 standard error.
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Acquisition of trace interval magazine-entries in Stage 1.
The mean differences between the number of magazine-entries during the trace interval
and the number during the 10 s prior to lever-insertion are illustrated in Figure 4.6. These data
could, of course be collected only from the two trace groups in Stage 1, where the important
result was a main effect of Context: The lower response rate in the Block-Trace group, averaged
over the five sessions of Stage 1, indicated that the initial context conditioning procedure had
affected this response, F(1, 12) = 5.16, p = 0.04. Other than the suggestion of a quadratic trend,

F(1, 12) = 6.22; Bonferroni Fcrit = 6.55, there were no trends or interaction between context and
trend, largest F(1, 12) = 3.48. More magazine-entries were recorded during the trace interval
than in the 10 s preceding the CS for Ctrl-Trace, F(1, 6) = 13.22, p = 0.01, but not for BlockTrace, F < 1. Thus, there was no evidence even on this measure that the latter group had learned
to associate the lever with sucrose delivery.
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Figure 4.6 (a) Mean number of magazine-entries made during the trace interval for groups Block-Imm and CtrlImm over Stage 1 of classical conditioning. (b) Mean number of magazine-entries made during the trace interval for
groups Block-Trace and Ctrl-Trace over Stages 1 and 2 of classical conditioning. Error bars represent ±1 standard
error.
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Maintenance of responding in Stage 2
As seen in Figure 4.4, sign-tracking by the Ctrl-Imm group persisted when this group was
shifted to the 10-s trace condition, but the rate of lever-pressing remained near zero in the other
three groups. Non-parametric analysis of lever-press rates on the final day of Stage 2 confirmed
that these continued to be greater in the Ctrl-Imm group than in the Block-Imm group,

U(7, 7) = 7, p = 0.024.
As for magazine-entries during lever-insertion in Stage 2, it may be seen in Figure 4.5
that the CS – pre-CS difference scores were small in all four groups. No main effects, trends or
interactions were detected for this measure, largest F(1, 12) = 5.22. On the other hand magazineentries during the trace interval were more frequent than during the pre-CS interval in three of
the groups. As seen in the upper panel of Figure 4.6, following the introduction of the trace
interval for the two Immediate groups, both showed a high rate of magazine-entries that was
maintained for all five sessions; no difference between these groups or trend was detected,

Fs < 1. As for the two Trace groups (lower panel of Figure 4.6), whose conditions were simply
maintained in Stage 2, there is a suggestion that the difference between them persisted in terms
of behaviour during the trace interval that had appeared in Stage 1. Although there was no main
effect of Context, F(1, 12) = 2.71, p = 0.126, nor a trend nor a group × trend interaction, Fs < 1,
marginally more magazine-entries were recorded during the trace interval than in the 10 s
preceding the CS for Ctrl-Trace, F(1, 6) = 5.42, p = 0.059, but not for Block-Trace, F < 1.
In summary, prior unsignalled sucrose deliveries in the conditioning context prevented
the development of lever-pressing in subsequent training where the lever signalled immediate
sucrose delivery, but had no effect on magazine-entry during the lever-insertion period. The

113

marginal finding that rats in the Block condition given Immediate training showed a greater
tendency to enter the magazine than Control rats suggests that context conditioning interferes
with subsequent sign-tracking because it establishes a competing response rather than because of
associative blocking (Balsam, 1985). For rats in the trace condition, on the other hand, those that
received context conditioning failed to develop magazine-entry behaviour during either the
lever-insertion period or the trace interval, while those in the context control group performed
this response at a high rate during both intervals. The complete absence of both lever-pressing
and magazine-entry in group Block-Trace suggests that these rats failed to acquire a leversucrose association and thus that this effect is due to associative blocking.
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4.4

General discussion
The general finding from Experiments 7 and 8 is that while contextual cues can be

conditioned to the US, as evidenced by the attenuation of responding following sessions of
unsignalled US deliveries, there is no evidence that such context conditioning is responsible for
the failure of rats to acquire sign-tracking with a 10-second trace interval, as associative learning
theories tend to predict. The development of goal-tracking under such conditions suggests that a
response competition account, such as that outlined in Chapter 3, adequately accounts for these
data. It may be the case that a longer trace interval would foster the acquisition of context-US
associations, but the fact remains that the effect of a 10-second trace interval was one of
performance rather than learning, highlighting once again that failure to acquire a particular
response does not imply failure of associative learning (e.g., Boughner & Papini, 2003).
The prediction that context exposure would enhance responding by extinguishing
contextual cues was based on the premise that classical conditioning with a 10-second trace
interval resulted in the conditioning of associations between contextual cues and the US. The
failure of context exposure to influence either sign- or goal-tracking could reflect one of two
things, depending on the veracity of the premise: either contextual cues were conditioned and the
procedure employed to extinguish context learning was simply ineffective, or contextual cues
were not conditioned and therefore there were no context-US associations to extinguish. While
the present results cannot distinguish between these two accounts, the latter is favoured primarily
because the present procedure employed substantial non-reinforced exposure to the context
relative to the number of classical conditioning trials. In light of the two previous (unreported)
failures to obtain an effect of context extinction on sign-tracking, as well as the observation of
goal-tracking in the present experiment, these results suggest that context-US associations are
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not any stronger in rats exposed to a classical lever-US contingency with a 10-second trace than
in rats exposed to a zero trace.
The main result from Experiment 8 in terms of lever-pressing was to confirm for the rat
autoshaping procedure the context blocking effect previously reported for pigeons (Tomie, 1976)
and for ring doves (Balsam & Schwartz, 1981). Previous unsignalled deliveries of sucrose in the
conditioning context prevented the subsequent development of sign-tracking that was otherwise
produced by pairing lever-insertion with immediate sucrose delivery. The main new results from
this experiment arose from recording magazine-entries. For the groups given the immediate
reinforcement condition, goal-tracking during lever-insertion developed in a comparable way
whether or not the rats had been given the context conditioning treatment. Thus, although the
sign-tracking results are consistent with those from previous context blocking studies, these goaltracking results suggest that the acquisition of CS-US associations under immediate
reinforcement conditions was not detectably affected by prior US-only sessions.
A similar response competition account was proposed for the CS-pre-exposure effect
(i.e., latent inhibition) by Boughner and Papini (2003), who found that pre-exposing rats to a
light CS interfered with sign-tracking but not goal-tracking in subsequent conditioning. More
generally these findings provide further evidence that recording more than one kind of response
can be important in classical conditioning experiments (cf. Holland, 1977). In particular, due to
the measurement of only sign-tracking in previous studies involving US-pre-exposure it is
unclear whether those results reflect an effect of learning or performance; for example, had
Engberg et al. (1972) measured magazine entries as well as keylight pecks they may have found
that the group pre-exposed to the US alone may have developed goal-tracking rather than sign-
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tracking, and hence could have explained their results without the need to invoke the concept of
learned laziness.
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Chapter 5 The influence of inter-trial interval and CS-duration on sign- and
goal-tracking

5.1

Introduction
In Experiments 7 and 8, the role of contextual cues in trace autoshaping was examined by

attempting to explicitly condition and extinguish context-US associations. Many associative
theories of conditioning (e.g., Rescorla & Wagner, 1972) propose that the inter-trial interval is
essentially a period of non-reinforced exposure to the conditioning context and, thus, the longer
the inter-trial interval, the greater the degree of extinction of context-US associations. An
alternative view (e.g., Gibbon, 1977) of the effects of inter-trial interval length on conditioned
responding is that the ratio of the inter-trial interval to the duration of the CS provides
information regarding the relevance of the CS relative to the background context, such that a
larger ratio favours the development of a CR (see Section 1.1.8). These two accounts differ
primarily in that the former explains the effects of inter-trial interval as an associative learning
effect, in which context and CS compete for limited associability with the US, while the latter is
a performance account, in which both context and CS become associated with the US but a CR
only emerges once some threshold of the ratio of the inter-trial interval to the CS-duration is
exceeded. Evidence for the associative view was provided by Rescorla & Durlach (1987), who
found more rapid acquisition of autoshaped key-pecking in pigeons and less context conditioning
with a longer (2-minute) inter-trial interval than with a shorter (10-second) inter-trial interval.
While the experiments reported in the present chapter do not specifically address the
influence of the ratio of inter-trial interval to CS-duration on conditioned responding, both of
these intervals are manipulated in separate experiments, while holding the other constant. In
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Experiment 9, the effect of inter-trial interval length on both sign- and goal-tracking is examined
in an attempt to further clarify the role of the context in rat autoshaping with a 10-second trace
interval. As previously discussed, Experiment 7 failed in its attempt to extinguish context-US
associations failed, suggesting either that the context extinction procedure was ineffective or that
no context-US associations had been learned. The primary aim of Experiment 9 was to examine
the influence of the inter-trial interval on both sign- and goal-tracking in rats in an attempt to
provide further clarification of the failure to find a context extinction effect in Experiment 7.
In various experiments reported in this thesis it was found that when food/sucrose was
delivered 10 seconds after lever-retraction, rats showed a tendency to goal-track only, but when
food/sucrose was delivered immediately after lever-retraction rats tended to both sign-track and
goal-track. While this suggests that the retardation of lever-pressing in trace autoshaping reflects
the development of a competing response (i.e., goal-tracking) rather than failure to learn a CSUS association, the tendency to perform both types of response with an immediate US, which is
permitted by the proximity of the lever and magazine in the apparatus used in these experiments,
prevents a conclusive analysis in terms of response competition. A crucial question is how rats
would behave if their opportunity to perform both responses were limited. One method of
restricting the opportunity to perform both responses is to increase the spatial separation of the
lever and magazine. Using a visual CS (keylight) to signal the immediate delivery of food to
rats, Cleland and Davey (1983) found that where the keylight and the magazine were separated
by 35cm, rats showed a clear tendency to approach the keylight rather than the magazine.
An alternative method of allowing rats less opportunity to both sign- and goal-track
involves reducing the duration of the CS. In Chapter 2 it was suggested that while rats were
more likely to goal-track toward the end of the lever-insertion period in anticipation of US
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delivery, this response is also likely to be the first performed when the lever is inserted, since the
magazine is always present and once rats learn that the magazine is a source of reward they may
spend more time in its vicinity, even during the inter-trial interval. Whatever the reason, the
primary aim of Experiment 10 was to determine which type of response, sign- or goal-tracking,
would come to dominate if rats’ opportunity to perform both were restricted.
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5.2

Experiment 9: The effect of inter-trial interval on trace autoshaping
The aim of Experiment 9 was to determine whether rates of sign- and goal-tracking

would be influenced by the length of the inter-trial interval. In associative terms, a longer intertrial interval entails greater non-reinforced exposure to the context and thus resembles the
context extinction procedure employed in Experiment 7. In light of this resemblance, it might be
expected that the length of the inter-trial interval would have no effect on rate of responding, as
was the case with the context extinction procedure in Experiment 7. Furthermore, in an
unreported experiment involving autoshaping with a 10-second trace, rats pressed the lever at a
low rate whether trained with a mean inter-trial interval of 1 or 3 minutes. This low rate of
responding was expected for the 1-minute condition, while it was predicted that a longer intertrial interval may increase responding, in accordance with modern theories of conditioning,
whether due to associative or performance processes (cf. Rescorla & Durlach, 1987). The
purpose of Experiment 9 was to examine this issue further by holding the CS-duration constant
(10 seconds) and comparing rates of sign- and goal-tracking in two groups of rats, one exposed
to a mean inter-trial interval of 1 minute and the other to a mean inter-trial interval of 5 minutes.
Since, in previous experiments, a 10-second trace interval with a mean inter-trial interval of 1
minute prevented the acquisition of lever-pressing, the purpose of the present experiment was to
determine whether a 5-minute inter-trial interval would alleviate this effect.
A second stage of conditioning was included, which was identical to the first except that
sucrose was delivered immediately after lever-retraction, with the aim of determining whether
responding established under certain conditions of contiguity would persist when these
conditions were altered, as in previous experiments.
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Subjects and apparatus
Sixteen female hooded rats were 188 days old at the start of the experiment, with a mean
weight of 199 g (range 179 - 235 g) and had previously participated in an activity wheel
experiment. Housing, food and water access and apparatus were the same as in Experiment 8.
The US was 20% sucrose mixed in tap water, delivered in 0.1-mL aliquots.

Procedure
Following initial habituation (10 min, 5mL sucrose) and magazine training (three
sessions, mean inter-trial interval 30 s), both of which took place in the altered context, all
animals spent three 30-min sessions in the normal operant chambers with levers retracted and
without sucrose delivery. In this and subsequent stages, the avian mesh and Vicks Vaporub were
not present in the chamber, and all sessions were run with the fans and houselights turned on.
This was followed by classical conditioning (six sessions), which proceeded as in Experiment 8,
except that a variable inter-trial interval of length 1 min (range 10-183 s) was used for animals in
group ITI1 while a 5-min inter-trial interval (range 29-914 s) used for animals in group ITI5, and
also that sucrose delivery followed lever-retraction after 10 s. Stage 2 was identical to Stage 1
except that on each trial sucrose was delivered immediately after lever-withdrawal.

Results and discussion

Lever-pressing
As shown in Figure 5.1, lever-pressing in both groups occurred at a low rate over the
course of both conditioning stages. On the final day of Stage 1, there was no difference in the
median lever-press rate for groups ITI1 and ITI5 (median 1.05 responses/min for both),
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U(8, 8) = 28.5, p = 0.738, and while the median lever-press rate dropped to 0 by the final day of
Stage 2 for group ITI1 only, the difference between this group and ITI5 (median 2.4
responses/min) was not significant, U(8, 8) = 20, p = 0.212.

Figure 5.1 Median lever-press rates for groups ITI1 and ITI5 during Stages 1 and 2. Since the data were analysed
non-parametrically, error bars have not been included in this figure.

Magazine-entry
Figure 5.2 shows the mean difference between the number of magazine-entries made
during lever-insertion and the number made in the 10 s prior to lever-insertion for each day of
conditioning. Averaged over the six sessions of Stage 1, rats performed significantly more
magazine-entries during lever-insertion than in the preceding 10 s, F(1, 14) = 13.23, p = 0.003
(pre-CS rates of magazine-entry are reported in Table A5 of the Appendix).
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Figure 5.2 suggests that both groups acquired goal-tracking during Stage 1, and that this
goal-tracking eventually diminished in ITI1 but not ITI5. The analyses describing this result are
the quadratic trend across session, F(1, 14) = 3.50, p = 0.083, and the quadratic × group
interaction, F(1, 14 ) = 4.06, both of which approached significance (for linear trend, group main
effect and linear × group interaction, all Fs < 1). Averaged over the six sessions of Stage 2, rats
performed significantly more magazine-entries during lever-insertion than in the preceding 10 s,

F(1, 14) = 13.35, p = 0.003. Despite an apparent increase in goal-tracking over the course of
Stage 2 (see Figure 5.2) neither the linear, F(1, 14) = 2.80, p = 0.116, nor the quadratic, F < 1,
trend were significant, nor was the main effect of group, F(1, 14) = 1.63, p = 0.222 (interactions,

Fs < 1).

Figure 5.2 Mean differences between number of magazine-entries during lever-insertion and during the 10-s
interval prior to lever-insertion for groups ITI1 and ITI5 over the six sessions of Stage 1 (10-s trace) and five
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sessions of Stage 2 (zero trace). A classical conditioning procedure was employed, with sucrose as the US. Error
bars represent ±1 standard error.

The mean differences between the number of magazine-entries made during the trace
interval and the number made in the 10 s prior to lever-insertion for each day of conditioning for
each group are shown in Figure 5.3. Averaged over the six sessions of Stage 1, rats performed
significantly more magazine-entries during the trace interval than in the preceding 10 s, F(1, 14)
= 24.49, p < 0.0005. Over the six sessions the linear and quadratic trends were not significant,

Fs < 1, nor did these trends interact with group, largest F = 2.68. There was no difference in
magazine-entry rate between groups ITI1 and ITI5, F(1, 14) = 1.37, p = 0.262.

Figure 5.3 Mean differences between number of magazine-entries during the 10-s trace interval and during the 10-s
interval prior to lever-insertion for groups ITI1 and ITI5 over the six sessions of Stage 1. A classical conditioning
procedure was employed, with sucrose as the US. Error bars represent ±1 standard error.

125

In summary, while there is some evidence to suggest that both groups of rats acquired
magazine-entry, both during the lever-insertion period and the trace interval, there was no
marked difference in rate of magazine-entry between the two groups. Lever-pressing occurred at
a low rate and did not differ between the groups. Thus, the rate of responding, whether sign- or
goal-tracking, did not appear to depend on whether the inter-trial interval employed was 1 or 5
min. This result is consistent with the failure to observe enhanced responding following sessions
of non-reinforced exposure to the conditioning context in Experiment 7. Furthermore, when the
10-s trace was removed in subsequent training, rats continued to goal-track but not sign-track, as
in Experiment 3, and there remained no difference between the two groups on either measure.
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5.3

Experiment 10: The effect of CS-duration on sign- and goal-tracking
The primary aim of Experiment 10 was to examine the pattern of responding of rats

exposed to a classical lever-sucrose contingency with zero-trace when the lever-insertion time
(CS-duration) was manipulated. Since a 10-second CS-duration provides sufficient time for rats
to both sign- and goal-track, the question of primary interest is which type of response will
dominate if this time is reduced. Two groups of subjects were exposed to a classical leversucrose contingency with the US delivered immediately after lever-retraction. For half of the
rats, a lever-insertion duration of 10 seconds was used (as in all previous classical conditioning
experiments in this thesis), while for the other half the lever was inserted for 5 seconds. The
mean inter-trial interval for both conditions was 60 seconds. Rats receiving 10-second leverinsertion were expected to acquire both the lever-press and magazine-entry response, in keeping
with previous results. Rats receiving 5-section lever-insertion, on the other hand, were expected
to develop a dominant response, depending on which occurs more in the early portion of the
lever-insertion period.
Following training with immediate reinforcement, rats were transferred to training with a
10-second interval in between lever retraction and sucrose delivery. As in previous experiments,
the response acquired in initial immediate training was expected to persist when a 10-second
trace interval was introduced.

Subjects and apparatus
Sixteen female hooded rats were 180-182 days old at the start of the experiment, with a
mean weight of 205 g (range 194-238 g) and had previously participated in an activity wheel
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experiment. Housing, food and water access, US and apparatus were the same as in Experiment
9.

Procedure
Following initial habituation (10 min, 5mL sucrose) and magazine training (three
sessions, mean inter-trial interval 30 s), both of which took place in the altered context, all
animals spent three 30-minute sessions in the normal operant chambers with levers retracted and
without sucrose delivery. This was followed by Stage 1 of classical conditioning (six sessions),
which proceed as in Experiment 9, except that a variable inter-trial interval with mean length
60 s (range 10-183 s) was used for all animals, and for animals in group CS10 the lever was
withdrawn 10-s after its insertion, while for group CS5 the lever was withdrawn after 5 s. Stage
2 was identical to Stage 1, except that sucrose was delivered 10 s after lever-retraction.

Results and discussion

Lever-pressing
As shown in Figure 5.4, lever-pressing was acquired by rats in group CS10 but not those
in group CS5. On the final day of Stage 1, the median lever-press rate was 26.4 responses/min
for group CS10 and 0.9 responses/min for group CS5, U(8, 8) = 9.5, p = 0.016. The difference
in lever-press rate between these groups persisted into Stage 2, where on the final day of training
the median lever-press rate was 15 responses/min for group CS10 and 2.7 responses/min for
group CS5, U(8, 8) = 11.5, p = 0.031.
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Figure 5.4 Median lever-press rates for groups CS10 and CS5 during Stages 1 and 2. Since the data were analysed
non-parametrically, error bars have not been included in this figure.

Magazine-entry
Figure 5.5 shows the mean difference per minute between the number of magazineentries made during lever-insertion and the number made in the 10 s prior to lever-insertion for
each day of conditioning (pre-CS rates of magazine-entry are reported in Table A6 of the
Appendix). Unlike in previous experiments, the difference score in this experiment was
analysed as a rate due to the fact that the lever-insertion period differed between the two groups.
Averaged over the six sessions of Stage 1, rats performed significantly more magazine-entries
during lever-insertion than in the preceding 10 s, F(1, 14) = 7.81, p = 0.014. There was a linear,

F(1, 14) = 15.34, p = 0.002, but no quadratic, F < 1, trend across the six sessions of Stage 1, and
neither trend interacted with group (linear × group interaction, F(1, 14) = 1.53, p = 0.236;

129

quadratic × group interaction, F(1, 14) = 1.63, p = 0.223). The rate of magazine-entry was
marginally higher for group CS5 than for CS10, F(1, 14) = 3.37, p = 0.088.
In Stage 2, the difference in magazine-entry rate between CS and pre-CS in both groups
appeared to decrease rapidly, as seen in Figure 5.5. There was no difference between magazineentry rate during the CS and prior to the CS, F < 1, and a strong linear trend, F(1, 14) = 24.57,

p < 0.0005, indicated that the difference score diminished over the six sessions of Stage 2
(quadratic trend, F(1, 14) = 2.91, p = 0.110). There were no group differences or interactions,
largest F= 2.51, p = 0.136.

Figure 5.5 Mean differences between number of magazine-entries during lever-insertion and during the 10-s
interval prior to lever-insertion for groups CS10 and CS5 over the six sessions of Stage 1 (10-s trace) and six
sessions of Stage 2 (zero trace). A classical conditioning procedure was employed, with sucrose as the US. Error
bars represent ±1 standard error.
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Figure 5.6 shows the mean difference per minute between the number of magazineentries made during the trace interval and the number made in the 10 s prior to lever-insertion for
each day of conditioning. Averaged over the six sessions of Stage 1, rats performed significantly
more magazine-entries during lever-insertion than in the preceding 10 s, F(1, 14) = 68.36,

p < 0.0005. There was the suggestion of a linear, F(1, 14) = 3.91, p = 0.068, but no quadratic,
F < 1, trend across the six sessions of Stage 1, and neither trend interacted with group (linear ×
group interaction, F < 1; quadratic × group interaction, F(1, 14) = 2.87, p = 0.112), nor was there
any difference between the groups, F < 1.

Figure 5.6 Mean differences per minute between number of magazine-entries during the 10-s trace interval and
during the 10-s interval prior to lever-insertion for groups CS10 and CS5 over the six sessions of Stage 1. A
classical conditioning procedure was employed, with sucrose as the US. Error bars represent ±1 standard error.
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In summary, rats learned the CS-US relationship irrespective of whether the lever was
inserted on each trial for 5 or 10 s, as indicated by magazine-entry rates during both the leverinsertion period and the trace interval. Rats given 10-s lever-insertion time, however, also
tended to press the lever, while those in the 5-s lever-insertion did not, suggesting that magazineentry tends to be the first response performed once the lever is inserted and that lever-pressing
only develops if the lever remains in the conditioning chamber beyond 5 s. Furthermore, the
lever-pressing acquired by group CS10 in Stage 1 persisted when a trace interval was introduced
in Stage 2, as observed in Experiments 1 and 3, while lever-pressing for CS5 remained low
throughout both stages. Magazine-entry during lever-insertion declined in Stage 2, but
magazine-entry during the trace interval occurred at a high rate during the trace interval,
suggesting that rats had maintained accuracy in estimating the time of US delivery.
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5.4

General discussion
The results from these experiments demonstrate that rats learned a CS-US relationship

with either a mean inter-trial interval of 1 or 5 minutes (CS-duration held constant at 10 seconds)
and with CS-duration of either 5 or 10 seconds (mean inter-trial interval held constant at 1
minute), as evidenced by a high rate of goal-tracking in all groups. Furthermore, when the
opportunity to perform both sign- and goal-tracking was limited by reducing the lever-insertion
time, rats tended to goal-track rather than sign-track. This tendency to goal-track when the
temporal relationship between CS and US is strong suggests that magazine-entry tends to occur
before lever-pressing over the course of the lever-insertion period. This result may be regarded
as obscuring, rather than clarifying a response competition account of trace conditioning –
whereas it was proposed in Chapter 2 that strong contiguity is associated with sign-tracking and
weak contiguity with goal-tracking, the present results deny such symmetry. This does not,
however, preclude the possibility that sign-tracking may have come to dominate goal-tracking if
a different method of restricting the opportunity to perform both responses – for example, that
employed by Cleland and Davey (1983) – were used. What this result does suggest is that in
classical conditioning with a localised CS, goal-tracking appears to be a standard response
elicited by the CS, while sign-tracking develops only under certain conditions. This issue is
discussed further in Chapter 7.
The present results are inconsistent with the theory (e.g., Gibbon, 1977) that the ratio of
inter-trial interval to CS-duration determines the rate of conditioned responding. Since SET and
its variants were developed based almost exclusively on results from pigeon autoshaping
experiment, it is possible that the discrepancy between these theories and the present results
represent procedural or species differences. Some support for this is provided by Lattal (1999),
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who found that while larger

C
ratios generally resulted in faster rate of acquisition in
T

accordance with SET, the absolute values of C and T (with

C
held constant) also influenced rate
T

of acquisition. Lattal’s (1999) procedure differed in two important ways from those typically
employed to assess the effect of

C
ratio on responding. Firstly, instead of employing an
T

autoshaping procedure he employed a noise-food pairing, where the CR measured was
magazine-approach rather than sign-tracking – two fundamentally different response forms (see
Chapter 3). Secondly, his subjects were rats instead of pigeons. Another important feature of
Lattal’s (1999) study was the inclusion of a testing phase for all rats under common conditions.
Results from this phase suggested that the observed group differences in responding reflect
differences in learning, whereas SET is a performance account. While the present results are
consistent with neither SET nor Lattal (1999), in that inter-trial interval had no differential effect
on responding, both the present results and those of Lattal (1999) suggest that theories
advocating the importance of the

C
ratio may not be generally applicable.
T

While manipulation of the inter-trial interval had no effect on sign- or goal-tracking in the
present experiment, and CS-duration produced only a performance effect, the present results
were obtained under a limited range of parameters. While rats in all conditions appeared to learn
the CS-US relationship, as shown by consistently high rates of magazine-entry during the CS and
trace intervals, greater between-group differences in the programmed inter-trial interval
(Experiment 9) and CS-duration (Experiment 10), may have resulted in effects reflecting
differences in associative strength, as predicted by associative theories (e.g., Rescorla & Wagner,
1972).
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It is worth noting that goal-tracking and sign-tracking, despite some fundamental
asymmetries (see Chapter 3), have been regarded in this thesis thus far as conditioned responses
controlled by the CS. There are, however, other interpretations of goal-tracking. For example,
Brown et al. (1993), suggested that goal-tracking may be a response elicited by the context,
where the CS acts as an occasion-setter (Holland, 1983). This was proposed to account for
Brown et al.’s (1993) observation that sign-tracking in their pigeons tended to develop when USdelivery immediately followed CS-offset, while a 10-s trace interval resulted in goal-tracking
instead of sign-tracking – an interpretation in keeping with the pervasive view that the
attenuating effects of contiguity of learning are due to interference from the context. Since the
target of the goal-tracking response – the magazine for rats in the present experiments and the
food hopper for Brown et al.’s (1993) pigeons – is present and accessible throughout each
experimental session, the occasion-setting interpretation of goal-tracking cannot easily be ruled
out. The absence of context extinction and inter-trial interval effects, however, in Experiments 7
and 9 respectively, suggests that contextual cues were not conditioned to the US under 10-s trace
conditions in the present experiments, thus providing tentative evidence against Brown et al.’s
(1993) occasion-setting account.
The distinction between goal-tracking as anticipatory behaviour and sign-tracking as a
hedonic response suggests a fundamental asymmetry in the mechanisms underlying these
responses. Two additional distinctions between the two responses are that goal-tracking
(magazine-entry, in this case) can occur at any time during a conditioning session, while signtracking can only occur when the CS (the lever) is presented, and that magazine-entry is
necessary to receive the US, while lever-pressing is not. This latter point raises the possibility
that goal-tracking is driven by response-reinforcer rather than stimulus-reinforcer associations.
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While some studies have attempted to untangle the precise nature of the associations formed in
training with various contingencies, even simple situations cannot provide conclusive evidence
(cf. Jenkins, 1977). Farwell and Ayres (1979) suggested that in some instances goal-tracking in
rats resembles a response controlled by a CS-US association, while in others it resembles an
instrumental response – for example, they found that goal-tracking was sensitive to an omission
contingency, which is typical of an instrumental response. Similarly, Holland (1979) observed
that magazine-entry in rats was both sensitive to an omission contingency and exhibited the
partial reinforcement extinction effect, both of which are suggestive of the control of magazineentry by response-reinforcer contingencies.
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Chapter 6 The effects of trace interval and intervening events on acquisition
and transfer of conditioned suppression in humans

6.1

Introduction
The effects of temporal contiguity on conditioned and instrumental responding in rats

were examined in depth in Chapters 2 through 5, and the general conclusion was that strong
contiguity was required for rats to acquire and maintain lever-pressing. The question of whether
human learning is influenced by contiguity, both in terms of acquisition and maintenance, is
examined in the present chapter.
A major challenge in examining the effects of contiguity on human learning has been to
develop a task appropriate to address this issue, and studies employing a variety of human
conditioning preparations have yielded mixed results. The earliest of these studies was that of
Wolfle (1932), who found that classical conditioning of an auditory stimulus to shock in humans
only occurred with very short (less than 1-second) trace intervals (see Section 1.1.11). While
Wolfle (1932) manipulated the trace interval, later studies employing behavioural or autonomic
conditioning preparations, including eyeblink (Moore, Newman & Glasgow, 1969), heart rate
(Geer, 1964) and neural activity (Knight, Cheng, Smith, Stein & Helmstetter, 2004) were more
concerned with the comparison of trace and delay conditioning, particularly in relation to
difference in the underlying neural mechanisms (e.g., Knight et al., 2004) and the issue of
awareness (Clark & Squire, 1999). Furthermore, studies employing predictive judgement tasks
to examine effects of contiguity have typically involved description of temporal relationships
rather than the experience of them (e.g., Hagmayer & Waldmann, 2002, although a notable
exception is Allan, Tangen, Wood and Shah, 2003).
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On the other hand, studies employing human causal judgement analogues of instrumental
conditioning have revealed that effects of delay on learning similar to those from animal studies
(e.g., Shanks, Pearson & Dickinson, 1989, but see Buehner & May, 2004), while the effects of
delayed feedback on the acquisition of motor skills have produced varying results, although in
general immediate feedback is less effective than delayed feedback (cf. Swinnen, Schmidt,
Nicholson & Shapiro, 1990; see Section 1.1.11).
Arcediano et al. (1996) developed a computerised human conditioning preparation that
allows the analysis of a behavioural measure rather than merely ratings of causality. In their
task, participants were instructed to fire a laser-gun (i.e., press the space bar) in order to prevent
Martians from invading. Martians appeared on the screen one by one at regular, short intervals,
meaning that participants were required to press the space bar rapidly and continuously to
prevent the invasion. Once this behaviour was established, participants were informed that the
Martians had developed an anti-laser shield, and that firing the laser while the shield was
activated would result in the uncontrollable invasion of many Martians. A warning signal, which
served as a CS, was presented prior to shield activation, which served as a US. If participants
learned about the signal-shield relationship, they should suppress their key-pressing not only
during shield activation (UR), but also during the warning signal (CR). Using this preparation,
Arcediano et al. (1996) found that participants suppressed responding to a particular stimulus
(background colour change) that signalled the US more than to a different stimulus (different
background colour) that was not predictive of the US. This was the case irrespective of whether
participants were informed, prior to testing, about the presence of a signal, although the
discrimination was enhanced slightly when this information was given.
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The Martian task has been employed to study a variety of conditioning phenomena (e.g.,
Matute & Pineño, 1998; Lipp & Dal Santo, 2002; Baeyens et al., 2004) and readily lends itself to
the study of temporal contiguity, owing to the fact that stimuli are presented in real time and a
trace interval can be easily interposed between CS-offset and US-onset. Furthermore, the task
may provide insight into the mechanism underlying the effects of contiguity on human learning;
the capacity for presenting distractor stimuli during a trial allows a test of Revusky’s (1971)
concurrent interference theory. The study conducted by Lieberman, Vogel and Nisbet (2008)
appears to be the only test of concurrent interference theory using human participants. In this
study, participants were presented with a computer-based motor task in which they were required
to use a mouse to move an invisible cursor from one side of the screen to the other, with the aim
of hitting an unmarked target area on each side. In one experiment, all participants were given
feedback about their performance 4 seconds after completing the response. Mean errors were
higher in both acquisition and retention stages for participants who were instructed to perform
additional movements during the delay than for those who were instructed to wait. This result
provides tentative support for the concurrent interference account of delay, although, as
Lieberman et al. (2008) note, the influence of the mere passage of time cannot be ruled out (an
immediate condition was included in another experiment, but only compared to a 4-second delay
condition in which participants were instructed to move the cursor during the delay).
The primary aims of the experiments reported in the present chapter were to determine
whether the ability of human participants to learn to suppress their responding in anticipation of
a signalled aversive outcome is influenced by the length of trace interval, and to what extent any
effect of trace interval is mediated by the presence of distracting stimuli. Thus, in Experiments
11 and 12 the sensitivity of the Martian preparation to contiguity effects was tested, while
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Experiment 13 addressed Revusky’s (1971) account of delay in a manner similar to that of
Lieberman et al. (2008), but using a task employing a classical contingency between a signal and
an aversive event and stimuli, rather than responses, as the intervening events.
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6.2

Experiment 11: Short versus long trace conditioning in a human conditioned
suppression task
In order to examine the effects of temporal contiguity using the Martian conditioned

suppression task, an interval identical in appearance to the inter-trial interval was inserted
between CS-offset and US-onset. The primary aim of Experiment 11 was to determine whether
the detection of a relationship between two visual stimuli depends on the temporal interval
between the stimuli. Trace intervals of 2 and 8 seconds were employed.
As in previous research employing the Martian task, the pattern of responding
immediately preceding the US was of primary interest. In addition, while failure to suppress
responding has been assumed to reflect a failure to detect the CS-US contingency, it may also
indicate that a participant has learned not only the predictive relationship but also the precise
temporal relationship, such that they are able to cease responding immediately before the US
appears. Arcediano et al. (1996) attempted to obtain a measure of learning about the CS-US
relationship that would be less affected by response timing by varying the duration of the CS,
such that every third CS lasted 3 seconds, while every other CS lasted 1 second (suppression was
analysed for only the 3-second trials). This technique was not appropriate for the present study,
due to the fact that the US did not occur immediately after CS-offset, so in order to determine
whether failure to suppress responding reflected failure to learn the contingency, the number of
uncontrollable invasions triggered (as a result of firing the laser while the shield was activated)
was analysed as an index of learning in addition to suppression of responding. It was predicted
that a longer trace interval (8 seconds) would lead to less suppression and more triggering of
invasions than a shorter trace interval (2 seconds).
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An important modification to the Martian task employed in previous studies was the type
of stimulus used as the CS. Rather than using different background colours (as in Arcediano et
al., 1996) or computerised sounds (as in Baeyens et al., 2004), the stimuli used in the present
study were nonsense characters displayed in a panel at the bottom of the screen. This permitted
the use of a wide variety of symbols which could act as similar but discriminable distractor
stimuli.

Subjects and apparatus
The participants were 13 undergraduate students (5 female) enrolled in an introductory
psychology course during Summer School at the University of Sydney and participating for
course credit. Seven were randomly allocated to the 2-s trace (group Trace2) condition and the
other six to the 8-s condition (group Trace8). The experiments were run on PCs using software
developed in Visual Basic 2005. During the task, both intact and exploded Martian ships were
represented by .gif images, measuring 42 (width) × 47 (height) pixels, spaced 64 pixels apart
horizontally and 40 pixels vertically (see Figure 6.1a). Images of ships appeared against a black
background in 8 rows of 10 on the screen, appearing one at a time at intervals of 0.25 s in each
row from left to right, starting from the top row. The CS (signal) was one of six randomly
selected nonsense characters (derived from Hebrew, Arabic and Hiragana characters – see Figure
6.1b), which appeared for 2 s in a 60 × 70 pixel display panel located centrally 35 pixels above
the bottom edge of the screen. A further four of these six nonsense characters were randomly
selected to appear as distractor stimuli.
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(a)

(b)

Figure 6.1 (a) Images of unexploded (left) and exploded (right) Martian ships. (b) Symbols used as CSs and
distractors in Experiments 1 and 2.

Procedure
Pre-training: Participants were first trained to tap the space bar consistently in the absence of CSs
and USs. Prior to commencing pre-training, the following instructions were given:
Your task is to prevent Martians from landing. Martians will appear on the
screen rapidly, and to destroy them you must use your laser-gun (by pressing
the space bar) just before they appear. You only have one shot per Martian, so
don't shoot too early. When the screen is filled with Martians, all Martians will
move up one position and new Martians will appear in the bottom row.
At the end of this phase, the percentage of Martians you destroyed will be
displayed.
This is what a Martian looks like: [image of unexploded Martian ship]
This is what an exploded Martian looks like: [image of exploded Martian ship]
When you click on the "Begin" button below, the task will begin immediately.
THE PLANET DEPENDS ON YOU!! DO NOT ALLOW THEM TO LAND!!

When the participant pressed the “Begin” button, the pre-training session commenced. If the
participant pressed the space bar once in the 0.25-s interval before an image appeared, the image
was that of an exploded Martian ship. If the participant did not press the space bar in this time,
or pressed more than once, an intact Martian ship appeared. When the screen was filled with
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either intact or exploded Martians (80 per screen), all images were moved up one row and
images continued to appear in the bottom row. The pre-training session ceased when 200 ships
(either destroyed or intact) had appeared.

Classical conditioning: Following pre-training, participants were given a similar task, but with
CSs and USs presented. The following instructions were given:
Now the Martians have developed a powerful anti-laser shield. You must
continue using your laser to prevent their landing, but if you shoot your laser
while the shield is activated, your shot will reflect back to you, temporarily
disabling your laser and allowing 100 Martians to land safely, without your
being able to stop them.
You will know that the shield is connected when you see a white intermittent
flashing on the screen.
Remember, just one shot while the shield is activated and many Martians will
invade.
Fortunately, you are able to intercept signals sent between the Martian ships,
which will appear in a display panel at the bottom of the screen. One of these
signals will tell you that the shield is about to be activated. The signals,
however, appear as Martian symbols, which you cannot yet interpret.
When you are ready to start, click on the "Begin" button below.

When the participant pressed the “Begin” button, the classical conditioning session commenced
immediately. Classical conditioning was identical to pre-training except for the addition of CSs
(duration 2 s), USs (duration 1 s), distractors (duration 2 s) and an aversive outcome. Distractors
were programmed to appear at random but with the constraint that on average each should occur
once per trial (either during the inter-trial interval or the trace interval). This was achieved by
dividing the number of different distractors (4) to be presented by the total number of ships
appearing during the inter-trial and trace intervals (minus the 2-s periods prior to CS and US),
thus giving a probability that a distractor would appear in a particular 250-ms period. If a
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randomly-generated number between 0 and 1 fell below the calculated probability, a distractor
(randomly selected) was presented. For every trial, a suppression ratio, SR =

x
, was
x+ y

calculated, where x is the number of responses recorded during the final 2 s of the trace interval
and y is the number of responses recorded in the 2 s prior to the onset of the CS that preceded the
trace interval. The US (anti-laser shield) was a white flashing screen (10 flashes/s), presented for
1 s. If the participant responded during the US, an invasion occurred, in which the background
colour changed to red, the word “INVASION” appeared in red in a second display panel at the
bottom of the screen and 100 Martian ships appeared at intervals of 30 ms. During the invasion,
pressing the space bar had no consequences. For both groups, a variable inter-trial interval was
used (mean 20 s, range 15-25 s), where the inter-trial interval was defined as the period
commencing either with US-offset or the end of an invasion on one trial and concluding with the
onset of the CS for the next trial. Thus, since each distractor was programmed to occur once on
every trial, the probability of each distractor occurring during the inter-trial and trace intervals
was 20/28 = 0.71 and 8/28 = 0.29 respectively for the 8-s condition, and 20/22 = 0.91 and
2/22 = 0.09 respectively for the 2-s condition. The session consisted of 30 CS-US presentations.
At the end of this session, the percentage of Martian ships destroyed was displayed.
Participants were allocated to one of two conditions; for participants in group Trace2,
US-onset occurred 2 s after CS-offset, while for group Trace8, US-onset followed CS-offset by
8 s.

Results
Two acquisition criteria were specified: four trials out of five without triggering an
invasion (“invasion criterion”) and four trials out of five with an SR < 1/3 (“SR criterion”), which
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indicates that a participant pressed the space bar more than twice as much during the baseline
period than during the period of equivalent length prior to US-onset. Participants who failed to
achieve either criterion were allocated a score of 30 (the total number of trials). In addition, the
median SR over the final five trials and total number of invasions were calculated and analysed.
Due to heterogeneity in the variance of trace SRs across the two conditions resulting from a floor
effect in group Trace8, non-parametric (Mann-Whitney U) tests were used to analyse all the data.
The SR criterion was achieved by 5 out of the 7 participants in Trace2 and none out of the
6 in Trace8. The median number of trials to criterion was 27 for Trace2 and 30 for Trace8,

U(7, 6) = 6, p = 0.01. Over the final five trials, the median SR was 0.31 for Trace2 and 0.51 for
Trace8, U(7, 6) = 6, p = 0.03. Mean SRs aggregated over five-trial blocks are presented in
Figure 6.2.
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Figure 6.2 Mean trace suppression ratios in five-trial blocks for groups Trace2 and Trace8 over the course of the
experiment. Although data were analysed non-parametrically, means are presented in this figure rather than
medians. Error bars represent ±1 standard error.

The invasion criterion was achieved by 6 out of 7 participants in Trace2 and 2 out of 6 in
Trace8. The median number of trials to criterion was 18 for Trace2 and 30 for Trace8,

U(7, 6) = 14, p = 0.30. The median number of invasions over the 30 trials was 17 for Trace2 and
21 for Trace8, U(7, 6) = 7, p = 0.049. Over the last 5 trials, the median number of invasions was
0 for Trace2 and 4 for Trace8, U(7, 6) = 7, p = 0.027. Mean number of invasions aggregated
over five-trial blocks are presented in Figure 6.3.
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Figure 6.3 Mean number of invasions triggered in five-trial blocks for groups Trace2 and Trace8 over the course of
the experiment. Although data were analysed non-parametrically, means are presented in this figure rather than
medians. Error bars represent ±1 standard error.

Discussion
These results indicate that participants exposed to a classical contingency between two
visual stimuli learned about the contingency when a 2-s interval separated CS-offset and USonset, but not when the interval was 8 s. Participants in Trace2, by the end of the experiment,
were suppressing their responding at the end of the trace interval more than those in Trace8, and
were also triggering fewer invasions.
Three potential confounds limit an unambiguous conclusion in favour of an effect of
contiguity. Firstly, feedback from participants, and subsequent testing of the software, suggested
that there was a small window (around 250 ms) immediately after shield onset within which
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participants could cease responding and avoid triggering an invasion. Some participants, albeit
few, reported that invasions could be avoided without having learned the signal-shield
relationship merely by reacting rapidly upon shield-activation. While this is a potentially serious
technical flaw, it suggests that the recorded difference in invasions triggered between the groups
may be an underestimate, since it seems fair to assume, given the SR data, that participants in
Trace8 (the more difficult condition) were more likely to resort to this alternative strategy than
those in Trace2. A second potential confound was the length of the task – participants in Trace8
experienced a longer session, and therefore were required to key-press more than those in
Trace2. This may have led to differential effects of fatigue, although exactly how this influence
would have become manifest is unclear. Presumably the response rate would decline more for
Trace8 than for Trace2, but this should probably be the case for responding during all intervals,
such that SRs indicating no suppression (i.e., around 0.5) should be unaffected. While response
rates appeared to remain very consistent for both groups over the whole 30 trials, certain steps
may be taken to eliminate fatigue as a factor, or at least reduce its influence. Two such steps are
addressed in Experiment 12.
Finally, the length of trace interval in this experiment was confounded with number of
distractors occurring during the trace interval. Thus, it is unclear whether the superior
performance associated with the shorter trace interval was due to the length of the trace interval
per se (a “decay” account, e.g., Wagner, 1981) or due to the fewer number of distractors
occurring during this trace interval (an “interference” account, e.g. Revusky, 1971). Removal of
this confound would provide a crucial test of the decay versus interference accounts; this issue is
addressed in Experiment 13.
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6.3

Experiment 12: Easy-to-hard transfer of conditioned suppression and the
influence of “tap” versus “hold” task type
In Experiment 11, as in previous studies employing the Martian task (e.g., Matute &

Pineño, 1998; Lipp and Dal Santo, 2002; Baeyens et al., 2004), participants were required to
repeatedly tap a key in order to destroy Martians. In the present experiment, half of the
participants received this “tap” version of the task, while the other half received a modified
version of the task, in which they were required merely to hold down the space bar to destroy
Martians. This modification was made for several reasons, most notably to reduce the risk of
physical fatigue. In addition to being less physically demanding, the “hold” version of the task
may also be less cognitively demanding than the traditional “tap” version, in which participants
were required to time each response very precisely (e.g., roughly one response every 300
millisecondss in Arcediano et al., 1996) in order to destroy each Martian. For this reason, it
seems reasonable to suppose that the “hold” version may provide a more sensitive measure of
learning than the “tap” version, providing insight into the effects of contiguity free from the
potentially deleterious influence of physical and cognitive fatigue.
The primary aim of the present experiment was to examine how conditioned suppression
is influenced by the length of the trace interval, comparing this effect when the “hold” version of
the task was used to that for the “tap” version (with number of distractors held constant). In an
unreported preliminary study, participants failed to learn the CS-US relationship with a 5-second
trace interval, and so trace intervals of 2 and 5 seconds were employed in the present experiment.
It was predicted that in both versions of the task, performance in the 2-second trace condition
would be superior to that for the 5-second condition, but that this difference may depend on the
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type of task employed; specifically, that the difference between the two trace intervals would be
larger for the “hold” version than for the “tap” version.
A secondary aim was to examine whether any learning that took place in either of the
trace conditions would transfer to a more difficult version of the task, as has been observed in
rats (see Chapters 2 and 3). Thus, in a second phase all participants were given the 5-second
trace condition, for which it was predicted that participants trained with a 2-second trace in the
first phase would perform better in the second phase than participants initially trained with a 5second trace.
Another modification to the procedure used in Experiment 11 involved equating the
different conditions for mean session length by ensuring that the average total session time,
rather than the inter-trial interval, was the same for both groups. Thus, participants in the 2second trace condition experienced a variable 20-second inter-trial interval, while for participants
in the 5-second condition the inter-trial interval was, on average, 17 seconds.

Subjects and apparatus
The participants were 64 undergraduate students (38 female) enrolled in a first-year
psychology course at the University of Sydney who took part in the experiment for course credit.
The experiment was run on PCs using the same software as in Experiment 11, with various
modifications, outlined below.
Pre-training proceeded as in Experiment 11, except that some participants were required
to repeatedly tap the space bar to destroy Martians, while others were simply required to hold
down the space bar. Prior to commencing pre-training, the following instructions (slightly
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modified from Experiment 11) were given to all participants in Hold2 (n = 15) and Hold5
(n = 17):
Your task is to prevent Martians from landing. Martians will appear on the
screen rapidly, and to destroy them you must use your laser-gun (by pressing
the space bar). Whenever you hold down the space bar, exploded Martians will
appear. If you release the space bar, intact Martians will appear. When the
screen is filled with Martians, all Martians will move up one position and new
Martians will appear in the bottom row.
At the end of this phase, the percentage of Martians you destroyed will be
displayed.
This is what a Martian looks like: [image of unexploded Martian ship]
This is what an exploded Martian looks like: [image of exploded Martian ship]
When you click on the "Begin" button below, the task will begin immediately.
THE PLANET DEPENDS ON YOU!! DO NOT ALLOW THEM TO LAND!!

Groups Tap2 (n = 16) and Tap5 (n = 16) received the same instructions except for the first
paragraph, which was:
Your task is to prevent Martians from landing. Martians will appear on the
screen rapidly, and to destroy them you must use your laser-gun (by pressing
the space bar) just before they appear. You only have one shot per Martian, so
don't shoot too early. When the screen is filled with Martians, all Martians will
move up one position and new Martians will appear in the bottom row.

When the participant pressed the “Begin” button, the pre-training session commenced. For
participants in groups Tap2 and Tap5, if the space bar was pressed once in the 0.25-s interval
before an image appeared, the image was that of an exploded Martian ship. If the participant did
not press the space bar in this time, or pressed more than once, an intact Martian ship appeared.
For groups Hold2 and Hold 5, if the space bar was held down at any stage during the 0.25-s
interval before an image appeared, the image was that of an exploded Martian ship. For all
groups, when the screen was filled with either intact or exploded Martians (80 per screen), all
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images were moved up one row and images continued to appear in the bottom row. The pretraining session ceased when 100 ships (either destroyed or intact) had appeared.
Classical conditioning: Following pre-training, participants were given a similar task, but
with CSs and USs presented. The following instructions were given to all participants:
Now the Martians have developed a powerful anti-laser shield. You must
continue using your laser to prevent their landing, but if you shoot your laser
while the shield is activated, your shot will reflect back to you, temporarily
disabling your laser and allowing 100 Martians to land safely, without your
being able to stop them.
You will know that the shield is connected when you see a white intermittent
flashing on the screen.
Remember, just one shot while the shield is activated and many Martians will
invade.
Fortunately, you are able to intercept signals sent between the Martian ships,
which will appear in a display panel at the bottom of the screen. One of these
signals will tell you that the shield is about to be activated. The signals,
however, appear as Martian symbols, which you cannot yet interpret.
When you click on the "Begin" button below, the task will begin
immediately.

Classical conditioning proceeded as in Experiment 11, with the following exceptions. Firstly,
participants in the Tap condition were required to repeatedly tap the space bar to destroy
Martians while those in the Hold condition were simply required to hold down the space bar.
Secondly, if an invasion was not triggered on a particular trial, the word “SAVED” appeared in
white for 2 s following US-offset. Thirdly, all five of the symbols not used as the CS were
selected as distractors. Fourthly, the period of time from CS-onset on one trial to CS-onset on
the next was variable, but with a mean of 25 s (range 20-30 s), meaning that the inter-trial
interval was, on average, 17 s for the 5-s trace condition and 20 s for the 2-s trace condition.
Thus, since each distractor was programmed to occur once on every trial, the probability of each
distractor occurring during the inter-trial and trace intervals was 17/22 = 0.77 and 5/22 = 0.23

153

respectively for the 5-s condition, and 20/22 = 0.91 and 2/22 = 0.09 respectively for the 2-s
condition. The trace interval was 2 s for groups Hold2 and Tap2 and 5 s for groups Hold5 and
Tap5. There were 30 trials in Stage 1, after which Stage 2 commenced immediately, with no
break in the task. Stage 2 (10 trials) was identical to Stage 1 except that the trace interval for all
participants was set at 5 s (17-s inter-trial interval). As in Experiment 11, the SR was calculated
as

x
. For the Tap condition, x was the number of responses recorded during the final 2 s of
x+ y

the trace interval and y the number of responses recorded in the 2 s prior to the onset of the CS
that preceded the trace interval. For the Hold condition, x was the total time that the space bar
was held down during the final 2 s of the trace interval and y the time it was held down in the 2 s
prior to CS-onset.

Results
Using the same acquisition criteria as in Experiment 11, the number of trials required to
achieve the invasion criterion was subjected to 2 × 2 analysis of variance (Trace × Response,
where Response refers to the Tap versus Hold comparison). Participants who failed to achieve
either criterion were allocated a score of 30 (the number of trials in Stage 1). No significant
difference was found between the two response types, F(1, 60) = 2.05, p = 0.16, while the two
5-s trace groups took significantly longer (mean = 23 trials) to achieve this criterion than the two
2-s trace groups (mean = 17.39 trials), F(1, 60) = 5.54, p = 0.02. Response and Trace did not
interact, F < 1 (see Figure 6.4, left panel).
Given the differing range of possible values of SR depending on whether the “hold” or
“tap” version of the task was used, both the trials to SR criterion and the mean SR were analysed
separately for the two task versions. Independent samples t-tests revealed that group Hold5 took
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significantly longer (mean = 23.59 trials) to achieve the SR criterion than group Hold2
(mean = 13.4 trials), t(30) = 3.35, p = 0.002, but that the difference between Tap2 (21.63 trials)

Mean trials to criterion

and Tap5 (27.06 trials) was not significant, t(30) = 1.79, p = 0.09 (see Figure 6.4, right panel).
30
25

2s
5s

20
15
10
5
0

Hold

Type

Tap

Figure 6.4 Mean number of trials required to achieve criterion of 4 trials out of 5 without triggering an invasion (left
panel) and without recording an SR higher than 1/3 (right panel) for each of the four conditions. Error bars represent
±1 standard error.

Transfer
For number of invasions triggered in Stage 1, there was a main effect of Trace but not
Response when the number of invasions was totalled over either the entire stage (Trace

F(1, 60) = 8.48, p = 0.005; Response F(1, 60) = 1.83, p = 0.18; interaction F < 1) or just over the
final 10 trials (Trace F(1, 60) = 5.41, p = 0.02; Response F(1, 60) = 1.84, p = 0.18; interaction

F < 1). In both cases, the mean for 2-s trace was lower than for 5-s trace (means for last 10 trials
are presented in Figure 6.5, left panel). Over the 10 trials of Stage 2, there were no significant
main effects or interactions (Trace F(1, 60) = 2.09, p = 0.153; Response and interaction Fs < 1),
indicating that the superiority of the 2-s trace condition over the 5-s trace condition in acquisition
diminished in Stage 2.
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The mean SR for group Hold2 (SR = 0.30) was significantly lower than that for group
Hold5 (SR = 0.42), t(30) = 2.92, p = 0.007, while there was no difference between Tap2
(SR = 0.40) and Tap5 (SR = 0.43) , t(30) = 0.84, p = 0.41. The same pattern of results was
observed in Stage 2; the mean SR for group Hold2 (SR = 0.22) was significantly lower than that
for group Hold5 (SR = 0.37), t(30) = 2.44, p = 0.02, while there was no difference between Tap2
(SR = 0.29) and Tap5 (SR = 0.39) , t(30) = 1.52, p = 0.14 (see Figure 6.5, right panel), indicating
that performance in all conditions did not change from Stage 1 to Stage 2.

Figure 6.5 Mean number of invasions triggered over the last 10 trials of Stage 1 and all 10 trials of Stage 2 (left
panel) and mean SR for the final 10 trials of Stage 1 and all 10 trials of Stage 2 (right panel). Error bars represent ±1
standard error.

Discussion
The detection of a CS-US contingency, as evidenced by suppression of an established
response, occurred more rapidly when 2 s separated CS-offset and US-onset than when a 5-s
interval was employed. This was the case regardless of whether acquisition was indexed in
terms of SR or number of invasions triggered, although following acquisition it appeared as
though mean SR was the more sensitive measure of learning. When performance over the final
10 trials of Stage 1 was examined, both measures revealed an effect of trace interval, while only
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mean SR indicated that the trace effect depended on response type, where the superiority of the
2-s trace over the 5-s trace was more marked for the “hold” version than for the “tap” version.
While differences in physical or cognitive demands may explain the greater sensitivity of the
“hold” version, another possible explanation is that the two versions of the task differentially
influence motivation. Given the precise timing required of a successful key-press in the “tap”
version, it is difficult to destroy every Martian ship presented, even if key-pressing is performed
at a highly regular rate. For this reason, participants in the “hold” version are likely to be far
more successful at destroying ships than those in the “tap” version and this may have led to
greater frustration for those undertaking the “tap” version, which interfered with their
performance. Irrespective of this, generally speaking the Martian conditioned suppression task
appears to be a useful preparation in examining the effects of temporal contiguity on learning,
with the “hold” version providing a more sensitive index of learning than the “tap” version.
When all participants experienced a 5-s trace interval in Stage 2, the difference between
the two trace conditions persisted when mean SR was analysed, but not number of invasions,
again suggesting that the SR is the more sensitive measure of learning. Revusky’s (1971)
account of delay predicts that such transfer should be possible; while intervening events (the
programmed distractors, presumably) interfered with learning when participants were trained
with a 5-s trace from the outset, CS-US associations were established in participants who
underwent prior training with a 2-s trace, and these associations blocked learning about
intervening events when the trace was lengthened.
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6.4

Experiment 13: The influence of length of trace interval and number of
distractors on conditioned suppression
An implication of Revusky’s (1971) concurrent interference theory is that a greater

number of relevant events intervening between two target events should result in greater
interference of the target association. In other words, for a trace interval of certain length,
learning should decline as the number of distractors increases. Conversely, if the number of
distractors is fixed, learning should not be affected by the length of the trace interval. So, while
Experiments 11 and 12 established that a 2-second trace interval resulted in superior
performance than either an 8- or a 5-second trace (respectively), the appearance of distractor
stimuli during the inter-trial interval and trace period in these experiments prompts the question:
did participants in the longer trace interval conditions fail to learn due to the passage of time per
se, or due to the presence of events occurring during the trace interval that interfered with the
target association? The primary aim of Experiment 13 was to examine the influence of both
length of trace interval and number of distractors on acquisition of the CS-US association. In a 3

× 3 design, trace intervals of length 2, 5 and 8 seconds were employed, while the numbers of
distractors used were 1, 3 and 5. These values represent the programmed average number of
distractors occurring over both the inter-trial and trace intervals, such that for each condition the
rate of appearance of distractors was constant across both intervals, as in the previous
experiments.
As in Experiment 12, all participants received a second phase of training in which they
experienced the most difficult condition (8-second trace, 5 distractors) in order to determine if
any learning that occurred in initial training would transfer to a more difficult version of the task.
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Since the Hold condition had proved more sensitive in Experiment 12, this was used for all
participants in Experiment 13.

Subjects and apparatus
The participants were 199 undergraduate students (143 female) enrolled in third-year
psychology at the University of Sydney. They were allocated to the 9 conditions in
approximately equal numbers, ranging from 20 to 25 per condition. The experiments were run
on iMac computers (running Microsoft Windows) using the same software and procedure as in
Experiment 12, with various modifications.

Procedure
Pre-training for all groups proceeded as for the two “hold” groups in Experiment 13,
having first received the following instructions (slightly modified from Experiment 13):
Your task is to prevent Martians from landing. Martians will appear on the
screen rapidly, and to destroy them you must use your laser-gun (by holding
down the space bar) just before they appear. Whenever you hold down the
space bar, exploded Martians will appear. If you release the space bar, intact
Martians will appear. When the screen is filled with Martians, all Martians will
move up one position and new Martians will appear in the bottom row.
At the end of this phase, the percentage of Martians you destroyed will be
displayed.
This is what a Martian looks like: [image of unexploded Martian ship]
This is what an exploded Martian looks like: [image of exploded Martian ship]
When you click on the "Begin" button below, the task will begin immediately.
THE PLANET DEPENDS ON YOU!! DO NOT ALLOW THEM TO LAND!!

Stage 1 of classical conditioning proceeded as for the two “hold” groups in
Experiment 12, with the following exceptions. Participants were allocated to one of three trace
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conditions (2, 5 or 8 s), indicating the time elapsed between CS-offset and US-onset, and one of
three distractor conditions (1, 3 or 5 distractors), indicating the number of distractor stimuli that
occurred, on average, during the combined inter-trial and trace intervals on each trial. For the 2-,
5- and 8-s trace conditions, the variable inter-trial intervals were, on average, 20, 17 and 14 s
respectively. CS and distractor durations were set at 1 s. Stage 1 consisted of 50 CS-US
presentations, with a break of participant-defined length after 25 presentations. In Stage 2 (30
trials), the trace interval for all participants was set at 8 s (17-s inter-trial interval) and the
number of distractors to 5.

Results

Acquisition
Using the same acquisition criteria as in Experiments 11 and 12, the number of trials
required to achieve each criterion was subjected to 3 × 3 trend analysis (Trace × Distractors).
Participants who failed to achieve either criterion were allocated a score of 50 (the number of
trials in Stage 1). For the invasion criterion, there were linear trends for both Trace,

F(1, 190) = 46.73, p < 0.001, and Distractors, F(1, 190) = 12.70, p < 0.001, with no quadratic
trends or interactions, all Fs < 1. Similarly, for the SR criterion, there were linear trends for both
Trace, F(1, 190) = 30.88, p < 0.001, and Distractors, F(1, 190) = 17.77, p < 0.001, with no
quadratic trends or interactions, all Fs < 1. As illustrated in Figure 6.6, the number of trials to
achieve both the invasion criterion (left panel) and the SR criterion (right panel) increased as
both length of trace interval and number of distractors increased.
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Figure 6.6 Mean number of trials required to achieve criterion of 4 trials out of 5 without triggering an invasion (left
panel) and without recording an SR higher than 1/3 (right panel) for each of the nine conditions. Error bars represent
±1 standard error.

In order to more directly examine the influence of the actual number of distractors
occurring during the trace interval, as opposed to the mean number programmed to occur during
both the trace and inter-trial intervals, a multiple linear regression analysis was carried out,
predicting each of the acquisition measures from length of trace interval and also the number of
distractors occurring during the trace interval, which was recorded for each participant (averaged
over the 50 trials of Stage 1). Both trace interval, b = 1.59, t(196) = 2.28, p = 0.024, and number
of distractors during the trace interval, b = 12.68, t(196) = 3.61, p < 0.001, were significant
predictors of the number of trials to achieve the invasion criterion. The proportion of variance in
trials to invasion criterion uniquely accounted for by trace interval was 2.1%, while the variance
uniquely account for by number of distractors during the trace interval was 5.1%. The regression
function showing the relationship between trials to the invasion criterion and number of
distractors occurring in the trace interval is shown in Figure 6.7 (top panel).
While number of distractors during the trace interval was a significant predictor of the
number of trials to achieve the SR criterion, b = 10.66, t(196) = 3.75, p < 0.001, length of trace
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interval was not, b = 0.76, t(196) = 1.35, p = 0.18. The proportion of variance in trials to SR
criterion uniquely accounted for by trace interval was 0.7%, while the variance uniquely
accounted for by number of distractors during the trace interval was 5.9%. The regression
function showing the relationship between trials to the SR criterion and number of distractors
occurring in the trace interval is shown in Figure 6.7 (bottom panel).
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Figure 6.7 Scatterplot of mean number of distractors occurring during the trace interval versus number of trials to
achieve the invasion criterion (top panel) and number of trials to achieve the SR criterion (bottom panel) for all nine
groups. Participants in the 2-s trace groups are represented by circles, the 5-s trace groups by horizontal lines and
the 8-s trace groups by squares. The regression equation depicting these relationships, as well as the variance in
trials to criterion accounted for by number of distractors (R2), are included.
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Maintenance and transfer
In order to analyse asymptotic performance in Stage 1 and transfer in Stage 2, the total
number of invasions triggered in each stage and the mean suppression ratio for the final 10 days
of each stage were calculated and subjected to two-way analysis of variance (Trace ×
Distractors). In Stage 1, number of invasions exhibited linear trends for both Trace,

F(1, 190) = 59.70, p < 0.001, and Distractors, F(1, 190) = 13.07, p < 0.001), (interaction and
quadratic trends, all Fs < 1, see Figure 6.8, left panel), while for mean SR there was a linear trend
for Trace, F(1, 190) = 4.97, p = 0.03 (quadratic F < 1), but not Distractors (linear and quadratic

Fs < 1, all interactions F < 1, see Figure 6.8, right panel). In Stage 2, for number of invasions
there was no linear trend for Trace or Distractors (Fs < 1) but a significant quadratic trend for
Trace, F(1, 190) = 8.13, p = 0.005. This quadratic trend is illustrated in Figure 6.9 (left panel),
where the number of invasions triggered is lower for the 5-s condition than for the 2- and the 8-s
condition. There were no trends for either Trace or Distractor (all Fs < 1) for mean SR
(Figure 6.9, right panel).

Figure 6.8 Mean number of invasions triggered over the course of Stage 1 (left panel) and mean SR for the final 10
trials of Stage 1 (right panel). Error bars represent ±1 standard error.
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Figure 6.9 Mean number of invasions triggered over the course of Stage 2 (left panel) and mean SR for the final 10
trials of Stage 2 (right panel). Error bars represent ±1 standard error.

Discussion
The very clear result obtained from this experiment was that both a longer trace interval
and greater number of distracting stimuli resulted in slower detection of a CS-US contingency, as
indexed by both suppression of responding and the number of invasions triggered. Importantly,
for the SR acquisition criterion the effect of trace length appeared to be mediated by number of
distractors in the trace interval, while for the invasion criterion trace length had some effect in
addition to the distractors effect. These results provide partial support for Revusky’s (1971)
concurrent interference account of delay learning, in that while the number of distractors clearly
influenced learning, the trace length also played some role above and beyond that of the number
of distractors. While it is conceivable that other, non-programmed distracting events occurred
during the trace interval, resulting in interference additional to that provided by the programmed
distractors, this seems unlikely due to the nature of the task – arguably, only computerised
stimuli would have been sufficiently relevant to interfere with the target association. Another
possible explanation is that the superimposed instrumental task (i.e., destroying Martians), which
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continued during the trace interval, provided some form of interference. Since the use of a nonempty trace interval in the present procedure is a limitation that should result in an overestimate
of the effect of the passage of time, the dominance of number of programmed distractors over
trace length observed in this experiment strongly suggests that acquisition in this task was
primarily determined by number of distractors.
In terms of transfer, the performance of those participants initially trained with a 2-s trace
interval suffered dramatically when these participants were transferred to the most difficult
condition, while those initially trained with a 5-s trace continued to respond in roughly the same
manner when transferred. This result may reflect temporal control of responding, in which,
while participants may detect that a certain symbol always precedes shield-activation, it is the
temporal relationship between symbol and shield that dominates performance. Support for this
idea is provided by the observation that transfer was not dependent on increasing the number of
distractors: while participants continued to suppress responding appropriately when the number
of distractors was increased (holding trace constant), performance tended to decline when trace
was increased (holding number of distractors constant).
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6.5

General discussion
The three experiments presented in this chapter demonstrate that the Martian conditioned

suppression task (Arcediano et al., 1996) readily lends itself to the study of the effects of
temporal contiguity on human learning. Furthermore the results indicate that the “hold” version
of the task provides a more sensitive measure of conditioning than the traditional “tap” version,
possibly by reducing the physical and cognitive demands placed on participants. Using the
“hold” version, performance, as measured by conditioned suppression, declined significantly as
the interval between CS and US was increased.
While the number of distractors occurring during the trace interval clearly affected the
rate of learning, the length of the trace interval also exerted some influence on learning for one of
the two measures of acquisition above and beyond what was accounted for by number of
distractors. Revusky’s (1971) concurrent interference account of delay learning does not allow
any role for the mere passage of time – associations between events were postulated to form
across indefinitely long intervals, given the absence of interfering events. Since, however, the
presence of non-programmed interfering events in the present experiments cannot be precluded
with certainty, it remains possible that concurrent interference is the sole mechanism underlying
the observed contiguity effects. An unequivocal conclusion would require a procedure in which
all events occurring during the trace interval were completely controlled. The practical
impossibility of such control means that any failure of learning with a delay or trace interval may
be attributed to the presence of uncontrolled events, thus making concurrent interference theory
difficult to test. Bearing this difficulty in mind, however, data suggesting that the number of
distractors but not the mere passage of time can account for the effects of contiguity provide
compelling evidence in favour of concurrent interference theory. Such data were obtained in
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Experiment 13 for the mean SR – the measure found in Experiment 12 to be a more sensitive
index of learning than number of invasions.
Learning to suppress responding at the appropriate time in this task potentially has two
components; detection of the CS-US contingency and knowledge of the temporal relationship;
“whether” and “when” learning respectively, to use terminology employed by Gallistel and
Gibbon (2000). While Gallistel and Gibbon (2000) suggested that animals first make a “whether
decision” (i.e., whether there is a correlation between CS and US), followed by a “when
decision” (i.e., when the US is most likely to occur), Williams et al. (2008), as previously noted,
found that rats could learn the temporal characteristics of a CS-US contingency even with a zero
or negative contingency (i.e., when the “whether” criterion is not satisfied).
While it seems that the “when” aspect is required for mastery of the Martian conditioned
suppression task, whether or not responding is first controlled by the “whether” aspect and
gradually transfers to “when”, or control lies with the “when” aspect from the outset remains to
be seen. The Martian task employed here may be useful in examining the respective roles played
by contiguity and contingency in human learning, and whether the effects of contiguity are in
turn mediated by concurrent interference.
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Chapter 7 General discussion

7.1

The effects of contiguity on acquisition and maintenance of lever-pressing in
rats
In general, theories of delay have proposed either that only short delays support learning

(e.g., Spence, 1947) or that learning over long delays is prevented by interference from stimuli or
other responses (e.g., Revusky, 1971). Applied to the rat experiments reported in this thesis,
such theories would typically predict that a long delay or trace interval between the insertion and
retraction of a lever and a US/reinforcer should retard learning. While such a conclusion may
have been reached in the experiments reported in Chapters 2 through 5, the additional analysis of
goal-tracking demonstrated that the effects of contiguity were performance rather than learning
effects, such that under some conditions the length of the trace/delay determines the nature of the
response. While some accounts of the effects of temporal contiguity on learning have embraced
response competition (e.g., Spence, 1956), the present account is the first to propose that the
temporal relationship between events determines the nature of conditioned responding. Even,
Brown et al. (1993), who found that pigeons tended to sign-track if trained with no CS-US trace
interval but goal-track if a 10-second trace were employed, suggested that the two conditions
resulted in different learning (see Section 5.4 for further discussion of their analysis).
In general, in the present experiments rats exposed to a classical lever-sucrose
contingency acquired magazine-entry under a range of temporal parameters, while the
acquisition of lever-pressing was more sensitive to such parameters. These results suggest that
in classical conditioning with a localisable CS, magazine-entry is the “standard” CR, while the
development of behaviour directed at the CS occurs only under certain conditions.
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The account of lever-pressing versus magazine-entry articulated in Chapter 3 proposed
that goal-tracking is an anticipatory response elicited by the CS, while sign-tracking reflects the
acquisition of hedonic value, or “incentive motivational” value (Robinson & Flagel, in press) by
the CS. Thus, an organism may learn a CS-US relationship but will only direct behaviour
towards the CS if this stimulus has acquired some value in its own right. Similarly, while
instrumental lever-pressing may develop if the lever acts as a manipulandum only, this leverpressing should be more robust and resistant to change if the lever also acts as a valid signal for
reinforcement, as is the case with a discrete-trial but not a free-operant procedure.
The question of what drives the easy-to-hard transfer of lever-pressing rats observed in
the present experiments has been discussed in this thesis in terms of four potential theoretical
accounts: Spence’s (1956) secondary reinforcement account, Revusky’s (1971) overshadowingplus-blocking account, Lieberman et al.’s (1979) marking hypothesis and the hedonic learning
account. While Spence’s (1956) secondary reinforcement account of delay learning bears some
similarity to the hedonic learning account proposed here, various aspects of the present results
highlight shortcomings in Spence’s (1956) theory that the hedonic learning account overcomes.
Firstly, Spence (1956) embraced an S-R view of conditioning that denied a role for classical
contingencies. Thus, his theory cannot account for the acquisition and maintenance of leverpressing with a classical contingency observed in the present experiments. Secondly, the rats in
the present experiments appeared not only to learn CS-US contingencies but to learn, with
increasing precision as training progressed, how long after CS-offset the US would be delivered.
Finally, a key aspect of the hedonic learning account is that a localised signal for an appetitive
outcome elicits approach behaviour. While Spence (1956) claimed that secondary reinforcement
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may facilitate S-R learning, he made no explicit mention of the ability of secondary reinforcers
to elicit approach.
An alternative account of the persistence of instrumental, but not autoshaped, leverpressing is provided by Revusky (1971). His overshadowing-plus-blocking analysis of Harker’s
(1956) results (see Section 1.2.3) can be readily applied to the results from the instrumental
conditioning experiments reported in this thesis. The results from experiments employing
classical contingencies, however, do not readily lend themselves to Revusky’s associative
account due to the emergence of competing responses. At best, Revusky’s (1971) account is
silent on the issue of alternative responses, while at worst this theory predicts that magazineentry that occurs during the trace interval should interfere with the development of leverpressing.
The limitations of Lieberman et al.’s (1979) response-marking account of easy-to-hard
transfer are discussed in Section 3.5. The hedonic response account of acquisition and
maintenance, if it is assumed that hedonic responding is highly resistant to changes in the
conditions of reinforcement (discussed below), overcomes the shortcomings of the Spence
(1956), Revusky (1971) and Lieberman et al. (1979) accounts of easy-to-hard transfer.
A combination of the present results and those obtained in earlier studies suggest certain
criteria that must be satisfied for a stimulus such as a lever to acquire hedonic value and thus
become the target of behaviour. Firstly, the stimulus must be localisable, rather than diffuse
(cf. Cleland & Davey, 1983). Secondly, the stimulus must terminate immediately or a very short
time before the delivery of the US (or reinforcer), or such training with strong contiguity must
have been given previously. Thirdly, the stimulus must be presented for a sufficient amount of
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time, where the threshold in the current experiments was approximately 5 seconds. Finally, the
stimulus must act as a reliable signal for the US (or reinforcer).
Given these criteria, lever-pressing that tends to develop is generally performed at a high
rate and is highly resistant to changes in both trace/delay and inter-trial interval. A lever that has
acquired hedonic value effectively acts as secondary reinforcer, and it has been shown that
secondary reinforcers offer greater resistance to changes in the conditions of reinforcement than
primary reinforcers. For example, whereas responding to a CS tends to decline when the US is
devalued following training, Holland and Rescorla (1975) found that second-order classical
conditioning was not influenced by devaluation. Similarly, Rescorla (1977) found that
instrumental responding can be maintained by secondary reinforcement even when the primary
reinforcer is devalued by satiation. In light of these results, it is not surprising that instrumental
lever-pressing in the present experiments tended to persist with increasing delays and decreasing
inter-trial intervals.
Although, of the four accounts discussed, the hedonic responding theory most effectively
accounts for the data presented in this thesis, further research could provide a more direct test of
the theory. For example, although the results of Experiments 5 and 6, when taken together,
provide support for the hedonic responding theory by demonstrating easy-to-hard transfer only
when the lever acted as a signal for reinforcement, a within-experiment comparison of these two
procedures would provide more compelling evidence. Further evidence may be obtained using a
procedure in which the instrumental response is not directed at a particular stimulus or location;
for example, turning in a particular direction in a T-maze.
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7.2

The effects of contiguity and maintenance on conditioned suppression in
humans
The general conclusion from the experiments reported in Chapter 6 is that the speed with

which human participants learned to suppress an established response following a signal was
inversely related to the length of trace interval, and that this effect of contiguity was at least
partially mediated by the number of other events occurring during the trace interval. The
Martian conditioned suppression preparation thus provides a rare test of concurrent interference
theory (Revusky, 1971), demonstrating that the theory has some explanatory power in human
learning as well as in non-human animals (e.g., Lett, 1973). Furthermore, transfer of
performance to more difficult conditions (i.e., longer trace intervals and/or more distractors) may
be explained, at least in part, by Revusky’s (1971) overshadowing-plus-blocking account of
Harker’s (1956) maintenance results in rats; that is, whereas distractors may have overshadowed
a signal-shield association with a long trace interval, prior training with a shorter trace interval
established a signal-shield relationship that blocked interference from distractors in subsequent
long-trace training.
Learning to suppress responding in the Martian preparation has two components: learning
which stimulus signals that responding should be suppressed and learning to time this
suppression appropriately. These components correspond to the “whether” and “when” criteria,
respectively, described by Gallistel and Gibbon (2000). Thus, concurrent interference theory
provides only a partial account of the present results – the theory can account for the learning of
the CS-US contingency but does not address the issue of learning about timing. Consideration of
these two components raises the question of whether participants first learn the signal-shield
contingency, followed by the precise temporal relationship, or whether these two components are
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learnt concurrently. To address this question, probe trials could be added to the basic procedure
employed in Experiments 11 to 13, such that participants’ awareness of the signal-shield
relationship could be assessed and compared to performance in the suppression task – if
“whether” learning precedes “when” learning, participants should be able to identify the correct
signal even if not suppressing responding at the appropriate time. If control of behaviour is
transferred from “whether” to “when” at some stage during training, a consequence of this is that
asymptotic performance should be more sensitive to changes in the temporal relationship than
changes in contingency. The examination of easy-to-hard transfer in Experiment 13 may shed
some light on this issue; participants easily transferred responding if the task was made more
difficult by increasing the number of distractors, while a change in the temporal relationship was
more likely to prevent transfer. In general, a 3-second increment in trace interval supported
transfer but not a 6-second increment.
A further question of interest is whether human behaviour can be controlled by the
“when” criterion without the “whether” criterion being satisfied; specifically, is it possible for
humans to learn the temporal aspect of a CS-US relationship even with a zero or negative
contingency? As described in the introduction to Chapter 3, Williams et al. (2008) obtained just
such a result in rats, calling into question the pervasive view that contingency is the primary
determinant of associative learning. An adaptation of the Martian procedure employed in the
present experiments may address this question; for example, a zero or negative contingency
could be programmed by inserting unsignalled USs into the inter-trial interval, as done by
Williams et al. (2008).
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7.3

Applications to human and non-human animal training
As in the laboratory, temporal contiguity is known to be a major factor influencing

animal training (McGreevy & Boakes, 2007). Since consistently and immediately reinforcing
animals for performing a desired response is not always practical, any technique that allows
these requirements to be relaxed without substantially affecting performance is of potential
benefit to animal trainers. The maintenance effect examined in this thesis may provide one such
technique – the present results suggest that, under certain conditions, performance of particular
behaviour can be maintained with a reinforcer delivered after a long interval, provided the
behaviour was initially trained with a much shorter delay and progressively increased. In order
for this to occur, the criteria stated above (Section 7.1) must be satisfied. Importantly, these
criteria suggest that only certain types of behaviour can be maintained with weakened contiguity
– namely, behaviour directed at a particular localised stimulus or location. Several of the case
studies cited by McGreevy and Boakes (2007) involve such directed behaviour; for example, a
pig trained to unroll a carpet, a seal retrieving a ball and a falcon flying to a fist. According to
the hedonic learning account proposed in this thesis, the stimulus or location gains hedonic value
by virtue of its association with reinforcement and is therefore more likely to sustain behaviour
directed towards it, even though the conditions of reinforcement may be deleteriously altered.
The application of the results of Experiment 11 through 13 to human performance in
practical tasks is problematic, in that much previous research has suggested that delayed
feedback for performance is more beneficial than immediate feedback, particularly in terms of
the long-term effects of feedback (see Section 1.1.11). Thus, although under some conditions
performance in the Martian conditioned suppression task with a long trace interval was
facilitated by prior training with a shorter trace, skilled tasks with delayed feedback are often
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learned rapidly and effectively without the need for prior training with stronger contiguity.
There are, however, certain types of task for which delaying KR interferes with performance –
most notably those in which response-produced feedback is not present during the delay. In
cases where KR delay does interfere with performance and retention, initial training with no (or a
very short) KR delay may be beneficial. As with animal training, this progressive delay of
feedback may be more practical from the trainer’s point of view, since immediate feedback is not
always possible or practical. Furthermore, this progressive delay in human learning should
circumvent the problem of over-reliance on feedback. This is the same principle underlying

faded feedback (Schmidt, 1991), in which feedback is initially delivered at a high relative
frequency (i.e., on a large number of trials), but is gradually reduced. According to this
principle, a gradual reduction in the frequency of feedback allows humans to learn to perform the
skill in the absence of feedback. Progressively delaying feedback may perform the same
function.

7.4

General considerations and conclusions
The easy-to-hard transfer observed in the present experiments extends to the domain of

temporal contiguity the principle of path-dependence, in which what an organism learns in a
certain situation depends on its conditioning history. While such path-dependence has intuitive
appeal and has also been acknowledged (and demonstrated) by some researchers, e.g., Ferster
(1953) and Lucas et al. (1981), this factor is typically not built into theories of learning. More
specifically, the observation that performance on a difficult task is facilitated by prior training
with an easier version of the task is well-established in a variety of preparations, e.g., Rescorla’s
(1989) high-to-low contingency observation and the easy-to-hard effect in discrimination
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learning (e.g., Lawrence, 1952; see Section 1.2.1 for more detail regarding both phenomena). A
further example is the well-known ratio strain phenomenon, in which responding on a ratio
schedule tends to cease if an animal is transferred from a high ratio to a low ratio without
sufficient intermediate steps. Thus, for example, while initial training on an FR10 schedule may
prevent the development of a response, initial training with continuous reinforcement (FR1),
followed by FR2, then FR3, etc, is likely to result in maintained responding with an FR10
schedule.
A further consideration highlighted by the present research is the importance of recording
and analysing multiple response types in animal studies. The analysis of lever-pressing alone in
the present experiments would have led to vastly different conclusions to those reached. In this
vein, the absence of both sign- and goal-tracking (as in Experiment 8 for example) does not
imply the absence of learning, since lever-pressing and magazine-entry can hardly be expected to
exhaust the list of possible responses that a rat in an operant chamber may make. Holland
(1979), for example, identified various CRs, including perambulating, rearing and head-jerking,
that were performed by rats exposed to simple CS-US relationships.

An attempt was made in this thesis to explain behaviour in rats and humans in terms of
similar underlying mechanisms. Although in the experiments reported here differences in
acquisition and maintenance of behaviour in rats were generally attributable to response
competition, while such difference in humans were explained by invoking associative and timing
processes, the tasks employed and results obtained suggest a closer similarity between learning
in humans and non-human animals than is generally reported. Most notably, the Martian
preparation enabled an interpretation of human learning data in terms of a theory of learning that
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was developed based on non-human animal conditioning (viz., concurrent interference theory)
and also the results of a recent study that employed rats as subjects (viz., Williams et al., 2008).
Such attempts to compare learning in humans and non-human animals are rare (see Miller and
Matute, 1996, for a notable exception), primarily due to the problem of developing a human
conditioning task that is analogous to animal studies and also lends itself to analysis in terms of
general theories of delay (e.g., Revusky, 1971). While humans undoubtedly employ higherorder cognitive processes that are unavailable to other species, there are some striking
similarities between learning across delays in humans and animals, and in light of the present
data it seems likely that under at least some conditions learning across species may be governed
by the same mechanisms.
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Appendix – Pre-CS rates of magazine-entry behaviour

Table A1. Mean number of magazine-entries during the pre-CS period over the course of Experiment 3.
HE
EH
Mean
SE
Mean
SE
Stage 1
1 5.7375
0.8809 6.8813
1.5107
2 5.7
0.6249 4.1813
1.0920
3 6.3938
1.1458 2.7313
0.9495
4 5.7625
0.8894 2.925
0.3296
5 4.25
1.1481 4.7938
0.9928
6 4.375
1.0697 3.2375
0.6470
Stage 2

1
2
3
4

6.3375
4.2938
4.1875
2.9813

0.9716
0.5798
0.7191
0.4664

5.6375
4.5813
7.0875
7.5625

0.8764
0.5133
1.0951
1.3576

Table A2. Mean number of magazine-entries during the pre-CS period over the course of Experiment 4.
Pel
Suc
Mean
SE
Mean
SE
Immediate
1 1.686
0.4778 1.975
0.3534
2 2.114
0.2857 2.9
1.3944
3 1.057
0.3484 2.225
0.6974
4 1.971
0.7150 1.1
0.5292
5 1.371
0.5528 1.05
0.7159
6 0.971
0.6480 1
0.3964
7 1.229
0.3890 1.85
0.6127
8 1.457
0.3772 1.55
0.5816
9 0.429
0.2201 1.375
0.5133
10 1.257
0.3456 0.6
0.3229
11 1.543
1.2819 0.95
0.4153
12 2.286
0.9339 0.85
0.4013
10-s trace

1
2
3
4

2.829
2.657
1.600
1.800

0.7690
0.8300
0.8934
0.6325

1.75
1.4
2.675
3.55

0.9905
0.5099
0.5398
1.0459

20-s trace

1
2
3
4

1.229
2.286
1.857
2.543

0.5135
0.3291
0.5669
0.7693

1.35
1.65
0.95
2.3

0.4547
0.7529
0.4355
0.6370

30-s trace

1
2
3
4

1.086
1.114
2.171
1.657

0.4469
0.3019
0.5911
0.9489

0.975
2.5
1.475
1.35

0.3554
0.8799
0.5502
0.5261
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40-s trace

1
2
3
4

2.371
1.314
0.943
0.714

0.6654
0.7340
0.2951
0.2262

1.65
1.75
1.575
1.325

0.4532
0.4656
0.8353
0.7464

300-s iti

1
2

0.800
2.286

0.4231
0.6247

1.35
2.2

0.7462
0.8635

150-s iti

1
2

1.486
1.971

0.3320
0.9851

4.825
2.125

1.0333
0.9304

75-s iti

1
2

1.857
0.971

0.9193
0.1409

2.9
2.4

0.7339
0.6761

40-s iti

1
2
3
4

1.686
1.543
2.143
2.400

0.3674
0.4530
0.7643
1.1735

6.825
2.2
1.9
2.8

1.0450
0.8238
1.0664
0.8350

1
2
3
4
5

2.314
1.914
1.686
2.114
1.314

0.8650
0.7418
0.5068
0.6201
0.4973

2.85
3.25
3.775
3.325
4.55

0.9500
1.1134
0.8689
1.1952
1.1076

1
2
3
4
5

1.857
1.286
2.629
0.914
0.657

0.4487
0.3019
0.9345
0.4317
0.3287

2.875
1.9
2.275
1.225
1.5

1.0433
0.8142
0.9227
0.3972
0.7455

300-s iti

Table A3. Mean number of magazine-entries during the pre-CS period over the course of Experiment 7.
CE
CC
Mean
SE
Mean
SE
1 5.1
1.3727 6.5
1.4248
2 5.1
0.8848 4.1
1.3923
3 3.675
0.7982 4.775
0.5849
4 2.75
0.6863 4.05
1.1102
5 2.575
0.7887 3.9
0.7426
6 3.225
1.2544 2.95
0.6822
7 3.925
1.6186 6.375
1.8805
8 3.35
0.4563 6.2
1.3898
9 3.35
0.8699 5.8
1.2912
10 3.75
0.8139 2.875
0.6221
11 3.325
1.4362 2.975
0.8224
12 4.025
1.5425 4.75
1.2710
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Table A4. Mean number of magazine-entries during the pre-CS period over the course of Experiment 8.
CtrlCtrlBlock-Trace
Block-Imm
Trace
Imm
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Stage 1
1 6.5143 2.0018 6.2929 1.3224 6.9500
1.3756 4.1357
0.9776
2 6.8143 2.5600 6.6286 1.2126 8.6357
1.5110 2.5071
0.9019
3 5.9143 2.0868 5.6286 1.3754 6.3571
1.3491 2.2643
0.8459
4 5.1357 1.4509 5.3643 1.2605 4.7000
1.4931 3.2786
1.0290
5 4.2429 1.0435 4.9286 0.6180 5.0071
0.9209 2.4357
0.9370
Stage 2

1
2
3
4
5

5.5714
4.4643
4.1500
4.2071
3.7143

1.2268
1.0913
1.1519
0.8583
1.1287

6.7571
4.3786
5.2857
5.9000
5.4500

0.9866
0.9066
1.2964
1.2719
0.8027

7.3857
5.6643
6.7071
4.9857
6.4714

1.5215
1.2421
1.6066
1.0101
1.4577

5.6143
5.4143
3.8214
4.3071
5.1786

1.1372
1.7350
1.2421
0.8088
0.8454

Table A5. Mean number of magazine-entries during the pre-CS period over the course of Experiment 9.
ITI1
ITI5
Mean
SE
Mean
SE
Stage 1
1 6.84375
1.5907 2.7
0.5960
2 7.03125
0.9400 1.45
0.6862
3 6.4375
1.1781 1.18125
0.3829
4 5.55
0.7860 1.18125
0.3169
5 5.2875
1.1662 0.56875
0.1842
6 7.85
1.4620 1.5625
0.6522
Stage 2

1
2
3
4
5

7.025
7.58125
4.70625
4.89375
3.825

1.4424
1.4640
0.9765
1.0301
0.5458

1.05625
1.19375
1.425
0.925
1.80625

0.2219
0.2205
0.4272
0.1333
0.5743

Table A6. Mean number of magazine-entries during the pre-CS period over the course of Experiment 10.
CS10
CS5
Mean
SE
Mean
SE
Stage 1
1 2.75625
0.5828 2.18125
0.3828
2 3.075
0.5498 2.24375
0.6435
3 2.44375
0.3426 1.99375
0.6672
4 2.29375
0.4697 2.2875
0.5584
5 3.45625
0.7478 1.425
0.3798
6 1.6125
0.2639 1.5625
0.3469
Stage 2

1
2
3
4
5
6

3.93125
2.68125
2.33125
3.8375
2.1
2.7375

0.9766
0.3707
0.5734
0.9681
0.3891
0.6329

2.65625
1.66875
2.30625
2.4375
2.43125
2.0375

0.6214
0.4171
0.7154
0.5347
0.4807
0.6054

197

