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The current experiment examined the factors that determine acquisition for elements of highly struc-
tured serial patterns. Three groups of rats were trained on three patterns with parallel rule-based hier-
archical structure, but with 3-, 4-, or 5-element chunks, each with a final violation element. Once rats
mastered their patterns, probe patterns were introduced to answer several questions. To assess the
extent to which the learned response pattern depended on intrachamber location cues for anticipating
different element types, Spatial Shift Probes shifted the starting lever of patterns to locations that posi-
tioned chunk boundaries where they had never been experienced during training. To assess the extent
to which a phrasing cue is necessary for rats to perform a chunk-boundary response, a Cue Removal Probe
tested whether rats would produce a chunk-boundary response in the correct serial position if the
phrasing cue was omitted. To assess the extent to which cues from multiple trials leading up to the vio-
lation element are required to anticipate the violation element, Multiple-Item Memory Probes required rats
to make an unexpected response on one of the elements in the last two chunks of the pattern prior to
the violation element. The results indicated that rats used multiple concurrent learning and memory
processes to master serial patterns, including discrimination learning, rule learning, encoding of chunk
length, and multiple-item memories.
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For decades, beginning with Lashley’s
(1951) celebrated paper or possibly even ear-
lier with the work of Ebbinghaus and others
(Ebbinghaus, 1885; Hunter, 1920; Skinner,
1934), sequential learning has repeatedly
aroused debate over the fundamental nature
of learning, memory, and representation in
humans and animals. In recent years, debate
has centered on whether nonhuman animals
can use nonassociative symbolic processes such
as rule induction to learn about the structure
of patterned sequences (“serial patterns”) of

events and whether multiple cognitive pro-
cesses may concurrently contribute to learning
serial patterns.

How do animals learn to respond appropri-
ately to predictable serial patterns of
stimuli? Hunter (1920) was one of the first
researchers to study sequential learning in
nonhuman animals, examining single-
alternation (ABABABAB…) versus double-
alternation (AABBAABB…) learning in rats.
For example, in a T-maze double-alternation
task, rats were required to run left on the first
and second trials, to run right on the third
and fourth trials, to run left on the fifth and
sixth trials, and so on. Single alternation was
easy to learn, but double-alternation turned
out to be a very difficult task for rats to learn
(Hunter, 1920).

Hunter (1920) argued that rats do not learn
these double alternation patterns because of
the "branching" problem in this particular pat-
tern of events: that is, that each “left” or
“right” response was followed equally often by
“left” and “right” responses on the next trial.
Thus, learning was difficult because there was
no single cue that predicted the correct
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response on the next trial. However, Hunter
found that if rats were provided an additional
differentiating cue that uniquely predicted the
outcome on the next trial, then they could eas-
ily master double alternation or even more
complex sequential problems. This outcome
foreshadowed later work on sequential learn-
ing as depending on discrimination learning
mechanisms by Hull (1931), Skinner (1934),
and Capaldi and colleagues, who proposed
that sequential learning depended on “multi-
ple-item memory” (Capaldi, Blitzer, & Molina,
1979; Capaldi & Molina, 1979; Wallace &
Fountain, 2002, 2003).
Later, Restle and Brown (1970a, 1970b,

1970c) used a nonverbal sequential learning
paradigm for college sophomores to examine
whether serial pattern learning could involve
the acquisition of nonassociative cognitive
structures. The apparatus consisted of six
lights (numbered 1 through 6) arranged in a
row on a panel. Underneath each light was a
push button. The subjects’ task was to predict
which light in an array of lights would come
on next by pushing a button below it. Restle
and Brown found that predicting light pat-
terns that were made up of two runs, “123”
and “543,” and one trill, “323,” in the pattern
123543323 were easier to learn than light pat-
terns that were made up of random arrange-
ments of lights such as 154234213. Restle and
Brown also found that participants overex-
tended the organizing principle of the pattern
at points where the pattern structure changed.
Students’ errors were consistent with this
hypothesis. For example, in the pattern 123-
543-3234, when responding to the first item of
the second chunk, participants frequently pro-
duced a “4” error (thus continuing the
123 run) instead of the correct “5” response.
In a pattern such as this one that is organized
into runs, the “4” response is a logical error to
make. More errors of this kind were made
than any other type of error. Based on these
and a series of other studies, Restle and collea-
gues concluded that human participants
abstracted rule-based structural properties of
the pattern that could be represented as sys-
tems of rules (Restle, 1970, 1972, 1973;
Restle & Brown, 1970a, 1970b, 1970c; Restle &
Burnside, 1972).
Although the foregoing associative and non-

associative learning hypotheses, broadly con-
strued, were originally proposed as mutually

exclusive accounts of sequential learning and
memory, recent behavioral work has produced
evidence to support both of these positions,
with evidence suggesting that rats may employ
more than one strategy or type of information
to encode and reproduce a single complex
behavioral pattern.

Muller and Fountain (2010) used a serial
multiple choice (SMC) task to examine factors
controlling responding in rat serial pattern
learning for a 24-element pattern. The SMC
task is modeled after a nonverbal task that has
been used to study human associative versus
rule learning (Fountain & Rowan, 1995a; Kun-
dey et al., 2013; Restle & Brown, 1970b) and we
have used it to study complex cognitive pro-
cesses in rats (Fountain et al., 2012). Rats in
this task learn to perform a highly structured
pattern of responses in a circular array of
manipulanda for reinforcers (Fountain, 2008;
Fountain, Benson, & Wallace, 2000; Fountain &
Rowan, 1995a, 1995b). The measure of
greatest interest on each element (trial) of the
pattern is whether or not the first choice rats
make is correct. Which manipulandum will be
the correct choice on any trial is predeter-
mined by the designated serial pattern. In
the study by Muller and Fountain (2010),
rats learned one of several variations of a
24-element serial pattern composed of eight
3-element chunks:

123−234−345−456−567−678−781−818−
…repeat pattern

Digits indicate the clockwise position of
retractable levers in the eight-lever circular
array affixed to the walls of an octagonal
chamber. The digits indicate the correct lever
on each element of the pattern, dashes indi-
cate a 3-s pause that served as phrasing cues
(Stempowski, Carman, & Fountain, 1999), and
all other intertrial intervals were 1 s. The first
element of each three-element chunk is
termed the chunk-boundary element. In this pat-
tern, chunk-boundary elements occurred every
three elements at Serial Positions 1, 4, 7, 10,
13, 16, 19, and 22. Each chunk-boundary ele-
ment followed a phrasing cue. The second and
third elements in each chunk are designated
within-chunk elements. The final “8” response of
this pattern (underlined) is termed a violation
element because it is not predicted by the rules
used to generate the rest of the pattern.
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Different groups were provided different
cues that were relevant to predicting when to
make the correct response on the violation
element of the pattern. Rats in the Location
Cues (L) only group started each pattern on a
different randomly chosen lever, but the viola-
tion was always at the same location in the
chamber. Rats in the Serial- Position-Cues-only
(SP) group started on different randomly cho-
sen levers, but the violation was always at Serial
Position 24 (SP24) in the pattern. Rats in the
Location and Serial Position Cues (L + SP)
group started on the same lever and the viola-
tion was always at SP24. Finally, rats in the
No Cues (N) group started each pattern
on a different randomly chosen lever, and the
violation could be in any location in the
chamber.
Acquisition data showed that all groups

learned to anticipate the within-chunk and
chunk-boundary elements. Groups L and
L + SP learned to anticipate the violation ele-
ment at comparable rates, but Groups N and
SP never learned to predict where to make the
correct response for the violation element
within 40 days of training.
After training to a high criterion, Groups L

and L + SP experienced a series of transfers.
The transfers consisted of transferring the ani-
mals to a serial-position-cues- only condition,
rotating the octagonal chamber 180 degrees,
and transferring the rats to a new chamber.
Additionally, the L + SP group was transferred
to a location-cues-only condition.
The transfer data indicated that within-

chunk elements and chunk-boundary ele-
ments were unaffected by the manipulations
that were made in this experiment. Earlier
work showed that removal of phrasing cues
produced deficits in performance on the next
trial, the first element of each chunk in that
case (Stempowski et al., 1999).
Violation errors increased when rats were

transferred to the serial-position-cues- only
condition and when they were tested in a new
chamber, but not when their original chamber
was rotated, suggesting that responding to the
violation element was governed by intramaze
cues. That is, the animals were using informa-
tion from within the chamber to predict where
to make the violation response. If they had
been using extramaze cues, then rotating the
box should also have increased errors, but this
was not observed. In addition, when location

cues were removed from the L + SP group,
performance on the violation element was
profoundly impaired, implying that the ani-
mals did not use serial position cues to predict
the violation element.

The results of this study supported three
claims. First, learning about the violation ele-
ment depended on discrimination learning
about multiple cues and, thus, depended on
processes different from those mediating
learning and performance for the rest of the
pattern. Second, none of the probe manipula-
tions had any effect on the within-chunk ele-
ments, suggesting that whereas performance
on other parts of the pattern are mediated by
associative mechanisms involving external
cues, performance on within-chunk elements
was controlled by an internal representation.
Third, animals did not show evidence of using
serial position as a cue for anticipating the vio-
lation element. This final finding is interesting
considering that other studies suggest rats can
use serial position as a cue in short patterns
(Burns & Dunkman, 2000; Burns, Dunkman, &
Detloff, 1999).

By demonstrating that learning about the
violation element depended on different
mechanisms than learning about the within-
chunk and chunk-boundary elements, it is pos-
sible to interpret the data as showing that
more than one process is involved in serial pat-
tern learning. Responding to the different ele-
ments was controlled by different mechanisms
that cannot be explained with one theory,
such as discrimination learning or rule learn-
ing. In this experiment, chunk-boundary ele-
ments and the violation element were found
to be controlled by discriminative cues, pauses
that served as phrasing cues, and spatial loca-
tion cues, respectively. But external discrimi-
native cues could not explain responding for
within-chunk elements. None of the cue
manipulations had any effect on performance
on the within-chunk elements, leading to the
conclusion that the rats abstracted a rule from
the structure of the pattern to guide respond-
ing on those elements. It is possible that the
rule used to perform within-chunk elements
could be characterized as a motor response.

The current experiment sought to clarify
the factors that determine acquisition for
elements of patterns similar in structure to
those studied by Muller and Fountain (2010).
To this end, in the acquisition phase, three
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groups of rats were trained on three
patterns with parallel rule-based hierarchical
structures, but different chunk lengths. Pat-
terns were designed with 3-, 4-, or 5-element
chunks, each with a final violation element
(underlined):
3-Element Chunk pattern:

123−234−345−456−567−678−781−818

4-Element Chunk pattern:

1234−3456−5678−7818

5-Element Chunk pattern:

12345−45678−78121

To determine whether acquisition
depended more on pattern structure versus
experience with cues, acquisition data
were analyzed for the three training patterns.
Special attention was paid to the relationship
between the number of pattern and
element repetitions experienced for each ele-
ment type and acquisition rate. The types
of errors made during acquisition were also
examined.
Once rats mastered their patterns, probe

patterns were introduced to answer several
questions. To assess the extent to which the
learned response pattern depended on intra-
chamber location cues for anticipating differ-
ent element types, Spatial Shift Probes shifted
the starting lever of patterns to locations that
positioned chunk boundaries where they had
never been experienced during training. To
assess the extent to which a phrasing cue is
necessary for rats to perform a chunk-
boundary response, a Cue Removal Probe tested
whether rats would produce a chunk-boundary
response in the correct serial position if the
phrasing cue were omitted. And, to assess the
extent to which cues from multiple trials lead-
ing up to the violation element are required
to anticipate the violation element, Multiple-
Item Memory Probes required rats to make an
unexpected response on one of the elements
in the last two chunks of the pattern prior to
the violation element. If rats depend on cues
from multiple trials leading up to the violation
element to anticipate the violation element,
then changing these elements should reveal
the relevant cues.

Method

Subjects
Thirty-six experimentally naïve male Long-

Evans hooded rats at least 90 days of age at
the time of surgery served as subjects for this
experiment. All rats were implanted with bipo-
lar electrodes (MS301, Plastic Products, Roa-
noke, VA) for hypothalamic brain stimulation
reward (coordinates, skull level: 4.5 mm poste-
rior, 1.5 mm lateral, 8.5 mm below the surface
of the skull). Rats were deeply anesthetized by
injection of 35.56 mg/kg ketamine and
3.56 mg/kg xylazine before surgery and
received antibiotics to reduce the chance of
infection following surgery. They were also
monitored for infection after surgery and were
given at least 1 week for recovery. Rats were
housed in individual cages on a 15:9 light:dark
cycle and were tested during the light portion
of the cycle. Both food and water were freely
available in the home cages.

Apparatus
Shaping chambers (30 × 30 × 30 cm),

equipped with a lever and a commutating
device centered in the ceiling, were used to
shape rats to make a lever press response for
brain stimulation. The walls and ceiling of the
chambers were constructed of clear Plexiglas
with a floor of stainless steel rods. The shaping
chambers were enclosed in a sound- attenuat-
ing chamber made of particle board
(20 × 60 × 65 cm) and were housed in a
room separate from the testing rooms. The
test chambers were octagonal and measured
approximately 40 cm between parallel walls.
The walls and ceiling were made of clear Plexi-
glas with a floor of hardware cloth
(Fountain & Rowan, 1995a, 1995b). A commu-
tating device was located in the center of the
ceiling of the apparatus. A retractable
response lever was centered on each wall
5.0 cm above the floor. For each octagonal
chamber, the eight levers were designated 1–8
in a circular manner such that all lever desig-
nations and the spatial orientation of the
chamber within the room were consistent
throughout the experiment, and rats were
always tested in the same octagonal chamber.
The octagonal chambers were located in sepa-
rate rooms (approximately 2 × 2.6 m) illumi-
nated throughout testing by fluorescent
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lighting. Levers in both the shaping and testing
chambers required approximately 0.15 Newton
(N) force for activation. Rats were connected
to the stimulator by way of a flexible cord
(Plastic Products, MS304) and a commutating
device. The experiment was controlled from an
adjoining room using a microcomputer and
interface (Interface and Med-State Software:
Med Associated Inc., Fairfield, VT).

Procedure
Shaping. Following at least 1 week’s recovery

from surgery, a lever press response for brain
stimulation reward (BSR) was shaped in a
shaping chamber equipped with a single lever.
Reinforcers consisted of a single 200-ms BSR
“pulse” of a 60-Hz sinusoidal pulse train from
a constant current source of 20-100 μA. In all
shaping procedures, individual rats received
one such pulse for each correct response. Rats
were required to make at least 1,000 bar press
responses within a 30-min session and received
up to three sessions to meet criterion. Rats
that failed to meet the criterion were excluded
from the study. Typically, rats were trained in
larger groups to provide for multiple experi-
ments with 0-30% failing to meet shaping cri-
terion and with the remainder randomly
assigned to experiments.
Acquisition phase. Once the rats were

trained to lever press for brain stimulation,
they were randomly assigned to three groups
of 12 and trained daily in the octagonal cham-
ber. The rats were required to learn one of
three different patterns containing a violation
element in the final chunk with the use of a
correction procedure. A “violation element” is
defined in this paper as an element that is not
predicted from the formal structure of the
pattern.
Figure 1 shows the patterns learned by the

three groups. The 3-Element Chunk Group
learned the training pattern 123-234-345-456-
567-678-781-818, a series consisting of eight 3-
element groups called “chunks” ending with a
violation element “8”. The 4-Element Chunk
Group learned the training pattern, 1234-
3456-5678-7818, a series of four 4-element
chunks, also ending with a violation element
“8”. Finally, the 5-Element Chunk Group
learned the training pattern, 12345-45678-
78121, a series of three 5-element chunks end-
ing with a violation element “1”.

In all three groups, each element within
chunks was separated by an intertrial interval
(ITI) of 2.0 s, whereas chunks were separated
by a shorter 0.5-s ITI that has been shown in
earlier work to be a potent phrasing cue
(Stempowski et al., 1999). At the beginning of
each trial, all eight levers were inserted into
the chamber and the rat was free to respond
at any of the eight levers. If the rat’s first
response was correct, then all levers were
retracted and the rat received a pulse of BSR.
If an incorrect response was produced, then
the rat entered a correction procedure in
which all incorrect levers were retracted leav-
ing only the correct lever. Once the rat
responded correctly, the correct lever was
retracted and the rat received BSR. After the

Fig. 1. The sequential patterns learned by the three
pattern groups during the acquisition phase. The 3-
Element Chunk Group learned the top training pattern,
123-234-345-456-567-678-781-818, a pattern consisting of
eight 3-element groups called “chunks” ending with a vio-
lation element “8”. The 4-Element Chunk Group learned
the middle training pattern, 1234-3456-5678-7818, a pat-
tern consisting of four 4-element chunks, also ending with
a violation element “8”. Finally, the 5-Element Chunk
Group learned the bottom training pattern, 12345-45678-
78121, a pattern consisting of three 5-element chunks end-
ing with a violation element “1”. In these three
structurally-parallel patterns, elements within chunks
except for the last element of the pattern were related by
+1 rules (“move-one-to-the-right”), as shown above each
pattern, and all chunk boundaries required a cued left
turn. The last element of each pattern violated the other-
wise consistent +1 rule within chunks and required a left
turn (−1 rule) rather than the expected right turn.
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appropriate ITI, the next trial began. The
interpattern interval between the last element
of one pattern and the first element of the
next was 9.0 s. To accustom rats to the train-
ing procedure, the first block of 50 patterns of
training was spread over 5 days: rats received
5 patterns for the first 3 days, 10 patterns on
the 4th day, and 25 patterns on the 5th day.
The accumulated data for the first block of
50 patterns were pooled and treated as “Day
1” of acquisition. Thereafter, rats received
50 patterns per day for 29 additional days for a
total of 1,500 patterns in the acquisition
phase.
Probe trial phase. Beginning the day follow-

ing the end of the acquisition phase, rats
received 7 days in which the 3-, 4-, and 5-
Element Chunk groups completed 65, 76, or
130 training patterns per day, respectively, to
acclimate the rats to the increased demands of
the probe trial phase that was to follow. Once
this training was complete, on the next day,
rats were transferred to the probe trial phase
of the experiment.
In the probe trial phase, rats received

10 consecutive probe trial days. Each day
started with five training patterns followed by
the first probe pattern. Training continued
until the 3-, 4-, and 5-Element Chunk groups
completed a total of 65, 76, or 130 patterns
per day, respectively. These sessions included
13, 20, and 26 probe patterns (including one
training pattern probe per day), respectively,
presented in random order separated by sets
of five training patterns. Rats received the fol-
lowing probes presented in random order and
separated by five training patterns for each
day of the 10-day probe trial phase: one each
of the Spatial Shift Probes (listed in Table 1),
one presentation of the Cue Removal Probe
consisting of the pattern 12345678, one each
of the Multiple-Item Memory Probes (listed in
Table 2), and one presentation of the training
pattern presented as a probe pattern. Other
probes included 6, 9, or 12 “short chunk

probes” for 3-, 4-, and 5-Element Chunks
groups, respectively, whose data are not
reported here.

Statistical Analysis
Repeated measures analysis of variance

(ANOVA) was used to assess differences in
training pattern acquisition rates between
groups for different element types (the first
element of each pattern, within-chunk, chunk-
boundary, and violation elements) across the
30 days of the acquisition phase of the experi-
ment. Similarly, probe pattern results were
analyzed by conducting one- and two-factor
repeated measures ANOVAs and calculating
critical t-tests. Main effects and interactions
were considered significant if p < .05. In cases
where the sphericity assumption was violated,
a Greenhouse-Geisser correction was used to
adjust (reduce) degrees of freedom, some-
times resulting in fractional degrees of free-
dom. To simplify reporting, fractional degrees
of freedom are reported as the next lower
whole number. When significant effects were
observed, planned comparisons based on the
appropriate error term of the ANOVA
(Fisher’s Least Significant Difference tests)
were conducted to determine the direction of
the effect as well as specific days within acquisi-
tion when groups differed, and for determin-
ing when probe trial and control performance
differed. Lastly, “intrusion analysis” examined
the types of errors committed by element type
to assess possible differences in learning strate-
gies between groups or for different elements
of patterns.

Results

Acquisition
3-element chunk group acquisition. Figure 2A

(top panel) shows that when acquisition data
are plotted by Day, the violation element took
significantly longer to learn than the other
three pattern elements: namely, the first ele-
ment of each pattern, the chunk-boundary
elements, and the within-chunk elements.
A repeated-measures ANOVA conducted on
rats’ daily mean errors on the four element
types indicated main effects for Days,
F(3, 67) = 99.319, p < .05, and Element Type,
F(1, 20) = 111.208, p < .05, indicating that,

Table 1

Spatial Shift Probes

4-Element Chunk Group 5-Element Chunk Group

2345-4567-6781-8123 23456-56781-81234
4567-6781-8123 34567-67812-12345

56781-81234-34567
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when collapsed over groups, errors decreased
over days, and that there was at least one sig-
nificant difference among the four element
types. There was also a significant Days x Ele-
ment Type interaction, F(10, 67) = 19.021,
p < .05, showing that the rate of acquisition
was different for the different element types.
Planned comparisons indicated that rats pro-
duced significantly more errors on the viola-
tion element than on the first element, the
chunk boundaries, and the within-chunk ele-
ments on days 1–11 (ps < .05). There were no
differences in rate of acquisition among the
first element, chunk boundary, and within-
chunk elements (p > .05).
A very different picture emerged when

errors were plotted by blocks of 50 elements.
Figure 2A (bottom panel) shows that acquisi-
tion rates on chunk-boundary and violation
elements did not differ, whereas acquisition
rates on within-chunk elements were slower
compared to chunk-boundary, violation, and
first elements. It should be noted that because
rats experienced only one violation element
per pattern for 50 patterns per day, that is,
50 violation elements in each day’s training, in
Figure 2A the acquisition curves for the viola-
tion element are identical in the top and bot-
tom panels. First elements of each pattern
were learned much faster than chunk-bound-
ary, violation, and within-chunk elements. A
two-way repeated measures ANOVA con-
ducted on Blocks of 50 elements of each type
and Elements in the 3-Element Chunk Group
showed a main effect for Blocks, F
(29, 812) = 67.247, p < .05, indicating that
errors on all elements decreased over time.
There was also a main effect for Element
Type, F(3, 28) = 19.007, p < .05, indicating
that the number of errors committed for the

four types of elements differed. Finally, there
was also a significant Block x Element Type
interaction, F(87, 812) = 6.28, p < .05, indicat-
ing that the rate of acquisition was different
for different elements. Planned comparisons
revealed that acquisition rates on chunk-
boundary and violation elements were the
same (p > .05), whereas acquisition rates on
within-chunk elements were significantly
retarded compared to first elements of the
pattern on Blocks 1–30, chunk-boundary ele-
ments on Blocks 6–20 and 23–30, and viola-
tion elements on Blocks 5–30. Acquisition
performance for within-chunk elements was
significantly better than on chunk-boundary
elements on Block 2 and on violation ele-
ments on Blocks 2–3. In addition, the first ele-
ment of each pattern was learned significantly
faster than chunk-boundary elements on
Blocks 1–13 and violation elements on Blocks
1–7 and 10 (all ps < .05).

4-element chunk group acquisition. Figure 2B
(top panel) shows that when errors were plot-
ted by Day, the violation element took longer
to learn than the other three pattern ele-
ments. A repeated-measures ANOVA con-
ducted on rats’ daily mean errors on each of
the four element types disclosed main effects
for Days, F(4, 88) = 151.857, p < .05, and Ele-
ment Type, F(1, 20) = 329.581, p < .05, indicat-
ing that errors decreased over days and within
element types. There was also a significant
Days x Element Type interaction,
F(13, 88) = 21.394, p < .05, showing that the
rate of acquisition was different for different
element types. Planned comparisons revealed
that the first elements of the pattern were sig-
nificantly different from chunk-boundary ele-
ments on Days 1–3. In addition, violation
element acquisition was significantly retarded

Table 2

Multiple-Item Memory Probes

3-Element Chunk Group 4-Element Chunk Group 5-Element Chunk Group

123-234-345-456-567-678-381-818 1234-3456-3678-7818 12345-35678-78121
123-234-345-456-567-678-731-818 1234-3456-5378-7818 12345-43678-78121
123-234-345-456-567-678-783-818 1234-3456-5638-7818 12345-45378-78121
123-234-345-456-567-678-781-318 1234-3456-5673-7818 12345-45638-78121
123-234-345-456-567-678-781-838 1234-3456-5678-3818 12345-45673-78121

1234-3456-5678-7318 12345-45678-38121
1234-3456-5678-7838 12345-45678-73121

12345-45678-78321
12345-45678-78131
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3-Element Chunk Group: Acquisition of All Elements 
by Day
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C 5-Element Chunk Group: Acquisition of All Elements
by Day 
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Fig. 2. Acquisition curves for 3-Element Chunk Group (Panel A), 4-Element Chunk Group (Panel B), and 5-Element
Chunk Group (Panel C). Group mean data are shown for the first element of patterns, within-chunk elements, chunk-
boundary elements, and the violation element plotted by day for the 30 days of the experiment (top) and by blocks of
50 elements for the first 30 blocks of the experiment (bottom). Error bars: � SEM.
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compared to first elements on Days 1–9 and
11–13; chunk boundaries on Days 2–9
and 11–13; and within-chunk elements on
Days 1–9 and 12 (all ps < .05). There were no
significant differences among first elements,
chunk-boundary, and within-chunk ele-
ments (p > .05).
When error rates were plotted by blocks of

50 pattern elements, different results were
found. It should again be noted that because
rats experienced only one violation element
per pattern for 50 patterns per day, that is,
50 violation elements in each day’s training, in
Figure 2B, the acquisition curves for the viola-
tion element are identical in the top and bot-
tom panels. Figure 2B (bottom panel) shows
that acquisition rates on chunk-boundary and
violation element acquisition rates were the
same, whereas within-chunk element acquisi-
tion was slower compared to that of chunk-
boundary, violation, and first elements. First
elements of each pattern were faster than
chunk-boundary, violation, and within-chunk
elements.
A two-way repeated-measures ANOVA con-

ducted on Blocks and Elements in the 4-
Element Chunk Group showed a main effect
for Blocks, F(29, 580) = 112.824, p < .05, indi-
cating that errors on all elements decreased
over time. There was also a main effect for Ele-
ments, F(3, 20) = 29.133, p < .05, indicating
that errors within elements also decreased
over time. Finally, there was also a significant
Block × Element interaction, F
(87, 580) = 11.893, p < .05, indicating that the
rate of acquisition was different for different
elements. Planned comparisons revealed that
acquisition rates on chunk boundary and viola-
tion elements were the same (p > .05),
whereas acquisition rates on within-chunk ele-
ments were significantly retarded compared to
first elements of the pattern on Blocks 1–29;
chunk-boundary elements on Blocks 8–29; and
violation elements on Blocks 6–21 and 23–29.
Acquisition rates on within-chunk elements
were significantly better than on chunk-
boundary elements on Blocks 1–4 and viola-
tion elements on Blocks 1–4. First elements of
each pattern were significantly different from
chunk-boundary, violation, and within-chunk
elements (all ps < .05).
5-element chunk group acquisition. Figure 2C

(top panel) shows that when errors were plot-
ted by Day, the violation element took the

longest to learn than the other three pattern
elements. A repeated-measures ANOVA con-
ducted on rats’ daily mean errors on each of
the four element types indicated main effects
for Days, F(4, 81) = 58.765, p < .05, and Ele-
ment Type, F(1, 20) = 237.118, p < .05, indicat-
ing that errors decreased over days and within
element types. There was also a significant
Days × Element Type interaction,
F(12, 81) = 4.422, p < .05, showing that the
rate of acquisition was different for different
element types. Planned comparisons indicated
that violation element acquisition was signifi-
cantly retarded compared to the first
element of the pattern on Days 1–8 and
21, chunk boundaries on Days 2–8 and 21–22,
and within-chunk elements on Days 1–8
and 21–22 (all ps < .05). There were no differ-
ences among first elements of the pattern,
chunk-boundary, and within-chunk ele-
ments (p > .05).

As with the other two groups, when error
rates were plotted by blocks of 50 pattern ele-
ments, the results were different from those of
daily acquisition. Once again, it should be
noted that because rats experienced only one
violation element per pattern for 50 patterns
per day, that is, 50 violation elements in each
day’s training, in Figure 2C, the acquisition
curves for the violation element are identical
in the top and bottom panels.

Figure 2C (bottom panel) shows that acqui-
sition rates on chunk-boundary and violation
element acquisition rates were the same,
whereas within-chunk element acquisition was
slower compared to that of chunk-boundary,
violation, and first elements. First elements of
each pattern were learned faster than chunk-
boundary, violation, and within-chunk ele-
ments. A two-way repeated-measures ANOVA
conducted on Blocks and Elements in the 5-
Element Chunk Group showed a main effect
for Blocks, F(29, 812) = 80.115, p < .05, indi-
cating that errors on all elements decreased
over time. There was also a main effect
for Elements, F(3, 28) = 26.542, p < .05, indi-
cating that errors within elements also
decreased over time. Finally, there was also a
significant Block x Element interaction,
F(87, 812) = 7.529, p < .05, indicating that the
rate of acquisition was different for different
elements. Planned comparisons revealed that
acquisition rates on chunk-boundary and viola-
tion elements were the same (p > .05).
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Acquisition rates on within-chunk elements
were significantly retarded compared to first
elements of the pattern on Blocks 1, 3–21, and
23–26; chunk-boundary elements on 7–21,
23–26, and 30; and violation elements on
Blocks 6–13, 16–19, and 23–26. Acquisition
rates on within-chunk elements were signifi-
cantly better than on chunk-boundary ele-
ments on Blocks 1–5 and violation elements
on Blocks 1–3. First elements of each pattern
were also learned significantly faster than
chunk-boundary elements on Blocks 1–7, and
on violation elements on Blocks 1–8
(all ps < .05).
Groups collapsed and plotted by blocks of 50 ele-

ments. Separate repeated measures ANOVAs
conducted on rats’ daily mean errors pooled
across blocks of 50 pattern elements for the
first element of each pattern, chunk-boundary
elements, within-chunk elements, and viola-
tion elements showed a main effect for Blocks
for each element type, all ps < .05, but no sig-
nificant Pattern X Blocks interaction for any
element type (ps > .05). Because there were
no significant differences in rate of learning
for any of the elements among the groups
when analyzed by Blocks of 50 Elements, an
analysis was performed on pattern elements
with the groups collapsed.
Figure 3 shows that when the data were plot-

ted this way, the first element of the pattern
was learned faster than any other element
type in the pattern. Chunk-boundary and

violation elements were learned at the same
rate. And, within-chunk elements were learned
at the slowest rate. A two-way repeated mea-
sures ANOVA was conducted on Blocks
and Elements collapsed across groups.
Results showed a main effect for Blocks,
F(29, 2436) = 236.410, p < .05, indicating that
errors on all elements decreased over time.
There was also a main effect for Elements,
F(3, 84) = 65.184, p < .05, indicating that
errors within elements also decreased over
time. Finally, there was also a significant Block
x Element interaction, F(87, 2436) = 21.937,
p < .05, indicating that the rate of acquisition
was different for different elements. Planned
comparisons revealed that acquisition rates on
chunk-boundary and violation elements were
the same (p > .05). Acquisition rates on within-
chunk elements were significantly retarded
compared to first elements of the pattern on
Blocks 1–30; on chunk-boundary elements
on Blocks 7–30; and, on violation elements on
Blocks 5–30. Acquisition rates on within-chunk
elements were significantly better than on
chunk-boundary elements on Blocks 1–4 and
violation elements on Blocks 1–3. The first ele-
ments of each pattern were also learned signifi-
cantly faster than chunk-boundary elements on
Blocks1-11 and 13; and on violation elements
on Blocks 1–8 and 10–11 (all ps < .05).

Probe Trial Results: Spatial Shift Probes
Rats in the 4-Element and 5-Element Chunk

Groups were presented with probes that con-
stituted a spatial shift in the location of the
chunk boundary and violation elements. In
other words, rather than starting the pattern
on Lever 1, the patterns were started on levers
that did not serve as chunk boundaries in the
original training pattern. The 4-Element
group completed two such probes, with one
starting the pattern on Lever 2 and the other
pattern starting on Lever 4. The 5-Element
Chunk Group completed three of these probe
patterns. The first pattern started on Lever
2, the second on Lever 3, and the third on
Lever 5. Errors on the probe element chunk
boundaries were compared to the training
pattern chunk boundaries to see whether
rats learned something about the structure of
the pattern or if they relied on specific spatial
and lever cues to guide their behavior in
this task.

Groups Collapsed: Acquisition of All Elements
by Block
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Fig. 3. Acquisition curves for 3-Element Chunk Group,
4-Element Chunk Group, and 5-Element Chunk Group
data collapsed for the first element of patterns, within-
chunk elements, chunk-boundary elements, and the viola-
tion element plotted by blocks of 50 elements for the first
30 blocks of the experiment. Error bars: � SEM.
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As Figure 4 shows, results for both
groups suggest that rats may have abstracted
the pattern structure, but that associative
cues (such as element location and phrasing
cues) were more important in mediating
responding in serial pattern learning. A two-
way repeated-measures ANOVA conducted
on Serial Position and Type of Pattern showed
significant main effects for Serial Position,
F(4, 70) = 72.085, p < .05, and Pattern Type,
F(2,15) = 89.406, p < .05, as well as a signifi-
cant Serial Position x Pattern interaction, F
(9, 70) = 17.454, p < .05, for the 4-Element
Chunk Group. Planned comparisons con-
ducted on Type of Pattern utilizing Fisher’s

LSD showed that both probe patterns were sig-
nificantly different from the training pattern.
The probe pattern beginning on Lever 2 was
different from the Training Pattern on Serial
Positions 1, 4, 5, 6, 9, 12, 15 (p < .05). The
probe pattern beginning on Lever 4 was differ-
ent from the Training Pattern on Serial Posi-
tions 1, 2, 4, 5 (p < .05). In addition, the
probe patterns were significantly different
from one another, p < .05. Post hoc compari-
sons on Elements showed that the probe pat-
tern beginning on Lever 2 was different from
the probe pattern beginning on Lever 4 on
Serial Position 9.

For the 5-Element Chunk Group, a two-way
repeated-measures ANOVA conducted on
Serial Position and Type of Pattern also
showed a significant main effect for Serial
Position, F(14, 280) = 64.718 as well as a signif-
icant Serial Position × Pattern interaction,
F(42, 280) = 11.094. Planned comparisons
conducted on Type of Pattern utilizing Fish-
er’s LSD showed that all three probe patterns
were significantly different from the training
pattern. The probe pattern beginning on
Lever 2 was different from the Training Pat-
tern on Serial Positions 1, 2, 5, 6, 7, 11, 14.
The probe pattern beginning on Lever 3 was
different from the Training Pattern on Serial
Positions 1, 2, 4, 6. The probe pattern begin-
ning on Lever 5 was different from the Train-
ing Pattern on Serial Positions 1, 2, 6, 9,
11, 14. In addition, the probe pattern starting
on Lever “3” was significantly different from
the probe pattern starting on Lever “5” at
Serial Positions 4, 9, 11, 12 (all ps < .05).

Approximately 80% of the time, rats made
correct responses at chunk boundaries in the
spatially shifted probe patterns. However, a
look at what kinds of errors rats made was very
revealing. When rats made errors at chunk
boundaries, they were of three basic types.
The first type was what can be termed “viola-
tion expectation” errors. In both groups, if the
elements leading up to the violation element
in the training pattern appeared in a probe
chunk, then rats tended to make responses on
what they expected to be a violation element,
even if there was a phrasing cue where there
was not one in the training pattern. In the 4-
Element Chunk Group, there were two
instances of elements “7 8 1” leading directly
to a correct response on “8” after a phrasing
cue. Rats could have been using the phrasing

Fig. 4. Element-by-Element group mean errors com-
mitted on 10 Spatial Shift probes for the 4-Element Chunk
Group and 5-Element Chunk Group. See Table 1 for more
details regarding specific probes. Error bars: � SEM.

165SERIAL PATTERN LEARNING IN RATS



cue to direct them to turn left to make a
response on 8, or they could have been using
the element cues “7 8 1” to cue a left turn
there. In either case, that response led to BSR,
so it is impossible to make a conclusive state-
ment about what was guiding responding in
these instances.
However, if we look at what rats in the 5-

Element Chunk Group did when the cues
leading up to the violation element were in
place, then a clearer picture emerges. In this
group, the elements leading up to the viola-
tion element were “7 8 1 2.” In the probe pat-
tern starting on Lever 3, there was one time
when “7 8 1 2” occurred right before a phras-
ing cue. In that instance (in the probe pattern
starting on Lever 3, the second chunk contains
“7 8 1 2”), the correct response was on Lever
1, just as it had been in the training pattern.
There were also two times when elements “8
1 2” occurred in a chunk, but did not result in
a correct response on Lever 1 (or a violation).
Rats responded as though they expected a vio-
lation element to occur in these instances,
which provides evidence that rats used ele-
ment cues to track the violation element.
The second type of error rats made at

chunk boundaries was what Restle and Brown
(1970a, 1970b, 1970c) called “continuation of
runs.” In other words, rather than making a
left turn at a chunk boundary, rats would
make a right turn after the phrasing cue, thus
continuing a “run” of levers. Evidence for this
pattern was found in the 5-Element Chunk
Group. In the probes starting with Levers
2 and 3, a continuation of runs was observed
at the first chunk boundary, and in the second
chunk boundary in the probe starting on
Lever 5.
The third type of error rats made at chunk

boundaries was perseveration. Perseveration
errors occurred when the same lever was
pressed before and after a phrasing cue. This
type of error tended to occur in the 4-Element
Chunk Group, although one instance of this
occurred in the 5-Element Chunk Group as
well. In the 4-Element Chunk Group, persever-
ation errors occurred at the first chunk
boundary in both spatial shift probes and at
the second chunk boundary in the probe pat-
tern starting on Lever 2. In the 5-Element
Chunk Group, perseveration errors were
observed at the first chunk boundary of the
probe pattern starting on Lever 5.

Probe Trial Results: Cue Removal Probes
Each group was tested on the same probe

pattern: 1 2 3 4 5 6 7 8. The purpose of this
probe was to determine to what extent phras-
ing cues versus pattern structure mediated
responding at chunk boundaries. Figure 5
shows that errors were made in different places
in the pattern depending on the training pat-
tern group, but there were no differences
between groups in terms of overall errors.

The 3-Element Chunk Group had an
increase in errors on Lever 4 where a phrasing
cue was expected. Similarly, the 4-Element
group showed an increase in errors on Lever
5. And, the 5-Element Chunk Group had
increased errors in Lever 6, where phrasing
cues were expected.

A two-way repeated-measures ANOVA con-
ducted on Element by Group revealed a
main effect for Element, F(7, 105) = 14.877,
p < .05, and an Element × Group interaction,
F(14, 105) = 12.650, p < .05. A repeated-
measures ANOVA showed that the 3-Element
Chunk Group made significantly more
errors on Element 4 than on Element
3, F(1, 10) = 12.942, p < .05. The elements
leading up to the place where the phrasing
cue occurred in the training pattern were not
significantly different from one another. Spe-
cifically, Elements 1 through 3 were not signifi-
cantly different from one another.

Fig. 5. Element-by-Element group mean errors com-
mitted on 10 Cue Removal probes consisting of the pat-
tern, 12345678, for the 3-Element Chunk Group, 4-
Element Chunk Group, and 5-Element Chunk Group. *
p < .05 relative to other elements of the same pattern.
Error bars: � SEM.
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A repeated-measures ANOVA conducted on
Elements revealed that the 4-Element Chunk
Group made significantly more errors on Ele-
ment 5 than on Element 4, F(1, 7) = 11.982,
p < .05. Elements 1 through 4 were not signifi-
cantly different from one another.
Finally, a repeated-measures ANOVA con-

ducted on Elements showed that the
5-Element Chunk Group made significantly
more errors on Element 6 than on Element
5, F(1, 5) = 17.760, p < .05. As with the other
two groups, the elements leading up to the
phrasing cue (Elements 1 through 5) did not
differ significantly from one another.
In all three groups, error profiles showed

that perseveration errors were the most fre-
quent error type made when a phrasing cue
was expected. In the 3-Element Chunk Group,
23.3% of the 60 possible responses were made
on Lever 3, a perseveration error. In the 4-
Element Chunk Group, 33.9% of the 59 possi-
ble responses were made on Lever 4, a persev-
eration error. Finally, in the 5-Element Chunk
Group, 18% of the 50 possible responses were
made on Lever 5, a perseveration error. In all
three groups, fewer than 7% of the responses
were made on the correct lever in the corre-
sponding training pattern.

Probe Trial Results: Multiple-Item Memory
Probes
Each group experienced a series of probe

patterns where elements leading up to the vio-
lation element were systematically manipu-
lated to determine the effects on performance
on the Violation Element. The manipulations
included all elements of the last two chunks of
training pattern, that is, the chunk containing
the Violation Element and the preceding
chunk. On different probes, rats were
required to perform a response on Lever “3”
instead of a response on the lever that would
normally be correct in the pattern. Each
group had a different number of elements in
each chunk; therefore, the groups had differ-
ent numbers of manipulated elements, as
shown in Table 2. The numbers of errors com-
mitted on the Violation Element in each of
the probes were compared to the number of
errors on the Violation Element in the train-
ing pattern.
Multiple-item memories: 3-Element Chunk

Group. Five elements were manipulated in the
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Fig. 6. Group mean errors committed on the violation
element of 10 Multiple Item Memory probes for the
3-Element Chunk Group, 4-Element Chunk Group, and
5-Element Chunk Group on trials in the two final chunks
of each pattern compared to performance on the violation
element of a training pattern probe. Five elements were
manipulated in the 3-Element Chunk group. Seven ele-
ments were manipulated in the 4-Element Chunk group.
Nine elements were manipulated in the 5-Element Chunk
group. See Table 2 for more details regarding specific
probes. * p < .05 relative to training pattern probe perfor-
mance. Error bars: � SEM.
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3-Element Chunk Group. Figure 6 (top panel)
shows a general trend toward more errors on
the violation element as the position of the
manipulated element approaches the violation
element. In other words, when the manipu-
lated element was one, two, or three elements
before the violation element, errors were
higher than when it was four or five positions
before the violation element. A repeated-
measures ANOVA revealed a main effect for
Position of the manipulated element,
F(5, 25) = 8.583, p < .05. Planned comparisons
revealed that when the fifth element before
the Violation Element in this series of probes
was changed to a response on Lever “3,” errors
on the Violation Element did not differ signifi-
cantly from errors on the Violation Element in
the training pattern, p > .05. However, when
the fourth, third, second, and first elements
before the Violation Element were manipu-
lated, errors on the Violation Element in the
probe patterns were significantly greater than
errors on the Violation Element in the train-
ing pattern, ps < .05. In addition, errors on
1, 2, and 3 before were not significantly differ-
ent from one another (ps > .05) indicating
that the elements in those positions were
equally important in cuing the response on
the violation element. The element located
four positions before the violation element
was significantly different from one, two, and
three elements before as well as the training
pattern, ps < .05, indicating that it played a
role in cuing the violation response, albeit not
as important as the elements found one, two,
and three positions before the violation
element.
Multiple-item memories: 4-Element Chunk

Group. Seven elements were manipulated in
the 4-Element Chunk Group. Figure 6 (middle
panel) shows a general trend toward higher
errors on the violation element as the position
of the manipulated element approaches the
violation. In other words, when the manipu-
lated element was one, two, or three positions
before the violation element, errors were
higher than when it was four, five, six, or seven
positions before. A repeated-measures ANOVA
revealed a main effect for Position of the
manipulated element, F(7, 35) = 87.607,
p < .05. Planned comparisons using Fisher’s
LSD showed that when the seventh, fifth,
fourth, third, second, and first elements
before the Violation Element were changed to

a response on Lever “3,” errors on the Viola-
tion Element were significantly greater than
errors on the Violation Element in the train-
ing pattern, ps < .05. However, when the sixth
element before the Violation Element was
manipulated, errors on the Violation Element
in the probe patterns were not significantly
greater than errors on the Violation Element
in the training pattern, p > .05. Fisher’s LSD
post hoc comparisons between errors on
manipulated elements revealed that errors on
1, 2, and 3 before were not significantly differ-
ent from one another, indicating that the ele-
ments in those positions were equally
important in cuing the response on the viola-
tion element, ps > .05. Errors on 4, 5, 6, and
7 before were also not significantly different
from one another, ps > .05. Making changes to
three of those positions (4, 5, and 7) was
found to significantly alter responding on the
violation element in those probes, ps < .05.
Because 4, 5, 6, and 7 were found to be signifi-
cantly different from 1, 2, and 3 before, these
data suggest that 1, 2, and 3 before were more
important in cuing the response on the viola-
tion element than 4, 5, 6, and 7 before.

Multiple-item memories: 5-Element Chunk
Group. In the 5-Element Chunk Group, nine
elements were manipulated. The same trend
was observed in this group as in the other two
groups. Once again, there was a general trend
for elements closest to the violation element
to be most important for cuing the violation
response. Figure 6 (bottom panel) shows that
when the manipulated element was 1, 2, or
3 positions before the violation element,
errors were higher than when it was 4, 5, 6, 7,
8 or 9 positions before, ps < .05. A repeated-
measures ANOVA revealed a main effect for
Position of the manipulated element,
F(9, 45) = 24.980, p < .05. Planned compari-
sons using Fisher’s LSD revealed that when
the ninth through sixth elements before the
Violation Element were changed to Lever “3,”
errors on the violation element were not sig-
nificantly greater than errors on the Violation
Element in the training pattern, ps > .05. How-
ever, manipulations to the fifth through first
elements before the Violation Element
resulted in significantly greater errors on the
Violation Element than on the Violation Ele-
ment in the training pattern, ps < .05. Fisher’s
LSD planned comparisons between errors on
manipulated elements revealed that errors on
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1, 2, and 3 before were not significantly differ-
ent from one another indicating that the ele-
ments in those positions were equally
important in cuing the response on the viola-
tion element. Errors on 4 and 5 elements
before were also not significantly different
from one another, ps > .05, but were signifi-
cantly different from training and 1, 2, and
3 elements before, ps < .05. These data suggest
that 1, 2, and 3 elements before were more
important in cuing the response on the viola-
tion element than 4 and 5 elements before.
Finally, errors on 6, 7, 8 and 9 elements before
were not significantly different from one
another or from training.
Multiple-item memories: error profiles. Error

profiles for the multiple-item memory probes
revealed that, as the manipulated element’s
position got closer to the violation element,
the number of continuation of runs errors
increased. Instead of making a left turn to go
back to Lever 8 (in the 3-and 4-Element
Chunk Groups) or Lever 1 (in the 5-Element
Chunk Group), rats continued to the right to
press Lever 2 or Lever 3, respectively. In other
words, they turned right instead of left. In the
3-Element Chunk Group, when the manipu-
lated element occurred five elements before
the violation element, 6.7% of 60 total errors
were continuation errors. When the manipu-
lated element occurred four elements before
the violation element, 21.7% of the total
errors were of the continuation type. When
the manipulated element occurred three ele-
ments, two elements, and one element before
the violation, 31%, 65%, and 26.7% of the
total errors were continuation errors, respec-
tively. Results for the other two groups fol-
lowed similar patterns, with continuation
errors increasing as the manipulated element
drew closer to the violation element. Tables 3
through 5 show the percentages of the differ-
ent types of violation element errors made in
this probe test for all three groups.

Discussion

This experiment sought to identify the
factors that determine acquisition and perfor-
mance for three patterns with parallel rule-
based hierarchical structure that varied in
chunk length. The patterns were designed
with 3-, 4-, or 5-element chunks, and each pat-
tern ended with a final violation element that

was inconsistent with the structure of the rest
of the pattern. To determine whether acquisi-
tion depended more on abstracting and
encoding rules for pattern structure versus dis-
crimination learning related to experience
with cues, the rats’ acquisition data were ana-
lyzed for the three training patterns. Special
attention was paid to the relation between the
number of pattern and element repetitions
experienced for each element type and acqui-
sition rate. The types of errors made during
acquisition were also examined. Afterward,
probe patterns were used to assess the extent
to which responding to phrasing cues
depended on: proper serial position of the
cue; whether a previously-learned phrasing
cue was necessary for rats to perform a
formerly-cued chunk-boundary response; and
whether rats would produce a chunk-boundary
response in the correct serial position if the
phrasing cue was omitted. In addition, probe
patterns were also used to assess the extent to
which multiple-item memory—particularly,
memory of cues from multiple trials leading
up to the violation element—were required to
anticipate a violation element. We consider
each of these in turn.

Discrimination Learning versus Rule Learn-
ing. To determine whether pattern acquisition
depended more on abstracting and encoding
rules for pattern structure versus discrimina-
tion learning related to experience with cues,
acquisition data were analyzed for the three
training patterns. Rule-learning theory pre-
dicts that patterns described by fewer rules or
hierarchically-arranged rules should be easier
to learn than those described by more rules
with more complex structure (see, e.g., Foun-
tain & Rowan, 1995a; Hulse & Dorsky, 1977;
Hulse & Dorsky, 1979). Furthermore, in pat-
terns with hierarchical structure, lower-order
rules such as those relating within-chunk
elements should be easier to learn than
higher-order rules relating chunks or chunks-
of-chunks (see, e.g., Fountain & Rowan,
1995a).

Historically, we have evaluated relative diffi-
culty of pattern elements by comparing daily
mean errors on an element-by-element basis,
as we did for the acquisition data as presented
in the top panel of Figures 2A-C. From this
perspective, the results of the current experi-
ment were consistent with rule-learning theory
because, for all three patterns, within-chunk
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elements were easier to learn than chunk-
boundary elements when analyzed by day, as
shown in Figure 2A-C (top panels). This effect
was observed in the early days of acquisition
for 4-Element and 5-Element Chunk pattern
groups, but did not reach significance in the
3-Element Chunk pattern group. In addition,
from the rule-learning perspective, the ele-
ment that violated pattern structure should
have been the most difficult to learn because
it was not predicted by the rule structure of
the pattern; that was the outcome obtained
for all groups when the data were analyzed
by day.

The problem with looking at the data in this
way is that it does not take into account the
fact that rats had differential experience with
within-chunk, chunk-boundary, and violation
elements within days. To assess the difficulty
of these element types when experience with
elements was equated, we analyzed the acquisi-
tion data by blocks of 50 elements for each
element type. Doing so produced more
directly comparable learning curves for each
element type across patterns, as shown for
individual pattern groups in Figure 2A-C (bot-
tom panels) and collapsed across groups in
Figure 3. Contrary to rule-learning theory,

Table 3

Multiple-Item Memory Probe Error Frequencies for the 3-Element Chunk Group (Percentages)

Response Type (on violation element) 5 before 4 before 3 before 2 before 1 before

Correct 91.7%
(lever 8)

68.3%
(lever 8)

50%
(lever 8)

18.3%
(lever 8)

40.0%
(lever 8)

Perseveration 0%
(lever 1)

8.3%
(lever 1)

8.3%
(lever 1)

3.3%
(lever 1)

10%
(lever 3)

Continuation 6.7%
(lever 2)

21.7%
(lever 2)

31%
(lever 2)

65%
(lever 2)

26.7%
(lever 4)

Other 1.7 1.7 10.7 13.4 23.3

Table 5

Multiple-Item Memory Probe Error Frequencies for the 5-Element Chunk Group (Percentages)

Response Type (on violation element) 5 before 4 before 3 before 2 before 1 before

Correct 76%
(lever 1)

64%
(lever 1)

22%
(lever 1)

58%
(lever 1)

10%
(lever 1)

Perseveration 2%
(lever 2)

2%
(lever 2)

6%
(lever 2)

4%
(lever 2)

2%
(lever 3)

Continuation 22%
(lever 3)

32%
(lever 3)

72%
(lever 3)

20%
(lever 3)

68.3%
(lever 4)

Other 0% 2% 0% 18% 19.7%

Note: The total possible errors were 50 in this group because data were missing for one animal.

Table 4

Multiple-Item Memory Probe Error Frequencies for the 4-Element Chunk Group (Percentages)

Response Type (on violation element) 7 before 5 before 4 before 3 before 1 before

Correct 86%
(lever 8)

66.7%
(lever 8)

63.3%
(lever 8)

26.7%
(lever 8)

3.3%
(lever 8)

Perseveration 8.3%
(lever 1)

3.3%
(lever 1)

8.3%
(lever 1)

8.3%
(lever 1)

2%
(lever 3)

Continuation 5%
(lever 2)

28.3%
(lever 2)

23.3%
(lever 2)

63.3%
(lever 2)

62%
(lever 4)

Other .7% 1.7% 5.1% 1.7% 32.7%
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acquisition for within-chunk elements was the
slowest of any element type, and acquisition of
supposedly rule-based chunk-boundary ele-
ments was no faster than for the violation ele-
ment. Rule-learning theory cannot readily
account for this outcome, but it is also not
clear what factors cause distinctly different
slower acquisition for within-chunk elements
compared to the faster acquisition of chunk-
boundary and violation elements.
Some insight can be gained by examining

the results of Spatial Shift Probes (shown in
Table 1). Spatial Shift Probes were designed to
assess the extent to which responding to
phrasing cues and within-chunk elements
depended on proper serial position of the
cues and elements. Spatial Shift Probes started
the rats on a lever that had never served as the
first element of the pattern and subsequent
chunk boundaries with Spatial Shift Probes
appeared in the proper serial position, that is,
after the proper number of chunk elements,
but shifted chunk-boundary responses had to
be directed to levers that were never appropri-
ate for chunk-boundary responses in the
acquisition phase. Despite changes in the spa-
tial locations of chunk boundaries within the
octagonal chamber on these Spatial Shift
Probes, as shown in Figure 4, rats maintained
much better than chance performance on
within-chunk elements throughout the shifted
pattern for both 4-Element and 5-Element
Chunk groups. Similar transfer conditions
involving testing well-trained rats in a
new chamber showed similar results; rats read-
ily transferred within-chunk responses to an
unfamiliar chamber while suffering deficits
in performance on uncued chunk-boundary
and violation elements (Muller & Foun-
tain, 2010).
These results, along with rats’ propensity to

make “continuation” errors across chunk
boundaries and at the violation element (i.e.,
performing right turns when left turns were
correct at chunk boundaries and at the viola-
tion element) are consistent with the idea that
rats learned to anticipate within-chunk ele-
ments by learning a response “rule” to turn
right within chunks. However, there is sparse
evidence for rats having the ability to learn
higher-order rules at second- and third-level
chunk boundaries, although Fountain and
Rowan (1995b) reported evidence that rats
may have such capacity.

The question, then, is which approach to
analyzing these serial pattern learning data is
the more “correct”—by days that equate the
number of experiences of the pattern struc-
ture, or by blocks that equate the number of
experiences with each element type? From
the perspective of associative theory, the obvi-
ous choice would be “by block” because
this approach assumes that the number of
experiences with each element type is the
proper independent variable, and thus the
proper dependent variable would be mean
errors per block of elements of each type.
From the perspective of rule-learning theory,
the obvious choice would be “by pattern”
because this approach assumes that the num-
ber of experiences with each complete pattern
structure is the proper independent variable,
and thus the proper dependent variable would
be mean percent errors for all elements of a
given type per structural level of the pattern.

The results for these patterns have much in
common across the three patterns when exam-
ined from either viewpoint. What does the
notion of pattern structure add? Two-level
hierarchical structure predicts several features
of the data for all three pattern groups despite
their differences in pattern length and the rel-
ative numbers of responses required at differ-
ent receptacles in the chamber. These include
both: (a) the relative acquisition rates for
within-chunk, chunk-boundary, and violation
elements and (b) the nature of errors at
chunk-boundary elements and the violation
element.

Associative theory simply fails to predict the
results of analyses based on equated experi-
ence by element types: (a) both within-chunk
and violation elements are uncued, but they
are learned at clearly different rates,
(b) chunk-boundary and violation elements
are learned at equivalent rates despite the fact
that chunk-boundary elements were cued and
violation elements were not, and (c) “spaced”
chunk-boundary elements were learned faster
than “massed” within-chunk elements, but not
faster than the even more “spaced” violation
elements. Based on acquisition data alone, the
evidence strongly favors the utility of an analy-
sis based on the assumptions of pattern struc-
ture and rule-learning.

Neither of these perspectives provides an
explanation for why the first element of pat-
terns was the easiest element type to learn in
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all three sequences, although possible explana-
tions of cueing and the serial position effect
come to mind. Given that patterns were sepa-
rated by a long 9-s pause that was designed to
provide a distinctive cue for the beginning of
patterns, cueing appears to be the more parsi-
monious explanation.

Phrasing Cues and Chunk Length
Spatial Shift Probe data also provide evi-

dence relevant to understanding the condi-
tions under which phrasing cues are effective.
As shown in Figure 4, although performance
on the first element of chunks was poorer
than in training, rats maintained much better
than chance performance on chunk-boundary
elements for both 4-Element and 5-Element
Chunk groups.
Spatial manipulations of phrasing cues

within the chamber (Spatial Shift Probes)
caused some reduction in stimulus control by
phrasing cues, but rats continued to respond
to phrasing cues with a left-turn response at
well above chance levels under these probe
conditions. Cue Removal Probes were
designed to present rats an unphrased serial
pattern, that is, a pattern without phrasing
cues (cf. Stempowski et al., 1999). The inten-
tion was to determine whether rats would
respond with a chunk-boundary left-turn
response in the proper serial position accord-
ing to their 3-, 4-, or 5-element chunk training.
Each group was tested on the same probe

pattern: 12345678. Figure 5 shows that errors
were made in different serial positions in the
pattern depending on the training pattern
group, but there were no differences between
groups in terms of overall errors. The
3-Element Chunk Group had increased errors
compared to other locations in the probe pat-
tern on element “4,” namely, in the serial posi-
tion that would normally have followed the
first phrasing cue of the 3-Element Chunk
Group training pattern. Similarly, the 4-
Element Chunk Group showed increased
errors on element “5” and the 5-Element
Chunk Group had increased errors on ele-
ment “6,” also in the serial positions that
would normally have followed the first phras-
ing cue of their 4- and 5-Element Chunk
Group training patterns, respectively. Inspec-
tion of the types of errors made in the cue
removal probe revealed that the majority of

rats’ responses were left turns, that is, the
response that would have been correct after a
phrasing cue at the same position where a
chunk boundary normally occurred. The
Short Chunk Probe results together with
the Cue Removal Probe results provide evi-
dence that rats use both phrasing cues
(an associative process) and chunk length
(a more cognitive process) to guide behavior
in this task. The latter conclusion, that rats are
sensitive to chunk length, helps explain how
rats can learn to anticipate chunk boundaries
in patterns without phrasing cues (Fountain,
Henne, & Hulse, 1984; Stempowski et al.,
1999; Wallace, Rowan, & Fountain, 2008).

Multiple-Item Memories
Kundey and Fountain (2010) used the

current SMC task and an “instrumental block-
ing” test to examine how rats learned to
respond to violation elements in a serial pat-
tern. They trained rats on the pattern,
123–234–345–456–567–678–781–812, but each
pattern contained one randomly-chosen
chunk with a final violation element, such as
454 instead of 456. Rats learned in a first
phase that a noise signaled the violation
chunk; then, a concurrent spatial cue was
added in a second phase. Afterward, a test
with spatial cues alone showed that blocking
occurred (Kundey & Fountain, 2010). These
results indicated that, under the conditions of
that study, discrimination learning for specific
auditory and spatial cues controlled the viola-
tion response.

Generalizing from that work, the prediction
would be that, in order to anticipate the viola-
tion element in the 3-, 4-, and 5-element
chunk patterns used here, rats would need to
use a combination of multiple spatial cues,
sequential cues such as elements of the pat-
tern, or serial position cues to anticipate viola-
tion elements. Muller and Fountain (2010)
showed that when serial position cues were rel-
evant, the only relevant cue for anticipating a
violation element (spatial cues surrounding
the octagonal chamber were irrelevant), rats
could learn to anticipate a violation element
in Serial Position 6, but not in Serial Position
12 or 24, thereby ruling out counting or tim-
ing strategies as an explanation for accurate
anticipation of violation elements. Thus, in
patterns used in the current paper, it is
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unlikely that rats could use serial position cues
to anticipate the violation element located at
serial positions 24, 16, and 15 in the 3-, 4-, and
5-element chunk patterns used here. A brief
look at the patterns used in this study shows
that no single lever location could serve as a
distinct cue for a single trial; multiple cues are
needed for anticipating the violation element.
Therefore, to assess the extent to which cues

from multiple trials leading up to the violation
element are required to anticipate the viola-
tion element, randomly presented Multiple-
Item Memory Probes (see Table 2) required
rats to make an unexpected “3” response on
one of the elements in the last two chunks of
the pattern prior to the violation element. If
rats depend on cues from multiple trials lead-
ing up to the violation element to anticipate
the violation element, then changing these
elements should delimit the relevant trial cues
(spatial location cues) rats use for anticipating
the violation element.
As shown in Figure 6, requiring rats to make

an unexpected response at different serial
positions prior to the violation element
revealed that rats used 4–6 element locations
encountered prior to the violation element as
cues for anticipating the violation element.
For all three groups, the three elements lead-
ing up to the violation element were more
important in cueing the violation response
than elements in serial positions located prior
to three serial positions before the violation
element. However, for each pattern group, at
least one of the identified cues occurred prior
to the chunk containing the violation element.
Thus, rats used multiple-item memory, that is,
memory of multiple trials preceding the target
element, to anticipate the violation element.

Concurrent Cognitive Processes in Rat
Serial Pattern Learning
The results of the current study have both

theoretical and practical importance. From
the theoretical perspective, our evidence sup-
ports the claims that within-chunk elements,
chunk-boundary elements, and violation ele-
ments are learned via different mechanisms
involving rule learning (albeit perhaps motor
rule learning), discrimination learning invol-
ving phrasing cues and chunk length, and
discrimination learning contributing to
multiple-item memory. In addition, these

different mechanisms are concurrently active
during acquisition and concurrently contrib-
ute to pattern performance in well-learned
patterns. The results fit well with a growing
body of other behavioral and psychobiological
work (e.g., Fountain et al., 2012; Muller &
Fountain, 2010).

Pharmacological manipulations have pro-
vided evidence that the SMC task recruits mul-
tiple concurrent cognitive systems that depend
on multiple brain systems. One set of studies
examined learning deficits when rats were
trained under systemically administered acute
exposure to MK-801, an N-methyl-D-aspartate
receptor antagonist that blocks learning via
long-term potentiation in hippocampus
and other brain areas (Coan, Saywood, & Col-
lingridge, 1987; Wong et al., 1986). MK-801
interferes with learning to anticipate chunk-
boundary elements and the violation element
with virtually no disruption of acquisition of
within-chunk elements (Fountain & Rowan,
2000). Similar results are obtained with acute
exposures of muscarinic cholinergic antago-
nists such as atropine (Chenoweth & Foun-
tain, 2015; Fountain, Rowan, & Wollan, 2013).

From the practical perspective, the results of
the current study support the development of
the SMC task as an assessment tool that we
have used for neurobehavioral teratology and
toxicology research. The SMC task has been a
useful assessment method because it recruits
multiple concurrent cognitive systems includ-
ing discrimination learning based on associa-
tive stimulus–response (S–R) learning, serial
position learning involving timing or counting
processes, and hierarchical rule learning pro-
cesses involving pattern chunking (Fountain,
2008; Fountain & Benson, 2006; Fountain,
Rowan, & Carman, 2007; Fountain et al., 2012;
Wallace et al., 2008). In addition, recent work
with a nose poke and water reinforcement ver-
sion of the SMC task has shown that adoles-
cent nicotine exposure causes sex-selective
impairments of serial pattern learning in adult
rats. Adolescent nicotine causes impairments
of acquisition of chunk-boundary elements in
male rats and violation elements in female
rats, but spares within-chunk element acquisi-
tion in both male and female rats (Fountain,
Rowan, Kelley, Willey, & Nolley, 2008; Pickens,
Rowan, Bevins, & Fountain, 2013). A first study
on the effects of adolescent exposure to meth-
ylphenidate showed that male rats exposed
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during adolescence, but tested in adulthood
were impaired in learning chunk-boundary
and an added violation element, yet were not
impaired in learning within-chunk elements
(Rowan et al., 2015). We have also observed
paradoxical effects of adolescent injection
stress and adolescent nicotine exposure on
learning chunk-boundary elements, but not
other elements, in adult rats in the SMC task
(Renaud, Pickens, & Fountain, 2015).
As interesting as these results are from an

applied perspective, they also add to the evi-
dence that serial pattern learning in the SMC
task recruits multiple cognitive systems that
can be manipulated independently by behav-
ioral and neurobehavioral factors. In addition,
the parallel results obtained with water rein-
forcement in a nose poke task and with BSR
in the lever press task used in the current
study support the generality of the claims
made in the current paper.
Thus, the current study adds to the evidence

from behavioral, pharmacological, and neuro-
toxicological research with the SMC task that
serial pattern learning depends on multiple
concurrent behavioral and neural systems.
Taken together, this work indicates that learn-
ing to anticipate chunk-boundary elements,
within-chunk elements, and violation elements
in the SMC task depends on different underly-
ing cognitive systems, and that these dissocia-
ble cognitive systems likely depend on
dissociable neural systems (Fountain, 2008;
Fountain & Rowan, 2000; Fountain et al.,
2012). More neurobehavioral research is
needed to identify explicitly both the behav-
ioral and underlying neural systems that sup-
port the integration of multiple systems that
make complex sequential learning and behav-
ior possible.
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