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Numerosity differences and effects of stimulus
density on pigeons' discrimination performance

JACKY EMMERTON
Purdue University, West Lafayette, Indiana

Two experiments are described in which pigeons were trained in a simultaneous conditioning pro­
cedure to discriminate small arrays of dots that differed in numerosity. The birds successfully learned
to choose the array of each pair that contained fewer dots when these choices were reinforced and
choices of the array with more dots led to timeout. For the majority of numerosity values tested, dis­
crimination performance for a fixed S+ value was better when the numerical difference between S+
and S- values was larger rather than smaller. This effect was seen in the first experiment when the nu­
merical difference value was shifted between training trials and novel test trials. In the second exper­
iment, too, performance level depended on the size of the numerosity difference when the birds were
concurrently trained with two difference values that varied across trials within sessions. However, dis­
crimination accuracy was influenced secondarily by variations in the density, or interdot spacing, of the
stimulus arrays. In order to explain the latter finding, it is suggested that a tendency to "scan" a low­
density array incompletely might alter the probability of accepting it as the smaller numerosity (8+)
stimulus. This would increase error rates with S- arrays in which the dots are more widely spaced.

Although there has been an interest in investigating
animals' numerical abilities since at least the beginning
of the century, research on this topic has gathered pace in
recent years (see Rilling, 1993). Summaries and critical
reviews ofmuch ofthis work have been provided by Davis
and Memmott (1982), Davis and Perusse (1988), and sev­
eral contributors to Boysen and Capaldi's (1993) book.
Animals' "numerical competence," as it has been termed
by Davis and Perusse, includes a range ofabilities. These
vary from the capacity to make relative judgments between
"more" versus "less," or "many" versus "few," through to
the ability to count, or to recognize the absolute, or cardi­
nal, number of items or events. Even in cases in which the
stringent criteria for demonstrating counting (see Davis
& Memmott, 1982) have not been met, claims that animals
can make judgments ofrelative numerousness, or numer­
osity, imply that they discriminate among different stim­
uli on the basis ofthe number of items, rather than on the
basis ofother parameters that may easily covary with num­
ber. The problem of potential confounds with number
was one of which Koehler and his co-workers were well
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aware, and for which they made every effort to control
when they laid the foundation for obtaining good empir­
ical data in this field (e.g., Koehler, 1943; Koehler, Muller,
& Wachholtz, 1935; Koehler & Wachholtz, 1936). In
some respects, however, modern technology permits a
greater degree of control than was possible in Koehler's
pioneering research.

There have been two major approaches to providing
evidence for numerical abilities in animals. In one line of
research, their discrimination ofthe number ofsuccessive
events has been studied. Suitable controls have shown
that animals can evaluate the number ofevents separately
from the duration of the series ofevents. Events have con­
sisted either ofexternal stimuli (e.g., light flashes, Alsop
& Honig, 1991; Roberts, Macuda, & Brodbeck, 1995; or
tones, Fernandes & Church, 1982) or of the animals' own
responses (e.g., keypecks, Fetterman, 1993; or barpresses,
Mechner, 1958). In the other line ofresearch, animals have
been trained to discriminate displays consisting of vary­
ing numbers ofsimultaneously presented visual items (e.g.,
Davis, 1984; Honig, 1993; Pepperberg, 1994; Thomas,
Fowlkes, & Vickery, 1980). This is the approach on which
the present investigation focuses.

Experiments to date with pigeons, a highly visual
species and the one used in the present study, have shown
that the performance of these animals on numerosity dis­
crimination tasks is remarkably resilient in the face of
changes in other attributes ofmulti-item stimulus displays.
Honig and his co-workers (see Honig, 1992) have tested
these birds' abilities to discriminate the proportion ofitems
in regular matrices in which the total number ofelements
in a matrix was controlled. Pigeons' response rates were
dependent on the relative, rather than absolute, numbers
of "positive" compared with "negative" items in a given
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matrix. The discrimination gradients were largely inde­
pendent ofthe total number ofelements in a matrix, as well
as of the type of elements in the stimulus displays (e.g.,
red and blue dots; as and Xs; small pictures of birds,
flowers, or unicorns; see Honig & Stewart, 1989). Simi­
larly, in work by Emmerton, Lohmann, and Niemann
(1997), pigeons have been trained to discriminate "many"
(6 or 7) from "few" (lor 2) items in different arrays, and
then were tested both with new stimulus exemplars of
those numbers as well as the intervening quantities (3, 4,
and 5). A series of test conditions showed that numeros­
ity discrimination functions were unaltered when a vari­
ety of attributes, including the shape, size, and contrast
of constituent elements, were modified. Similarly, dis­
criminability was unaffected when other parameters such
as the overall brightness of each array, the summed con­
tour in outline elements, or the total area ofthe constituent
elements were equated across stimuli.

These experiments indicate that the rate ofresponding
(Honig, 1992) or the allocation of conditional choices
(Emmerton et aI., 1997) varies as a function of stimulus
numerosity. Further evidence that numerosity controls
responding comes from Honig and Stewart's (1993) re­
port of peak shift effects. They trained pigeons to dis­
criminate arrays containing equal proportions ofpositive
and negative elements (S+ stimuli) from arrays contain­
ing more of the negative elements (S- stimuli). When
tested with arrays covering the full range of proportions
of the mixed elements, the pigeons responded more to
certain arrays containing more of the positive elements
and fewer of the negative elements than they did to the
original S+ mixture containing equal numbers of posi­
tive and negative items. This peak shift effect was again
independent of the types of elements and occurred both
with arrays consisting of red and blue dots and with ar­
rays made up of small horizontal and vertical bars.

The present investigation was designed to extend such
work on numerosity discrimination by presenting pigeons
with pairs of small arrays consisting of varying numbers
ofdots. The birds had to differentiate these arrays in a si­
multaneous discrimination procedure. The first experi­
ment was designed to test the effect on discrimination per­
formance ofa sudden shift in numerosity difference within
the pairwise displays. The animals were initially trained
to a particular criterion ofintermediate discrimination ac­
curacy with certain pairs ofnumerosity values constituting
the S+ and S- stimuli. In later test phases, the numeros­
ity difference was either increased or decreased by alter­
ing the value of the S- .

There are three possible outcomes of introducing this
shift. The first is that discrimination performance with
novel stimuli drops to chance level, implying that under the
conditions of this experiment, birds do not learn informa­
tion about numerosity or do not generalize it to new ex­
emplars. The second is that pigeons acquire only limited
binary categories of "less" versus "more," irrespective of
the exact numerical difference within a stimulus pair. In

this case, test performance should be above chance, but
should not differ from performance with familiar training
stimuli. The third, and more interesting, possibility is that
numerosity differences control differential responding in
a more precise way. In this case, discrimination perfor­
mance ought to be better with test stimuli that constitute a
greater numerical difference than that in training pairs.
Conversely, performance should decline ifthe numerosity
difference in test stimuli is smaller than in training pairs.
The third outcome was the predicted one since this would
be in line with previous findings concerning pigeons' nu­
merical abilities.

During this investigation it emerged that another pa­
rameter, the density ofthe arrays or their interdot spacing,
could influence discrimination accuracy. The second ex­
periment was in part designed to confirm the dependence
of performance level on the size of the numerical differ­
ence. But the main purpose of this experiment was to ex­
amine more closely the effects ofarray density on discrim­
ination accuracy. This is a factor that, to date, has not been
systematically manipulated in experiments with animals.
Some studies on humans, however, have shown that array
density can influence perception of numerosity. The ef­
fects that were obtained in an experiment to be described
here have potential implications for the way in which such
multielement arrays are perceived and processed by birds.
It will be argued that pigeons might "scan" such visual ar­
rays. In doing so, they could process the constituent ele­
ments in a serial manner. This hypothesis implies that a
common mechanism might underlie the numerical dis­
crimination ofboth serial events and simultaneous arrays.

EXPERIMENT 1

Method
Subjects

Sixteen pigeons (Columba livia) of mixed breed served as sub­
jects. All but 3 were experimentally naive at the start of the exper­
iment. The 3 experienced birds had been used in a different laboratory
as subjects in a differential outcomes experiment. The stimulus con­
ditions and procedure were unlike those used in the present study,
but to control for prior operant experience, these birds were allocated
to different training groups. The animals were housed in individual
cages in a colony room with a 14:10-h light:dark cycle. During the
experiment they were maintained at 80% oftheir ad-lib body weights,
but water and grit were freely available in their home cages.

Apparatus
The conditioning chamber (34 X 32 X 34 ern) was of in-house

design. On the response panel were two horizontally arranged keys
(3 em in diameter) made of matt acrylic plastic. Their centers were
21 cm above the grid floor of the chamber and were 7.5 cm apart.
Stimuli were displayed on these keys by opening solenoid-operated
shutters located behind each key. The stimuli were back-projected
onto the keys from a Zeiss-Ikon Unimat 2500 slide projector with
a 70-120 mm zoom lens. Light intensity was reduced by diffusely
spraying an internal collector lens with black paint. In the midline
ofthe operant panel and 7 em below the center line of the keys, a 5­
mrn? red light-emitting diode (LED) protruded through the panel.
The LED could be illuminated and was equipped in such a way that
pecks to it were registered as to a response key.
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Figure 1. Examples of paired stimulus arrays used in the different phases of Experi­
ment 1. Numbers beside each row indicate stimulus values for the four training condi­
tions. In the transfer phase, new arrays with the same numerical values were introduced.
In the test phase, novel arrays with altered values for the negative stimulus were included.
(See Table I for stimulus values.) The positive value is on the left and the negative value
on the right in each stimulus pair here. Actual stimuli consisted of white dots on a dark
background. For illustration purposes, arrays are shown in reversed contrast.

The conditioning chamber was illuminated by a 1.7-W house­
light centered 7 ern above the level of the response keys. A second
light, directly beside the house light, was switched on during food
reinforcement periods. A small shelf just below these lights
shielded the keys from scattered light. Access to a solenoid-operated
food hopper was via an opening 6.5 em below the LED. A C-M
Commodore computer, programmed in PSYCHOBASIC and con­
nected to an interface (Xia, Wynne, von Miinchow-Pohl, & Delius,
1991), was used to control events in the operant chamber, to drive
the projector, and to register responses.

Stimulus configurations were prepared by hand as arrays of Letra­
set black dots mounted on sheets of drawing paper. The dot config­
urations were designed to be random and variable. The size of dots
also varied. Within a single array, dot sizes could be homogeneous
or mixed. Within stimulus pairs, dot sizes could be the same across
arrays, uniform within an array but different within a pair, or hetero­
geneous for both arrays of a pair. These arrays were then photo­
graphed and the photographic negatives were used as stimuli. Fixed
pairs of stimuli were prepared by mounting negatives over each oftwo
l-cm-diameter holes in specially constructed 5 X 5 em slide frames.
When projected on the keys, the stimuli consisted ofvarying patterns
of white dots on a dark background. The sizes of these dots ranged
in diameter between 2 and 3.5 mm. Examples ofpaired stimulus ar­
rays from different phases ofthis experiment are shown in Figure I.
Across all the experimental phases, there was a total of 60 stimulus
pairs per numerosity condition, as will be described below. Thus, in
the course of the first experiment, each bird experienced 480 dif­
ferent stimulus arrays, arranged in fixed pairs on 240 slides.

Procedure
Response training. All the pigeons first underwent a modified

autoshaping procedure (Brown & Jenkins, 1968). Following a 20­
sec intertrial interval (ITI), the keys were illuminated for 6 sec with
a black cross-hatched pattern on a white ground. A peck to either
key during this stimulus period produced immediate food rein­
forcement for 3 sec. If a bird failed to respond. reinforcement was

presented concurrently with the last 3 sec of the stimulus period. If
an animal showed a strong preference for either the right or the left
key, the preferred key was disabled in the next session. There were
40 trials per session. These sessions were continued for up to
15 days until each bird pecked consistently when the keys were lit.

They were then trained with an instrumental procedure to peck
the red LED when it was illuminated. A single peck switched offthe
LED and a randomly chosen left or right pecking key was lit up with
the cross-hatch pattern. A single peck to the lit key darkened it again
and delivered food reward for 3 sec, followed by a 2-sec IT!. There
were 40 trials per session and the birds were trained for five ses­
sions with this procedure.

Discrimination training. During simultaneous discrimination
training, each trial began with the illumination of the red LED. A
single peck to it served as a "ready" response and activated the key
shutters, revealing a pair of dot arrays. A single peck to the stimu­
lus designated as the S+ (defined below) led to 3-sec access to food
reinforcement, followed by a 2-sec ITI during which the next slide
was set up in the projector. If instead the bird pecked the incorrect
S- stimulus, a 3-sec timeout followed, during which the houselight
was switched off. Then the 2-sec ITI ensued, with the house light on.
The same slide was presented on the next trial, which constituted a
correction procedure. Correction trials could be repeated until the
bird ultimately chose the correct stimulus. Choices on each trial
were recorded but data from correction trials were not used to as­
sess discrimination performance. Choice latencies between a bird's
peck to the LED and its choice of a stimulus on the pecking keys
were also recorded. Median latencies for correct choices varied be­
tween about 0.6 and 2.3 sec, but subsequent analyses failed to re­
veal any differential patterns linking choice latencies to stimulus
values. They will therefore not be discussed further.

There were four different training conditions. The 16 subjects
were assigned initially to one of four groups. matching them as far
as possible for prior experimental experience and any key prefer­
ence demonstrated during autoshaping. During the course ofthe ex­
periment, all the birds were trained and tested under all four condi-
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Table 1
Numerosity Combinations Used in the

Three Phases and Four Conditions of Experiment 1

Training Phase: Transfer Phase: Test Phase:
5+/5- Stimuli Novel Exemplars Numerosity Shift

1+/2- 1/2 1/3
3+/5- 3/5 3/7
2+/6- 2/6 2/4
5+/7 - 5/7 5/6

-Pecking was reinforced; - Pecking led to timeout. Only the values of
nonreinforced stimuli are shown for transfer and test phases. These
phases also included training stimuli (see text).

tions in a counterbalanced design. The numerosity combinations
used in the four sets of training, transfer, and test conditions are
given in Table I, and examples of stimulus arrays are shown in Fig­
ure I. The numerosities chosen for the stimulus arrays fell within a
range that pigeons had previously been capable of discriminating
(Knom, 1987; see also Emmerton & Delius, 1993). The numerosity
combinations were also designed to include both smaller (e.g., I vs.
2) and larger (e.g., 5 vs. 7) numbers of stimulus elements.

In training sessions, 40 pairs of stimuli were presented in quasi­
random order (Gellermann, 1933). Within each pair, the stimulus
consisting of the smaller number of dots was defined as the S+. The
percentage ofcorrect choices on noncorrection trials was calculated
at the end of each bird's session. Training continued until a bird's
score equaled or just exceeded 70% correct choices. The next phase
of the experiment began as soon as a bird had met this individual
learning criterion.

Transfer phase with novel exemplars. The next phase lasted
for three sessions. Ten of the training slides were replaced by novel
exemplars consisting of stimulus pairs with the same numerosity
values as for the remaining 30 familiar training slides. The order of
slide presentation was reshuffled according to Gellermann (1933)
sequences. Whereas correct choices of the S+ numerosity values
were rewarded on training trials, no reinforcement contingencies
followed choices on the novel transfer trials. A single peck to either
key simply terminated the trial, which was immediately followed by
an ITI. The percent correct choices, defined as responses to the
smaller numerosity, were calculated separately at the end of each
session for familiar training and for novel transfer trials.

Test phase with numerosity shift. Upon completion of the
transfer phase, the birds were tested in a further three sessions. In
this phase, their discrimination performance was tested on trials in
which the numerosity difference within a stimulus pair was either
increased (in two testing conditions) or decreased (in the other two
conditions; see Table I). For these sessions, the 10 transfer slides
used in the previous phase were replaced by 10 new test slides. The
order of slide presentation was again changed according to Geller­
mann sequences. Correct choices of the smaller numerosity were
still reinforced on familiar training trials. Choice ofeither stimulus
had no reinforcement consequences on test trials, but merely ter­
minated the trial and initiated an III. Again, the percent correct
choices were calculated separately for training and for test trials.

After completing a numerosity shift phase, a bird underwent
training with one of the other numerosity combinations, followed
by the corresponding transfer and test phases, until all the birds had
been exposed to all four conditions of the experimental design.
Within each ofthese four conditions, one quasi-random sequence of
slide presentation was used for all the training sessions, a different
sequence for all three transfer sessions, and yet another sequence
for the remaining three test sessions. Different sets of these Geller­
man sequences were used across the four numerosity conditions so
that the birds experienced 12 orders of slide presentation during the
whole experiment.

Results

An overall summary of mean data across all 16 sub­
jects is given in Figure 2. For each of the four numerical
conditions, this figure presents the results from the train­
ing, transfer, and test subsets of trials in the transfer and
test phases. It also shows the mean level ofdiscrimination
on final acquisition sessions in which the training crite­
rion was achieved.

The data that were mainly of interest were those per­
taining to nonreinforced trials with novel stimuli. These
were included in the six consecutive sessions ofthe trans­
fer and test phases for the four training numerosity con­
ditions. For each condition, the data from nonreinforced
trials were analyzed to determine whether there were any
differences in discrimination performance across these six
sessions. These analyses indicated whether the changes in
numerosity difference between the transfer and test stim­
uli had any reliable effect on discrimination accuracy. Im­
provements in accuracy were found for increases in numer­
osity difference, as seen in the left-hand graphs ofFigure 2.
When numerical differences were diminished, however,
the data analyses failed to support the predicted decrease
in performance (see right-hand graphs of Figure 2).

For all these sessions, data from ongoing training tri­
als were scored, too. These data served as baseline results
against which transfer and then test scores were compared.
Since these training trials were essentially an extension of
the initial acquisition phase, the training scores alone were
also analyzed to determine whether there was any signif­
icant improvement in the discrimination oftraining numer­
osity values. For most training conditions, these scores
remained stable. The only significant improvement was
found in scores for the 2+/6- condition.

Analyses ofresults will be presented first for initial ac­
quisition and ongoing training trials and then for non­
reinforced transfer and test trials.

Acquisition and Further Training
An acquisition criterion ofat least 70% correct choices

had been set to decide when each subject would enter the
transfer phase. The time taken for the birds to reach this
criterion varied across numerosity conditions. A Friedman
two-way analysis of variance (ANOYA) by ranks (Siegel
& Castellan, 1988), used to analyze the number of ses­
sions for each bird to achieve criterion, revealed a sig­
nificant difference in speed ofacquisition across the four
training conditions [1'; (3, N = 16) = 10.0,P < .05]. Birds
took a mean of 1.9 sessions to reach criterion in the
2+/6- training condition, 4.1 sessions with the 3+/5­
stimuli, 4.5 sessions for the 5+/7 - discrimination, and
7.1 sessions with the 1+/2 - stimuli. There was a similar
result from an analysis of the number ofsessions to reach
criterion for only the first training condition per bird. A
Kruskal-Wallis ANOYAof these initial acquisition data
also showed a significant difference across numerosity
conditions [H(3, 16) = 10.8, p < .05], with the smallest
number of sessions (3.8) being needed to reach criterion
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Figure 2. Mean scores on trials in transfer sessions (1-3) and test sessions (4-6) fol­
lowing each ofthe four training phases in Experiment 1. S+ and S- numerosity val­
ues on training trials are shown above each graph. Scores for reinforced training tri­
als are indicated by unfilled symbols. Numerosity values in transfer and test phases
are given above the curves with filled symbols that display results for nonreinforced
trials. Choices on the latter trials were scored as correct when birds chose the smaller
numerosity value corresponding to the S+ of training trials in each condition. The
data point above FA on the abscissa is the mean score on the final acquisition session.

for the discrimination of 2+/6- and the largest number
of sessions (14.0) for the discrimination of 1+/2 - .

Scores on training trials across the six transfer and test
sessions were examined with repeated measures one­
way ANOVAs to see whether performance on these trials
remained stable in spite of ongoing training. For condi­
tions 1+/2-, 3+/5.c.., and 5+/7-, there were no reliable
changes in performance [F(5,75) = 1.7,2.0, and 0.4, re­
spectively, p > .05]. For the training condition 2+/6-,
there was a significant change [F(5,75) = 4.6,p < .01],
but Newman-Keuls post hoc tests showed that this was
mainly attributable to the lower score on just the first ses­
sion. Training scores were also well above the acquisition
criterion, ranging between 81% and 90%, whereas they
remained between 65% and 76% in the other three nu­
merosity conditions.

Transfer and Test Scores
Next, similar ANOVAs were performed on the dis­

crimination data from nonreinforced trials across ses­
sions in the transfer and test phases. For the training con­
ditions 1+/2 - and 3+/5-, transfer trials included novel
exemplars of the same numerosity pairings, whereas on
corresponding test trials the numerosity difference within
stimulus pairs increased. Performance on nonreinforced
trials was significantly better in test than in transfer ses­
sions for both ofthese conditions [F(5,75) = 14.1,p < .01
for data corresponding to the 1+/2 - training condition;
F(5,75) = 15.7,p < .01 for scores corresponding to the

3+/5- training condition]. Significant results (p = .01)
in Newman-Keuls tests confirmed that discrimination
with the novel slides and a larger numerosity difference
(1 vs. 3 or 3 vs. 7) on each of the test sessions was better
than that with novel slides (1 vs. 2 or 3 vs. 5) in each ofthe
transfer sessions (see also Figure 2).

For the other training conditions 2+/6 - and 5+/7 -,
the numerosity difference in novel test trials decreased
compared with that used in novel transfer trials. Thus,
poorer discrimination had been predicted on test trials.
For the 2+/6- condition, although scores on test sessions
for the numerosity combination 2 versus 4 were margin­
ally lower than those on transfer sessions (2 vs. 6), an
ANOVArevealed no significant difference across sessions
in discrimination performance on these nonreinforced tri­
als [F(5,75) = 0.9,p > .05]. For the condition 5+/7-, dis­
crimination was, against expectation, slightly better in test
sessions with numerosity values of5 versus 6, compared
with discrimination on the preceding transfer sessions
with combinations of5 versus 7 [F(5,75) = 2.5,p < .05].
Newman-Keuls tests revealed, however, that the only sig­
nificant difference (p = .05) was between performance on
the second transfer session and that on the first test ses­
sion (Sessions 2 and 4 in Figure 2).

Comparisons Between Reinforced
and Nonreinforced Trials

Further ANOVAs compared within-session discrimi­
nation scores for nonreinforced (novel stimulus) and re-
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inforced (training stimulus) trials in the transfer and in
the test phase. In the transfer phase, numerosity values in
training and transfer trials were identical, so no differ­
ences in scores were expected between these trials. In
fact, the only condition in which scores differed signifi­
cantly was for 5 versus 7, in which performance on trans­
fer trials was significantly poorer than on training trials
[F(l,15) = 11.0,p < .01].

In the test phase, there was a change in numerosity dif­
ference between training and test trials. An increase in per­
formance was expected on test trials, on which the stim­
ulus numerosity difference exceeded that on training
trials. Significantly better scores on test trials were in­
deed found [F(l,15) = 64.3,p < .01 for 1 vs. 3 compared
with 1+/2- training trials, and F(l,15) = 106.0,p < .01
for 3 vs. 7 compared with 3+/5-]. Conversely, a decline
in discrimination accuracy was predicted when the nu­
merosity difference on test trials was less than that on
training trials. For one condition (2 vs. 4 compared with
2+/6-), performance was poorer [F(l,15) = 4.6,p = .05].
However, there were no reliabledifferences in performance
for the other condition [F( 1,15) = 0.01, P > .05 for 5 vs.
6 compared with 5+/7 - ].

In all these analyses, there were no significant differ­
ences in overall percent correct choices across the three
sessions ofeach phase, and interactions between trial type
and sessions were not significant.

Discussion
When the numerosity difference within stimulus pairs

was increased (from 1 vs. 2 to 1 vs. 3, and from 3 vs. 5
to 3 vs. 7), there was, as expected, a corresponding in­
crease in the level of discrimination performance. This
was against a background of stable scores on training tri­
a�s throughout both the transfer and the test phases. The
results were less clear-cut for the remaining conditions,
in which numerosity differences decreased and in which
a drop in performance level between transfer and test re­
sults had been expected.

In one of these conditions, the training and transfer nu­
merosity values were 2 versus 6 and the test values were 2
versus 4. The analyses of results yielded only weak sup­
port for a decrease in performance as the numerosity dif­
ference decreased: This was in the comparison of scores
for training and test trials in the three sessions ofthe test
phase. However, set against this finding was a lack of sta­
tistical difference between transfer and test trials. One dif­
ficulty in this experimental condition was that acquisition
scores rapidly exceeded the learning criterion, and then
there was some further improvement in discrimination on
the ongoing training trials. Compared with all the other nu­
merosity conditions, scores on all types of trials were high
throughout the transfer and test phases. The apparent ease
with which all the numerosity combinations were discrim­
inated in this condition may have masked any tendency
for the birds to show reliable changes in performance.

The data for the remaining experimental condition,
which began with training on 5+/7 -, yielded an unex-

pected effect. In spite of a decrease in the numerosity
difference from 5 versus 7 on training and transfer trials
to 5 versus 6 on test trials, test and training results were
similar in the test phase, but the test data were actually
better than transfer results when only the nonreinforced
trials across all sessions were considered. The latter find­
ing is probably mainly due to scores on transfer trials
being worse than, rather than similar to, scores on training
trials in the initial transfer phase, even though the nu­
merosity values on all trials were identical.

In an attempt to understand why the transfer and test
results following training in the 2+/6 - and the 5+/7­
conditions were not clear-cut, the number of sessions the
birds had needed to reach the initial learning criterion of
70% correct choices was considered. It had seemed pos­
sible that the poor results in the 5+/7 - condition were
due to particular difficulties in acquiring this discrimina­
tion. However, the results did not support this idea.

Not surprisingly, acquisition proved to be quickest in
the 2+/6- condition, when acquisition times were con­
sidered after all the birds had been trained under all four
conditions. This tallies with the ongoing ease ofdiscrim­
ination in this condition. The next easiest discrimination
to acquire was with stimuli of the 3+/5- type. However,
it took the birds only slightly longer to learn the 5+/7­
discrimination. The birds took the longest to reach crite­
rion with the 1+/2 - discrimination. Similar results were
seen when the mean number of sessions to criterion in the
very first training condition for each group of birds was
considered. Although the discrimination of 5+/7 - did
not seem to have been particularly difficult for the birds,
the discrimination of 1+/2- , assumed to be an easy one,
had unexpectedly taken them much longer to acquire.
Why this should be so was not apparent by the end of this
first experiment. Discussion ofthis point will be deferred
until later.

By and large, choice accuracy was influenced by the
numerosity differences within stimulus pairs. However,
examination of some trial-by-trial data suggested that
another factor might have influenced discriminability.
Stimuli for presentation on different trials had been pre­
pared so that their configurations varied, leaving only their
numerosities as the intended characteristic that certain
stimuli had in common. In some instances, a variation in
the configuration of component dots also involvedaltering
the spacing of these elements. For the 1+/2- condition,
obviously the density of only the S- could vary. A post
hoc assessment of responses with just a couple of stim­
ulus pairs revealed that more errors were made when the
dots in the S- stimulus were widely spaced than when
they were closely spaced. For most of the stimulus pairs,
particularly those in which both S+ and S- consisted of
multiple elements, a clear-cut classification of the stim­
uli in terms of their densities was not possible. Instead,
a further experiment was conducted, with the chief aim
of examining the effects of array densities on discrimi­
nation performance, as well as assessing once more how
choice accuracy levels relate to numerosity differences.



EXPERIMENT 2

The effect on relative numerosity judgments ofvarying
interitem spacing has been examined in several studies
with human subjects. Probably the best known effects are
those that were reported by Piaget (1952) when he studied
the numerical abilities of young children at a "precon­
servational" stage ofdevelopment. He found that ifobjects
were presented spread out in a row, young children judged
them to be more numerous than ifthe same number ofob­
jects were lined up close together. Most studies with adults
have used 2-D arrays of dots as stimuli. However, stim­
ulus presentation in these studies has differed in two re­
spects from the displays used in the present experiments.
With humans, the arrays usually consist ofa larger number
of items (varying between about 15 and 200 in different
experiments). The stimuli are also presented only briefly
(for times varying between about 150 and 750 msec). The
use of large numbers of dots and brief display times is
necessary with human subjects to prevent their enumer­
ation or one-by-one counting of the dots.

Nevertheless, some recent studies have shown fairly
consistent effects of dot spacing on relative numerosity
judgments (decisions about whether a test display con­
tained more or fewer items than a reference display).
Mostly, it has been found that when dots are fairly evenly
spread out within a display area, their numerosity is over­
estimated compared with equally numerous displays in
which the dots are randomly distributed. Random con­
figurations, in turn, are judged more numerous than clus­
tered dot displays (see, for instance, Krueger, 1972; Vos,
van Oeffelen, Tibosch, & Allik, 1988; see also Allik &
Tuulmets, 1991a, 1991b). The overall size or edge-to-edge
extent of the display does not seem to be critical (Allik,
Tuulmets, & Vos, 1991), but rather the sum of the areas
within the display that are perceived as being "filled"
with dots. Whereas some authors have simply made em­
pirical observations (e.g., Krueger, 1972), Allik and Tuul­
mets (1991 a) developed an algorithm to account for
these effects. Their "occupancy model" postulates that
each dot has an impact on the surrounding area accord­
ing to a fixed spread function ofvisual effect. If the dots'
"occupancy territories" do not overlap, their summed ef­
fects will be greater than ifthere is substantial overlap of
the spread functions among neighboring dots. Hence dots
that are fairly well spread out will be perceived as being
more numerous than ones that are very closely spaced.

Although interdot spacing has been reported to have
differential effects on these types of"more" or "less" nu­
merosity judgments with humans, not all of the effects
are consistent. An older study by Mokre (1928) used a
moderate number ofdots (a reference number of 15) and
varied their diameters and their regular center-to-center
spacing. Dot spacing seemed to be more important than
dot size in influencing numerosity judgments. Neverthe­
less, the effects of spacing were not consistent across
subjects. Only 2 of his 7 subjects showed effects similar
to those reported in more recent studies, with a tendency
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to overestimate relative numerosity with increasing inter­
dot spacing. For 3 subjects, there was a tendency in the
opposite direction-to overestimate numerosity when
dots were more closely spaced and underestimate the rel­
ative number as spacing increased. For the remaining 2
subjects, varying the density of the displays appeared to
have very little effect on numerosity judgments.

So far, no systematic attempts have been made with
animals to examine the effects on numerosity discrimi­
nation of varying the display density. As mentioned pre­
viously, informal analysis of some partial data in the pre­
sent study suggested that this variable might at least
modulate pigeons' ability to differentiate arrays ofdiffer­
ent numbers of dots. The next experiment was therefore
designed to explore this issue. To provide data that were
comparable with those of the first experiment, the numer­
ical range of dots in the stimulus displays remained the
same. However, since discrimination in one condition
had seemed exceptionally easy, that numerical condition
was changed to assess the birds' discrimination of 2 dots
from 3 or 4 (rather than 4 or 6, as in Experiment 1). The
combination of5 versus 6 or 7 dots was retained. In part,
this was to avoid going beyond the range ofnumerosities
that pigeons had previously been able to discriminate
with similar displays (Knorn, 1987; see also Emmerton
& Delius, 1993). This combination was also used to see
whether more consistent data could be obtained with
these numbers of items. A further modification was in­
troduced in the next experiment: In order to assess birds'
choice behavior when the numerosity difference was var­
ied, performance levels were compared within sessions
when two levels ofnumerosity difference were intermixed
quasi-randomly across trials.

Method
Subjects

One of the birds became sick after the completion of the first ex­
periment. Twoofthe other birds in the first experiment had consis­
tently been the slowest to complete training in all of the numeros­
ity conditions. For the second study, the 12 birds that had been
quickest in acquisition were chosen as subjects in order to reduce
individual variability in learning rates. They were randomly as­
signed to four different groups.

Apparatus
The apparatus was the same as in the first experiment. New sets

of slide stimuli were prepared. Although the stimulus drawings
were prepared by hand so that the positioning of the dots was de­
termined subjectively, the stimuli were designed so that the dot den­
sity within each multiple-dot array was manipulated. The dots were
arranged so that when they were projected on the response keys,
they would be bunched near together (the N or high-density condi­
tion) or they would be spaced far apart from each other (the F or
low-density condition). Interdot spacing was not constant but was
slightly irregular within each slide. Obviously, density could not be
manipulated when stimuli consisted of only I dot. In that case, the
dot's size and position on the key was varied. In multiple-item stim­
uli, dot size could also vary. As in the first experiment, dot sizes
could be the same or different, either within a single array or across
pairs of arrays. Fixed pairs of arrays were used so that each slide
was unique.
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1+/2- and 1+/3-, half were ofthe low-density type (F-) and half
of the high-density type (N -). For all the other training conditions,
there were again two numerosity combinations per session, with 16
slides in each combination. Of these 16 slides, there were four sub­
groupings of slides with the following different density combina­
tions: N+/N-, F+/F-, N+/F-, and F+/N-. Again the order of
slide presentation was quasi-random. The four groups ofbirds were
trained for 10 sessions in each of four numerosity conditions that
can be designated by the S+ values: 1+,2+,3+, or 5+ (each ofwhich
was associated with two different S- values, as mentioned above).
The order of training was counterbalanced across groups.

For each numerosity condition, two slide sequences were used.
The first sequence was used for the first five sessions, and then the
slide order was changed according to the second sequence and
stayed the same for the remaining five sessions. Across all four
training conditions, each bird thus experienced 8 different quasi­
random orders of stimulus presentation.

Results

For each bird and session, the percentages of correct
choices made on subsets of noncorrection trials were
calculated. Data subsets were grouped according to the
numerosity and dot density combinations used on indi­
vidual trials (e.g., 3+/7 - F+/N- constituted a subset).

Near

Figure 3. Samples of the S+ and S- stimuli used in the nu­
merosity pairings 1+2- and 1+3- in Experiment 2. S- stimulus
dots were either situated near together or were spaced far apart.
For illustration purposes, the contrast of the arrays has been
reversed.

Stimuli were prepared with the numerosity combinations 1+/2-,
1+/3-,2+/3-,2+/4-,3+/5-,3+/7-,5+/6-, and 5+/7-, where
+ denotes the S+ value, and -, the S- value. When the S+ consisted
of only I dot, there were two density arrangements for each nu­
merosity combination: S- could be of the type N (near spacing) or
the type F (far spacing). Examples of these stimuli are shown in Fig­
ure 3. In all the other stimuli, both the S+ and the S - consisted of
multiple dots. Each of these stimulus components could consist of
high- or low-density dot arrays. Thus S+/S - pairings could be of
four density combinations: N+/N -, F+/F -, N+/F -, and F+/N -.
Examples of multiple-dot arrays in different density arrangements
are shown in Figure 4.

Procedure
The simultaneous discrimination training procedure was the same

as in the previous experiment. Correct choices on all trials were fol­
lowed by food reward. Incorrect responses led to a timeout and ini­
tiated a correction procedure. At the end of each session, separate per­
centages of correct choices on noncorrection trials were calculated for
the two intrasession numerosity combinations. Sessions consisted
of 32 noncorrection trials and a variable number ofcorrection trials.

The numerosity value ofthe S+ was the same on all trials within
a session, but this number was combined with two different S- val­
ues (e.g., 1+/2- and 1+/3-; see Figure 5). These two numerosity
combinations were presented in quasi-random order, with 16 slides
in each combination. In each set of 16 slides with the combinations
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Figure 4. Samples of multiple-dot arrays used as either S+ or
S- in Experiment 2. In both S+ and S- stimuli, dots were placed
either near together (N) or far apart (F). This yielded four possi­
ble density combinations: N+N-, F+F-, N+F-, and F+N- (see
text for further details). For illustration purposes, the stimulus
contrast has been reversed.
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Figure 5. Mean discrimination scores obtained in each of the
four numerosity conditions in Experiment 2. In each condition,
the numerosity ofthe S+ was the same on all trials but the S- nu­
merosity differed across trials within the same session. Each
graph shows the average discrimination performance for these
two types of trials. Numerosity values of S+ and S- stimuli are
indicated next to the mean data curves.

For each S+ numerosity condition, three-way ANOVAs
were then performed, with numerosity combinations, dot
density combinations, and sessions as repeated mea­
sures. Each of these main factors had a reliable effect on
discrimination performance. In some cases, there were
also significant interactions, chiefly between display
densities and some of the numerosity conditions. The
outcome of these analyses will be described in more de­
tail below.

(5+/6 - ) than with the larger difference (5+/7 -). Dis­
crimination accuracy improved significantly across ses­
sions for all four sets oftraining combinations [F(9,99) =

17.7,7.2,4.8, and 3.0 for Conditions 1+,2+,3+, and 5+,
respectively; p < .01 in each case]. There were no signif­
icant (p > .05) interactions between numerosity condi­
tions and sessions .

Rank Order of Density Effects on
Discrimination With Multidot Numerosity Pairs

When both discriminanda consisted of multiple ele­
ments, the densities ofthe S+ and S- stimuli also affected
discrimination accuracy in the separate numerosity pair­
ings, as can be seen in Figure 6. On the whole, a consistent

Effect of Array Density on Performance
The other main factor was the relative spacing or den­

sity of the stimulus dots. Overall, in each of the four sets
ofnumerosity combinations, this factor had a significant
effect on performance. For three of these conditions,
there was also a significant interaction between the nu­
merosity difference that had to be discriminated and the
density of the stimulus arrays. An overall summary of
these interaction effects is provided in Figure 6. Since
the density of the S- stimulus in each pair seems to have
been particularly important in producing these results,
performance is encoded by different types ofsymbols in
the figure. Filled symbols have been used for conditions
in which S- arrays were of high density (dots were near
together). Unfilled symbols represent conditions in which
S- arrays were of low density (dots were far apart).

In the numerosity combinations 1+/2- and 1+/3 -,
obviously the density could only vary in the S- stimuli.
The overall effect ofS- density on discrimination accu­
racy was significant [F(1,II) = 23.1,p < .01], with bet­
ter discrimination being achieved when the S- elements
were near together. In addition, there was a significant
interaction between numerosity and density conditions
[F(1,II) = 1O.5,p < .01].

In all the other numerosity conditions, dot spacing
varied in both S+ and S- stimuli. In all cases, there was
a reliable effect of density variations on overall discrim­
ination performance. For intrasession numerosity combi­
nations 2+/3- and 2+/4-, 3+/5- and 3+/7-, and
5+/6- and 5+/7-, the respective F ratios were F(3,33) =

15.4,7.2, and 8.8; p < .01 in each case. For training with
the 2+/3- and 2+/4- stimulus pairs, there was a signif­
icant interaction between numerosity pairing and stimulus
density [F(3,33) = 9.0, p < .01]. This interaction term
did not reach significance for the stimulus pairs 3+/5­
and 3+/7-. The interaction ofnumerosity difference and
stimulus densities was again significant for the training
pairs 5+/6- and 5+/7- [F(3,33) = 15.6,p < .01]. The
latter training condition, with S+ = 5, was the only one
in which a significant interaction was also found between
density conditions and training sessions [F(27 ,297) =

2.5, P < .01]. None of the three-way interactions of nu­
merosity X density X sessions were significant (p > .05).
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Effect of Numerosity Difference on Performance
The mean discrimination scores across 10 sessions for

the various numerosity differences are summarized in
Figure 5. For three out of the four sets of numerosity
combinations, the greater the numerosity difference on tri­
als within a session, the better the birds' discrimination
accuracy. For all numerosity combinations, performance
level also improved across sessions.

For the training combinations 1+/2 - compared with
1+/3-,2+/3- versus 2+/4-, and 3+/5- versus 3+/7-,
choice accuracy depended significantly on the numeros­
ity difference, with better discrimination corresponding
to the greater numerosity discrepancy in each condition
[F(1,II) = 89.7,138.8, and 94.7, respectively;p < .01 in
each case]. For the numerosity pairs 5+/6- and 5+/7-,
there was a significant difference in discrimination level
between these two stimulus conditions [F(1,II) = 10.5,
p < .01]. However, mean discrimination accuracy in this
case was higher with the smaller numerosity difference
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Figure 6. Interactions between numerosity and dot-density combinations in the

four training conditions of Experiment 2. Filled symbols show scores for density
conditions in which the S- array was of the near type (with closely spaced dots).
Open symbols show scores for combinations in which S- arrays were of the far
type (with widely spaced dots). When S+ consisted of just I dot (top-left graph),
only the density ofthe S- stimulus could vary. For all the other numerosity condi­
tions, there were four density combinations. These are coded by separate symbols
as shown to the right of the figure.

pattern emerged in the results. For each ofthe separate nu­
merosity pairings (e.g., 2+/3- alone), the best discrimi­
nation scores were found for the F+/N- density condition,
when the S+ was ofthe far type (with dots spaced far apart)
and the S- was ofthe near type (with dots close together).
With the exception of the numerosity pairing 5+17-, dis­
crimination accuracy was worst under the N+/F - density
condition.

Further two-way repeated measure ANOVAs were per­
formed post hoc in order to compare the effects ofdensity
conditions by applying subsequent Newman-Keuls tests.
In the majority ofcases, Newman-Keuls tests showed that
the differences in performance level under the two con­
ditions F+/N - and N+/F - were significant (p < .05 for
2+/4-;p < .01 for 2+/3-,3+/5-,3+17-, and 5+/6-).
The only inconsistency in this general pattern of results
was that, for the numerosity pairing 5+17 - , discrimination
accuracy was worst under the F+/F- condition, when both
S+ and S- stimuli were of the far type, with dots spaced
apart. For 5+17 - , the difference in discrimination accuracy
under these best (F+/N -) and worst (F+/F - ) density con­
ditions was also significant (p < .05). For most numeros­
ity combinations, intermediate levels of discrimination
were obtained when S+ and S- had similar densities (i.e.,
the combinations N+/N - and F+/F - ). However, whether
performance was relatively better, worse, or approximately
equal when the N+/N - and F+/F - conditions were com­
pared varied across numerosity pairings.

Discussion
Most of the data in this experiment confirmed that, for

a given S+ value, discrimination accuracy was greater

when the numerosity difference between S+ and S- was
larger than when it was smaller. Although numerosity
differences were apparently the primary factor deter­
mining the pigeons' choice behavior, their discrimination
performance was also influenced by variations in the
spacing of items in the stimulus arrays. However, the ef­
fects of dot spacing appeared to be very different from
those reported in most studies ofnumerosity discrimina­
tion in humans. In part, this may be due to the differences
in stimulus presentation conditions for humans and
animals that were noted earlier. Be that as it may, in hu­
mans, numerosity tends to be overestimated when dots are
spread out and underestimated when they are clumped
together (compared with estimates made with random
configurations). If similar effects had operated in birds,
then arrays of the far type should have had their apparent
numerosity enhanced in comparison with the same nu­
merosity of the near arrangement. Thus, in the combina­
tions 1+/2 - and 1+/3 -, discrimination should have
been better when S- was of the far type rather than the
near type. Instead, the opposite was found. Furthermore,
in combinations in which both S+ and S- consisted of
multiple dots, and choice of the smaller numerosity was
always correct, discrimination should have been optimal
with the density combination N+/F-. For most nu­
merosity pairings (with the exception of 5+17 -), this
was the combination that instead produced the poorest
discrimination accuracy, whereas the spacing combina­
tion that led to optimal performance was F+/N-. Thus,
at the descriptive level, the data show opposite effects of
interitem spacing on numerosity assessment in humans
and pigeons.



GENERAL DISCUSSION

Exactly how animals process stimulus arrays to assess
their numerosity is unknown at present. However,analyses
of the general processes underlying other discrimination
tasks suggest that choice behavior depends on a combi­
nation ofstimulus effects, often represented in signal de­
tection models by a normal distribution, and decision cri­
teria. The model that best describes the behavior of pigeons
when they are acquiring a discrimination task or have
reached stable performance levels is one based on Markov
choice processes that has been developed by Wright
(1990, 1992; Wright & Sands, 1981).Although this model
was derived from empirical data obtained in matching­
to-sample and oddity-from-sample tasks, its general prin­
ciples should apply to the simultaneous discrimination
procedure used in the present experiment.

Wright (1990, 1992) observed that pigeons sometimes
pecked at the first comparison stimulus they viewed, but
would also switch back and forth, perhaps several times,
between the two comparison stimuli before finally peck­
ing a key. To demonstrate this, he recessed the stimuli
behind the keys and monitored the birds' behavior with
an infrared camera. Such an arrangement was not tech­
nically feasible in the present experiment, but may not
have been necessary for the present argument if just the
main features of Wright's model are considered. In the
Markovian model, the probability ofaccepting or reject­
ing each stimulus is independent of the number of switches
in observing behavior. In fact, Wright's (1990, 1992) em­
pirical data show that, although multiple switches do
occur, the majority of pecking responses are made to the
first stimulus the bird views, or else to the alternative stim­
ulus that it examines after making a single switch be­
tween keys. Thus, as a simplification, these initial tenden­
cies may be considered to account for the broad trend of
the discrimination results.

Wright's (1990, 1992) discrimination model assumes
distributed stimulus effects as well as a decision crite­
rion (or acceptance/rejection level) at which each stimu­
lus triggers a response. However, in contrast to signal de­
tection models, the acceptance criterion stays relatively
stable with respect to the distribution ofS+ effects. What
changes is the relation between the decision criterion and
S- effects. As discrimination improved during acquisi­
tion, the probability of rejecting the S - when it was
viewed first increased. Conversely, the likelihood of its
being falsely accepted decreased (Wright, 1992). Choice
behavior was also analyzed in well-trained birds when
the physical difference between stimuli (wavelength val­
ues of color stimuli) varied (Wright, 1990). If the birds
examined the S+ first, they mostly responded to that
stimulus rather than switching to look at the other one.
This acceptance probability remained stable across dif­
ferent levels ofdiscrimination difficulty. What varied was
the behavior toward the S-, if that stimulus was ob­
served first. When the discrimination task was an easy one
(i.e., the physical difference between S+ and S- was
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large), there was a fairly low proportion of immediate
choices of the S-, or false acceptances. This meant that
there was a high proportion of correct rejections that re­
sulted in a single switch to and correct acceptance of the
S+. Conversely, if the discrimination task was more dif­
ficult (i.e., the difference in stimulus values was smaller),
then the opposite pattern of behavior was observed: There
was a greater occurrence of false acceptances on first
viewing the S- and relatively fewer correct rejections
with subsequent choices of the S+.

Throughout this study, each bird was trained with the
same procedure, not only in the two experiments de­
scribed here, but also in some intervening control condi­
tions that were not reported. The animals received equiv­
alent amounts ofexperience with each ofthe stimulus sets
used here. But since performance accuracy varied in a
fairly consistent way, there must be something about the
stimuli themselves that leads to differences in their ac­
ceptance or rejection rates. At first, and in keeping with
Wright's (1990, 1992) model, the results appeared to be
explicable through differences in the processing of the
S- stimuli alone. One possibility is that the birds "scan"
across a key (probably by making eye and/or head move­
ments in front of the key-see Goodale, 1983-or else
through shifts of attention within their binocular visual
field). S- is always the stimulus whose numerosity ex­
ceeds the fixed value of the S+. Thus, when S- dots are
more widely spaced, there is an increased chance ofmiss­
ing some dots or making a false acceptance response be­
fore all the dots have been encountered. The greater the
number ofdots in the S-, the greater the likelihood that
a number in excess of the S+ value will be encountered
and the S- will be correctly rejected. Hence, choice ac­
curacy should be greater when the numerosity difference
between S+ and S- is larger. For most numerosity con­
ditions, this was the case. But also, for a given numeros­
ity difference, the closer the dots' proximity, the greater
the probability that each will be detected, in which case
an S- is more likely to be correctly rejected. On the other
hand, the farther apart the dots, the more likely it is that
one or more might be missed, increasing the false accep­
tance rate to the S-. This would be sufficient to explain
the pattern of interactions between numerosity and dot
density for the 1+/2 - and 1+/3 - training conditions.

This proposition, that low dot density and incomplete
scanning of the S- increase error rates, would also ac­
count for the two most consistent findings with the re­
maining numerosity combinations. The first is that dis­
crimination accuracy is generally better when the
numerosity difference is greater. The second is that, within
a given numerosity pair, performance is best with the den­
sity combination F+/N - and (with one exception) worst
with the combination N+/F -. However, this proposition
alone does not quite account for the results with the re­
maining density combinations. If differences in choice
accuracy were to be attributed solely to differences in the
probability of processing errors with the S-, then results
for the combinations F+/N - and N+/N - should be
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equivalent. Similarly, discrimination levels should be
equivalent for the F+/F - and N+/F - combinations. The
data provided mixed evidence on this point.

If an additional factor has to be postulated that affects
the overall decision process, there are two possibilities.
The more parsimonious one is complementary to the ef­
fects that spacing might have on S- decisions. Thus, with
F+ stimuli, a bird could also accept a stimulus as having
the smaller number of dots before it had completely
scanned all of them. Ifthis happened, correct acceptance
rates to F+ stimuli would be slightly enhanced. The other
possibility is that initial approach to one or other key is
biased by stimulus factors. In Wright's (1992; Wright &
Sands, 1981) experiments with recessed stimuli, the birds
had to approach one key first and look through it before
they could see a stimulus. Preferences for investigating
a particular side first differed among animals, so initial
key approach was essentially a random variable. In the
present experiment, it was not technically feasible to re­
cess the stimuli, nor was it possible to monitor which key
the pigeons looked at first. Most likely both keys were
visible from a distance since the birds were free to move
around in the conditioning chamber. It is therefore pos­
sible that they made a quick assessment of the location
where there appeared to be only a few stimulus items
(maybe using lateral vision to do so; see Friedman, 1975;
Goodale & Graves, 1982). Ifthe local dot density was low
(and a bird noticed just a few dots on the key), this could
have been used as a cue to approach that key and examine
it more closely. Then the pigeon would have had to switch
to frontal, binocular vision, on which it relies when view­
ing things close up and pecking them (see Goodale, 1983).
Initial approach could thus be biased toward the key with
the far stimulus on it only iflocal densities between keys
differed. This would imply a bias to approach F+ with
the F+/N- combination but not with the F+/F- combi­
nation. Similarly, there would be a bias to approach S­
with the N+/F- combination but no approach bias with
the N+/N- combination. As a second stage in the decision
process, a close examination ofthe approached key would
lead to a response if the bird accepted the stimulus as the
correct one, or to a switch to the other side if it rejected the
stimulus as the incorrect one. The present data cannot
differentiate between these possibilities, but they may be
worth considering in future experiments.

A couple of findings in these two experiments are
harder to explain. Mostly, discrimination was easier when
the numerical difference between paired arrays was larger
rather than smaller. The exception to this was with the nu­
merosity combinations 5+/6 - and 5+/7 -. The pattern of
results for the latter numerosity pairing also deviated from
that ofother combinations when the effects ofdensity on
discriminability were considered. At present, the reason
for these discrepant results is not clear.

The other unexpected finding was that it took the birds
longest to acquire the 1+/2 - discrimination in the first
experiment. This effect was seen both in the overall mean
acquisition times and in the time to reach the learning
criterion when the birds' initial training was with 1+/2- .

This slower learning might be related to the feature neg­
ative effect (Jenkins & Sainsbury, 1970) if a single dot is
considered as the common feature on both keys and a sec­
ond dot is considered as a distinctive feature. However,
the effect appears to be restricted to this numerosity con­
dition since, with multiple elements on both keys, the
birds had no difficulty in learning to choose the key with
the lesser amount on it. Jenkins and Sainsbury favored a
simultaneous discrimination theory over a search theory
to explain the feature negative effect. According to the si­
multaneous discrimination theory, both common and
distinctive features are perceived by an animal as soon as
a stimulus is displayed. As discrimination learning pro­
ceeds, however, these features are associated with differ­
ential reinforcement. Responding to the common feature
increases, but then is maintained by partial reinforce­
ment, since this feature appears in both S+ and S-. Re­
sponses to the distinctive feature in the S- , though, have
a zero probability ofbeing reinforced. The search theory
proposes that the gross features, common to displays, are
initially processed and only through differential rein­
forcement do the animals come to search for the distinc­
tive feature. If the distinctive feature appears in the S-,
nonreinforcement will not elicit attention to this differ­
ential feature. The present hypothesis is more akin to
Jenkins and Sainsbury's search theory in proposing that
displays have to be scanned in order for a bird to pick up
information about all their features. But the further as­
sumption must be that scanning is curtailed when the re­
inforced stimulus consists ofa single dot, rather than sev­
eral (as in the other numerosity conditions). However,
because of the variable stimulus configurations, the dis­
tinction between common and distinctive features in the
present experiments becomes rather abstract. Across
stimuli, dots varied in size and location, so it is only the
supernumerariness ofa dot that makes it distinctive. Jenk­
ins and Sainsbury, by contrast, generated stimuli in which
the distinctive feature was some consistent physical char­
acteristic, such as a gap in a line or a star shape among dots.

In both experiments, the numerosity difference between
arrays nevertheless seemed to be the most important fac­
tor guiding birds' choices in the simultaneous discrimi­
nation task. This adds to the accumulating findings that
a variety of species are capable of responding differen­
tially to the relative or absolute number of items that are
presented either simultaneously, as here, or sequentially
(see Boysen & Capaldi, 1993; Davis & Perusse, 1988).
With the few sets of numerosity values that were used in
the present experiments, it is not certain whether the
birds learned about the absolute or the relative difference
between each S+ and S- value. Some post hoc calcula­
tions suggest that the birds relied on relative numerosity
differences. For Experiment 1, disparity ratios (the dif­
ference divided by the sum of paired numerosities) were
calculated for each of the paired values in transfer and in
test trials. The overall mean percent correct scores for
each set of nonreinforced trials were transformed to a
logit scale (Macmillan & Creelman, 1991). The correla­
tion between disparity ratios and logit scores proved to



be significant (r = .74, N = 8,p < .05). For Experiment 2,
a similar logit transform was applied to the overall mean
percentages across the last five sessions, in which per­
formance was tending to level off, for each pair of nu­
merosity values. The disparity ratios for these numerosi­
ties were also calculated. Again, the correlation coefficient
for the numerical ratios versus logit discrimination scores
was significant (r = .78, N = 8, P < .05). These correla­
tions suggest that Weber's law might apply to simultane­
ous numerosity discrimination, as it does to numerical
discrimination of sequential events (Fetterman, 1993;
Meek & Church, 1983).

Previous research with pigeons has shown that the form
of discrimination functions remains fundamentally the
same when other stimulus parameters, that are not es­
sentially numerical, are altered. Particularly in an exper­
iment by Emmerton et al. (1997), a wide variety ofpoten­
tially confounded attributes were manipulated without
having any systematic effect on discrimination functions.
Although there were slight random variations across stim­
uli in the spacing of elements, those variations were not
correlated with the numerosity values. The present exper­
iments show that, although dot spacing is not the primary
factor guiding choice behavior, it can nevertheless influ­
ence the accuracy ofnumerosity discrimination. Although
this statement summarizes the empirical findings, the
explanation for the effects ofarray density remains spec­
ulative for now. Nevertheless, the working hypothesis
that is suggested here rests on a few assumptions that are
compatible with other observations about visual behav­
ior and the nature of the discrimination process in birds.

If, indeed, birds "scan" visual arrays and thereby pro­
cess separately each of the constituent items, this would
have further implications for the type of mechanism that
underlies numerosity assessment of such stimuli. A scan­
ning strategy implies serial processing ofsimultaneously
presented array elements so that each encounter with an
element could be considered as an "event." Meek and
Church (1983) proposed a model that involves the accu­
mulation ofgated pulses from an oscillator to account for
both counting of events and timing of series duration
when rats discriminated tone sequences. This model has
been modified by Roberts and Mitchell (1994) to explain
data from pigeons that were tested with sequences of light
flashes. A model for serial counting might also apply to
pigeons' processing of multi-item visual arrays.
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