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Pigeons’ serial ordering of numerosity
with visual arrays
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Pigeons were trained in a conditional discrimination paradigm to differentiate successively pre-
sented visual arrays according to the relative number of their elements. Transfer tests with novel stirm-
uli demonstrated that they discriminated the categories of “many” (6 or 7) from “few” (1 or 2) items.
In further tests, other new stimuli were introduced that consisted not only of these training numer-
osities, but also of the intervening ones (3, 4, and 5). Variations in the birds’ discrimination performance
corresponded to the order of stimuli on a numerosity dimension. This serial ordering was maintained
when other factors such as brightness, size, shape, area, and contour of the elements were system-
atically controlled across tests. Smaller numerosities were somewhat better discriminated than

those at the higher end of this test range.

Since the creative approach developed by Koehler (e.g.,
1937, 1943) for the investigation of infrahuman numerical
abilities, evidence has accumulated over recent years that
a variety of animals are capable of differentiating stimuli
on the basis of their number. Much of this work has been
reviewed by Davis and Memmott (1982), Davis and Pér-
usse (1988), and in Boysen and Capaldi’s (1993) book.
Some researchers have argued that a sense of number is
one of the fundamental faculties in animal cognition, and
that there are basic and elemental mechanisms for the in-
ternal representation of numerosity (Gallistel, 1993). From
this perspective, numerical discrimination, even counting,
is an ability that some animals apply routinely and perhaps
automatically in their behavioral repertoires (Capaldi &
Miller, 1988). Others (Davis, 1993; Davis & Memmott,
1982; Davis & Pérusse, 1988), while acknowledging that
arange of abilities they term “numerical competence” has
been demonstrated experimentally, nevertheless hold the
view that animals are not naturally attuned to number, and
that the discrimination of absolute number in particular is
a strategy of last resort. The extent to which animals uti-
lize number in their natural environments remains specu-
lative. However, it is not difficult to suggest ways in which
a sense of number could provide ecologically relevant in-
formation. In foraging, for instance, an ability to estimate
number would enable birds to assess the rate of return of
serially gathered food items or the relative profitability
of different seed patches.
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These examples of potential applications of numerical
abilities in fact parallel two of the major experimental
approaches to studying animals’ discrimination of num-
ber. In many investigations, chiefly with rats or pigeons,
the animals have been trained to differentiate the numer-
ical dimension of series of events, which have been either
the animals’ own responses (e.g., the number of barpresses
or keypecks emitted; Fetterman, 1993; Mechner, 1958)
or external stimuli (e.g., a sequence of tone pulses or light
flashes; Alsop & Honig, 1991; Fernandes & Church, 1982;
Roberts, Macuda, & Brodbeck, 1995). As Gallistel and
Gelman (1992) have pointed out, to demonstrate that an-
imals have number categories it must be shown that they
base their behavior on the numerosity of a set of items in-
dependently of other attributes of that set. A potential
confound with numerosity in sequences of events is the
total duration of the sequence or of the stimulus compo-
nents that comprise it. Recent research has examined the
effects of both number and time on animals’ behavior.
From such studies, models have been developed that show
how time and number, while they can be evaluated sepa-
rately, may be processed by some common underlying
mechanisms (Fetterman, 1993; Meck & Church, 1983;
Roberts et al., 1995; Roberts & Mitchell, 1994).

The alternative approach, which we adopt here, has
been to present multi-item visual displays in which the
number of items varies from one array to another. The dis-
plays we used were intended to be quasi-ecological, with
the arrays being composed of random arrangements of
seed-like dots or small squares. With this type of stimu-
lus, numerosity can potentially be confounded with a
number of other parameters, for instance the overall bright-
ness or area of the display, or the size or density of the con-
stituent elements. One way of controlling for these con-
founds is that used by Honig, who has demonstrated that
birds can discriminate the relative numerosity, or pro-
portion, of a subset of elements in matrices consisting of
a fixed total number of items (Honig, 1991; Honig &
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Stewart, 1989; Honig & Stewart, 1993). We have employed
a different strategy, one of having pigeons discriminate
visual arrays in which numerosity is defined by the total
number of elements within a given array, but then system-
atically controlling for confounding parameters when
new sets of stimuli are presented to the birds.

If an organism really discriminates the abstract prop-
erty of numerosity, then the internal representation of nu-
merical categories ought to map systematically onto some
external scale of magnitude (see Gallistel, 1990). Thus
there ought to be a functional correspondence between
the number of items in a given display and how the brain
encodes these quantities. Furthermore, if an animal is
trained to discriminate different numerosities, and these
map onto separate points along a number scale, then in-
tervening numerosities, with which the animal has not
been specifically trained, should be assigned “spontane-
ously” to interpolated points along a numerical continuum.
The alternative is that an animal could utilize number in
only a limited way, responding to different numerosities
as discrete and disconnected features. In this case, its cate-
gorization of novel intervening numerosities should be
essentially random.

Our aim in the present study was to provide further evi-
dence that birds can discriminate visual stimuli on the
basis of their numerosity, and that their performance does
not depend on, nor is it significantly influenced by, a va-
riety of other nonnumerical stimulus attributes. Further-
more, we were interested in determining whether they cat-
egorized novel stimuli systematically, with the allocation
of behavioral choices corresponding to an increasing
number of items in a given array. The numerosities we
used fell within the range that pigeons had been able to
discriminate when they were tested with similar stimuli in
previous experiments (see Emmerton & Delius, 1993).
The initial training condition required the birds to differ-
entiate “few” from “many” items, rather than responding
to only fixed numerosities. This training was meant to
encourage some flexibility in the animals’ allocation of
choices about slightly varied numbers of items.

METHOD

Subjects

There were two groups of subjects. In the first part of the exper-
iment, 8 experimentally naive homing pigeons (Columba livia),
obtained from local breeders, were used. During the first author’s
leave of absence, these birds were erroneously sacrificed in another
experiment. Therefore, the second part of the experiment was con-
ducted with 10 new pigeons, similarly naive and of local stock. Dur-
ing the experiment, the animals were housed in individual cages
in a colony room with a 14:10-h light:dark cycle. They were main-
tained at 80% of their ad-lib body weights, but water and grit were
freely available to them in their home cages.

Apparatus

The conditioning chamber (35 X 35 X 37 cm) was constructed
mainly of aluminum and was of in-house design. On one panel there
were three horizontally arranged response keys (2.5 cm diam),
made of matte acrylic plastic. They were situated 21.5 cm above the
grid floor of the chamber and were separated by 8.5 cm, center to
center. A 1-W red light could be switched on behind the right key,
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and a 1-W green light could be switched on behind the left key. Baf-
fles around the middle key shielded it from scattered colored light.
Stimuli were displayed on this center key by opening a solenoid-
operated shutter, located behind the key. The stimuli were back-
projected onto the key with a Zeiss Ikon Unimat 2500 slide pro-
jector. A collector lens inside this projector was darkened with
diffusely sprayed black paint to reduce the light intensity.

The conditioning chamber was illuminated by a 1.7-W light, set
7.5 cm above the center response key. A second light, directly be-
side the houselight, was switched on during food-reinforcement
periods. A small ledge below these lights shielded the response
keys from scattered light. Access to a solenoid-operated food hop-
per was via an opening 12.5 cm below the center response key.

A Commodore VC 20 computer and an interface, manufactured
in-house, were used to control events in the operant chamber, to
drive the projector, and to register responses. Stimuli were prepared
as photographic negatives. These were mounted over a 1-cm-diam
central hole in each specially constructed 5 X 5 cm slide frame.
Toward the lower edge of the frame were three coding holes, each
0.5 cm in diameter. The binary state of these coding holes, that is,
each either open or closed, was signaled to the computer via three
photocells built into the slide projector. The stimuli consisted of
varying configurations of white elements (dots, circles, squares, or
triangles) on a dark background. The sizes of these elements also
varied. For instance, the diameters of the smallest and largest cir-
cles, when they were projected onto the key, varied between 0.8 and
6 mm. The type and size of elements that were used depended on the
phase of the experiment. In the training phase, the elements within
a stimulus were all of the same size and type (e.g., all squares) but
differed across stimuli. Various parameters of the stimuli were modi-
fied in subsequent novelty-habituation and test phases and will be
described in later sections.

Procedure

Each group of birds underwent initial response training, after
which there were three different procedural conditions in the exper-
iment: a prolonged conditional discrimination-training phase, in-
corporating sessions in which transfer to new stimulus exemplars
was tested, various novelty-habituation phases, and associated test
phases. The novelty-habituation and test conditions were repeated
each time that new numerosities and parametric changes in the stim-
uli were introduced.

Response training. The pigeons were trained to keypeck with
a modified autoshaping procedure (Brown & Jenkins, 1968). Fol-
lowing a 20-sec intertrial interval, the two side keys were illumi-
nated for 6 sec with white light. A peck to either key during this
stimulus period produced immediate food reinforcement for 3 sec.
If the bird failed to respond, however, reinforcement was presented
concurrently with the last 3 sec of the stimulus interval. If an ani-
mal showed a strong side preference, the preferred key was disabled
in the next session.

After six sessions of autoshaping, an instrumental procedure was
introduced. For the birds in the first part of the experiment, the
center key was illuminated with white light and a single peck to it
switched on the side keys with the center key remaining lit up. A
response to either side key switched off the illumination on all three
keys and led to food reward. These birds were trained instrumen-
tally for eight sessions. For the birds in the second part of the exper-
iment, an identical instrumental procedure was employed for nine
sessions. During the next two sessions, the response requirement
on each key was raised to a fixed ratio of two (FR2). In a further five
sessions, the middle key was illuminated with a diagonal cross-
hatch pattern and the response requirement per key was gradually
raised to FR6.

Conditional discrimination training and transfer sessions.
The pigeons were then trained with a conditional method to discrim-
inate stimuli containing “many” items from those containing “few.”
Stimuli of the “many” type were defined as those with 6 or 7 ele-
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ments. Stimuli of the “few” type consisted of 1 or 2 elements. After
a bird had responded to the stimulus on a fixed-ratio schedule (in-
creased from FR1 to FR6 early in acquisition), the right-hand key
was illuminated with red light and the left with green light, while
the center-key stimulus remained on.

For half of the pigeons, responses to the right key were reinforced
when the center-key stimulus was of the “many” type, while pecks
to the left key were correct following responses to the “few” stimulus.
For the other subjects, the choice contingencies were reversed. The
side-key response requirement by the end of acquisition was raised
from FR1 to a modified FR10 schedule, that is, 10 consecutive
pecks to the correct side key constituted a correct choice and led to
food reward. However, if the animal changed sides before com-
pleting 10 pecks, these incorrect responses were subtracted from
the correct count and additional responses were needed to complete
the FR requirement. (In practice, however, the birds rarely switched
from one key to another once responding had been initiated.) In-
correct responses were simply accumulated until the FR contin-
gency had been met (irrespective of any key switching). A total of
10 incorrect pecks counted as an incorrect choice and led to a 3-sec
time-out period. The trial was then repeated in a correction proce-
dure until it ended in reward. These correction trials were regis-
tered, but they were not used to score discrimination performance.

With the first group of birds, 12 “few” and 12 “many” stimuli
were presented in quasi-random order (Fellows, 1967) within a
session for the first 10 sessions of training. Then, as an intended
aid to learning, the stimuli were presented for 10 sessions in aiter-
nating blocks of 6 different “few” and 6 different “many” exemplars.
The order of these blocks was changed every 2 sessions. Subse-
quently, a quasi-random order of stimulus presentation was reintro-
duced and stimulus order was changed every 4 sessions.

After the birds were discriminating at over 75% correct choices
with the original 24 stimuli, 24 new stimuli were added to this set
in Session 37. Starting with Session 50, partial reinforcement was
introduced by not reinforcing 3 “many” and 3 “few” trials, irrespec-
tive of side-key choices. In Session 60, 12 familiar stimuli were
replaced by novel ones (6 “few” and 6 “many”). Choices on half
of each type of new trial were reinforced; on the other novel trials,
ro reinforcement was given. In Sessions 68 and 69, the brightness
of the stimuli was randomly varied by affixing neutral-density fil-
ters to 16 of the 48 stimuli. These filters attenuated the already
variable stimulus luminance by 0.06 to 0.72 log units. In Sessions
70 and 74, half the stimuli were replaced by new ones, half of
which were presented in reinforced trials and half in nonreinforced
trials. In addition, the mean luminance over all the “many” and all
the “few” stimuli was equated to a level of 0.2 log cd/m? (as mea-
sured by a Mavolux electronic luxmeter) by adding neutral-density
filters to individual stimuli. Finally, in Session 84, all 48 stimuli
were replaced by novel ones and 12 trials were nonreinforced.
Throughout this extended training and transfer phase of the exper-
iment, the quasi-random order of stimulus presentation was changed
every 4 sessions.

The stimuli and the procedure were essentially the same for the
second group of animals that were trained. For these birds, “few”
and “many” stimuli were presented in blocks of six during the first
18 sessions, with the order of blocks being changed every 3 ses-
sions. After that, the stimulus order was quasi-random. By Ses-
sion 36, these birds also discriminated “few” from “many” stim-
uli with an accuracy exceeding 75% correct. Subsequently, similar
transfer sessions with new stimuli, modifications in partial rein-
forcement, and alterations in stimulus brightness were introduced
as they had been for the first group of pigeons.

Novelty-habituation phases. The most critical data in the ex-
periment were to be collected in various test phases. The main pur-
pose of these test phases was to examine the effect on discrim-
ination performance of introducing new numerosities. At the same
time, as a check that discrimination depended on numerosity rather
than on some other stimulus dimension, various other stimulus pa-

rameters that had been partly confounded with numerosity during
prior discrimination training were to be altered. To obtain sufficient
test data, but to avoid additional training effects, choices on critical
test trials were to be nonreinforced. However, since the introduc-
tion of novelty per se, or the consistent association of novelty with
nonreward, might have disrupted discrimination, each test phase in
which novel stimulus features were to be introduced was preceded
by a “novelty-habituation” phase in order to preclude such effects.

A novelty-habituation phase lasted for four sessions. In each
habituation phase, eight familiar stimuli were replaced by new
ones that featured the particular parametric change that was to be
included in the new test-phase slides. On four of these novelty-
habituation trials, correct choices were rewarded and incorrect ones
produced a time-out period. On the other four trials, no reinforce-
ment was given, irrespective of the bird’s choices. Thus, stimulus
novelty did not consistently signal nonreinforcement. The habitu-
ation stimuli were always of the type “many” and “few,” that is, they
consisted of the familiar training numerosities 1 or 2 and 6 or 7.

Test-phase procedure. Each novelty-habituation phase was
followed by a test phase that lasted for six sessions. The test stim-
uli comprised not only new exemplars of the numerosities 1 or 2
for “few” and 6 or 7 for “many,” as in the training and habituation
phases, but also the interpolated numerosities 3, 4, and 5. Choice
responses on test trials were never reinforced, but these trials were
intermixed within a session with reinforced trials in which stimuli
from the habituation phase were used again. Since birds never re-
ceived feedback about the correctness of their choices on test trials,
the same stimuli were shown repeatedly in the six test sessions. Trial
sequences were changed every two sessions.

In the first five test phases, there were three novel stimulus ex-
emplars for each numerosity group (1 or 2; 3, 4, 5; 6 or 7), that is,
there were 15 test stimuli altogether. In addition, 16 of the “few”
stimuli (1 or 2 elements) and 16 of the “many” stimuli (6 or 7 ele-
ments) were retained from the habituation phase and comprised the
reinforced trials. Thus there was a total of 47 trials in a test ses-
sion. Of the 47 trials in the final three test phases, 21 were test trials
(3 for each separate numerosity value of 1 to 7). The remaining 13
“few” and 13 “many” trials comprised the reinforced trials. Further
details about the rationale for modifying various stimulus parame-
ters will be given below when the results of each test are described.

RESULTS

Acquisition Phase With Transfer Sessions

This prolonged phase provided a reliable level of base-
line performance before the critical test phases began.
Over Sessions 32-36 (the last five sessions before trans-
fer sessions began), the mean level of correct choices was
80% for the first group of birds and about 78% for the
second group. Transfer to new stimuli was then assessed in
individual sessions among the ongoing training sessions.

For the first group of birds, new stimuli were introduced
on Sessions 37, 60, 70, 74, and 84. Correlated ¢ tests that
compared the percentage of correct scores for the famil-
iar versus novel stimuli within each of the first four trans-
fer sessions also showed that, with the exception of the
first of these sessions in which new stimuli were more
poorly discriminated than familiar ones, there were no
reliable differences (p > .05) between data obtained with
old and new configurations (see Table 1). In the third of
these transfer sessions, stimuli were also equated in lumi-
nance, but discrimination performance was not adversely
affected by this control. On the final transfer test, the com-
parison was between the discrimination data from Ses-



Table 1
Mean Scores and ¢ Values From Transfer Sessions During
Acquisition Phase for First and Second Groups of Pigeons

% Correct Choices

Session Number Familiar Stimuli Novel Stimuli t
First Group
37 81.2 66.1 3.841
60* 80.9 76.0 0.84
70*%% 87.5 85.4 0.54
74* 91.1 92.1 0.27
83 vs, 84* 86.5 84.1 1.26
Second Group
37 78.3 77.1 0.26
54* 83.6 75.1 2.07
66* 82.9 82.9 0.002
T1*% 88.1 82.9 2.16
79 vs. 80* 89.4 87.9 0.71

Note—In ¢ tests, df = 7 for the first group, df = 9 for the second
group. *Mixture of reinforced and nonreinforced novel trials.
*Novel stimuli equated in luminance. ¥p <.01.

sions 83 (all familiar slides) and 84 (all novel slides).
Again, the birds’ choice scores did not differ.

For the second group of birds, transfer tests were per-
formed on Sessions 37, 54, 66, 71, and 80. The results for
these animals were similar, except that none of the paired-
differences ¢ tests revealed reliable differences in discrim-
ination of slides that were familiar versus novel, or else
novel and also equated in brightness.

By the end of the acquisition phase, the mean discrim-
ination scores over the last five sessions were approxi-
mately 85% correct choices for Group 1 and 88% for
Group 2.

Novelty Habituation

In the novelty-habituation phases, performance was as-
sessed on the very first session in which a stimulus change
(e.g., in size, shape, brightness) was introduced. In each
of these initial sessions, the percentage of correct choices
to the eight novel stimuli (on both reinforced and nonre-
inforced trials) was calculated for each bird. The scores
from these new trials were then compared with the
scores from the trials with familiar training stimuli. Cor-
related  tests performed on these data (see Table 2) did
not show any significant differences (p > .05) in mean
discrimination with old and new stimuli.

Test Phases

The specific stimulus conditions, and rationale for
using them, will now be described for each of a series of
test phases, together with the results for each of these
phases.

Test 1: Same-size/same-form elements. In the first
test, the stimuli were similar to the type previously em-
ployed in the training phase, that is, the elements within
a particular test stimulus were of the same form and size
but varied between stimuli. The component elements are
shown in the inset on Figure 1. They were squares or cir-
cles, filled in or outlined, and were in one of two different
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sizes. The important feature of this test was that it was
the first time in the experiment that the first group of
birds encountered the numerosities 3, 4, and 5.

Test scores were expressed as the percentage of choices,
for each numerosity category, made to the side key that
was designated as correct for a “many” stimulus. Figure 1
shows the mean scores for the 8 birds over all six ses-
sions on nonreinforced test trials only. This score was high
for test stimuli consisting of 6 or 7 elements, as would be
expected from the birds’ training performance. The test
score was low for stimuli containing 1 or 2 items, that is,
the animals correctly chose the “few” key and seldom re-
sponded to the “many” key. The percentages of “many”
choices for the new numerosities 3, 4, and 5 were distrib-
uted between these two extremes.

The results of a repeated measures two-way analysis
of variance (ANOVA ) revealed a significant main effect of
numerosity category [F(4,28) = 66.12, p <.001]. In this
analysis and in ANOVAs for all subsequent test data, there
was no significant main effect of test sessions (p > .2);
nor was the numerosity X session interaction significant
(also p 2 .2). Post hoc comparisons of mean percentage
choices were made with Newman-Keuls tests for the five
numerosity categories. Discrimination scores did not dif-
fer significantly (p >.1) for stimuli containing 5 elements
compared with those containing 6 or 7. All other com-
parisons between pairs of numerosity categories were
significant (p = .01).

Test 2: Variable-size elements. Investigations of
perceptual invariance with humans have shown that the
time taken to recognize that one geometric form is the
same as another one varies with differences in size between
the two patterns (Bundesen & Larsen, 1975). A time-
dependent process of “mental zooming,” by which the
two patterns are brought into size correspondence, has
been postulated. The next test with pigeons was designed
to check if the accuracy of numerosity judgments would
be impaired by a potential increase in perceptual compu-

Table 2
Mean Scores and 7 Values From the First Sessions
of Novelty-Habituation Tests in Which
Stimulus Parameters Were Changed

% Correct Choices

Novel Stimulus Type Familiar Stimuli Novel Stimuli ¢
Variable-size elements 87.5 89.1 0.44*
Equal-luminance stimuli 88.5 86.3 0.56

Mixed outline/filled elements 90.0 93.8 1.09
Mixed shape elements 933 95.0 0.58
Equal stimulus contour,

same-size elements 92.5 93.8 0.33
Equal stimulus contour,

variable-size elements 89.0 92.5 0.94
Equal stimulus area,

same-size elements 923 93.8 0.42
Equal stimulus area,

variable-size elements 93.5 93.8 0.15

Note—*“Familiar” stimuli had same-size, same-shape elements within
a stimulus.  *df = 7, for remaining ¢ tests, df = 9. p > .05 on all
tests.
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Figure 1. Mean data from Test 1, in which the elements within
each stimulus were of the same size and shape. Scores are pre-
sented as percentage of choices to the side key that was correct if
a “many” type of stimulus was presented. Vertical bars in this
and subsequent figures show standard errors. The circular inset
gives an example of a test stimulus. The rectangular inset shows
the type of elements used for different test stimuli. For purposes
of illustration, stimulus contrast has been reversed: the actual
stimuli consisted of white elements on a dark background.

tation incurred by using stimuli with elements of variable
size.

In the second test, the elements within a stimulus were
of the same form (filled or unfilled squares or circles) but
two or three different sizes of items were mixed within a
stimulus. (Only one test slide contained a single element,
that is, numerosity 1.) The squares or circles on the origi-
nal stimulus drawings measured 1.5, 2.5, or 5 mm across.
After photographic reduction and then subsequent pro-
jection, the corresponding dimensions on the pecking
key were calculated to be 1.3, 2.1, and 4.2 mm. The re-
sults of these test trials are presented in Figure 2.

An ANOVA of these data again revealed a significant
main effect only of numerosity category [F(4,28) =
55.90, p <.001]. Post hoc comparisons of discrimination
scores in Newman-Keuls tests showed no significant dif-
ferences (p > .1) for numerosities 4 versus 5, 4 versus 6
or 7, and 5 versus 6 or 7. All other comparisons for pairs
of numerosity groupings were significant (p = .01).

Test 3: Stimuli of equal brightness. The remaining
tests were performed with the second group of 10 animals.
In the first test with these pigeons, the constituent ele-
ments within each stimulus were again homogeneous in
form and size. However, all the test stimuli were equated
in luminance by first calibrating them with a luxmeter and
then affixing the appropriate neutral-density filters to
the individual slides. The mean luminance of the set of test
stimuli was 0.29 log cd/m? with a standard deviation of
0.01 log cd/m? and a luminance range of 0.28-0.32

log cd/m2. This was also the first test in which these birds
encountered numerosities 3, 4, and 5. The results of this
test are shown in Figure 3.

An ANOVA yielded a significant main effect of numer-
osity category [F(4,36) = 49.38, p < .001]}. Mean data
comparisons in Newman-Keuls tests showed no signifi-
cant differences (p = .1) in discrimination scores for nu-
merosity pairs 4 versus 5, 4 versus 6 or 7, and 5 versus 6
or 7. All other comparisons showed reliable differences
(p = .05for1or2vs.3,p = .01 for the remaining pairs).

Test 4: Outline and filled elements. If birds assess
the relative number of light and dark seeds (e.g., rice and
linseed) lying on the ground, they could judge the numer-
osity of one subgroup (for instance, the lighter seeds that
contrast more strongly with the background) rather than
the overall amount. The next test was designed to model
this situation by presenting stimuli that consisted of mix-
tures of outline and filled elements that varied in their rela-
tive numbers (and proportions). The mean results are
presented in Figure 4.

In an ANOVA, the main effect of numerosity was sig-
nificant [F(4,36) = 125.62, p <.00001]. In Newman-Keuls
tests, there was no significant difference (p > .1) be-
tween mean discrimination scores for test stimuli with 5
elements versus those with 6 or 7. Comparisons of all
other numerosity pairs were significant (p = .01).

Test 5: Elements of mixed shape. Stimuli that pigeons
are likely to encounter in their natural environment, such
as food grains, also vary in form rather than being homo-
geneous in shape. The stimuli constructed for the next test
mimicked that situation by including (for all numerosi-
ties greater than 1) two or three different shapes within
each stimulus (i.e., some combination of circles, squares,
and triangles). Once again, the question was whether birds
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Figure 2. Mean scores and standard errors obtained in Test 2
for the effects of inhomogeneity in the size of items within a test
stimulus.
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Figure 3. Results of Test 3, in which stimuli were equated in lu-
minance by the addition of neutral-density filters to individual
stimuli. Insets show the types of stimuli that were used, although
luminance equality cannot be properly emulated in this figure.

would judge the numerosity of the entire array or of
some subset within it. The results of testing for the effect
of mixed shape on the relative numerosity judgments are
shown in Figure 5.

In an ANOVA, the main effect of numerosity was sig-
nificant [F(4,36) = 153.75, p < .00001]. In Newman-
Keuls tests, there was no significant difference (p = .1)
for a comparison of discrimination scores at numerosities
5 versus 6 or 7. All other comparisons were significant
(p=.01).

Test 6: Separate end numerosities. In all previous
tests, the end numerosities 1 and 2 had been treated as a
single category, as had the numerosities 6 and 7 at the
other end of the range. This grouping of data corresponded
to the way in which responses to training stimuli were
scored. If pigeons can discriminate stimuli on the basis
of the numerosity of their elements, they might also dif-
ferentiate the stimuli in these end groupings. Up to this
point, each test set contained only three exemplars for the
category 1 or 2 and three for the group 6 or 7. To obtain
sufficient data to analyze key choices with each of the
numerosities from 1 to 7 separately, the size of the test set
was increased. In this and the following tests, there were
three new slides for each number value. Stimuli in Test 6
were composed of homogeneous elements of the same
form and size. Test performance is shown in Figure 6.

An ANOVA revealed a significant effect of numeros-
ity on percentage of “many” choices [F(6,54) = 133.72,
p <.00001]. Newman-Keuls tests showed that there were
no significant differences (p = .1) between the mean
choice scores for numerosities 1 versus 2, 5 versus 6, and
5 versus 7. Comparisons of the means at numerosities 4
versus 6 and at 6 versus 7 revealed a significant difference
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at p = .05. All other comparisons between means were
significant at p = .01.

Test 7: Stimuli with total contour equalized. With
stimulus elements that vary in size or form, a parameter
that can covary with number is the amount of contour, that
is, the transition edges that delineate the light from dark
surfaces. In the case of outline stimuli, the elements can
be regarded as consisting of contour alone. In the next test,
conducted in two parts (six sessions each) with separate
stimulus sets, the total amount of contour was held con-
stant across all numerosities. The stimuli consisted of
circles that were equated in total circumference. In the
first set, the circles within a given stimulus were of the
same diameter so that their sizes decreased with increas-
ing numerosity. In the second set, a mixture of up to three
different diameters occurred within a stimulus.

The total circumference of circles within a stimulus,
when it was projected onto the pecking key, was calcu-
lated to be 18.9 mm for all the stimuli in the second set.
This was also the total circumference for the majority of
stimuli in the first test set. The exceptions were stimuli
consisting of 5 circles, which had a total circumference
of 17.7 mm, and those that consisted of 7 circles, which
had a total circumference of 19.2 mm. These deviations
from the norm represent error factors of 0.06 and 0.02,
respectively. The results of the two parts of this test are
shown in Figure 7.

ANOVAs yielded significant main effects of numer-
osity for both parts of this test [with fixed-diameter cir-
cles, F(6,54) = 109.23, p <.00001; with variable-diameter
circles, F(6,54) = 120.31, p < .00001]. Subsequent
Newman-Keuls tests on both sets of data revealed no sig-
nificant differences between mean percentage choices of
the “many” key at numerosities 1 versus 2, 5 versus 6, 5
versus 7, and 6 versus 7. Comparisons between all other
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Figure 4. Data from Test 4, which investigated the effect of in-
homogeneity of “dark” and “light” elements on discrimination
performance.
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Figure 5. Results of Test 5 on the effect on performance of in-
homogeneity in the shape of elements within a stimulus.

pairs of means showed significant differences (p = .05
for numerosities 4 vs. 5 in the first part of the test, and
p = .01 for all other pairs).

Test 8: Stimuli with total area of elements equal-
ized. A similar test was performed in which the integrated
area of the filled white dots within a stimulus was held
constant. The new stimuli in the first six sessions of this
test phase consisted of dots that were of the same size for
a particular numerosity. Thus the size of these dots de-
creased as their number increased. In a further six ses-
sions, the test stimuli consisted of dots in mixtures of up
to three different sizes.

When the stimuli were projected on the key, the mean
total area of the homogeneous dots in the first test set was
computed to be 14.6 mm?. At different numerosities, the
area ranged maximally +0.4 mm? from the mean (an error
factor of +0.03). In the second set of stimuli with dots of
mixed sizes, the mean integrated dot area was also
14.6 mm2. Areas across stimuli ranged maximally from
0.4 mm? above to 0.2 mm? below this mean (correspond-
ing to error factors of 0.03 and 0.01, respectively). The re-
sults of the two parts of this test are illustrated in Figure 8.

In ANOVAs, the effect of numerosity on side-key
choices was again highly significant in both parts of this
test [for stimuli with consistent dot sizes, F(6,54) =
159.87, p < .00001; for stimuli with mixed dot sizes,
F(6,54) = 181.21, p <.00001]. In both parts of the test,
there were no significant differences on Newman-Keuls
tests between mean percentage choices of the “many”
key at numerosities 5 versus 6, 5 versus 7, and 6 versus
7 (p 2 .1). Comparisons of all other mean data pairs re-
vealed significant differences (p = .01).

Trend analysis. Although there was a general trend
for more choices to be directed to the “many” decision key
as the arrays’ numerosity increased, visual inspection of

the figures suggested that nonlinear, as well as linear,
components might contribute to the form of the data plots.
To check this, a trend analysis was applied to the test re-
sults, where appropriate.

Based on a repeated measures ANOVA with the single
factor of stimulus numerosity, orthogonal trend compo-
nents were computed separately for each set of data ob-
tained in Tests 68, in which there were equal intervals
between all the treatment levels of numerosity (Winer,
1971). For the results of Test 6, both parts of Test 7, and
both parts of Test 8, only the linear trend component con-
tributed significantly to the variance of the data. [For each
of these tests, or subtests, F(1,54) = 13.54,11.28,12.14,
11.28, and 16.79, respectively; p < .01 in each case.] None
of the quadratic or cubic components were significant
[in each case, F(1,54) < 1, p > .05].

DISCUSSION

One question in this experiment concerned whether or
not birds abstracted information about the relative num-
ber of items in small visual arrays, independently of other
parameters that are often confounded with number. Of
chief interest was how pigeons responded to the variety
of novel stimuli that were introduced in transfer sessions
during the acquisition phase, in novelty-habituation ses-
sions, and in a series of test sessions.

In transfer sessions with both groups of subjects, the
generally high level of discrimination performance with
new stimulus exemplars indicated that the pigeons could
distinguish the categories of “few” versus “many” ele-
ments, as these terms are defined within this experiment.
This at least suggests that they utilized relative number
information, since their discrimination performance could
not have been based solely on the rote learning of dot pat-
terns or on detection of brightness differences. The con-
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Figure 6. Results of Test 6, in which there were equal numbers
of test stimuli for each numerosity from 1 to 7. (For further de-
tails, see text.)
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Figure 7. Data from Test 7, in which the summed circumfer-
ences of circles within a stimulus were held constant across all nu-
merosities. In one set of test stimuli, elements within a stimulus
were of uniform circumference. In the other set, items within a
stimulus varied in size.

clusion that the birds’ discrimination relied on the abstrac-
tion of relative number is strengthened by data from the
first sessions of the novelty-habituation phase. Data shown
in Table 2 give the birds’ discrimination scores on first
exposure to these new stimulus types. In these initial ses-
sions, performance with novel stimulus exemplars was as-
sessed before reinforcement contingencies with some of
these stimuli could have been effective in influencing the
birds’ choices. Discrimination scores with new stimuli
in these sessions were well above chance, and also simi-
lar to scores with familiar stimuli, despite the various
stimulus modifications that were introduced with the
numerosities 1 or 2 and 6 or 7. Thus, although partial re-
inforcement was used in this phase to preclude novelty
itself from disrupting their responding, the birds’ choices,
when they were initially confronted with a change in
stimulus type, did not depend on training effects.

The most compelling evidence that discrimination was
based on the property of relative number came from the
results in the test phases. The data of chief interest in these
phases were derived from nonreinforced choices with fur-
ther sets of novel stimuli. In addition to new stimulus con-
figurations’ being used for the anchor values (1 or 2 and
6 or 7), entirely new numerosities were introduced. The
numerosities 3, 4, and 5 were presented for the first time
in Tests 1 and 3 for the first and second group of pigeons,
respectively. The results from the first sessions of the nov-
elty-habituation phases had already established that the
birds immediately discriminated new styles of “few” and
“many” stimuli at levels well above chance. The test re-
sults showed once more that the animals responded ap-
propriately to further novel exemplars of these familiar
numerosities. More importantly, however, both groups of
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birds also responded to the novel intermediate numerosi-
ties as if they judged them to lie between the “few” and
“many” quantities that had been used in training. Further-
more, the data showed that as the number of constituent el-
ements in the stimulus increased, so also did the percent-
age of “many” choices. This correspondence between choice
performance and the serial order of stimuli on a number
scale was maintained in the other tests too. Trend analy-
ses on the data in the last tests showed that a simple lin-
ear trend accounted for most of the variance. However,
many of the data plots appear to be slightly curved or
flattened toward the higher end of the numerosity range
tested here. This apparent flattening is reflected in the re-
sults of post hoc tests that showed, by and large, no sig-
nificant differences in the birds’ discrimination of adjacent
numerosities at the higher end of the numerosity scale (5,
6, and 7) but reliable differences among the smaller nu-
merosities in the range of 1 to 4. There were, however,
slight variations in the form of the data plot from one test
condition to another, so, without having a priori reasons
for choosing a specific mathematical function, we did not
attempt more precise curve fitting.

The question of whether the birds would spontane-
ously differentiate the numerosities 1 from 2 and 6 from
7 was addressed in Tests 6—8. If they did so, this would
indicate that their choice behavior was controlled very pre-
cisely by the number of items in a stimulus. But a differ-
entiation among these stimuli at each end of the test range
would have to override the animals’ prolonged equiva-
lence training, since, in acquisition, they had to make the
same response when 1 or 2 items were presented and an
alternative response when 6 or 7 items were displayed.

The effects of equivalence training may indeed have
predominated, since these tests yielded contradictory re-

©E

100 1 same size
» elements
g &
2
S 60
>
§ 40
E
o 201
o . variable size
0 elements

T T T T T T T

1 2 3 45 6 7
Numerosity

Figure 8. Results of Test 8, in which the integrated area of white
dots within a stimulus was held constant across all numerosities.
For one set of test stimuli, the size of dots within a stimulus was
uniform. For the other test set, these elements were of mixed size
within a stimulus.
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sults. In Test 6, the pigeons did not differentiate numer-
osities 1 and 2, but this was probably due to a floor effect.
Choice responses for numerosities 6 and 7 were signifi-
cantly different (although marginally so), but the lack of
significant discrimination between numerosities 5 and 7
detracts from this finding. In Test 7, ncither 1 versus 2 nor
6 versus 7 were differentiated, whereas in Test 8, the birds
were more likely to choose “few” for 1 dot than for 2 dots,
but were no more likely to choose “many” for 7 than for 6
dots, although in the latter case this result may be due
merely to a ceiling effect. Since other numerosities were
reliably differentiated in each of these tests, there does not
seem to be any reason to attribute differences in discrim-
inability of the end numbers to variations in other stimu-
lus characteristics that were manipulated in each test.
Irrespective of the differentiation of the numerosities
at the ends of the test range, discriminability was still bet-
ter for the smaller numbers of items (2 vs. 3, 3 vs. 4) than
for the larger numbers (4 vs. S, 5 vs. 6). This qualitative
effect is consistent with Weber’s law, which seems to apply
when numerical discriminanda consist of sequences of
items (e.g., a series of an animal’s own responses, Mech-
ner, 1958; or of tone pulses, Meck & Church, 1983; see
Gallistel & Gelman, 1992, for a review). So far, there have
been no systematic studies with animals of the applica-
tion of Weber’s law to stimuli composed of small numbers
of simultaneously presented items of the type used here.
The present experiments, with a mixture of numerosity
values as anchor points in training, were not originally de-
signed to assess bisection points. Nevertheless, from each
of the data curves obtained in the various test phases, it
was possible to calculate a point of subjective equality
(PSE), the numerosity value for which the birds made
50% of their choices to the “many” key and 50% to the
“few” key. The mean PSE across all the tests is 3.41
(SD = 0.23). A difference limen (DL) can also be com-
puted as half the difference between the numerosity cor-
responding to 75% choices of “many” and the numeros-
ity corresponding to 25% choices of “many.” The mean DL
is 1.10 (SD = 0.30). The Weber fraction is then given by
DL/PSE. The mean value for the Weber fraction is 0.32
(SD = 0.09). In Meck and Church’s (1983) study, the PSE
was equal to the geometric mean, rather than the arithmetic
mean, of the values they used to train rats to discriminate
sequences of external events. The rats’ choices of “many”
or “few” thus seemed to be based on the ratio of the num-
ber of tone stimuli presented on a test trial to the number
in either of the anchor stimuli to which they had been
trained. So far, the data for pigeons that have been trained
on bisection tasks involving sequential number are rather
inconsistent. When the discrimination is based on the
number of feeder light flashes, birds” PSE lay between
the harmonic and geometric mean (Fetterman, Stubbs, &
Dreyfus, 1986). When birds had to discriminate the num-
bers of responses they emitted, the bisection point was
either at the harmonic mean (Fetterman, Dreyfus, &
Stubbs, 1985) or close to the geometric mean (Fetterman,
1993). The reason for these inconsistencies is not yet clear.

The arithmetic mean of the numerosities to which the
birds in our experiment were trained was 4.0. If it is as-
sumed that the anchor values in training were 1.5 (from
the mixture of stimuli with 1 or 2 dots for “few”) and 6.5
(from the mixture of 6 or 7 for “many”), then the geomet-
ric mean would be at a numerosity value of 3.12 whereas
the harmonic mean would lie at 2.44. (Both of these
means would be lower if, instead, the anchor values in
training were assumed to be 1 and 7.) The estimate for the
PSE from the present data does not fit the harmonic mean,
but whether or not the birds were also basing their choices
on a ratio computation remains indeterminate. We intend
to investigate this topic in the future since precise data of
this type would contribute to a better understanding of the
way animals scale number and of the processes underly-
ing the discrimination of numerosity in simultaneous
displays.

An alternative explanation for the slightly better dis-
criminability of smaller test numbers, up to about 4, may
also be considered. Drawing parallels with some of the
early work on human subjects’ quick and accurate identi-
fication of small numbers of simultaneously presented
visual items, Davis and Pérusse (1988) have proposed that
animals, like humans, rely on a process of subitizing to
discriminate among small numbers. Although the precise
nature of this process remains unclear, subitizing suppos-
edly involves a form of pattern recognition as a means of
differentiating stimuli that also happen to vary in num-
ber (e.g., 3 dots are often arranged in a triangle, 4 in a
quadrilateral, etc.).

There are a number of problems in accepting subitiz-
ing as a likely mechanism for numerosity discrimination,
in spite of the present finding that discriminability was
better within the numerical range of 1 to 4, in which sub-
itizing is meant to operate. First, it is difficult to see how
pattern recognition could account for the data we obtained,
particularly since orderly data were obtained with new
numerosities, 3, 4, and 5, which would yield pattern con-
figurations different from those that are formed with 2
dots or with 6 or 7. The other problems are independent
of our results. The evidence for subitizing in humans
comes from a reported change in the slope of the reaction
time (RT) function. With numerosities up to about 4 items,
RTs are fitted to a line of shallow slope, whereas with
greater numerosities, the RT function has a steeper slope
(e.g., Chi & Klahr, 1975; Klahr & Wallace, 1976). But as
Miller (1993) has pointed out, no such RT data exist from
animal studies. Furthermore, a more recent, detailed study
of humans’ RTs when they discriminate numerosity
yielded no evidence for a discontinuity in the RT function
and has called into question the existence of subitizing as
a specialized process for assessing number (Balakrish-
nan & Ashby, 1992). At present, it seems more parsimo-
nious to assume that numerosity discrimination in birds,
as in humans (van Oeffelen & Vos, 1982), relies on prob-
abilistic judgments that obey Weber’s law, without there
being separate underlying processes for limited parts of
the number continuum.



Another question in this study was whether discrimina-
tion was influenced by stimulus parameters other than that
of numerosity. Since an overall change in stimulus bright-
ness is the most obvious potential confound with varying
number, several phases of the experiment included con-
trols for the effect of brightness variations. In transfer
sessions toward the end of the acquisition phase, the dis-
crimination performance of both groups of birds was
maintained when novel stimuli of equal overall lumi-
nance were introduced so that brightness did not seem to
be the essential discriminative cue.

Similarly, in Test 3, stimulus intensity was controlled
by adding neutral-density filters to individual test stim-
uli. The pigeon’s brightness discrimination threshold is
0.11 log cd/m? when white light on a single key is succes-
sively varied in luminance (Hodos, Bessette, Macko, &
Weiss, 1985). The standard deviation of mean luminance
in the test stimuli employed here was below this thresh-
old. Affixing neutral-density filters to the stimuli had the
disadvantage, however, of confounding equalized lumi-
nance with reductions in contrast between the white ele-
ments and their dark background. This confound was not
present in Test 8 which provided an additional control for
stimulus luminance by equating the total area of white
light on the response key. In this test, the residual lumi-
nance variation (mean luminance = 1.26 log cd/m?,
SD = 0.08 log cd/m? with the same-sized stimulus ele-
ments; M = 1.27 log cd/m2, SD = 0.04 log cd/m? with
mixed-sized elements) was also below the pigeon’s
threshold level of brightness discrimination. The differ-
ential choice of the “many” response key when test lumi-
nance was equated shows that discrimination was not
dependent on this parameter.

In other tests, various aspects of stimulus inhomoge-
neity were modified to see if the birds based their discrim-
ination on subgroupings of identical stimulus elements.
Mixtures of outline and filled elements, presented in
Test 4, were such that, if conditional discrimination had
been based only on elements of the same type, then the dis-
tribution of choices on test trials could not have been so
clearly related to the total stimulus numerosity as it was.
None of the controls for the effect of inhomogeneity
(outline vs. filled elements, elements of mixed shape, ele-
ments of variable size) produced a deterioration in dis-
crimination (i.e., the data curves did not flatten or lose
their consistent trend). This suggests that the specific type
of items that comprised a stimulus configuration was not
critical to the pigeon’s ability to assign a numerosity value
to the stimulus. The training-and-transfer phase of the
experiment had in any case been designed to mitigate
against the animals’ relying on a discrimination of spe-
cific features. Furthermore, although some of the novel
stimuli were differentially reinforced during the novelty-
habituation phases, discrimination on initial exposure to
various changes in stimulus characteristics was well
above chance on the first sessions of those phases. In any
case, since intermediate numerosities (3, 4, and 5) were
never differentially reinforced in any part of the experi-
ment, the birds’ choices with these stimuli apparently de-
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pended on their judgments of the relative numerosity
values of the stimuli.

Test 2 was based on the further possibility that pigeons
might use a process resembling “mental zooming” in hu-
mans in order to recognize the equivalence of items that
were discrepant in size. On the one hand, pigeons can dis-
criminate very small differences in size. For instance, these
birds can detect a difference of less than 2% in the lengths
of two simultaneously displayed bars when the reference
length is about 11 mm (Schwabl & Delius, 1984). With
successively presented stimuli more similar to the compo-
nents of our task, pigeons can just discriminate a 3-mm-
diam dot from one that is 10% larger in size (Hodos, 1993).
The relative size differences among the stimulus elements
in Test 2 were greater than that since the diameters of the
circles and squares that made up the stimuli in that test var-
ied by 40%—70%. On the other hand, in spite of their abil-
ity to detect size differences, pigeons, like humans, are ca-
pable of perceptual size invariance when these birds are
tested in an oddity-from-sample task (Lombardi & Delius,
1990). The mechanism underlying invariance performance
may, of course, differ in pigeons and people. Be that as it
may, whatever extra perceptual processing might be in-
volved, the variation in the size of stimulus elements did
not critically influence the present test results.

Consistent numerosity discrimination was also main-
tained in Tests 7 and 8, in spite of the elimination of other
potentially confounded cues. When either the total amount
of stimulus contour within each stimulus was equated
across numerosities or the integrated area of the white
stimulus surfaces was equalized, the test data were simi-
lar to those obtained in the other tests in which these fac-
tors were not controlled.

The overall conclusions that can be drawn from the pres-
ent experiment are that these birds discriminated the
visual stimuli on the basis of the numerosities of their
constituent items and did not rely on any of the other pa-
rameters that were manipulated in this study. This general
finding concurs with the increasing amount of evidence
for some form of numerical competence shown not only
by pigeons but also by a variety of other species (e.g.,
rats, raccoons, parrots, monkeys, chimps) that have been
tested with different procedures and stimulus material (see
Boysen & Capaldi, 1993; Davis & Memmott, 1982; Davis
& Pérusse, 1988). The pigeons generalized their dis-
crimination in a categorical way to novel displays of
small and larger numbers of items, at least within the
range of 1 to 7. To optimize the experimental situation,
“seed-like” stimuli were created. Although monochrome,
two-dimensional, and geometric, the forms and sizes of
the constituent elements did not deviate greatly from
those of normal food grains. Although this use of stimuli
resembling ones encountered daily by pigeons was in-
tended to expedite learning, and indeed to model a situa-
tion in which they might apply numerosity discrimination,
these animals also display numerically based discrimina-
tion abilities when highly artificial stimulus arrays are
employed, for example, sets of stickers depicting stylized
birds, flowers, or even unicorns (Honig & Stewart, 1989).
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Within the limits tested here, the birds could also spon-
taneously differentiate entirely novel numerosities. Their
categorization of these stimuli corresponded to a serial
order along a scale of the number of items in each display.
Furthermore, the birds’ categorization choices had to be
based on their memory for anchor numerosities since, in
the conditional discrimination paradigm we used, only one
array was presented at a time, so that no direct perceptual
comparison of stimuli was possible.

In the present investigation, the animals were not re-
quired to make a defined response to a specific and ab-
solute number of elements. The behavior tested here would
not provide adequate evidence of an ability to count, ac-
cording to the criteria for such an ability defined by Gel-
man and Gallistel (1978), although the birds clearly dis-
played numerical competence (Davis & Pérusse, 1988).
Earlier work by Koehler, in which pigeons were able to
“act upon” a particular number of objects or events (such
as eating only 3 seeds out of a variable number: Koehler
& Wachholtz, 1936), encourage us to think that the pi-
geon’s numerical abilities extend beyond those that could
be demonstrated here.
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