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Abstract

ABSOLUTE JUDGMENTS OF LUMINANCE BY PIGEONS
by
Ellen Marie Richter

Advisor: Professor Sheila Chase

Pigeons were required to peck one of a row of four
choice keys. The correct key choice was cued by the lumi-
nance of a centrally located display key. This task is
analogous to one in which humans are asked to make absolute
judgments of stimuli presented individually by assigning
each stimulus to a category. All experiments in the series
show that the accuracy with which two stimuli are discrim-
inated decreases as the range of stimuli to which the sub-
ject is exposed increases. This pheonmenon, the range
effect, until now has been demonstrated only in humans.

Techniques derived from signal detection theory (SDT)
were used to examine the subjects' sensitivity in discrimi-
nating between two stimuli differing from each other by .2
log ft.L. These stimuli were always in the center of a
series consisting of four stimuli. The overall stimulus
range was manipulated by increasing the separation of the
brightest and dimmest stimuli in the series from the two
central stimuli. According to SDT, this situation should
result in equal sensitivity (g') measures regardless of the

range condition. The results, however, clearly indicate
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that d' does vary with range. Since input-and sensory-
system noise should remain constant across ranges, this
change in d' was attributed to the subjects! maintaining
less stable criteria between the two central stimuli.

In the narrow-range condition in Experiment 1, three
pigeons identified four stimuli which were equally spaced
over a narrow (.6 log unit) range. In the moderate-range
condition three pigeons identified the same two central
stimuli located in the center of a 1.4 log unit range. 1In
all cases the narrow-range birds were better at identifying
the central stimuli than the moderate-range birds.

In Experiment 2, twelve pigeons were trained for 160
days, six on the narrow range (.6 log unit) and six on a
wide range (3 log units). Again the narrow-range birds
showed greater sensitivity on the discrimination between
the two central stimuli.

In Experiment 3, which lasted 25 days, the birds
trained on the narrow-range condition in Experiment 2 were
switched to the wide range and those trained on the wide
range in Experiment 2 were switched were switched to the
narrow range. LEvery bird switched to the wide range showed
a decrease in sensitivity and every bird switched to the
narrow range showed an increase in sensitivity.

It has been assumed that as the number of criteria
which a subject is required to hold increases, criterion

variability also increases. Experiment 4 was designed to
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test this assumption and to see if the range effect would
endure when pigeons were required to hold only one criterion.
Eight pigeons, four on each range, were trained for 160 days
using the same stimuli used in Experiment 2. The procedure
was exactly the same as that used in Experiment 2 except
that here the birds were required to peck one key when the
brighter two stimuli were presented and another key when
the dimmer two stimuli were presented. The range effect

was again clearly demonstrated. Contrary to the assumption,
sensitivity was lower for both groups in this experiment
than for the coniparable groups in the 3-criterion situation
in IZxperiment 2.

Sequential data were analyzed but the preceding stimu-
lus was found to have no clear effect on the probability of
the birds' making any particular response on a given trial.
Similarly, examination of the response latencies did not
indicate any consistent trends.

Possible explanations of the range effect are reviewed
and an explanation of the range effect in terms of the
"relative value" of attending to the central stimuli is

suggested.
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The purpose of this research was to examine sorie of
the factors influencing the accuracy of absolute judgments
of luminance by pigeons.

In the methcd of absolute judgment (Wever & Zener,
192€) also kncwn as the method of single stimuli (Woodworth
& Schlosberg, 1954, p. 217), subjects are required to iden-
tify stimuli varying along a single physical dimension with-
out reference tc a comparison stimulus. DMuch of the early
work in information theory used this procedure to determine
Low many unidimensional stimuli could be accurately identi-
fied by a human observer and what factors might influence
this number. George Miller (1956) described the problem as
follows:

"If the human observer is a reasonable kind of

communication system, then when we increase the

amount of input information the transmitted in-

formation will increase at first and will even-

tually level off at some asymptotic value. This

asymptotic value we take to be the channel capac-

ity of the observer; it represents the greatest

amount of information that he can give us about

the stimulus on the basis of an absolute judgment.

The channel capacity is the upper lirkit on the

extent to which the observer can natch his

responses to the stimuli we give hir.." (p. 82)

Some examples of attempts to assess human channel capacity
follow.

In 1952, Pollack carried out a series of experiments in
which he had subjects identify tones varying in frequency
from 100 to €000 Hz by assigning a number to each. The nunm-

ber of tones and the physical range over which they extended

varied from experiment to experiment, but the tones in each
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experiment were always equidistant from one another in loga-
rithmic steps. After the subject rade his judgment, he was
informed as to the correct response. Subjects could per-
fectly identify two or three tones and they still did quite
well with four tones. Five or rniore tones led to {requent
confusion, and fourteen tones resulted in the subjects
making many nistakes. When these results were analyzed in
terus of transmitted information, the channel capacity of
the human observer for absolute judgnents of pitch was found
to be about six equally likely alternatives or 2.5 bitsl.
The total stimulus range in which any two stinuli
appear has been found to influence the accuracy of identi-
fication of two stimuli within that range. It is reasonable
to expect that as the distance between adjacent stimuli is
increased subjects will confuse adjacent stimuli less often.
Pollack, in his 1952 study, tested this hypothesis under two
experimental conditions each using eight tones equally
spaced on a logarithmic (log) frequency scale. In one con-
dition the range over which the stimuli varied was 800 Hz
and in the other 2000 Hz. Holding the lowest frequency of
the series constant at 100 Hz, he varied the upper limit of
the frequency range. He found only minimal increases in the
accuracy of judgments despite this large increase in the

physical difference between adjacent stimuli. In fact, if

1 number of bits = log, n, where n is the number of equally

likely alternatives or choices.



we evaluate performance in terms of physical units (Hz),
increasing the separation between adjacent stimuli leads
to poorer performance in that the difference threshold
is greater under the "easier" (wider-range) condition.

This phenomenon has come to be known as the range effect.

In a subsequent study, Pollack (1953) began with a
series of nine tones equally spaced logarithmically over
a 100 to 8000 Hz range. He then increased the input infor-
mation by adding on a stimulus to each end of the display.
The new range extended from 60 to 14000 Hz and consisted
of eleven stimuli. This increase in input information
resulted in a very small increase in transmitted informa-
tion.

In a similar experiment, Garner (1953) varied the
loudness of tones over a range of 15 to 100 d3 SPL (.0002
dynes/cm?) requiring subjects to identify 4, 5, 6, 7, 10
and 20 different intensities. Subjects were given practice
sessions in which each intensity was identified for them
until they reported that they believed no further improve-
ment would result from additional practice. He found that
the human observers' channel capacity for loudness is about
2.3 bits (approximately five perfectly discriminable cate-
gories).

The low channel capacity of human observers is not

limited to the transmission of auditory information. In



1955, Beebe-Center, Rogers and O'Connell asked subjects to
make judgments concerning the concentration of salt in solu-
tions using 3, 5, 9 and 17 different concentrations ranging
in equal subjective steps from .3 to 34.7 gm. NaCl per 100
cc. tap water. They found that only about four distinct
categories could be utilized accurately, a channel capacity
of only 1.9 bits.

Miller (1956) reviewed the work on absolute judguments
of unidimensional stimuli done prior to that time and con-
cluded:

"There seems to be some limitation built into us

either by learning or by the design of our nervous

systems, a limit that keeps our channel capacity

in this general range. On the basis of the pres-

ent evidence it seems safe to say that we possess

a finite and rather small capacity for making such

unidimensional judgments and that this capacity

does not vary a great deal from one simple sensory

attribute to another." (p. 86)

Since then, substantial work has been done, but most of the
questions raised in the 1950's remain unanswered.

Recently signal detection theory (SDT) has been used
to investigate human performance on absolute judgment tasks.
This approach has the advantage of enabling investigators
to evaluate performance in terms of two sets of processes:
(1) sensory processes which deal with the representation of
stimuli within the perceptual system; and (2) decision proc-

esses dealing with the assignment of responses to perceptual

events. The theory assumes that sensory processes fluctuate



randomly and thus are best represented by distributions
rather than as discrete events or points on a sensory con=-
tinuum. It has been assumed that cne or more criteria are
used in the decision stage to partition the sensory continu-
um into two or more regions corresponding to the response
categories.

For example, a subject may be required to discriminate
between those trials on which a near-threshola stimulus is
presented and trials on which it is absent. This situation
can be represented by two normal distributions as illus-
trated in Figure la. The momentary fluctuations of noise
within the sensory system may be represented by the left-
hand distribution. The right-hand distribution is Figure
la represents the effects attributed to the signal plus the
noise. In this illustration the distributions overlap.
Since the identical sensory effect may be produced by either
event, some errors are inevitable. Errors, however, uay be
minimized by setting a criterion (C) midway between the two
distributions as shown in Figure la. The subject's decision
rule is to say a signal was presented whenever the sensory
effect exceeds his criterion (falls to the right of it).
Such a response is correct, a hit, when the signal is pre-
sented. However, the sensory effect produced by noise
alone will also on some trials exceed the criterion. 1In

this case the subject will respond "yes" when a signal is



Figure 1.

problem.

Schematic representation of the decision
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not presented, i.e., a false alarm. The decision that

noise alone occurred, a "no" response, is made when the
sensory effect falls below (to the left of) the criterion.
A "no" response when the stirulus has not been presented

is called a correct rejection; a '"no" response when the

stinmulus has been presented is called a miss.
The subject may be induced to shift his criterion by
altering the consequences of his correct and incorrect

responses (the payoff matrix), by changing the probability

of the stimulus occurring (e.g., from 50% to 25% or 75%),
or siriply by instructing him to avoid making false alarms
or alternately that he not miss. For exanmple (see Figure
1b), a subject may rinimize his false alarms by shifting
his criterion from its original position (C2) to the right
(C3). This, however, would also result in fewer hits. A
subject may ninimize his misses by shifting his criterion
to the left (Cl). At each of these criteria we can observe
the proportion of hits to that of false alarms, and these
observations can be plotted on a graph on which the ordi-
nate represents the proportion of hits and the abcissa the
proportion of false alarms. The function thus produced is
known as the Receiver Operating Characteristic (ROC) curve.

SDT gives us a measure of sensitivity, d' which is in-
dependent of the position of the subject's criterion. The
d' rieasure is the distance between the means of the two

normal distributions divided by their cormon standard devi-
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ation (see Figure lc). Thus the smaller the standard devi-
ation, or the greater the difference between the neans, the
higher will be d'. If the distributions are assumed to be
normal and or equal variance, d' may be obtained from tables
of the area under the normal curve for any pair of hits and
false alarms, and, of course, from the ROC curve which rep-
resents a number of such pairs (Green & Swets, 1966). Even
if the assumption of equal variance cannot be made, alter-
nate measures of sensitivity may be obtained from such data
(Green & Swets, 1966; Simpson & Fitter, 1973).

Subjects can rate the confidence they have in their
judgments that the stimulus was present or absent on each
trial. FEach confidence rating may be viewed as bounded by
simultaneously held criteria such as those shown in Figure
1b., If Cl, C2 and C3 in Figure 1b are regarded as simul-
taneously held criteria for four ratings of certainty (4
indicating the greatest certainty of presentation of the
signal and 1 indicating the greatest certainty of non-
presentation) then points on an ROC curve may be obtained
by combining response categories as follows: The data
resulting from the subject's certainty ratings can be de-
scribed in terms of the probability of his responding "4"
(hit and false alarm rates are obtained for this "high cri-
terion"), the probability of his responding either "3" or
"4" (hit and false alarm rates are obtained for this

"slightly lower criterion"), and so on. As each successive
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category is added, the probability of both hits and false
alarms rises thus generating a ROC curve from which d' may
be obtained.

An adaptation of this rating scale method of obtaining
d', referred to as the ROC method, has been applied to data
obtained in absolute judgment tasks (Durlach & Braida, 1969;
Cuddy, 1970; Shipley, 1970). Here the subject is usually
required to identify two or more stimuli by number. 1In the
simplest case there are an equal number of stimulus and
response categories (R). This is illustrated for four
stimuli and four responses in Figure ld. The number of
simultaneously held criteria is equal to the number of
response categories minus 1. For any pair of stimuli, d°!
rmay be obtained by treating the responses made in the
presence of these stimuli exactly as described above. In
this case, however, the numbers used by the subject are not
confidence ratings but represent attempts to identify each
stimulus correctly.

A second but similar measure of sensitivity which has
been applied to absolute judgment data (Graveter & Lockhead,
1973) is based on Thurstone's method of category scaling as
extended by Torgerson (1956) and will henceforth be referred

to as the Thurstonian method. Using this procedure, data

are treated as one would those obtained using the method of
constant stimuli. A psychometric function may be drawn for
Rl vs. all remaining responses, Rl + R2 vs. the remaining

responses, and for R1 + R2 + R3 vs. R4. Instead of obtaine
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ing d' directly for a pair of stimuli, the standard devia-
tion (SD) of the psychometric function is obtained. To
obtain d' for the pair of stimuli the difference between
the two stimuli is divided by SD. The point of subjective
equality for each of the psychometric functions may be
taken as an estimate of the category boundary or criterion
position (Gravetter & Lockhead, 1973; Woodworth & Schlos-
berg, 1954, pp. 217-218).

Both procedures assume that the underlying distribu-
tions are normal and of equal variance. If these assump-
tions are met and the criteria are placed midway between
the means of the adjacent stimulus distributions, both
methods yield identical estimates of d'. Lee (1969) has
pointed out the similarity between signal detection's ROC
curve and the curve obtained using Thurstone's category
scaling method. A full description of the ROC method and
the Thurstonian method described above demonstrating their
logical equivalence appears in Appendix A.

Interestingly enough, while a major contribution of
SDT is its recognition of the fact that criterion position
is sensitive to changes in the payoff matrix and the a
priori probability of signal presentation, it is generally
assumed that the criterion remains fixed in an appropriate
position. If, however, criteria vary from moment to moment,
as well as from condition to condition, d' will be decreased.
This is true since a subject's response on any given trial

is determined by both the specific sensory effect and the
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momentary placement of the criterion on the sensory effect
axis. In the past, riomentary changes in criterion position
were treated as merely a wminor source of noise which could
be added to the noise in the sensory stage without seriously
distorting the measures of sensitivity to stinmulus differ-
ences (McNicol, 1975). More recently changes in d' in situ-
ations in which stimuli remain unchanged have been attrib-
uted to changes in criterion position and such changes have
become a topic of interest to those investigating the oper-
ation of decision processes.

Factors such as (1) the physical range over which the
stimuli are distributed, (2) the number of criteria that
must be held simultaneously by the subject, and (3) the
preceding stimuli and feedback have been shown to influence
d'. A number of investigators have suggested that these
changes in sensitivity reflect changes in criterion varia-
bility. OSome relevant studies will be reviewed below.

1. Physical range. As clearly demonstrated by Pollack

(1952, 1953), the total stimulus range in which any two
stimuli appear can influence the discriminability of the

two stimuli. As range increases, discriminability decreases.
This inverse relationship between range and discriminability
has mcre recently been observed by Gravetter and Lockhead
(1973). They had two groups of human subjects make absolute
Judgments of the loudness of three 1000 Hz, 0.5 second tones
under three conditions. The conditions varied the physical

range in dB of the stiniuli by separating either the lowest
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or the highest of the stimuli from the other two by 1, 3,
or 7 dB. As in the previously reported range exXperiments,
the discriminability of the two unchanged stimuli deterio-
rated with expanded range. They concluded that the range
over which the cirteria are spread and response variability
are positively related. They suggested that these findings
are due to the human observer functioning much in the manner
of a physical neasuring device such as a voltneter with the
scale on which the instrument is set determining the preci-
sion of the reading. Expanding the rangé to which the sub-
ject riust attend is analogous to setting the voltmeter to a
larger scale; both result in poorer resolution. Vhile this
analogy is not unreasonable, it does little to explain how
range exerts its effect.

In 1969, Durlach and 3raida also postulated a variance
component proportional to stimulus range to explain the
range effect. According to their model, noise in stimulus
identification (absolute judgment) experiments arises from

two sources: sensation noise and memory noise. Sensation

noise is that noise not attributable to memory. DMNoment-to-
moment variation within the sensory system itself and in
the stimulus as presented are examples of sensation noise.
Sensation noise is considered to be primarily responsible
for errors in experiments requiring discrimination of two
stimuli separated by relatively short periods of time.
Memory ncise is considered to be primarily responsible for

errors in experiments requiring the identification of many
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stimuli. Durlach and Braida's rnodel further assumes two

types of mernory noise: sensory-trace noise and context-

coding noise. 1In the sensory-trace mode the subject
"rehearses" the sensory experience in an attenpt to main-
tain the irage or trace of the sensation. ©Noise in this
mode will arise fron interference and the tendency of the
trace to wander over a period of time. In the context-
coding node, Durlach and Braida assume that "the subject
atterpts to compare the sensation with the general context
of sounds in the experiment, and to remember an imprecise
verbal representation of this comparison." loise in the
context-coding node is assumed to be independent of time;
the subject makes his comparison irmmediately following the
sensation and verbally encodes and perfectly remeribers that
which he has encoded. The width of the context is consid-
ered to lead to greater noise and this width is deterr.ined
by the total stimulus range. As the range is increased and
the number of stimuli held constant, sensory-trace noise
remains constant while context-coding noise increases. Thus
increasing range results in an increase in the proportion of
noise from the context-coding mode which counters the in-
crease in resolution which would be expected due to the in-
creased physical separation of the stimuli. The question of
precisely how increased range increases context-coding noise

remains unanswered.
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2. Number of criteria required. It has also been

suggested that requiring a subject to hold more than one
criterion simultaneously may lead to an increase in cri-
terion variability and a corresponding decrease in d'
(Nachmias, 1968; Shipley, 1970; Wickelgren, 196¢&).

Wickelgren (1968) presented an extensive theoretical
explanation of how criterion variability can be inferred.
In short, if two different methods which require a differ-
ent nunber of criteria to be held yield data indicating
different d' values despite the fact that stimulus values
have been constant and, therefore, have had constant vari-
ances as well, this difference in d' tells us that the data
yielding the lower d' reflect greater criterion variance.
Wickelgren (196€) cites several experiments in which re-
quiring subjects to use a larger number of response cate-
gories resulted in more variable criteria.

Nachmias (196€), however, did not find an increase in
criterion variability when he required subjects given a
visual detection task to hold three criteria as compared
to having them hold only one criterion. However, he
stressed that the small number of simultaneous criteria,
the narrow range of presentation probabilities (.25 to .75),
the narrow range of detectability of signals (d' ranged from
.6 to 2.0) and the permissive nature of his instructions to

subjects may limit the generalizability of his results.
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Shipley (1970) required subjects to use three, five,
and nine response categories and thus to set up two, four,
and eight criteria. On an auditory task requiring subjects
to make absolute judgments of the loudness of 1000 Kz tones
without feedback, she found that an increase in the number
of possible responses led to a clear decrease in sensitiv-
ity.

3. Preceding stimuli and feedback. Other factors

which can influence choice performance on an absolute
judgment task are the sequence of stimuli and responses
preceding a specific trial as well as the presence or ab-
sence of feedback as to the correct response. Garner
(1953), in the absolute-judgment-of-loudness study de-
scribed above, tested subjects without feedback after
training them with feedback. He found that there was a
tendency for subjects to give a higher rating to stimuli
when the previous stimulus was higher than the one cur-
rently being judged and a lower rating when the preceding
stimulus was lower. This phenomenon has been called

assimilation. The assimilation effect Garner (1953) ob-

served, however, was barely discernable when six or fewer
stimuli were used, although visible when the number of
categories approached his upper limit of twenty.

Speeth and Mathews (1961) found evidence of sequential

dependencies in a forced-choice signal detection experiment



17.

in which four subjects were required to judge in which of
four temporal intervals (signaled by lights) a 1000 Hz
stimulus was presented. Intensities of the tone were
varied over conditions. They used an intertrial interval
of five seconds and feedback supplenented by monetary re-
ward for correct identification of the signal. They found
sequential dependencies extending as far as three or four
trials back with many individual differences in the forn
of these dependencies. The magnitude of the sequential
effects decreased as the signal level and, therefore, its
discriminability increased. Thus, it appears that sequen-
tial effects are more likely to be found when near-threshold
discriminations are called for.

Holland and Lockhead (1968) investigated sequential
effects in absolute judgments of ten, 0.5 second, 1200 Hz
tones varying in loudness over a range of 25 dB. Subjects
initiated stimulus presentation and always received feed-
back. They found consistent sequential dependencies of
two types as a function of the preceding stimuli. The
first type, assimilation, refers to the tendency of a re-
sponse on a given trial (N) to vary directly with the
stimulus on the immediately preceding trial (N-1). The
second type, contrast, refers to the tendency for those
stimuli two or more steps back (eight in this study, trials
N-2 through N-€) to inversely affect the response on trial
N with the magnitude of the effect being greater for the

more recent stimuli,
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Wward and Lockhead (1670) found that the elimination of
feedback resulted in a decrease in sequential effects in a
study very similar to Holland and Lockhead (1968). They
required subjects to judge ten loudness levels centered
around approximately 60 dB SPL with adjacent stimuli sep-
arated by 1 dB and a total range of 9 dB. They added a
condition under which no feedback as to the accuracy of the
response was given and used a 3.5 second intertrial inter-
val. In their feedback condition they found both assimi-
lation to the stinulus immediately preceding a given trial
and contrast to stimuli as far as five trials back. Without
feedback the assimilation effect was still clearly present
but to a lesser extent; contrast was not evident three
trials prior to a response. If, as Ward and Lockhead sug-
gest, extreme stimuli exert a greater influence on subse-
quent judgments than do less extreme stimuli, then the
presence of such extreme stimuli should produce greater
criterion variability and show up in poorer discrimination
performance. Such sequential dependencies may reflect the
manner in which humans estimate probabilities and use num-
bers (Ward & Lockhead, 1970) or may reflect a nonsequential
process common to both verbal and nonverbal organisms.

Larkin (1971) also proposed a variable criterion model
which assumes that a subject's criterion will shift on
trials following those on which feedback indicates that an

error has been made. Such criterion shifts are less likely
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to occur on trials following correct responses with feedback.
The variable criterion rodels are comparable to the win-stay/
lose-shift strategy which has been reported in the animal
literature (e.g., Williams, 1972).

Carterette, Friedman and Wyman (1966) investigated the
effects of feedback on performance on a two-alternative,
temporal-forced-choice auditory signal detection task in
which the stimulus was a 1000 Hz tone against a continuous
background of noise. They varied the signal-to-noise ratio
and the proportion of trials on which correct feedback was
given (incorrect feedback was given on the remaining trials).
Their findings led them to suggest that feedback indicating
that an error has been made causes the subject to shift his
criterion thus inducing criterion variability which is re-
flected in a decrease in d'. They also found that on trials
immediately following trials on which subjects' responses
and feedback agreed, hit rates were higher and false alarm
rates lower than on trials following disagreement between
response and feedback. These findings are in support of
Larkin's (1971) model.

McNicol (1675) further investigated the effects of
feedback reliability upon performance in a five-category,
absolute judgment of loudness task. Subjects were required
to identify five 500 Hz tones differing in 1dB steps from
about 75 to 80 dB. After making a judgment, the correct

answer was presented to the subject visually via a slide

-
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with a number from one to five on it. Forty-five subjects
were divided into five groups. Three groups received accu-
rate feedback on 100%, 50% and 20% of all trials and random
feedback on the remaining trials. These subjects were told
that feedback would be unreliable on some trials. Another
group received 100% correct feedback and was so instructed.
The fifth group received no feedback. FHe found that feed-
back increased the amount of information transmitted, but
also resulted in more criterion variability than the no-
feedback condition. These data indicated that unreliable
feedback groups had more variable criteria than those
receiving 100% accurate feedback. lMcNicol's data support
the variable criterion model which predicts that criteria
will be shifted to reduce the probability of again making
the error which was made on the preceding trial.

In sumnary, the literature thus far reviewed shows per-
formance on an absolute judgment task to be complexly deter-
mined. The ability of human subjects to accurately identify
stimuli varying along a single dimension appears to be influ-
enced by the presence of other stimuli (both their range and
their order), the number of responses required and the nature
of the feedback given to the subjects. The notion of criter-
ion variability has been introduced by a number of investi-
gators to account for these effects, but, as the above re-
view has suggested, such explanatory mechanisms do not ade-

quately explain the phenomenon.
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The studies reviewed above have used only human
subjects. Humans bring to the absolute judgment task
a long history of using numbers, of estimating probabil-
ities, and of forrulating expectations regarding the
experimenter's expectations. For examnple, both Parducci
(1965) and Ward and Lockhead (1970) suggest that their
huran subjects' responses on absolute judgment tasks may
have been biased by their expectations of a "low" stimu-
lus following a sequence of "high" stimuli and vice versa.
Parducci (1965) found that his subjects also had a tenden-
cy to use all categories equally often. Such influences
upon the judgments of human subjects may, therefore, un-
necessarily complicate the research findings and may even
account for some of the inconsistencies and the complex-
ities encountered in attempts to analyze sequential depen-
dencies, the effects of feedback and of stimulus range.
Blough (1966) has pointed out that the interpretation of
such psychophysical data becomes more difficult, and the
flaws attached to this interpretation riore and more serious,
as investigators '"depart from simple operant situations and
animals, like the pigeon, that are dominated by external
stimuli" (p. 347). Basic decision processes present in
both man and animals may best be studied first in the sin-
Fler organism. My dissertation research represents an
attempt to sort out some of the factors influencing choice
accuracy in an absolute judgment situation using pigeons

as subjects,
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Data obtained from experiments in which pigeons are
required to make one of two equivalent responses (such as
a peck on the left or right key in a Skinner box) ray be
treated as one would data obtained using the psychophysical
method of single stimuli with two response classes. One
application of this technique was that of Heinemann, Avin,
Sullivan and Chase (1969) who trained pigeons to peck one
key in the presence of a higher intensity white noise and
the other key in the presence of a lower intensity. The
physical separation of the stimuli to be discriminated was
2.3 dB, 7 dB or 29 dB for different groups of birds. When
the birds' performance was asymptotic, key choice was ob-
served in the presence of white noise at 13 different inten-
sity levels including those used in training. They found
that the birds' choice data in this generalization test
situation yielded psychometric functions not unlike those
obtained with human subjects required to classify sounds as
loud or soft. The proportion of trials on which the pigeons
chose the key correct for the higher intensity stimulus rose
ronotonically with stimulus intensity. The choice curves
differed systematically with the training conditions; train-
ing with the more widely separated (more easily discrimi-
nated) stimuli yielded flatter curves. This is not what
one would expect if, as suggested by SDT, pigeons establish
a fixed criterion on the sensory effect axis and make a

o

given resbShse“whenever the sensory effect produced by a
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stimulus exceeds this criterion. If this were true, curves
identical in shape should have been obtained regardless of
the initial training. To account for the flatter curves
obtained following training with widely separated stimuli,
Heinemann, et al. suggested that the criterion position
varies normally about a mean and that the variance of this
distribution is greater following training on the easy dis-
crimination. Criterion variability has also been used to
"explain" changes in d' observed in some of the human abso-
lute judgment experiments reviewed above. If, indeed,
these changes in d' are due to increased criterion varia-
bility, the means by which this variability is increased
remains to be explained. The human data suggest that cri-
terion variability is strongly affected by the range of
stimuli to which the subject is exposed and that range may
exert its effect on criterion variability through sequen-
tial dependencies.

Sequential dependencies have not yet been clearly
demonstrated in animals. Boakes (1969) found no sequential
dependencies nor significant tendency to use each category
equally when he tested pigeons on a two-response task using
eight stimuli varying in luminance (7.4, 15, 29, 59, 74,
150, 290 and 590 ml). The birds had previously been
trained to respond on two different keys in the presence
of the stimuli at the extreme ends of the series (7.4 and

590 ml) with an £-second intertrial interval.
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Similarly, Heinemann (1974) found no sequential depen-
dencies in response latencies when pigeons were trained on
a ten~-stimulus, two-response sound discrimination in which
a correct response was a peck on one key for stimuli equal
to or greater than 76 dB SPL and on the other key for stim-
uli equal to or less than 72 dB. Latency was measured
from the time at which the sound was initiated by a peck on
a center key until a choice was made.

It is possible that a systematic examination of response
latency in the absolute judgment situation rmay help to ex-
plain the observed effects of range upon performance 1if
range directly affects the difficulty of the discrimination
called. for. Reaction time may be a function of the overall
difficulty of the discrimination. For example, Keinemann
et al, (1969), in the study discussed above, found sone evi-
dence of systematic differences in latencies as a function
of the overall difficulty on the discrimination. Pigeons
trained on the most difficult discrimination (2.3 dB) not
only showed a steeper choice curve but also had longer la-
tencies than birds trained on the easiest discrimination.
These latency differences were clear across conditions for
pigeons, i.e., more difficult discrimination tasks were
characterized by longer latencies to all stimuli presented
while easier discrimination tasks were characterized by
shorter latencies to all stimuli presented. Within any

particular task for any particular subject, Heinemann (1974)
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found no indication of longer response latencies in the
middle of the stimulus range where the discrimination should
have been nost difficult. Yowever, Flagg, Medin and Davis
(1974) found the reaction times of monkeys in a particular
discrimination task to be greatest in the center of the
range.

In summary, the intent of this research is to throw
light upon the yet poorly understood changes observed in
measures of discriminability which occur in absolute judg-
ments. Attention here will be focused upon the influence
of the range of stimuli to which the subject is exposed.
Pigeons will be used as subjects, in part to determine
whether the range effect is a purely human phenorienon since
it has previously been deronstrated only in humans. Partic-
ular attention will be paid to two factors which may in part
account for the range effect: sequential response dependen-
cies as described above and the latency of responding which
may reflect decision time. As discussed earlier, either or
both factors may influence the degree of criterion variabil-
ity observed. Other factors which may influence criterion

variability will also be examined.
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General Method

Subjects. The subjects in all gxperiments were adult
White Carneaux pigeons without prior experience in an ex-
periment in which reinforcement was contingent upon a re-
sponse. The six birds used in Experiment 1 served previ-
ously in an autoshaping experiment; the remaining birds
were experimentally naive. The birds were maintained at
80% to 85% of their free-feeding weights. Vater and grit
were always available in their home cages.

Apparatus. Two BRS/LVE (Beltsville, Md.) pigeon
chambers were modified for these experiments. The dimen-
sions of the intelligence panel used in these chambers
are given in Figure 2.

White light could be projected from behind upon a

translucent rectangular pecking key, the display key. In

these experiments the discriminative stimuli were differ-
ent intensities of this light. Luminance of the display
key was varied by placing various Kodak Wratten Gelatin
Neutral Density Filters (#96) in the beam of a Kodak
Carousel projector.

In Experiment 1 the current through a General Electric
CBA 120V bulb was checked frequently during each session
and adjusted if necessary to 3.8 amps by means of a poten-
tiometer provided on a control panel (LVE 111-10) used
with a Kodak Model 800 slide projector modified by LVE
(BRS/LVE SCP-001/111-10).



Figure 2.

Illustration of intelligence panel.
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In the remaining experiments a Kodak Carousel slide
projector (Model #750H) was used with quartz iodide projec-
tor bulbs (Sylvania Tungsten Halogen ELH Quartz TrubBean,
300W, 120V). A voltage regulator (Charles 3eseler Co.,
Florham Park, N. J., Line Voltage Stabilizer, Cat. No.
€24€) was used to minimize voltage fluctuations.

Five circular choice keys were located below the dis-
play key. The key on the far right was inoperative. The
remaining keys, to be referred to as Keys 1 through 4 fron
left to right, could be illuminated from behind by green
light. To nmake the keys more visually distinct from each
other, the center of each key was marked with a black disk
of 1/2, 3/8, 1/4 and 1/€ in. (1.27, .95, .6L and .32 cnm.)
diameter for Keys 1 through 4 respectively.

The chamber was continuously illuminated by a 2€ volt
pilot light (G.E. 18629) located in the center of the chamber
ceiling. The luminance of the display key was -3.1 log ft.L.
(.000€5 ft.L.) when it was illuminated only by this pilot
light. Ventilation was provided by a fan, and white noise
at approximately 75 d3 SPL (re .0002 dynes/cm?) was contin-
uously present in the chamber to mask any noise in the
laboratory.

All experimental contingencies were controlled by
standard relay equipment. The slides used to present the
stimuli for all experiments were made from pieces of black
oaktag cut to fit LinDia slide mounts (K. Heitz, Inc., New

York, N. Y.). The appropriate filters were placed over
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openings cut in these pieces of oaktag so as to illuminate
the display key. For purposes of programming, recording

and controlling stimulus-response-reinforcement contingen-
cies, all stimuli were identified by a specific combination
of holes punched in the slide mounts for Experiment 1 or,

in the remaining experiments, in parts of the oaktag through
which the projector bear passed. Photocells mounted within
the projector in Experiment 1 and on the outer surface of
the pigeon chamber in all other experiments were used to
code each stirulus presented.

The stimulus presented, choice rade, and latency from
stimulus onset to display key peck on each trial was punched
on paper tape. These tapes were later read by the Xerox
Sigma VII computer at Queens College, C.U.N.Y., and the data
were sorted according to stimulus presented, response made,
first vs. subsequent trials, preceding stimulus and latency
of the response.

Procedure. For all experiments the onset of a trial
was indicated by the illumination of the display key and
the simultaneous onset of a 2¢00 Ez tone at 66 dB 3SPL (re
.0002 dynes/cmz). The display key was illuminated at one
of four levels of light intensity. The specific intensity
values will be given in the description of each experiment.
The order of presentation of the stinuli was random with the
restriction that each stimulus appeared an equal number of
times within 40 trials. A session consisted of two repeti-

tions of this 40-trial program. Programs were changed every

two days.
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On a first trial, a peck on the display key illuminated
the four choice keys and terminated the tone; the display
key remained 1it. A peck at any choice, a first choice, was
followed by a 10-second intertrial interval during which the
choice and display keys were darkened and inoperative. A
correct choice was followed by reinforcement which consisted
of access to a food hopper filled with mixed grain for 1.5
seconds. On trials following incorrect responses the sarie
stimulus in the presence of which the error occurred was
repeated. A peck on the display key on the trial following
an error illuminated only the keys not previously pecked in
error. This procedure continued until the bird had made
the correct response, received reinforcement, and the pro-
Jector had stepped forward to present the next stimulus in
the program. All data were analyzed in terms of first
choices. A session continued until 80 correct responses
had been made. Training was continued in Experiments 2 and
L until performance appeared to be asymptotic (160 days),
for 100 days in Experiment 1 and for 25 days in Experiment 3.

Pretraining. The birds in all four experiments were

trained in the same manner. ZEach bird was first trained to
eat frorm the food hopper and next trained to peck the con-
tinuously illuminated displaf key by the method of succes-
sive approximations. A peck at the display key during this
phase of pretraining was reinforced by 2-second access to

the feeder filled with mixed grain. This first phase of
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pretraining was continued until the bird had earned 4O
reinforcements.

During the second phase of pretraining, the display
key was not illuminated and pecks on it had no effect.
The birds were trained by the method of successive approx-
imations to peck the illuminated choice key. During this
phase only one choice key was illuminated on each trial.
A peck at the correct (illuminated) choice key was rein-
forced by 2-second access to the feeder during which time
all choice keys were darkened. After reinforcement a choice
key was again illuminated. Which choice key was illuminated
during this phase of training was randomly determined with
the restriction that each of the four keys was illuminated
ten times per 4O trials.

When the birds completed 4O reinforced trials, the
third stage of pretraining was begun. In this final stage

the display keyv was again illuminated (luminance of the

display key was not varied during pretraining). A peck on
the display key illuminated one of the four choice keys;
a peck on the illuminated choice key was reinforced and all
keys were darkened for a 5-second intertrial interval. The
sequence of choice-key illumination was quasi-randonm as
described above. Pretraining was completed when the pigeon

had received 40 reinforcements in this final stage.
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Experiment 1

The purpose of Experiment 1 was to deterr.ine whether
performance on an absolute judgment task is influenced by
the range of stimuli to which a pigeon is exposed. 1In this
experiment the two middle stimuli were fixed at their re-
spective values and the difference between the extreme
stimuli was varied. If the total range over which the
stimuli are spread increases criterion variability, then
the discrimination between the two central stimuli should
be less accurate for the birds trained on the wider range
than for those trained on the narrower range. That is, 4
for the two central stimuli should be smaller for the wider

range birds.

liethod

Subjects. Six White Carneaux pigeons previously used
in an autoshaping experiment were assigned to narrow and
moderate range groups.

Apparatus. In this experiment the Model €00 Kodak
Carousel slide projector as modified by LVE and the control
panel referred to earlier were used with GE CBA 120V bulbs.

Stimuli. The stimuli used were the intensities of white
light produced by passing the projector beam through neutral
filters of densities .6, .&, 1.0 and 1.2 for the narrow range
group (.6 log unit range) and densities .2, .8, 1.0 and 1.6
for the moderate range group (l.4 log unit range). The lumi-

nance levels thus produced were 1.7, 1.5, 1.3 and 1.1 log
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ft.L. for the narrow range group and 2.1, 1.5, 1.3 and .7
log ft.L. for the moderate range group as measured by a
Spectra Brightness Spot Meter (Photo Research Corporation).
Stimuli 2 and 3 were the same in both conditions (1.5 and
1.3 log ft.L.) differing from each other in both conditions
by .2 log unit. For both groups the brightest stimulus
(lowest neutral density filter value) was designated as
Stimulus 1 (S1) and the correct choice was a peck on the

key to the extreme left (Key 1 or Rl), the next brightest
(1.5 log ft.L. for both groups) was designated as Stimulus 2
(S2) with the correct response defined as a peck on the
second key from the left (Key 2 or R2), the next brightest
(1.3 log ft.L. for both groups) was designated as Stimulus 3
(S3) with the correct response defined as a peck on the
third key from the left (Key 3 or R3), the dimmest stimulus
(highest neutral density filter value) was designated as
Stimulus 4 (34) and the correct choice was a peck on Key 4
(R4). Thus for both conditions, whenever a stimulus was
presented four choices were possible; the correct choice was

cued by the luminance of the display key.

Results

The six birds were given 100 sessions of training at
which time their performance appeared to be approaching
asymptote., Figure 3 shows the percent correct first choices
per session averaged over five-day blocks (100 presentations

of each stimulus). These data show that the most dramatic
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Figure 3. Percent correct first choices for each bird.
Data are shown in five-day blocks for the 100 sessions
of Experiment 1. Data for the birds trained on the narrow
range are shown in panel a. Data for the birds trained on

the moderate range are shown in panel b.
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increases in accuracy occurred Jduring the first five blocks
(25 sessions) for the moderate-range birds followed by a
leveling of f. The roderate-range birds reached a higher
level of correct first choices than the narrow-range birds
although the narrow-range birds continued to improve
throughout the experiment.

The rean number of correct first choices is influenced
by factors such as the range of stimuli to be identified as
well as the number of criteria held and the position and
variability of these criteria. To better understand the
development of the discrimination and final level of per-
formance, changes in the number, position and variability
of the criteria were examined separately. Choice curves,
one curve for each of the four responses, were plotted for
each bird, These curves show the proportion of times each
response was niade in the presence of each stimulus.

As an example, Figure 4 shows a set of such curves for
a subject who had established three criteria. Such curves
reach their highest level (peak) at each of the stimulus
values in the presence of which the response was reinforced.
Choice curves for each of the four responses are shown in
panels (a) through (d). These four curves are combined in
panel (e). Combining the choice curves into a single graph
has the advantage of showing the establishment of criteria
and making possible rough estimates of criterion placrient,

For example, by observing the point at which the curves.
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Figure 4. Examples of the four-response choice curves

and how they are combined.
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intersect in Figure 4(e) it can be seen that the subject has
established one criterion midway between S1 and S2, another
criterion between S2 and S3 slightly closer tc S2, and a
criterion between 33 and S4 much closer to £2 than to S4.

Figure 5 (a and b) indicates how the four-response
choice curves look when there is little or no stimulus con-
trol over responding. Panel (a) shows the results for a
bird who made each of the four responses equally often,
whereas panel (b) shows the results for a bird who had a
strong key preference.

The acquisition process of each bird is shown in this
manner in Figures 6 through 9. The data shown are based
upon first trials only. From these figures the development
of control over key choice by light intensity and the estab-
lishment of criteria can be followed throughout training.
Choice curves for birds (B) 43; Li, and L5 representing the
first 25 days of training (Figure 6) show some control over
key choice by light intensity. Note, for example, that in
the case of B43 Rl occurred in the presence of S1 more fre-
quently than in the presence of any of the other three
stimuli and that R4 was made in the presence of S4 niore
often than in the presence of any other stimulus. The
curve for R2 is similar in form to that for Rl, and the
curves for R3 and R4 are practically identical. Curves
such as these would be obtained if the subject had a single

criterion dividing the sensory effect axis into two regions:



Figure 5. Examples of the four-response choice curves in
two extreme cases. Panel a shows the curves when there
is little or no stimulus control. Panel b shows the

curves when there is little stimulus control and a strong

key preference.
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Figure 6. Four-response choice curves for the narrow-
range birds in Experiment 1 by 25-day block. In this
experiment S1, S2, S3 and S4 were 1.7, 1.5, 1.3 and 1.1

log ft.L. respectively for the narrow range condition.
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Figure 7. Four-response choice curves for the narrow-
range birds in Experiment 1. Data are shown by 5-day
block for the first 25 days of training. In this narrow
range condition S1, S2, S3 and S4 were 1.7, 1.5, 1.3 and
1.1 log ft.L. respectively.
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Figure 8. Four-response choice curves for the moderate-
range birds in Experiment 1. Data are shown by 25-day
block for the 100 days of training. In this moderate-
range condition S1, S2, S3 and S4 were 2.1, 1.5, 1.3 and
.7 log ft.L. respectively.
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Figure 9. Four-response choice curves for the moderate-
range birds in Experiment 1. Data are shown by 5-day
block for the first 25 days of training. In this moderate
range condition Sl, S2, S3 and S4 were 2.1, 1.5, 1.3 and
.7 log ft.L. respectively.
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One in which Rl and R2 would be made and one in which R3 and
R4 would be made. The point at which the choice curves
cross suggests that this criterion lies near 1.6 log ft.L.,
between S1 and 82.

A single criterion was established by all narrow-range
birds during the first 25-day block of training. The mean
position of this criterion was near the high intensity end
of the continuum, at approximately 1.5 log ft.L. for B43,
slightly higher for BL4L4, and slightly.lower for B45. The
two additional criteria were established during the second
25-day block (sessions 26-50) by birds 44 and 45. These
criteria were evident in the choice curves of all three
birds during the third and fourth 25-day blocks.

In Figure 7 the first 25 days of training are broken
down into 5-day blocks. Additional information can be
gained from the examination of these data. For example, a
single criterion appears to have been established within
the first five days of training by B43, 44 and 45. The
five-day blocks reveal key preferences «- preferences which
seem to change from block to block and were not obvious in
the 25-day plot. Note, for example, the high frequency of
R4 during days 6 to 10 and of R2 during days 21 to 25 for
B43. 1In spite of these shifting key preferences, the trend
shown in the 25-day block is repeated: the Rl and R2 curves
tend to fall as stimulus intensity decreases and the R3 and

R4 curves tend to rise,
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For the moderate-range birds, the 25-day block analy-
sis (Figure 8) indicates that all three criteria were estab-
lished during the first 25 days of training. Each of the
four responses occurred most frequently in the presence of
the correct stimulus although the R2 and R3 curves did not
intersect until the second 25-day block. Since three cri-
teria were evident so early in training, the 5-day block
graphs were examined (Figure 9) to get an idea of how the
discrimination developed. The three criteria were clearly
evident by the second 5-day block for birds 47 and 48. For
bird 46, on the other hand, the four response curves did
not clearly peak in the presence of the appropriate stimuli
until the fourth block (days 16-20).

In Figure 10 the proportion (P) of hits and false
alarms are plotted for each bird on normal deviate axes
(z-ROC curves) for the discrimination between the two cen-
tral stimuli during the last 25 days of training. Note that
these points do not deviate substantially from a line with
a slope of 1 indicating that the assumptions made in comput-
ing d', namely that the distributions of the decision vari-
ables are normal and of equal variance, were not seriously
violated. The d' values for the 25-day period are also
included in Figure 10.

The development of the discrimination between the two
central stimuli was examined for all birds by plotting d!'

(ROC method) throughout training. Figure 1l presents these



Figure 10. Proportion of "hits" and "false alarms" for
stimuli 2 and 3 for all birds in Experiment 1. All data
points are based on the last 25 days of training and are
plotted on normal deviate axes. The diagonal represents
chance performance. Points further from the diagonal

indicate higher d' values.
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Figure 11. d' for S2 and S3 as a function of training for
all birds in Experiment 1. The solid lines are for data

shown in 5-day blocks; the dashed lines are for data shown

in 25-day blocks.



56.

B46
piy
o] -
b B44 B47
184
144
2
104
]
* ] B48
r J
144 4
124
o )f
v [~
‘1
-
24
o 10 -1 F o] 10 15 20
Biock of 5 Sessions .
s Sdays

3 25 days



57.

data both by 5-day block (selid line) and by 25-day block
(dashed line). It is clear from these plots that for birds
L3 and 45 d' was asymptotic by block 15 (session 75). For
bird hh; d' still appeared to have been increasing when the
experiment was terminated. Of the moderate-range birds,
B47 and 4LE appear to have been improving on this discrimi-
nation slowly up to their last block of training while B46
did not improve after block 15 (session 75). These trends
can be seen easily in the d' scores for the 25wday blocks.
Performance over the final 25 days of training was
examined to determine whether range affects discrimination
prerformance. The d' measures for the discrimination be-
tween the two central stimuli, S2 and S3, were obtained
using both the ROC nmethod and the Thurstonian method.
Relatively small differences between the two methods were
observed which are probably due to noise in the data. (See
Appendix A for the specifics of the two methods.) These g4
data are presented in Table 1. It can be seen that all g
values for the narrow-range birds are larger than those for
the moderate-range birds regardless of which method of ob-
taining d' was used. The mean d' obtained by the ROC method
was 1l.31 for the narrow-range group and .&4 for the moder-
ate-range group. This difference was significant (t (&) =
3.29, £1<:.05). The Thurstonian method yielded similar
though slightly higher estimates of d', 1.47 for the narrow-

range group and 1.05 for the wide-range group. This dif-



Table 1. d' over the last 25 days of training in Experi-
ment 1 as calculated by both ROC and Thurstonian methods.

d'
Condition Bird ROC Thurstonian
Method Method
Narrow 43 1.45 1.43
Range
L 1.22 1.54
L5 1.27 1.43
x 1.31 1.47
Moderate 46 .61 .71
Range
L7 .93 1.25
LE 1.01 1.18
x .85 1.05
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ference was not significant (t (4) = 2.420, p >» .05). Thus,
both methods of data treatment indicate that narrow-range
birds form a sharper discrimination between these two
stimuli,

The way d' (ROC method) changed during acquisition for
the two groups is shown in Figure 12. Here the data shown
in Figure 10 were averaged for the three birds in eakh con-
dition, again by 5-day block. It is clear that after the
first seven blocks (35 sessions) d' was consistently higher
for the narrow-range birds.,

The results of Experiment 1 indicate that the range
effect does indeed exist in the pigeon. Experiment 2 was
undertaken to explore this phenomenon further. This was
done by expanding the range over which the stimuli varied
and increasing the number of subjects in each group. 1In
addition, a paper-tape punch was used to record trial-by-
trial results (including latencies). This made possible
an analysis of possible sequential effects which, as dis-

cussed earlier, could be responsible for the range effect.

Experiment 2

Method

Subjects. Nine experimentally naive White Carneaux
pigeons were assigned to two groups. Six were trained on
a wide-range condition (3.0 log unit range) and three were

trained on the narrow-range condition (.6 log unit range)
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Figure 12. Comparison of d' between S2 and S3 throughout
training for both range conditions in Experiment 1 (group

data).



¥ Narrow Range
0- 0 Wide Range

-
-2 Tt 1 T T T

S 10 15 20

Block of 5 Sessions

6l.



62.

used in Experiment 1. In addition, the three narrow-range
birds from Experiment 1 were given further training on the
same, narrow, stimulus range after a lapse of approximately
three months.

Apparatus. A new experimental chamber was used for
this and subsequent experiments. The apparatus was similar
to that used in Experiment 1 (see earlier description and
Figure 2 for details). The major change consisted of the
use of a Kodak Carousel #750H slide projector instead of
the Model 800 used in Experiment 1 and the use of Sylvania
Tungsten Halogen ELH Quartz TruBeam projector lamps instead
of the General Electric CBA lamps.

Stimuli. The model #750H slide projector was set on
the "low" setting. The neutral filters used in Experiment 2
were of densities 1.4, 1.6, 1.8 and 2.0 for the narrow range.
These filters attenunated the light source to .4, .2, O and
-.2 log ft.L. for stimuli l, 2, 3 and 4 respectively. The
filsers used for the wide range were of densities .2, 1.6,
1.8 and 3.2 which produced luminance levels of 1.6, .2, O
and -1.4 log ft.L. for stimuli 1, 2, 3 and 4 respectively.
As was the case in Experiment 1, stimuli 2 and 3 were the
were the same for both conditions, however, these two stimuli

were about 1.3 log units dimmer than the two central stimuli
used in Experiment 1.
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Procedure. The procedure was the same as that used in
Experiment 1 except that the nine naive birds were given 160
sessions of training. The three birds trained on the narrow
range in Experiment 1 were given 100 days of training in the
new apparatus under conditions that closely duplicated their

original training.

Results

The nine new birds were given 160 sessions of training
at which point the wide-range birds were asymptotic and all
of the narrow-range birds had reached a point where thejr
rate of improvement was minimal (i.e., an average increase
of no more than 5% correct responses over 25 days or 500
presentations of each stimulus). Figure 13 shows the aver-
age percent of correct first choices per 5-day block for
each bird. It can be seen that the wide-range group leveled
off after approximately block 6 (30 sessions) at about 75%
correct first choices. The narrow-range group, however,
continued to increase their percent correct first choices
until about block 24 (session 120). Birds 43 through 45,
previously trained in Experiment 1 with the narrow range,
appeared not to have made any noticable gains after block 6
(session 30) of retraining (retraining data in Appendix B).
Birds 43, 44 and 45 never reached their earlier level of
performance in the new apparatus (63% correct first choices
in Experiment 1 vs. 51% in Experiment 2). The level that
they did reach in Experiment 2, however, closely coincided
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Figure 13. Percent correct first choices for each bird.
Data are shown in five-day blocks for the 100 sessions of
Experiment 2. Data for the birds trained on the narrow
range are shown in panel b, Data for the birds trained

on the wide range are shown in panel a.
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with the performance level of the birds (B69, 70 and 71)
trained exclusively in the new apparatus. The lower level
of performance may have been due to the absolute difference
in luminance. Although the relative differences in lumi-
nance were the same in both experiments, the absolute lumi-
nance level in Experiment 1 was approximately 1.3 log ft.L.
higher than that in Experiment 2.

Figure 14 shows the four response choice curves for the
new narrow-range birds (B69, 70 and 71) for the first three
and the last of the 25-day blocks. The data for each of the
birds show some evidence of stimulus control ¢{i.e., that at
least one criterion had been established) during the first
25-day block. The second and third 25-day blocks show in-
creases in stimulus control for all three birds. The plot
for days 136-160 shows that all response curves reach their
highest points in the presence of the appropriate stimuli.

An examination of the five-day block data (included in
Appendix B) confirms the above observation that birds 70 and
71 established a single clear criterion early in training
(certainly by the second $-day block). These data show that
bird 69 had a preference for R2 throughout the 25-day period.
Despite this key preference which decreased as training prog-
recsed, there is some indication of control of R2 by the
luminance dimension. R2 was made most frequently in the
presence of the brighter of the two stimuli, Sl and S2, over

the first 25 days.



Figure 14. Four-response choice curves for the narrow-
range birds in Experiment 2. The first three 25-day
blocks are shown for birds 69, 70 and 71 as well as the
last 25-day blocks for birds 69, 70, 71, 43, 44 and 45.
In this narrow-range condition S1, S2, S3 and S4 were .4,

2, 0O and -.2 log ft.L. respectively.

67.
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The birds originally trained on the narrow range in
Experiment 1 (B43, 4L and 4L5) showed some improvement over
their 100 days of retraining. With the exception of B43,
all three criteria were evident on the first 25-day block.
Bird 43 tended not to make Rl as a first choice; however,
when R1 was made, it was most often made in the presence
of the appropriate stimulus, Sl. This response bias may
account for the fact that even by the last block of re-
training (see Figure 14, bottom panel), R2 was made most
frequently in the presence of 51. The other responses were
made most frequently in the presence of the appropriate
stimuli.

Choice curves for the first and last 25-day blocks for
each of the wide-range birds are shown in Figure 15. Three
criteria were established during the first 25 days of
training. Note that with few exceptions the choice curve
for each response peaks over the appropriate stimulus. An
examination of these data for the first two 5-day blocks
(Figure 16) indicates that all six birds established at
least one criterion during the first five days. In addition,
both of the outer criteria appeared within the first five
days for birds 63 and 6¢. Both outer criteria were present
by the second 5-day block (sessions 6-10) for birds 63, 64,
67 and 6€. It is interesting to note that all birds
developed the criterion between the two brightest stimuli,
S1 and S2 first. As was noted, most of the birds in Experi-

ment 1 also developed their first criterion between the two
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Figure 15. Four-response choice curves for the wide-range
birds in Experiment 2. Data are shown for the first and
last 25 days of training. In this wide-range condition
Sl, 52, S3 and S4 were 1.6, .2, O and =-1l.4 log ft.L.

respectively.
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Figure 16. Four-response choice curves for the wide-range
birds in Experiment 2. Data are shown by 5-day block for
the first 10 days of training. In this wide-range condi-
tion S1, S2, S3 and S4 were 1.6, .2, O and -1.4 log ft.L.

respectively.
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brightest stimuli. Evidence of discrimination between the
two central stimuli was visible in the first 5-day block
for one of the birds (B63), as indicated by R2 having
occurred most frequently in the presence of S2 and R3 in
the presence of S3. For three other birds (B66, 67 and 68)
this control was apparent in the second 5-day block, and
it was evident for all but B65 by the third block of five
days (not shown). Once apparent, despite evidence of key
preferences for several of the birds, R2 and R3 remained
under control of the luminance dimension throughout the
experiment.

Despite this very early evidence of differentiation
between R2 and R3 for the wide-range birds, d' (ROC method)
between stimuli 2 and 3 for these birds increased little
over the course of training (see Figure 17). Examination
of the development of the discrimination between the two
central stimuli by the'narrow-range birds (Figure 18)
clearly shows that d' increased over training. A compari-
son of d' under the two conditions can be seen in Figure 19
which shows the mean d's for each group by 5-day block.

Note that d' is similar for both groups at the start of
training, but the curve for the narrow-range group continued
to climb during training more rapidly than that of the wide-
range group. Comparison of Figure 19 to Figure 12, the com-
parable plot for Experiment 1, indicates that the larger

difference between the ranges in Experiment 2 resulted in
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Figure 17. d' for S2 and S3 as a function of training for
all wide-range birds in Experiment 2. The solid lines are
for data shown in 5-day blocks; the dashed lines are for

data shown in 25-day blocks.



™
N

W oa B b O

N ©

LN ANt Sns M S s s Man ams s aan aan

20

25

30
Block ol 8§ Sessions

v~—vy— ey

25 30
¥ 5 Sessions
» 25 Sessions

9L



77.

Figure 1€. d' for S2 and S3 as a function of training for
all narrow-range birds in Experiment 2. The solid lines
are for data shown in 5-day blocks; the dashed lines are

for data shown in 25-day blocks.
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Figure 19, Comparison of d' between 52 and S3 throughout
training for both range conditions in Experiment 2 (group

data).

79.
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riore clearly divergent functions and thus a more conclusive
demonstration of the range effect. Both in terms of d' and
in terms of the percent correct first choices, the narrow-
range birds in Experiment 2 never reached the level of the
narrow-range birds in Experiment 1.

Figures 20 and 21 present the z-RCC curves for the dis-
crimination between S2 and S3 generated during the last 25
days of training for all birds. Again the points for the
narrow-range birds are further from the diagonal indicating
greater sensitivity and thev are well fit by a line with a
slope of 1. Since in the wide range the stimuli being dis-
criminated were exactly the same as those in the narrow
range, it is reasonable to assume that the 2z-RCC curves for
these birds also have a slope of 1. The perfect identifi-
cation of S1 and 34 resulted in fewer data points.

Table 2 shows the mean d' for each of the birds in
Experiment 2 over the last 2% days of training as calculated
by both methods. The difference between the mean d's calcu-
lated by the RCC method (.93 for the narrow range and .37
for the wide range) is statistically significant (t (10) =
5.909, p € .001). The Thurstonian method of obtaining 4’
indicates a mean d' of 1.0l for the narrow-range birds and
of .36 for the wide-range birds; this difference is also
significant (t (10) = 7.054, E< .001).

For each bird, the mean criterion position separating
Rl and R2 from R3 and R4 (Q) is also presented in Table 2.

If the birds followed the decision rule described in Figure
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Figure 20. Proportion of "hits" and "false alarms" for
stimuli 2 and 3 for all birds in the narrow-range condi-
tion in Experiment 2, All data points are based on the
last 25 days of training and are plotted on normal deviate
axes. The diagonal represents chance performance. Points

further from the diagonal indicate higher d' values.
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Figure 21. Proportion of "hits" and "false alarms" for
stimuli 2 and 3 for all birds in the wide-range condition
in Experiment 2. All data points are based on the last

25 days of training and are plotted on normal deviate axes.
The diagonal represents chance performance. Points further

from the diagonal indicate higher d' values.
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Table 2. Mean d's (both ROC and Thurstonian methods), C

g6.

and RBI for each bird for the last 25 days of training in

Experiment 2.

Condition Bird

43
Ll

45
Narrow
Range 69

70
71

x

63
64

65
Wide
Range 66
67
68

X

*in log ft.L.

RCC
Method

.52
.99
.95
.9¢€
1.12
1.00
.93

.29
.38
48
.28
32
.50
.38

Thurstonian
Method

.66
1.22

.94
1.0¢
1.05
1.10
1.01

.38
48
.28
.20
.50
.36

C*

.065
.105
.106
.119
.090
06"
.092

513
.079
.13¢
«257
<440
<324
<145

RBI

.10
.28
.61
.58
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1, C would be midway between S2 and S3. This criterion
placement (.l log ft.L.), which would result in the fewest
misses and false alarms, will hereafter be referred to as
C'. The mean C obtained for the birds in the narrow-range
group was .092 log ft.L. Note that the C values for the
narrow-range birds were all between S2 and S3 while the C
values for only two of the six wide-range birds were be-
tween S2 and S3.

The R2 and R3 choice curves at the end of training
(last 25-day block) under the narrow- (Figure 14) and wide-
range (Figure 16) conditions are quite different. While
for all birds the choice curves peak over the appropriate
stimulus value, the R2 and R3 curves for five out of the
six birds trained on the narrow range (B43 is the exception)
intersect between S2 and S3, the curves for only one of the
birds trained under the wide-range condition (B65) intersect
between S2 and S3. The wide-range birds show strong key
preferences in choosing between R2 and R3.

The degree of key preference or response bias may be
measured by comparing all R2 first choices given S2 or S3
to all R3 first choices given S2 or S3. If the smaller of
these numbers is divided by the larger and the result sub-
tracted from 1, an index of response bias will result rang-
ing from O to 1. An index of O indicating no key preference,
(i.e., that P(R2|52 or 53) = P(R3|S2 or $3)); this will be
the case when C = C'. Indices approaching 1 indicating pro-

gressively greater response bias.
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This index, the RBI, is sensitive to the position of
all three criteria rather than to only the central criterion.
In the wide-range condition the sensory effect distributions
of the extreme stimuli do not substantially overlap those of
the central stimuli and thus the criteria established be-
tween the extreme and central stimuli are not likely to
include many sensory effects due to Sl and to S4 in the R2
or R3 regions. This is supported by the birds' near-per-
fect recrods of identifying S1 and S4. In the wide range
condition, therefore, the RBI will be closely related to
the distance of C from C'; indeed, the two measures (RBI
and |Q -,Q'l) are significantly correlated (r (4) = .8927,
P <:.05). In the narrow range condition, the sensory
effects of the stimuli are likely to have overlapped to
a greater extent, and since the RBI is influenced by such
overlap, it is not surprising that the correlation between
RBI and |g - g'| shows no significant relationship (r (4) =
.0858, p » .05).

In order to determine whether sequential factors could
be responsible for the observed range effect, each bird's
performance over the last 25 days of training was analyzed
for the possible dependence of any given response on the
stimulus-response pairing reinforced on the immediately pre-
ceding trial. Unfortunately, due to an apparatus failure,
this sequential data represents only 15 days of training for
birds 63-71 (5-day blocks 28, 29 and 32). Since the data
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include the beginning and the end of the 25-day blocks and
no clear difference is visible within subjects, it is un-
likely that this loss of data significantly distorted the
findings. Table 3 presents C for the discrimination between
52 and S3 for each bird after 31, after S2, after 33 and
after 54.

As discussed earlier, it was expected that if the
previous stimulus affected performance, then this effect
would be most clear on trials immediately following one
of the extreme stimuli {Sl and S4). The mean C position
for the wide-range birds on trials following S1 and S4 did
not differ significantly (& (5) = .426, p >.OS). C for
the narrow-range birds tended to be closer to S3 than to
S2 after S1 was presented and closer to 52 than to S3
after 5S4 was presented; however, this difference was not
significant (g (5) = 1.3¢4, p > .05).

To obtain a measure of the degree to which criterion
position was influenced by the preceding stimulus, the stan-
dard deviation of the four C positions presented in Table 4
was obtained for each bird; these values are included in the
table. The mean of the standard deviations of the birds in
the wide-range group was significantly larger than the nean
of those in the narrow-range group (t (10) = 4.023, p <.Ol)
indicating that C for the wide-range birds was significantly
more variable than for the narrow-range birds.

To assess the extent to which reinforcen.ent of R2 or' R3

on trial N-]1 influenced responses on trial N to S2 and S3,
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Table 3. Mean criterion position as a function of the
stimulus correctly identified on the preceding trial and
the standard deviations (S.D.) of the obtained C values
for each bird in Experiment 2. Data are based on the last
25 days of training.

C*
Condition Bird After After After After Subject
Sl S2 S3 S4 S.D.
L3 .0088 0537 0777 0681 .0305
Ll .1051 .1023 .1103 .0271 .0395
L5 .0529 .1090 1164 .1203 .0315
Narrow
Range 69 .0460  .0907 .1664  .1678 .0599
70 .0769 .0675 .0837 1452 0352
71 .0690 .0671 .109¢& 0667 0212

x .0598 L0817 .1107 .0992 .0363

63 .2541  .2081  ,3436  .6100 1797
64 21122 .0827 .1872  .10402  .O455
ide €5 .4000  .1303  .1306  .1125 .1380
Range 66 2146 2364  .3538 474 .0860
67 -.0958 -.4167 -.0481 -.2947 .1723
68 .2528 L4765  .2337  .2278  ..1197
X .1897  ,1196  .,2001  .1512 .1235

* in log ft.L.
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the RBI's were calculated for trials following S2 and S3.
It was assumed that if a win-stay strategy was in opera-
tion, the RBI's would show a lowered bias toward the pre-
ferred key if a response on the non-preferred key had been
reinforced on the previous trial. Five of the six birds in
the narrow-range group and five of the six birds in the wide-
range group maintained their key preferences regardless of
which of the two responses had been reinforced on trial N-l.
The other two birds (B71 and B6L) were more likely to make
the same response (R2 or R3) reinforced on trial N-1 to
either 32 or 33 on trial N. To be certain that a win-stay
strategy was not significantly influencing the birds'
responses, the difference between the mean R3I's on the
preferred and non-preferred keys following reinforced iden-
tifications of S2 and S3 were tested for both range condi-
tions. These data are included in Appendix B. This differ-
ence, and thus the effect of such a strategy, was not sig-
nificant for either the narrow=-range group (E (5) = 1.393,
p > .05) or the wide-range group (t (5) = .215, p > .05).
The mean response latencies to display key pecks pre-
ceding R2 or R3 choices were examined for all birds in Ex-
periment 2 over the last 25 days of training. Latencies
were longer for the birds trained with the wide range (1398
msec. on R2 and 1257 msec. on R3) than for those trained on
the narrow range (1092 msec. on R2 and 1170 msec. on R3).
These differences were not significant at the .05 level when

t-tests were done on the reciprocal latencies (see Table 4).



Table 4. HMean latency of display key pecks precgding R2
and R3 for each bird for the last 25 days of training in
Experiment 2.

Mean latency in msec.

Condition Bird
R2 R3
43 &85 1004
Ly 1070 1242
45 957 1040
Narrow Range
69 1539 1398
70 1124 1246
71 978 1089
x 1092 1170
63 628 599
64 1194 1084
65 939 E1l4
Wide Range
66 1592 1360
67 1133 1392
68 2903 2291
x 1398 1257

* t-test on difference between reciprocals of the
meanslatencies indicate no significant differences
between the two range conditions ( .05). For
R2 £(10) = .2891; for R3 t(10) = .L621.
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Experiment 3

As Experiments 1 and 2 clearly demonstrated, the range
effect exists in the pigeon. The mechanisms underlying the
range effect, however, remain to be explained, £ could be
argued that the narrow-range birds learned more about S2 and
S$3 than the wide-range birds did, despite an equal number of
reinforced correct identifications of these stimuli, and
that the superior discrimination between S2 and S3 would
endure regardless of range. It seemed, therefore, that
the next logical step was to determine whether the discrim-
inability of the two central stimuli is affected by a change
in the stimulus range, i.e., the birds originally trained on
the narrow range were switched to the wide range and the
birds originally trained on the wide range were changed to
the narrow range. If d' between the two central stimuli
declined for the birds switched from the narrow to the wide
range and increased for the birds switched from the wide to
the narrow range, it could be concluded that the overall
range is necessary to maintain as well as to establish the

performance reported in Experiments 1 and 2.

Method
Subjects. The same 12 White Carneaux pigeons who

served as subjects in Experiment 2 were used in Experiment 3.
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Apparatus. The apparatus was identical to that used
and described in Experiment 2.

Procedure. The procedure was the same as that used in
Experiment 2 with one major exception. The birds previously
trained on the narrow range were trained for 25 days on the
wide range used in Experiment 2, and the birds previously
trained on the wide range were trained for 25 days on the
narrow range used in Zxperiment 2. This switch was made
on the day immediately following the last day of training

in Experiment 2.

Results.

The results of this experiment very clearly show that
range effects the establishment as well as the maintenance
of the accuracy of discrimination between 52 and S3.

Table € shows d' based on the 25 days of training with
conditions reversed. It is clear from Table 6 that the birds
changed to the narrow range condition showed higher d's than
those changed to the wide range condition (ROC method).

This difference was significant (t (10) = 2.722, £1<:.O5).
The Thurstonian method of calculating d' also showed higher
d's for the birds changed to the narrow range than for those
changed to the wide range although the difference was not
significant (& (10) = 1.404, p >.05).

The results of Experiment 3 are more striking when d!
for each bird is compared before and after the switch in

range conditions (see Figure 22). The difference between



Figure 22. Bar graph comparing d' in Experiment 2 to d!
in Experiment 3 for each bird. Data represent the last

25 days of Experiment 2 and all of Experiment 3.
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the mean d's for the last 25 days of training in Experiment
2 and the mean d's for the 25 days of Experiment 3 is sig-
nificant for both groups. The dependent t-tests indicate
significance at the .00l level for the birds changed from
the narrow to the wide range (t (5) = 7.021)_and at the .02
level for the birds changed from the wide to the narrow
range (t (5) = 4.375). T e comparable t-tests for d' as
calculated by the Thurstonian method also indicate a sig-
nificant effect of the change in range. Tor the birds sw
switched from the narrow to tihe wide range the difference
was significant at the .00l level (t (5) = 9.14C), and for
the birds switched from the wide to the narrow range the dif-
ference was significant at the .01 level (t (5) = 6.4C1).

The ROC curves for each bird's discrimination between
the two central stimuli are presented in Figures 23 and 24.
In all cases the ROC points for the new narrow-range birds
are further fromn the diagonal than those for the birds
changed to the wide range. These plots may be compared to
those generated by the same birds over the last 25 days of
training in Zxperiment 2 (Figures 20 and 21); in all cases
a clear change in the ROC points is visible in the expected
direction.

Figure 25 shows the choice curves for each of the four
responses by five-day block over the course of Experiment 3
for a representative bird from each group. Data for all

birds are included in Appendix C. The most apparent effect
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Figure 23. Proportion of "hits" and "false alarms" for
stimuli 2 and 3 for all birds switched to the narrow-range
condition in Experiment 3. All data points are based on
the 25 days of training and are plotted on normal deviate
axes. The diagonal represents chance performance. Points

further from the diagonal indicate higher d' values.
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Figure 24. Proportion of "hits" and "false alarms" for
stimuli 2 and 3 for all birds switched to the wide-range
condition in Experiment 3. All data points are based on
the 25 days of training and are plotted on normal deviate
axes. The diagonal represents chance performance. Points

further from the diagonal indicate higher d' values.
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Figure 25. Four-response choice curves for two represen-
tative birds in Experiment 3. Data are shows by 5-day
block for the 25 days of training. The data for B44 (wide
range) appear in the left column. In this wide-range con-
dition S1, S2, S3 and S4 were 1.6, .2, O and =1l.4 log ft.L.
respectively. The data for B66 (narrow range) appear in
the right column. In this narrow range S1, S2, S3 and S4

were .4, .2, O and -.2 log ft.L. respectively.
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of increasing range on the choice curves for R2 and R3 was
an increase in response bias. In Figure 25 the four-response
choice curves are shown for two representative birds, one
from each group, over the course of Experiment 3. (Data for
all birds are included in Appendix C.) For the birds orig-
inally trained on the narrow rangehand changed to the wide
range (B43, 44, 45, 69, 70 and 71), the decrease in accuracy
on the discrimination between S2 and S3 was clear by the
last 5-day block although some deterioration was visible
earlier. The R2 and R3 curves for the final five days
reached their highest points over S2 and S3 respectively
for all but one of the birds (B45), but these curves no
longer intersected in the center of the range, between S2
and S3, for any of the birds switched from the narrow to

the wide-range condition. It is clear from the data that
resporise biases developed for these birds. Birds 43, 45

and 71 showed a tendency to respond on key 2 more often

than on key 3 when either S2 or S3 was presented and birds
L4, 69 and 70 showed a similar bias for key 3.

Increasing response bias was not evident in the compar-
able data for the birds originally trained on the wide range
and changed to the narrow range. Although response biases
are clear for all birds changed to the narrow range, these
biases are probably merely a continuation of those seen in

training on the wide range condition in Experiment 2.
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A comparison of each bird's response bias index (RBI)
over the last 25 days of training in Experiment 2 to the
R3I for the 25 days of Experiment 3 indicates that the RBI
increased for all of the birds changed from the narrow to
the wide range although this increase was not statistically
significant (¢t (5) = 1.775, B_>'.05). No such clear change
in RBI was found for the birds trained on the wide range in
Experiment 2 and switched to the narrow range in this exper-
iment (see Table 5).

When the birds previously trained on the wide range in
Experiment 2 were switched to the narrow range in Experiment
3 (B63-68) they exhibited response biases significantly
greater than those of the birds trained on the narrow range
in Experiment 2 (% (10) = 2.558, p £ .05). These differ-
ences may be due either to the fact that birds 63-68 were
trained for only 25 days on the narrow range in Experiment
3 rather than for 160 days as were the narrow range birds
in Experiment 2 or, as mentioned above, the difference may
be due to a continuation of the response biases developed
during the birds' wide-range training.

An analysis of sequential effects over the entire 25
days of the experiment (see Table 6) indicated no specific
effect common to all birds, i.e., consistent directional
shifts in C after extreme stimuli were nct evident. The
difference in the mean position of C after Sl and after Si4
was not significant (t (5) = .029, p > .05) for the birds

changed to the wide range, nor was it significant for the
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Table 5. Mean d's (both ROC and Thurstonian methods), C
and RBI for each bird. Data are based on the 25 days of
Experiment 3.

dl
Condition  Bird ROC Thurstonian [ RBI
Method Method
L3 32 o442 055 .29
hb 037 066 OZLPS oLlr8
10-5 021&» 039 -.Uhl ol#l
Wide
Range 69 A5 .63 175 .30
70 s .53 .306 .56
71 «55 .63 .031 32
x « 40 54 .129 .39
63 .52 .55 . 268 .51
61‘- 099 .78 0062 512
i 65 .68 .57 R34 .33
Narrow
Range 66 45 .63 .188 .36
67 053 050 “0027 037
68 .80 .86 « 207 «59
X 66 .65 «155 .38

* in log ft.L.



107.

Table 6. Mean criterion position as a function of the
stimulus correctly identified on the preceding trial and
the standard deviation (S.D.) of the obtained C values
for each bird in Experiment 3. Data are based on the 25
days of training.

%

Condition Bird After After After After Subject
S1 S2 S3 S4 S.D.

L3 .0588 -.1992 -,1046 -.1075 1074
L .3940  .2351  ,3122 .2000 .0863
45 -,0128 -.1300 .1154 =-.2000 .1384

Wide

Range 69 .3938 .1320  .2127  .2760 .1105
70 .5936 .3314  .2211  .3756 1563
71 0885 -,0094 .0571 -.0643 .0684
X .2578  ,0915 .1576 .1011 1112

63 2827 2366 . 2667 . 2902 .0237
64 .0706 .0625 0977 .0686 .0156
65 <1449 .120& 1665 .1502 .01&9

Narrow

Range 66 .1710 .1929 .1838 . 2265 .0237
67 .0775 1830 .020¢& .0072 .0939
68 . 2028 . 2091 . 2007 2374 .0170
X . W1324 L1065  ,1560  .1634 .0321

* in log ft.L.
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birds changed to the narrow range (t (5) = 2.217, p » .05).
Examination of these data for signs of a significant win-
stay response pattern also indicated no such sequential
effect. For birds 43, 44 and 45 and 69, 70 and 71 the
shift in RBI following reinforcement of a response on the
non-preferred of the central keys was not significant

(£ (5) =1.447, p >>.05) nor was this difference signifi-
cant for birds 63-68 (g (5) = 1.447, p » .05).

As in Experiment 2, the difference between the average
standard deviation of C following each of the four choices
was significantly greater for the birds in the wide range
group than for those in the narrow range group (t (10) =
3.165, p <‘.02). Coniparison of the criterion position
observed in Experiment 2 to that observed in Experiment 3
showed that the variability of C increased in all cases for
the birds changed from the narrow to the wide range. The
mean standard deviation of C for these birds (B43-45 and
€9-71) increased from .036 to .100 log ft.L.; this change
was significant (t (5) = h.lh?, P <:.Ol). Similarly, the
variability of C decreased for each of the birds trained
on the wide range in Experiment 2 and then trained on the
narrow range in Experiment 3. For these birds the average
standard deviation of C decreased from .124 log ft.L. in
Experiment 2 to .032 log ft.L. in Experiment 3; this change

was also clearly significant (¢ (5) = 5.521, p { .0l).
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The mean latencies between stimulus presentation and
display key peck prior to responses 2 and 3 are presented
in Table 7. The reciprocals of these mean latencies were
analyzed for Experiment 3 as they were for Experiment 2 and
again it was found that range had no significant effect. A
t-test comparing the means of the transformed latencies for
R2 across ranges indicated no significant difference (t (5) =
.2831, 2 > .05) nor did the same analysis of R3 latencies
(£ (5) = .1112, p > .05).

The R3 latencies for birds 43-45 and 69-71 were signifi-
cantly shorter under the wide range (Experiment 3) than under
the narrow range (t (5) = 4.0250, p £ .02). There was no
significant difference in R2 for these birds (t (5) = 2,172,
R ».05). For birds 63-68 latencies were significantly
shorter on the narrow range (Experiment 3) than on the wide
range (Experiment 2) for R2 (¢ (5) = 6.5892, p < .0l), but
the differences in latencies for R3 were not significant

(£ (5) = 2.3084, p » .05).

Experiment 4L

It is also of interest to know whether a range effect
occurs when only two choices are required. The purpose of
Experiment 4 was to investigate the effects of the number
of criteria required upon performance in an absolute judg-
ment task. Several authors (e.g., Nachmias, 1968, Shipley,
1971, Wickelgren, 1968) have suggested that when a subject
is required to hold more than one criterion, each criterion

held will be less stable than when a single criterion is
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Table 7. Mean latency of display key pecks preceding R2
and R3 for each bird for the 25 days of training in Experi-
ment 3.

Mean latency in msec.

Condition Bird
R2 R3
L3 762 773
Ly 1062 939
L5 667 823
Narrow Range
69 1497 1351
70 1093 1051
71 678 725
X 960 | Uy
63 552 53¢
64 926 835
65 863 g62
Wide Range .
66 1383 1306
67 912 840
68 1793 1650

=1

1072 1005
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required. If this is correct, then d' between R2 and R3
should be higher if one rather than three criteria are
required. That is, if R2 is required for the brighter
two stimuli (S1 and S2) and R3 is required for the dimmer
two stimuli (S3 and Sh) in the array of four stimuli, the
discriminations between the two central stimuli should be

better than when four choices are required.

Method

Subjects. Eight naive White Carneaux pigeons were
assigned to two groups, four in each.

Apparatus. The apparatus was identical to that used
in Experiments 2 and 3.

Stimuli. One group of birds was trained using the
same stimuli as the narrow-range group in Experiment 2 and
the other group was trained on the same stimuli as the wide-
range group in Experiment 2. The same slides were used in
Experiments 2, 3 and 4.

Procedure. The birds were pretrained in exactly the
same manner as those in Experiments 1 and 2. During pre-
training each bird was reinforced for a peck at whichever
of the four choice keys was lit. All four keys were used
in pretraining to make Experiment 4 comparable to Experi-
ment 2 and to avoid any possible effects a difference in

pretraining might have caused.
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Results

The acquisition process for the narrow-range birds
(B99-102) can be seen in Figure 26 which shows their per-
cent correct first choices by five-day block. These birds
appear to have reached a fairly stable level by block 28
(140 sessions) with less than a 10% increase in correct
first choices over the next 25 days. The percentage of
correct first choices per five-day block for the wide-range
birds (B103-106) are also presented in Figure 26. It is
clear that these wide-range birds reached a level very
close to their asymptote by the seventh five-~day block
(35 sessions) of training. By the end of training both
groups were correct on about 75% of their first choices.
This is in contrast to the comparable four-response situa-
tion (Figure 13) which shows that the wide-range birds
reached a higher level of percent correct first choices
than did those trained on the narrow raﬁge.

Figures 27 and 28 make possible a closer examination
of how the birds solved the four-stimulus, two-response
problem. These figures take the place of the four-response
choice curves presented in the previous experiments. The
proportion of times R3 was made as a first choice in the
presence of each of the four stimuli is shown as a function
of training (in five-day blocks). R3 was correct in the
presence of stimuli 3 and 4; R2 was correct in the presence
of stimuli 1 and 2, therefore, if the discrimination was

perfect, the curves for Sl and S2 would fall at zero and the
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Figure 26. Percent correct first choices for each bird.
Data are shown in five-day blocks for the 16C sessions of
Experiment 4. Data for the birds trained on the narrow
range are shown in panel a. Data for the birds trained

on the wide range are shown in panel b.
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Figure 27. Proportion of R3 first choices in the presence
of each stimulus in Experiment 4. Data are shown for the
narrow-range birds by 5-day block for the 160 days of
training. In this narrow-range condition S1, S2, S3 and

S4 were .4, .2, O and -.2 log ft.L. respectively.
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Figure 28. Proportion of R3 first choices in the presence
of each stimulus iﬁ Experiment 4. Data are shown for the
wide-range birds by 5-day block for the 160 days of train-
ing. In this wide-range condition Sl1, S2, S3 and S4 were

1.6, .2, 0 and =1.4 log ft.L. respectively.
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curves for S3 and S4 at 1.0. All of the narrow range birds
showed evidence of the discrimination by the second five-
day block. All four birds were somewhat more likely to make
R3 in the presence of S3 and S4 than in the presence of Sl
and S2. As training continued the curves for the four stim-
uli diverged further with R3 most likely in the presence of
S4 and least likely in the presence of Sl.

Figure 28 shows this data for the wide range birds.
During the first five-day block the birds were clearly
distinguishing S1 from S4 and bhey continued to do so
throughout the experiment. The discrimination between S2
and S3, however, was not quite seo clear since the curves
never diverged as clearly as the comparable curves for the
narrow-range birds. For the wide-range birds the S2 and S3
curves cross more frequently indicating that S2 and S3 were
often confused. Response bias can be seen for Birds 103 and
105; at asymptote both birds were more likely to make R3
than R2 in the presence of all but Sl. Bird 105 also showed
a R3 bias prior to block 18 (session 90).

Figures 29 and 30 show d' for the discrimination
between the two central stimuli throughout training for
both groups. Of the narrow-range birds (Figure 29), B99
and Bl10O showed the smallest increases in d' over training
and the lowest asymptotic levels as indicated in Figure 26
which shows the percent correct first choices for each bird
to be low. Note also that Figure 27 shows less of a separa-

tion between the S2 and S3 curves for B99 and Bl100 at the
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Figure 29. d' for S2 and S3 as a function of training for
all narrow-range birds in Experiment 4. The solid lines
are for data shown in 5-day blocks; the dashed lines are

for data shown in 25-day blocks.



I R st |

b 899 B101

L B100

BLOCK OF & SESSIONS

‘et



122.

Figure 30. d' for S2 and S3 as a function of training for
all wide-range birds in Experiment 4. The solid lines are
for data shown in 5-day blocks; the dashed lines are for

data shown in 25-day blocks.
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end of the experiment. Birds 101l and 102, however, showed
increases in d' throughout training. The higher final d4's
of birds 101 and 102 are also suggested by their higher
levels of percent correct first choices (Figure 26) and

the greater separation of their 32 and S3 curves (Figure 27).

The d' data for the wide-range birds presented in
Figure 30 show no clear trend. Occassional five-day blocks
show levels substantially higher than zero while others
show levels substantially lower than zero for all birds.
Overall, the d's for the discrimination between S2 and S3
were slightly above chance (zero).

To compare performance under the two conditions, the
d' data for the birds in each group were combined and are
shown in Figure 31. Except for the first four blocks of
training, d' is higher for the narrow-range birds than for
the wide range. The difference in d' between the two groups
for the last 25 days of training is significant (t (6) =
3.773, p < +02).

Figure 32a makes possible a comparison of d' for the
narrow-range birds in the four-response experiment (Experi-
ment 2) and the d' scores for the narrow-range, two-response
experiment (Experiment 4). These data indicate that the
four-response birds were actually better at the discrimina-
tion between S2 and S3 than were the two-response birds.
This difference, however, was not significant over the last

25 days of training (¢ (&) = 1.3697, _E> .05). Figure 32b
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Figure 31. Comparison of d' between S2 and S3 throughout
training for both range conditions in Experiment 4 (group

data).
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Figure 32. Comparison of d' between S2 and S3 throughout
training in Experiments 2 and 4. Panel a compares the 2-
and L-response conditions for the narrow range birds and
panel b compares the 2- and 4-response conditions for the

wide-range birds (group data).



1.24 Narrow Range

1.24 Wide Range

2 — -
o) r v - v v y ¥ e

5 10 15 ‘20 25 30
Bilock of § Sessions
¥ 4-responses (Exp. 2)
o 2-responses (Exp. 4)

12¢€.



129.

presents the d' analysis for the wide-range birds in both
experiments. Again the four-response birds showed higher
d's than the two-response birds indicating that they were
better at the discrimination between S2 and S3. This dif-
ference was significant (t (8) = 2.342, E_<:.OS). There-
fore, the hypothesis that requiring subjects to hold a
single criterion rather than three criteria would result
in higher d's was not only not supported, but a result
opposite to that predicted was obtained.

Table 8 summarizes the last 25 days of training in
terms of d' as calculated by both ROC and Thurstonian
methods and RBI for all subjects in Experiment 4. It is
clear that d' is higher in all cases for the narrow-range
birds. The difference in d' between the two range condi-
tions is significant at the .0l level as calculated by the
both ROC method (t (6) = 3.765) and the Thurstonian niethod
(t (6) = 4.027),

Table 8 also includes C for each bird over the last
25 days of training. For three of the narrow-range birds
C was between 52 and S3 (between .2 and O log ft.L.). Only
for B99 was C not between the two central stimuli; note
that B99 also showed the lowest d'. All of the birds in
the wide-range group, except Bl06, established C at lumi-
nance levels between S1 and S2 indicating a tendency to
make R3 more often than R2 in the presence of either S2 or

S3. As in the earlier experiments, RBI and the deviation
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(in log ft.L.) and RBI for each bird.

130.

Mean d's (both ROC and Thurstonian niethods), C

Data are based on

the last 25 days of training in Experiment 4.

Condition

Narrow
Range

Wide
Range

Bird

99
100
101
102

)

103
104
105
106

%1

ROC
Method

ol#l*
.57
<94

e 23

Thurstonian C
Method
.52 .210
.50 .180
94 .106
.81 .063
.69 <140
.30 .387
.28 «293
.15 1.320
.20 .000

. 500

RBI

<29
«25

.18
.18

.69
«35
.78
.15
49
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of C from C' were positively correlated for the wide-range
birds, however, this ccrrelation was not significant (r (2)
= .752, p ».05). The correlation between |C-C'| and R3I
for the narrow range was also not significant (r (2) = .9L43,
p £ .05).

As in the earlier experiments, the data were analyzed
for any sequential effects. Again the extreme stimuli did
not significantly affect C. For the narrow-range birds,
the mean of the C values following S1 and 34 were .272 and
.104 log ft.L. respectively (& (3) = 1.582, p ».05). The
mean of the C values following S1 and S4 for the wide-range
birds were .372 and -.3&3 log ft.L. respectively (t (2) =
1.141, p > .05). These data are presented in Table 9. As
in Experiments 2 and 3 analysis for evidence of a win-stay
response pattern affecting the extent of response bias indi-
cated no significant effect at the .05 level for either the
mrrow-range birds (t (3) = .170) or for the wide-range
birds (¢ (3) = .26€).

In Experiment L, which differed from Experiment 2 only
in the number of different reinforced responses and, there-
fore, in the number of criteria to be held (one in Experi-
ment 1 vs. three in Experiment 2), the effect of range upon
the position of C following trials on which each of the
four stimuli appeared and were correctly identified was not
as clear as in Experiments 2 and 3. Again the mean of the
standard deviations of C (see Table 9) for the wide-range

group was larger than the comparavle mean for the narrow-
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Table 9. Mean criterion position as a function of the
stimulus correctly identified on the preceding trial and
the standard deviations of the obtained C values for each

bird in Experiment 4.

of training.

Condition

Narrow
Range

Wide
Range

Bird

99
100
101
102

=1

103
104
105
106

After
Sl

<1947
<1467
.6301
.1160
<2719

«5412
-.0385
.6129

3719

After
S2

.1599
.12€0
0857
.0382
.1030

.3€33
<1344
2.3000
-.0941
.6809

o

After
S3

.3110
«1840
.10€8
.0600
.1660

5657
.2837
1.7067
.0217
<6445

After
S4

0184
«2355
<1345
.0282
.1042

<5917
<3154
. 7063
-.0800
<3834

Data are based on the last 25 days

Subject
S.D.

.1205
0474
.2610
.0392
.1170

.0937
.1620
8136
.0632
.2831
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range group, but this difference was not statistically
significant (¢t (6) = .£97, 2) .05).

The latencies between stimulus presentation and dis-
play key peck preceding R2 and R3 are presented in Table
10 for all birds in Experiment 4. On the whole, the birds
showed longer latencies preceding R2 than R3 and longer
latencies on the wide~range condition than on the narrow.
A t-test on the difference between the means of the recipe
rocal latencies indicated that the latency difference be-
tween R2 and R3 was not significant (t (7) = 1.977,

)] >'.O5). Similarly the difference in the reciprocal
latencies between the two ranges was not significant for
R2 (& (6) = .182) or for R3 (t (6) = .445) at the .05
level. The mean reciprocal latencies recorded in the
two-response experiment were not significantly different

from those recorded in the four response experiments.
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Table 10. Mean latency of display key pecks preceding R2

and R3 for each bird for the last 25 days of training in

Experiment 4.

Condition

Narrow Range

Wide Range

Bird

99
100
101
102

1

103
104
105
106

x|

R2
1467
709
1336
963
1119

757
2333
593
1459
1286

Mean latency in rnsec.

R3
1198

724
1239

901
1016

635
2161
632
958
1097
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DISCUSSION

These experiments have clearly shown that the accuracy
with which two stimuli are discriminated depends upon the
range of stimuli to which the subject is exposed. This was
found to be true in both the four-choice and the two-choice
discrimination problems. This phenomenon, the range effect,
until now, has been demonstrated only in humans. The fact
that the pigeon too is susceptible to the range effect sug-
gests that it is not simply due to the way humans use lan-
guage in identifying their sensations. Rather, the range
effect seems to reflect a basic mechanisr in the processing
of sensory information which is common to both humans and
animals. These experiments were designed to examine two
potential mechanisms which may account for the range effect:
sequential effects and response latency. A second purpose
of these experiments was to examine the effects of the num-
ber of choices, and thus of the number of criteria to be
held, upon d'.

There are several ways in which the range effect may
be influenced by the sequence of stimuli presented. One
sensory mechanism which could conceivably be responsible
for the range effect is sensory adaptation. If adaptation
occurs, the sensory effect will be higher (the stimulus will
appear brighter) following adaptation to a low-intensity

stimulus and lower (the stimulus will appear dimmer) follow~-



136.

ing adaptation to a high intensity stimulus. If the param-
eters of the experimental situation are such that adaptation
to the preceding stimulus occurs, it would be reflected in
increased variance of the sensory effect distributions pro-
duced by the central stimuli. Such variance would be larger
in the wide-range condition since the presence of more ex-
treme stimuli would produce greater adaptation. If adapta-
tion occurs the subject would be expected to treat the same
stimulus as brighter following a low intensity stimulus and
dimmer following a high intensity stimulus. This would be
seen as a difference in the mean position of the criterion
on the trial following a dim as compared to a bright stim-
ulus. Figure 33a indicates how the mean criterion position
(€3) would be affected following both extreme stimuli if
sensory adaptation occurred.

In these experiments, analysis of ¢ on trials following
each of the four stimuli showed no evidence of sensory adap-
tation. . These data were presented in Tables 4, 7 and 10.

In no case was there a significant directional shift due
to the stimulus presented on the preceding trial.

Some absolute judgment data obtained from human sub-
Jjects show a sequential effect opposite to that expected
if sensory adaptation occurs. It has been observed that
there is an increase in the probability of a subject's
making a high response to any stimulus on a given trial (N)

if a high stimulus was presented on the preceding trial
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Figure 33. Schematic representation of the shifts in C
which would be expected on trials immediately following
presentations of the extreme stimuli (S1 and S4). Panel
a shows the expected shift if sensory adaptation occurred.

Panel b shows the expected shift if assimilation occurred.



assimilation

adaptation

Sensory effect

*3ET
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(N-1) or, conversely, an increase in the probability of a
low respronse if a low stimulus was presented on trial N - 1
(Ward & Lockhead, 1970, 1971; Holland & Lockhead, 196¢;
Lockhead, 1973). This phenomenon has been called assimila-~
tion and would be indicated by a shifting of the criterion
away from the high end of the sensory effect continuunm after
a high stimulus, thus increasing the high response regions
and, conversely, away from the low end after a low stinulus
(see Figure 33a). Specifically,

"...the response on Trial N is generated by the

addition of the Jjudged distance between the stim-

ulus on Trial N and S's memory for the stimulus

on Trial N - 1 to the remembered numerical value

of the feedback on Trial N .- 1." (Ward & Lockhead,

1970, p. 27)

As noted above, no clear sequential effects were ob-
éerved in these experiments. This is not an unique finding
for the wide-range condition since Lockhead (1973) reports
that when stimulus range is increased by changing only the
external stimuli, rather than by uniformly increasing the
difference between all stimuli in the range, assimilation
to the external stimuli is not observed. Lockhead's find-
ings do not, however, explain the absence of assimilation
in the narrow-range condition in which the stimuli were
equally spaced.

As Figure 33 illustrates, the expected criterion shifts

as a result of sensory adaptation and assimilation are in
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qpposite directions. This leads to the question: Is it
possible that both sensory adaptation and assimilation were
operative in these experiments and resulted in essentially
no shift in criterion since both were exerting opposing
forces? The present experiments do ndt provide any way of
directly answering this question. Lockhead's (1973) report
that non-uniform increases in stimulus range result in the
extreme stimuli exerting no assimilative effects would, how-
ever lead one to suspect that, if operative, the effects of
sensory adaptation should have been evident in the wide-
range condition since no assimilative effect should have
been present to counteract it. No such effect was observed.
Another possible sequential effect is the win-stay/
lose-shift phenomenon which has been reported in the animal
literature (e.g., Williams, 1972). A subject exhibiting a
win-stay response pattern would be more likely to make a
specific response on trial N if that response was reinforced
on trial N - 1, Although this response pattern would not
explain the range effect, it might, if present, obscure such
effects as sensory adaptation and, in general, decrease con-
trol by the discriminative stimuli. To ascertain whether
this strategy affected the birds'responses, the sequential
data were examined. As mentioned earlier, analysis of the
frequency of R2 and R3 responses to S2 and S3 on trials
immediately following reinforced pecks on key 2 or key 3
given S2 or S3 indicated that a win-stay strategy did not
significantly effect the birds' choices of R2 or R3 given
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S2 or 33. Since the sequential data included only first
trials and since the correction procedure virtually elim-
inated repeats of an error made’on the first trial, no
analysis was possible for a lose-shift strategy.

In the hope of shedding some light upon the process by
which the birds identified the stimuli, response latency
(reaction time) was recorded. As discussed earlier, both
human (e.g., Woodworth & Schlosberg, 1954, p. 262) and ani-
mal data (Heinemann et al, 1969) indicate that the more
difficult a discrimination, the longer the subject will take
to respond. Examination of the latency data was limited to
responses on keys 2 and 3 since the major concern of these
experiments was the accuracy of identifying S2 and S3 as a
function of range. VWhile the differences in latency were
not significant, in Experiments 2 and 4 the narrow-range
birds had shorter latencies than the wide-range birds sug-
gesting that the identification of S2 and S3 was actually
more difficult for the wide-range birds. The riodels pro-
posed by both Gravetter and Lockhead (1973) and Durlach and
Braida (1969) may be viewed as predicting these results.
since both hold .that increasing the physical range over
which the stimuli are spaced decreases the resolution power
of the observer making the discrimination between stimuli
2 and 3 more difficult. Although in Experiment 3 the birds
switched from the narrow to the wide range showed a shorter

mean latency than those switched from the wide to the narrow
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range, these birds may merely have continued the latency
paﬁterns they had developed during the course of Experiment
2. Heinemann (1974) found that pigeons trained on a partic-
ular discrimination task developed individually characteris-
tic latencies which persisted. Birds trained on more diffi-
cult discriminations typically had longer latencies than
those trained on easy discriminations, but even when the
discrimination task was complicated by adding test stimuli
the birds maintained their characteristic pattern of re-
sponding (Heinemann et al., 1969).

As mentioned earlier, another purpose of these experi-
ments was to examine the effects of the number of choices,
and thus the number of criteria to be held, npon d'. Unlike
the predictions of a number of authors (Nachmias, 1968,
Wickelgren, 1968, Shipley, 1970) and the findings of Shipley,
d' between S2 and S3 was found to be lower in the two-choice
than in the four-choice situatian for both ranges. These
authors suggested that increasing the number of criteria to
be held within a range of stimuli wéuld reduce the accuracy
with which a subject could correctly identify (discriminate
between) any two adjacent stimuli within that range by in-
creasing the variability of the criteria. In the present
experiments, decreasimg the number of categories (criteria)
resulted in less accurate identification of the two central
stimull. OSince these findings aire directly opposite those

reported by Shipley (1970), the relationship between the
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number of categories to be used and criterion variability
and d4' is not clear. It should be noted that Nachmias (196€)
failed to find decreases in d' with increases in the number
of categories. Since Experiments 2 and 4 of the present
series were run at different times, caution nust be exer-
cised in comparing these data. It is clear, however, that
these findings are worthy of further study.

It neither the sequence of stiruli preceding any given
trial nor the duration of stimulus exposure prior to display
key peck are responsible for the range effect, perhaps a
more complex process is involved. Both Durlach and Braida
(1969) and Gravetter and Lockhead (1973) contend that the
range effect is due to increased criterion variability.

They suggest that criterion variability increases as range
increases. Their models do not explain the range effect
but provide mathmatical descriptions of how sensitivity is
affected by range. The essential difference between the
two models lies in what is considered to be the effective
range, For Durlach and Braida, the effective range is the
entire range over which the stimuli extend; for Gravetter
and Lockhead the effective range is the criterial range
("the physical range over which the criteria (boundaries)
are placed" p. 205).

Durlach and Braida's (1969) model of what occurs in the
absolute Jjudgment task is essentially that a subject compares

the stimulus presented to the range of stimuli (the context)
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previously experienced. As disucssed earlier, the response
system contains noise which results in the subject's per-
formance being less than perfect. As the physical range
over which the stimuli are spaced is increased, more noise
is added to the response system; this noise which is due

to the increased range or context is called context-coding

noise. This increase in context-coding noise counters the
increase in discriminability which would be expected when
they physical difference between adjacent stimuli is in-
creased. (It should be noted that Durlach and Braida dealt
only with ranges in which all stimuli were equidistant from
one another.) They present an equation (Eq. 10, p. 377) to
express the effect such increases in range will have upon

d' for two stimuli, Ij and ;1.

The element in this equation which is affected by increases
in the stimulus range is W which refers to the width of the
context, or the effective intensity range; H is a constant.
The variance of the stimulus distribution which is independ-
ent of intensity and range isg?z; i.e.,A?Z is sensation
noise assumed not to be affected by range. The numerator
of the equation is the difference between the means of the
two conditional probability density functions produced by
each of the two stimuli being discriminated. In the pres-
ent series of experiments, the numerator is .2 since the

two central stimuli differ by .2 log ft.L. in all ranges.



145.
Braida and Durlach (1972), in a test of their theory
report that subjects are more accurate in identifying stim-
uli closer to the edges of the range than those in the cen-

ter. They refer to this as the resolution edge effect and

have modified their theory to account for this effect. An
edge effect would be indicated in the present series of
experiments if higher d' values were obtained for the dis-
criminations between S1 and 32 and between S3 and S4 than
for the discrimination between the two central stimuli, S2
and S3, on the narrow range conditions in Experiments 1, 2
and 3 where the stimuli were equidistant from one another.
As Table 11l indicates, there was no evidence of an edge
effect for any of the narrow range conditions. Since the
edge effect increases with range, it is possible that its
absence in these experiments was due to the narrow (.6 log
ft.L.) range.

A model which is closely related to the Durlach and
Braida model in terms of its predictions is that of Luce,
Green and Weber (1976). According to this model a subject

selects some portion of a stimulus range, an attention band,

for more intensive analysis. This intensive analysis con-
sists of the subject taking a sample (via his observations)
of fixed size of the stimuli within the band. When the
range is expanded beyond the width of the attention band,
the sample sizes for all stimuli within the range may not
be equal since fully monitoring one area of the stimulus

range will result in monitoring other areas outside of the
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Table 11. Summary of d's obtained for all pairs of adja=-
cent stimuli for the narrow-range birds in Experiments 1,
2 and 3.

d' between

Experiment Bird Sl & S2 S2 & S3 S3 & S4

43 1.21 1.45 55
1 Li 1.&9 1.22 1.21
L5 1.40 1.27 1.18
X 1.50 1.31 .98
43 .65 «52 <59
L .97 .99 <94
, L5 .81 .95 1.35
69 94 .9€ &9
70 .71 1.12 1.01
71 1.05 1.00 1.21
X .86 .93 1.00
63 .32 .52 .21
64 bl .99 1.16
65 48 .68 1.13
’ 66 .56 45 1.16
67 48 53 .50
68 .69 .80 1.03

X .49 .66 .97
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band less completely. Increasing range thus indirectly
affects the ability of the observer to discriminate by
increasing the probability of any given stimulus being
represented by a small stimulus sample, and snall samples
result in poorer perforrmance. According to the Luce et al.
model, the edge effect is the result of the attention band
being located at either end of the stimulus array more
often than in the center. If a range is large, the cen-
tral stimuli will rarely fall within the attention band
and will, therefore, be correctly identified less fre-
quently. However, when the stirulus range is narrow, the
probability of the central stimuli being included in the
attention band will be greater and the liklihood of the
central stimuli being correctly identified will increase.
This theory predicts that an edge effect will not be pres-
ent when the stimulus range is small as it was in the nar-
row-range conditions of the present series of experiments.
The Gravetter and Lockhead (1973) model is very sim-
ilar to the Durlach and Braida (1969) model. In their
paper Gravetter and Lockhead illustrate a method of esti-
mating the standard deviation (SD') of the psychophysical
function representing the discrimination between any two
ad jacent stimuli. They use the Thurstonian method (de-
scribed in Appendix A) to calculate SD' which may be di-
vided into the difference between the two stimuli to ob-

tain d'. According to this model, SD' reflects variability
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due to both sensory and subject-dependent factors as well
as the variance added by the criterial range. More spe-

cifically,

SD! =fk2+ a®Rr?

Gravetter and Lockhead treat the variance of the sensory
effect distributions (52) and the subject-dependent vari-
ance (32) as constants, the values of which can be found
if the SD'is obtained for two ranges. Once a and k and
the SD' obtained under a new range are known, the effective
range (5) can be found using the above equation. Note the
similarity to Durlach and Braida's (1969) equation.

The results of Experiment 4 when compared to those of
Experiment 2, in which pigeons were exposed to the same
stimuli and duration of training, indicate that the four-
choice birds were better at identifying S2 and S3 than the
two-choice birds were. This finding is also directly oppo-
site that predicted by the logical extention of the Gravet-
ter and Lockhead (1973) model to the two-response situation.
According to that model, the accuracy of the subjects!
identifications are dependent upon the criterial range.

In the two-choice experiment only one criterion should
have been established. Holding only one criterion would
require that the criterial range equal zero and thus,
according to Gravetter and Lockhead's equation, all vari-
ance would be due to the sensory noise (k). Therefore,

not only should the two-choice birds have been better at
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the discrimination than the four-choice birds, but there
should have been no range effect in the two-choice situa-
tion since the criterial range would have been equal for
both range conditions. In their paper, Gravetter and
Lockhead (1973) deal only with experimental designs in
which the number of stimuli and responses are equal, but
they state that their model is not limited to such cases.

All three theories predict the range effect. They
all predict a negatively accelerated decrease in d4' as
range is increased. The models differ somewhat in their
exact quantitative predictions, however, the data required
to differentiate between these two theories is not easily
obtained as Luce et al. (1976) have pointed out. Gravet-
ter and Lockhead (1973) speak of the range switch on a
voltmeter, Durlach and Braida (1969) of the subject's com-
paring each present sensation to those previously experi-
enced, and Luce et al. (1976) of a limited attention band.
All of these mechanisms, however, are entirely speculative
at this time.

To say that resolution decreases with increases in
range is not enough. The question remains as to why in-
creasing the overall range in which two stimuli are embed-
ded decreases the ability of a subject to discriminate
these stimuli from each other, especially when the same
subjects have previously demonstrated that they can dis-

criminate these stimuli from each other.
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It is possible that the effect of range on d' for the
two central stimuli may simply reflect differences in the
"strategies" used by the subjects in solving the discri-
mination problem. Under the wide-range condition Sl and
S4 are easily identified; this is not true under the
narrow-range condition. Subjects may, on nany trials,
have been dealing with the four-choice, wide-range prob-
lem as if it was a three-choice problem while consistently
dealing with the narrow-range, four-choice problem as a
four-choice problem. In other words, they may have been
regarding S2 and S3 as identical and, therefore, holding
only two criteria. On trials on which S2 and S3 are pre-
sented, one response (R2 or R3) may be consistently made.
This would show up in the data as a strong key preference
(i.e., a RBI approaching 1). If R2 and R3 are made ran-
domly in the presence of S2 or S3, the RBI would be close
to zero as would d'. Subjects using such a "strategy"
would be correct on about 75% of all first trials.

Indeed, examination of the final performance levels
in Experiments 2, 3 and 4 indicates clear response biases
for the wide-range birds as pointed out earlier; such
response biases are not evident in the data for the narrow-
range birds. In addition, the acquisition curves for the
wide-range birds (Figures 13 and 26) indicate that perform-
ance was maintained at about the 75% first choice level.

While these data certainly do not refute earlier accounts
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of the range effect, the explanation in terms of different
strategies cannot be discounted at this time.

The fact that even the wide-range birds performed
somewhat above chance level in identifying S2 and S3 shows
that S2 and S3 were certainly not treated as identical on
every trial. At least on some trials a third criterion
must have been held.

The difference in d' obtained in the two- and the
four-choice experiments may also reflect differences in
the birds' overall approach to the problem. The better
discrimination between S2 and S3 shown by the birds in
the four response experiment may reflect the fact that
the probability of being correct purely by chance on any
given trial would be only .25 when four choices are re-
quired and .50 when two choices are required. Therefore,
in the four-choice situation it is of greater "relative
value" to attend to the discriminative stimuli. If
attending to the stimulus dimension is actually more
"valuable" under the four-response conditions, it should
result in better discrimination between adjacent stimuli
along that dimension.

These alternative accounts of how range and the num-
ber of response categories may exert their effects in ab-
solute judgment tasks can neither be verified or refuted
on the basis of the data gathered in this series of exper-
iments. Further examination of the way in which such ab-

solute Jjudgment tasks are approached by both animals and
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humans may help us to better understand the range effect
and with it the findings reported here.

I suggest that future studies attempt to manipulate
the "relative value" of correctly identifying the central
stimuli. This could be done by reinforcing correct iden-
fications of the central stimuli on all trials ahd rein-
forcing correct identifications of the external stimuli on
intermittant schedules. Better resolution in this situa-
tion would suggest that criterion variability reflects the
specific requirements of the problem. Such a finding
would indicate that range exerts its effect not simply by
dulling tne resolution power of the organism but by alter-
ing the way in which the organism approaches the problem.

At present, the range effect remains a mystery,
although this series of experiments has ruled out a number
of possible explanations and has demonstrated that it is

not an exclusively human phenomenon.
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APPENDIX A
1. Obtaining d' and C

Figure 34 illustrates both methods of obtaining d!'
(data for B43, last 25 days of Experiment 1). To obtain
d!' by either the rating scale method (ROC) or the Thur-
stonian method, the 4 x 4 matrix, indicating the proportion
of times each response was made as a first choice in the
presence of each of the four stimuli, must first be trans-
formed into a cumulative proportion matrix.

Using the rating scale method (ROC), three estimates
of d' can be calculated for each of the discriminations
between adjacent stimuli and the mean of these three esti-
mates used as d' for that discrimination over the block
represented by the matrix. To obtain the three estimates
of d' for the discrimination between S1 and S2, treat the
proportion (P) of Rl responses given as first choices in
the presence of S1 (R1]|S1) as the hit rate and P(R1|S2)
as the false alarm rate (FA), next treat P(R1+R2|Sl) as
the hit rate and P(R1+R2|82) as the FA rate, and finally
treat P(R1+R2+R3|S1) as the hit rate and P(R1+R2+R2|S2)
as the FA rate. This procedure is repeated for each pair
of stimuli; for example, in looking at the discrimination
between S2 and S3, calculate d' for the following hit and

FA rates:
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Figure 34. Illustration of how d' is obtained using the
ROC method (left panel) and the Thurstonian method (right

panel ).
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P(R1|s2) p(R1]$3)
P(R1+R2|52) P(R1+R2] 53)
P(RI+R2+R3|S2)  P(R1+R2+R3|s3)

For the discrimination between S3 and S4:

P(R1]53) P(R1|s4)
P(R1+R2|SB) P(Rl+RZ|Su)
P(R1+R2+R3|53) P(R1+R2+R3|54)

d' may be calculated directly (as per Green & Swets, 1966)
or may be obtained from tables published in Swets (1964).
Fipure 35 indicates the d's for each hit and FA rate and
the nean d' for each of the three discriminations.

In the Thurstonian method, as used by Gravetter and
Lockhead (1973), an estinate of criterion position may also
be obtained. In this method, the cumulative proportion
matrix is transformed to a normal deviate matrix (z-scores).
Next a line is fitted to the points thus obtained for each
of the discriminations by the method of least squares (only
z-scores representing proportions between ,1 and .9 are
used as per Gravetter and Lockhead, 1973). The slope of
the line is computed and fror: this the standard deviation
of the psychophysical function (1l/slope). From the equa-
tion of the line, the stimulus value for which z = 0 may
be calculated and regarded as C, the position of the cri-

terion separating the two response regions. d' for this
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discrimination may be obtained by dividing the difference
between the two stimuli (.2 log ft.L. in this case) by the
standard deviation.

The Thurstonian nmethod differs from the rating scale
(ROC) procedure described above in that in the Thurstonian
method the presence of all stimuli are considered in ob-
taining d' for each discrimination. Consequently the es-
timates of d' obtained will be similar but not identical,
for real data (due to variability). The two procedures
should not yield different conclusions as to the effect
of range. Tables 1, 2, 5 and &€ present d' as obtained by
both methods.

Figure 35 illustrates the logical equivalence of the
ROC and Thurstonian methods. Four normal distributions of
equal variance are assumed (a) with the mean of each dis-
tribution separated by 1 unit (which is equal to .5 z-score)
from the mean of the next distribution. It is further
assumed that there are three criteria (Cl, C2 and C3) on
the 8ensory effect or '"decision axis" placed midway be-
tween adjacent distributions so as to divide this continu-
um into four sections corresponding to four different
responses.,

The first step in both methods is to obtain the areas
under each of the curves for the portions to the left of
Cl and then to the left of C2 and then to the left of C3.
Next these are converted to z-scores resulting in what is
essentially the z-score transform of a cumulative propor-

tion matrix (b).
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Figure 35. Illustration of the logical equivalence of the

ROC and Thurstonian methods,
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Xxd'= " 1/.5 =2
d' = 1/2 = .5
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Using the ROC method (panel I) a z-ROC curve may be
plotted as illustrated and d' obtained fror:. the curve.

It is also possible to obtain d' more directly by taking
the mean of the three d' estimates obtained by finding the
difference between the z-scores for each set of adjacent
stimuli given first R1, then Rl or R2 and last Rl or R2
or R3. Both procedures are illustrated.

Using the Thurstonian method (panel II), z-scores are
rlotted against stimuli; the reciprocal of the slope of
the line resulting from this plot is the standard devia-
tion of the psychophysical function. VWhen the stirulus
difference (in the exar.ple, 1) is divided by the stan-
dard deviation, 4d' is obtained. The obtained value of

d' is identical for both methods.
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2.

Narrow Range birds -- Experiment 1 -- confusion matrices
Bird 43 Bird 44 Bird 45 Sessions

(P)R1 R2 R3 R4 Rl R2 R3 R4 R1 R2 R3 RA
S1 24 30 27 19 29 41 18 12 36 30 21 13 1-25
S2 12 2533 30 14 32 3519 25 28 27 20
S3 4 25 35 36 6 23 48 23 10 19 34 37
S4 319 38 40 117 55 27 5 9 24 62

S1 41 51 7 1 62 32 5 1 49 39 11 1 26-50
S2 17 44 25 14 21 49 24 © 18 47 30 5
S3 4 27 40 29 2 23 55 20 3 22 47 28
S4 2 17 42 39 114 51 34 1 4 20 75

S1 6333 4 O 77 21 2 O 63 34 3
S2 13 43 34 10 13 62 23 2 22 48 28 2
S3 019 44 37 0 24 57 19 2 31 49 18
St 1 11 34 54 0 52570 0 & 17 75

O

51-75

S1 6235 2 1 7425 1 O 67 30 3 O 76-100
S2 14 54 25 7 9 61 28 2 16 54 26 4
S3 0 16 35 49 0 16 72 12 118 56 25
S4 0 6 25 69 0 52372 0O 513 82
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Narrow Range birds -- Experiment 1 -- confusion matrices
Bird 43 Bird 44 Bird 45
(P)RL R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4 Sessions
S1 20 28 30 24 21 29 21 30 15 26 29 31 1-5
S2 16 16 33 35 12 17 26 45 12 19 30 38
S3 9 12 33 46 g 18 31 43 L 28 25 43
S4 615 35 45 L 7 k2 46 10 21 22 46
S1 11 15 26 48 31 26 25 19 40 15 17 29 6-10
52 L 9 30 58 16 16 46 21 25 17 23 36
S3 1 11 30 58 11 9 54 26 17 15 20 49
S4 O 8 23 70 1 8 61 30 510 24 61
S1 17 31 33 20 27 L4 17 4 50 29 19 3 11-15
S2 9 27 37 28 13 45 34 8 37 27 24 12
S3 O 28 39 32 L 42 40 15 19 12 30 40
Sk 4 17 44 34 2 24 59 14 7 319 70
S1 34 27 31 ¢& 15 71 12 2 33 45 18 4 16-20
52 17 22 41 20 17 54 23 6 29 39 26 6
83 717 41 38 5 34 49 12 7 18 42 34
S4 516 51 29 0 33 48 19 1 623 70
S1 36 5212 O 41 35 14 10 40 39 19 2 21-25
S2 14 53 22 12 11 31 44 14 22 37 32 9
S3 2 57 31 12 111 69 20 5 22 50 24
S4 O LO 38 22 0 11 64 25 1 73161
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Moderate Range birds -- Experiment 1 -- confusién matrices
Bird 46 Bird 47 Bird 48 Sessions

(P)R1 R2 R3 R4 Rl R2 R3 R4 R1 R2 R3 R4
S1 5238 9 1 6522 9 4 7913 6 2 1-25
52 4L 38 46 12 7 35 45 13 9 36 43 12
S3 1235917 2 17 60 21 L 16 55 25
St 1 5 25 69 1 4 28 67 2 32471

S1 7920 1 O 9, 6 0 O 93 6 1 O 26-50

S2 15543 1 55537 3 L 52 41 3

S3 029 68 3 0 34 56 10 1l 31 5513

S4 O 216 82 O 32374 0O 1 23 76

S1 7623 1 0 9% 1 1 O 98¢ 1 0 1 51=-75

S22 5542 1 16236 1 > 5735 3

S3 02866 6 02274 4 1 27 60 12

S O 211 87 O 0 24 76 0O 1 9 90

S1 7029 1 O 98 2 0 O 98 2 0 O 76-100

S2 0 64 34 2 17325 1 368 28 1
S3 0 36 58 6 026 70 & 027 66 7
S4 O 013 87 O C 12 88 01 5 94
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Moderate Range birds -- Experiment l-- confusion matrices
Bird 46 Bird 47 Bird 48 Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
S1 16 53 38 & 28 29 30 15 Li 2523 9 1-5
S2 6 10 54 30 7 27 39 37 15 21 39 26
§3 0 8 41 51 g 18 39 35 14 3 36 48
S4 3 6 33 5¢ 3 12 30 55 9 3 38 51

S1 34 5510 C 62 22 10 6 76 1& 5 1 6-10
S2 5 38 46 11 7 40 41 12 10 28 39 13
S3 329 49 21 1 24 53 23 2 26 49 23
S4 0 10 34 58 0 122217 1 224 73

S1 5640 4 O €215 3 0 €217 1 0 11-15
32 4 37 54 5 14 40 38 8 546 43 6
S3 02964 7 117 60 22 2 20 61 18
St O 531 64 O 1 46 53 1 012 87
S1 7523 2 0 6135 4 O 97 3 0 C 16-20
S2 5 46 47 2 32963 5 73356 4
S3 0287 2 115 66 1€ 112 68 19
S4, O 116 83 O 4 20 76 1 113 84
S1 8017 30 93 7 0 0O 95 5 0 O 21-25
52 161 36 2 33957 1 6 54 37 3
S3 02372 5 012 82 7 0 21 59 22

S4 O 4 14 82 0 316 81 O 5 36 60
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Narrow Range birds -- Experiment 2 -- confusion matrices
Bird 69 Bird 70 Bird 71 Sessions

(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
S1 12 64 16 8 27 40 15 18 28 44 17 11 1-25
S2 15 63 14 8 20 25 23 32 20 39 24 17
S3 15 5518 12 15 19 23 43 12 26 29 33
S4 11 49 25 15 g 10 19 63 6 17 32 45

S1I 27 46 25 2 35 43 19 3 37 51 10 2 26-50

S2 17 42 33 8 15 40 33 12 19 45 28 8

S3 10 36 41 13 9 23 37 31 10 28 37 25

Sk 4 20 42 34 1 11 31 57 1 8 32 59

S1 36 3923 2 L6 41 12 1 L8 46 5 1 51-75

S2 24 36 33 7 24 Li 26 6 25 48 24 3

S3 11 32 40 17 10 31 37 22 10 30 42 18

Sk 3 1k 48 35 112 32 55 1 6 40 53

S1 31 43 24 2 38 53 & 1 51 44 5 O 76-100

S2 22 36 39 3 18 55 24 3 21 56 20 3
S3 9 25 5016 7 37 39 17 6 33 47 14
S4 1 9 38 52 0 13 21 66 O 5 42 53



167.

Narrow Range birds -- Experiment 2 (cont.) __ confusion
matrices
Bird 69 Bird 70 Bird 71 Sessions

(P)RL R2 R3 R4 Rl R2 R3 R4 Rl R2 R3 R4
SL 45 3618 1 3952 9 O 48 4,8 4L O 101-125
S2 17 41 38 &4 13 54 29 &4 15 61 22 2
S3 4 26 54 16 532 42 21 3 31 52 14
sS4 0 7 37 60 0 11 33 56 O 4 40 56

S1 523711 O 55 38 6 1 58 38 4 O 126-150
S2 18 L4 34 4 25 47 25 3 23 57 18 2
S3 4 21 54 21 L 29 4i 23 4 31 53 12

St 1 3 37 59 1 5 26 68 1 237 60

S1 6130 9 O 6,27 9 O 5935 6 O  151-160
S2 26 4130 3 29 4k 2% 3 18 57 25 O
S3 7196014 518 48 29 4 31 54 11
Sk 1 24849 1 L2l 7% 1 3 36 60

S1 5734 9 O 61 31 7 1 58 38 4 O 136-160
S2 21 46 30 3 28 L4 25 3 19 58 22

S3 4 22 57 17 5 27 42 26 4L 32 54 10

S4 1 345 51 1 52074 1 237 60
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Narrow Range birds -- Experiment 2 (retrained after Exp. 1)
-- confusion matrices

Bird 43 Bird 44 Bird 45 Sessions

(P)R1L R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4

S1 568 22 &4 37 42 17 3 37 48 10 5 1-25
52 248 42 8 9 41 45 © 17 44 28 11
S3 0324919 2 18 66 13 5 25 40 29
S4L 013 46 42 0 266 31 1 420 75

s1 11 78 11 1 5836 6 0 6327 7 3 26-50
S2 4 6428 L 155427 4 353919 8
S3 139 4317 2 26 5518 11 31 28 30
St O 7 42 50 0 4 39 57 1 513 81

S1 11 7711 1 64 33 2 O 7125 3 2 51-75
S2 4 57 36 3 21 53 24 1 34 41 20 5

S3 2355211 L 24 53 19 5 31 39 25

S4 0 10 41 50 1 23661 0 311 86

S1 23 6412 1 6532 2 1 68 24 7 1 76-100

§2 10 56 29 5 22 50 25 3 37 30 28 5
S3 5 37 43 15 521 58 16 9 22 46 23
S4 3 16 39 42 1 34551 1 214 83
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Narrow Range birds -- Experiment 2 -- confusion matrices
Bird 69 Bird 70 Bird 71 Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
S1 10 49 19 24 20 39 17 25 18 34 14 34 1-5
S2 18 39 17 28 23 18 20 39 25 36 19 20
S3 18 39 22 23 20 19 20 41 19 29 17 35
SL 13 33 22 32 16 16 20 48 13 25 26 36

S1 18 43 2318 33 22 838 264722 5 6-10
S2 2049 21 11 2419 751 14 36 27 23
S3 21 352618 2614 7 54 15 25 26 35
S, 16332925 19 5 571 L 22 28 L6
s1 1082 9 1 3143 818 43 3818 1 11-15
S2 10 75 14 2 19 25 20 37 21 41 28 13
S3 136910 8 14 16 19 51 7 24 36 33
sS4 14 70 11 5 2 324 70 L 20 35 38
SI 97613 4 284518 9 36 4612 6 16-20
S2 883 7 2 18 29 31 22 25 39 19 17
S3 7 7411 8 6 22 31 41 15 28 25 32
S4 166 25 7 1 13 20 66 5 10 39 46
S1 136818 2 24,5024, 2 18 5421 7 21-25

S2 21 66 10 3 15 37 35 13 13 47 29 11
S3 16 59 18 7 10 24 35 31 5 21 44 30
SL 10 46 34 13 311 25 61 2 8 33 57



170.

Narrow Range birds -- Experiment 2 (retrained after Exp. 1)
-- confusion matrices
Bird 43 Bird 44 Bird 45

(P)RL R2 R3 R4 Rl R2 R3 R4 Rl R2 R3 R4  Sessions

S1 3 34 44 19 2 24, 60 8 32 37 22 9 1-5
S2 4 19 59 17 L 12 67 17 19 30 26 25

S3 0 21 48 31 2 87317 7 17 LO 36

S, 1 7 L6 46 O O 83 17 3 5 24 68

S1 26928 0 L1 48 9 2 21 65 13 2 6-10
S2 0 56 33 11 8 L2 L8 2 16 L4 32 8

S3 0 36 38 26 0 19 68 13 3 22 49 26

S4 0 16 42 42 0 0 67 33 O 6 18 76

S1 57321 1 L1 49 10 © 37 53 7 3° 11-15
S2 1 56 37 6 11 44 41 & 10 56 27 7

S3 0 34 56 10 3 20 66 11 522 41 32

S4 011 52 37 O 251 47 O 517 78

S1 11 786 70 1 L9 49 0 2 36 57 3 & 16-20

S2 153 40 6 13 53 30 4 13 40 35 12
S3 0 28 54 18 2 18 63 17 2 25 42 31

S4 0 15 31 54 1 362 34 0 32770
S1 488 9 1 5339 6 2 61 29 5 6 21-25
S22 54 42 2 9 52 37 2 28 49 20 3
S3 241 49 8 52761 7 9 40 30 21
S4 0 14 57 30 0 5 69 26 0 3168
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Wide Range birds -- Experiment 2 -- confusion matrices

Bird 63 Bird 64 Bird 65 Sessions

(P)R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4
S1 8311 4 2 89 8 1 2 84 13 2 1 1-25
S2 2 30 54 14 3 36 50 11 3 38 46 13
S3 126 59 14 7 22 55 16 2 37 47 14
StL O 323 74 3 92761 2 7 L6 45

S1 96 3 1 O 97 3 0 O 9% 4 0 O 26-50
s2 039 58 3 0 52 46 2 164 33 2

S3 03551 & 03261 7 15343 3

S4 O 2 4 94 0O 4 20 76 O 4 11 85

S1 98 1 1 O 98 2 0 O 9% 4 0 O 51-75
S2 038 59 3 1 50 47 2 1 50 47 2

S3 02,71 5 037 57 6 043 52 5

S, O O 6 94 0 2 9§89 O 1 693

S1 97 3 0 0O 99 1 0 O 98 2 0 O 76-100
S2 03068 2 057 41 2 O 54 k4t 2

S3 028 70 2 145 50 & 0 36 60 4

St O 311 86 0O 2 791 0O O 694



172.

Wide Range birds -- Experiment 2 (cont.) -- confusion
matrices
Bird 63 Bird 64 Bird 65 Sessions

(P)R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4

S1 93 6 1 0 97 2 1 O 99 0 1 O 101-125
'S2 029 70 1 059 40 1 O 47 52 1
S3 02,71 5 O 44 54 2 O 28 68 4
sS4 O 1 7092 O 1 & 95 0O 1 990
S1 91 8 1 O 99 1 0 O 99 1 0 O 126-150
s2 03763 0 G594 O 054 45 1
S3 024 74 2 0 40 60 © O34 63 3

S1 8812 0 O 100 0 0 O 99 1 0 O 151-160
s2 02277 1 06l 39 0 15741 1
S3 018 78 &4 056 44 O O 41 57 2

S1 8713 0 O 100 O O O© 99 1 0 O 136-160
S2 03267 1 05941 O 05941 O
S3 02276 2 O 44 56 O 0 37 60 3

S4¢ O O 595 0 1 4 95 0O O 6 94



173.
wWide Range birds -- Experiment 2 -- confusion matrices

Bird 66 Bird 67 Bird 68 Sessions

(P)R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4
S1 8514 1 O 93 6 1 O 9 ¢ 0 1 1-25
S2 261 34 3 2 5039 9 2 61 26 9
33 2 50 41 7 1 39 44 16 2 55 35 &

SL 1 16 35 48 1 424, 71 O & 23 69
S1 94 6 0 O 99 1 0 O 97 2 1 O 26-50
S2 15841 O 1 51 45 C 78 20 2

S O O 7 93 0 22276 0O 1 396

S1 98 1 1 O 99 1 0 O 99 1 0 O 51-75

S3 0 46 52 2 1 61 32 6 0 50 48 2
Ss4¢ 0 2 593 1 213 &4 0 1 396

S1 98 2 0 O 99 1 0 O 9¢ 2 0 O 76-100
S2 0 51 48 1 070 27 3 16237 O
S3 03761 2 O 58 37 5 O 46 53 1
SL O 0 4 96 0O 0O 8 92 0 1 1098



174.

Wide Range birds -- Experiment 2 (cont.) -- confusion
matrices
Bird 66 Bird 67 Bird 68 Sessions

(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4

S1 99 1 0 O 99 0 1 O 98 2 0 O 101-125
S2 0 4257 1 08512 3 O 34 66 O
S3 03066 4 O 74 22 &4 015 ¢&4 1
S4 O 2 9 &9 0 112 &7 O O 4 96
51100 0 O O 99 1 0 O 96 2 1 O 126-150
S2 0 44 55 1 076 23 1 O 48 52 O
S3 0 30 68 2 068 29 3 02277 1
S O 1 7 92 c 111 88 O 1 4 95
S1 100 0 O O 99 1 0 O 99 1 0 C 151-160

S2 0 46 54 O 1 74 23 2 12673 ©
S3 03365 2 067 30 3 02,75 1
S, O 1 594 0O 2 791 0O 0 397

S1100 0 O O 99 1 0 O 99 0 1 O 136-160
82 047 53 O 17325 1 O 3862 O
S3 0 36 62 2 0 67 30 3 02178 1
S4 O 1 7 92 0O 2 890 0 0 397
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Wide Range birds -- Experiment 2 -- confusion matrices
Bird 63 Bird 64 Bird 65 Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4 1-5

S1 47 28 13 12 61 25 6 & 54 35 4 8
S2 517 47 30 15 36 26 23 8 28 36 29
S3 L 26 L6 24 15 16 46 23 5 30 39 26
Sk 2 9 36 53 14 15 38 34 9 16 58 18

S1 8612 2 O 97 3 0 O 81 16 3 O 6-10
S2 5 32 41 23 2 34 49 15 33358 7
S3 3 27 5218 2 31 39 28 1 33 50 16
S4 0 224 74 0 13 27 60 O 4 68 28

S1 92 8 0 O 9 4 0 O 97 2 1 O 11-15
S2 0 42 52 7 03952 9 13359 7
S3 02,71 6 1 28 58 13 1l 32 54 13
S, O 1 21 78 0 10 27 63 0 4 56 40

S1 95 5 0 O 9 3 0 0 95 3 2 O 16-20
S2 12273 3 O 38 59 3 1 47 40 12
S3 021 68 10 029 66 5 3 46 40 11
sS4, 0 12271 O &4 24 72 0 5 27 68

S1 93 6 1 O 95 5 0 O 94 6 0 O 21-25
S2 0 34 60 6 03262 6 053 45 2
S3 0 31 55 14 0 24 64 12 045 53 2
S, O O 6 94 O 321 76 0 721 72
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Wide Range birds -- Experiment 2 -- confusion matrices

Bird 66 Bird 67 Bird 68 Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4
S1 63 31 4 2 77 18 4 1 76 20 1 3 l1-5
S2 4 38 52 6 8 45 27 20 5 46 25 24
S3 6 30 52 12 5 32 27 36 3 49 3019
S4 2 23 61 14 520 24 51 1 13 33 54

S1 8713 0 O 9% 4 0 O 84, 14 1 1 6-10
s2 07517 8 2 37 41 20 1 51 36 12
S3 1 63 2610 133 42 24 349 42 6
Sk 1 39 35 26 0 1 31 68 1 11 28 60

S1 96 4 O O 95 5 0 O 95 4 1 O 11-15
S2 17128 O 059 40 1 1 60 32

S3 050 42 8 0 42 46 12 0524 7

S4, 0 10 37 53 O 1 31 68 O 7 25 68

S1 93 7 0 O 9% 4 0 O 98 2 0 O 16-20

S2 160 37 2 153 44 2 1 60 37 3
S3 15343 3 043 51 6 147 45 7

SL O 8 28 64 0O 019 81 0 4 16 81
S1 8514 1 O 99 1 0 O 9 5 0 O 21-25
S2 26235 1 057 41 2 090 10 O

S3 354 42 2 042 54 &4 17916 3
S, O 311 86 O 015 85 0 1 14 85



t-test for win-stay strategy -- Experiment 2

A.

Bird Overall Preferred

43
Li
L5
69
70
71

Sum

63
64
65
66
67
68

Sum

Narrow Range birds

RBI
.23
.15

J1E7

Key
2

NN W W W

Wide Range birds

<375

W N W WD W

RBI after

R2 r3 D¢ D?
308 .172 .136 .018496
108 .193 .085 .007225
294 .395 .10l .010201
024 433 409 .167281
264, 160 .104 .OL0E16
.296 .215 .06l .006561

918 .220580
.216 261  .153

177.

(£ (5) =1.393, p> .05)

bl .526 ,085 ,007225
.105 .276 -.171  .029241
.082 117 .036 .001296
.364 .230 -.134 .017956
.637 485 (152 .023104
.619 584 -.035 .001225

-.067 .080005
«375 370 -.011

(& (5) = -.215, p> .05)

D* = difference in RBI (Preferred - Non-preferred)
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Birds switched from narrow to wide range -- Experiment 3
-- confusion matrices
Bird 43 Bird 44 Bird 45
Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
S1 7822 1 O 97 2 1 O 97 3 0 O 1-5

s2 6 47 36 11 35145 1 27719 2
S3 1 40 40 19 0 29 62 9 256 35 7
S4 0 12 28 60 O 513 82 O 3 12 85

S1 9% 6 0 O 98 2 0 O 96 4L 0 O 6-10
S2 06232 6 15940 O 37817 2
S3 03954 7 12672 1 2 49 L2 7
S4 015 47 38 O 012 88 c 2 197

S1 94 6 0 O 97 2 1 O 99 1 0 O 11-15
S2 0 54 40 6 O 38 54 8 1 60 32

S3 05240 8 018 71 11 2 55 37 6

SL O 6 44 51 0 010 90 0O 0 397

S1 100 0 0 O 98 2 0 O 98 2 0 O 16-20
S2 266 28 &4 0 30 51 19 06233 5
S3 1 43 42 14 017 73 10 03952 9
St 013 48 39 1 014 85 0O 010 90

st 97 3 0 0O 100 O O O 9 4L O O 21-25
S2 16529 4 13661 2 15543 1
S3 15638 5 016 78 6 15739 3
S, 012 37 51 0 311 86 0O 1 7092



1€0.

Birds switched from narrow to wide range -~ Experiment 3
~=- confusion matrices
Bird 69 Bird 70 Bird 71
Sessions
(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
S1 8513 2 O 93 7 0O O 97 3 0 O 1-5

S2 9 38 51 2 7 39 50 &4 L 59 34 3
s3 01778 5 121 55 23 143 48 &
S4 1 112 86 0 119 80 0 213 85

S1 95 4 1 O 98 2 0 O 97 3 0 © 6-10
S2 15543 1 13363 3 17425 O
S3 12871 O 12371 5 0 40 57 3
S, 0 1 693 0O 0 16 84 0O 0 & 92

51100 0 O O 9, 6 0 O 99 1 0 O 11-15
S2 0 57 42 1 0 32 66 2 276 22 O
S3 03366 1 11582 2 047 53 O
St 0O 011 89 O O 4 96 O 013 87

51100 0 O O 99 1 0 O 97 3 0 O 16-20
S2 16534 O 33265 O O 68 32 0
S3 03861 1 112 84 3 O 40 58 2

S4 O 011 89 0O O 14 86 0 1 396

S1 99 1 0 O 99 1 0 O 99 1 0 O 21=-25
S2 13960 O O 46 53 1 07228 O
S3 02771 2 029 66 5 0 60 38 2

S4 O 110 89 0 010 90 0O 0 595



1€1,

Birds switched from wide to narrow range -- Experiment 3
=- confusion natrices
Bird 66 Bird 67 Bird 68
Sessions

(P)RL R2 R3 R4 Rl R2 R3 R4 Rl R2 R3 R4

S1 3672 1 23 63 13 1 16335 1 1-5
S2 1395 1 23 61 8 8 038 62 O

S3 02768 5 14 56 18 12 014 80 6

S, O 8 L6 46 11 45 25 19 O 57421

S1 17 58 22 3 61 30 € 1 27 51 19 3 6-10

82 6 36 50 8 4L9 25 18 8 9 38 49 &
S3 317 59 21 25 25 24 26 6 17 51 26
Sk 0O 5 26 69 25 12 19 44 0 1 3267

S1 19 52 22 7 7116 6 7 40 39 21 O 11-15
S2 11 37 44 8 552117 7 13 32 52 3
83 519 57 19 42 21 14 23 2 16 63 19
S4¢ O 523 72 21 16 23 40 O &4 46 50

S1 26 58 14 2 64 19 11 6 43 42 15 O 16-20
S2 5 42 47 6 52 10 18 20 14 27 54 5
S3 2 20 55 23 24 18 23 35 4L 11 62 23
S4, 1 2 3661 6 10 25 59 0 236 62

S1 38 4319 © 69 11 8 12 58 3111 O 21-25
S2 18 45 31 6 L9 22 13 16 28 28 44 O
S3 11 3941 9 32 13 15 40 721 65 7
SL 1 & 3556 11 517 67 2 242 54
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Birds switched from wide to narrow range -- Experiment 3
-=- confusion matrices
Bird 63 Bird 64 Bird 65
(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4 Sessions
S1 5 46 48 1 27 60 11 2 15 46 38 1 1-5

S2 331 64 2 16 59 21 &4 7 L2 L9 2
S3 21575 8 6 L& 34 16 6 24, 61 9
Sk O 7 64 29 0 16 20 64 0 555 40

SL 23 3434 9 46 4310 1 43 33 20 4 6-10
S2 15 21 49 15 26 49 23 2 26 29 39

S3 713 52 28 12 26 32 30 5 26 48 21

St 2 3 3065 0 91279 0 13762

S1 10 67 20 3 51 40 & 1 57 33 & 2 11-15
S2 13 5326 8 324622 0O 18 34 41 7
S3 9313327 10 26 4717 10 18 52 20
St 1 41976 0 42571 2 22571

S1 269 24 5 54 41 4 1 Li 41 14 1 16-20
S2 03956 5 24 43 33 O 26 33 39 2
S3 1 26 56 17 5 24 59 12 8 23 39 29
S4 1 9 3357 O 12574 1 6 3063
S1 21 44 33 2 42 48 10 O 51 38 9 2 21-25

S2. 93159 1 22 47 21 O 25 42 26 7
S3 3 97612 7 33 52 4L 30 53 13
S4 1 14751 3 35242 0O 031 69

o



t-test for win-stay strategy ---Experiment 3

A.

Bird Overall Preferred

63
64
65
66
67
68

Sum

L3
L
L5
69
70
71

Sum

Birds switched from wide to narrow range

RBI
.51
.12
.33
.36
.37
.59

Birds switched

.29
48
obl
.30
.56
.32

Key
3

W N W wnN

RBI
R2

452
.12¢8
. 286
«327
646
.576

<403

from narrow

N W w N WwN

459

.612

.386
«202
<492
424

) h29

after
R3 D
.505 .053
.159 -.031
411,125
.355 .028
222 J424
535 =.041
.558
.365  .093

(t (5) =1.011, p> .05)

to wide

.333
<504
.286
LES
504
«229

+390

(£ (5) =1.447, p> .05)

range

.126
.108
.100
«RE3
012
«195

.822
<137

D2
.002€09
.000961
.015625
.000784
179776
.001681

.201636

.015€76
.011664
.010000
.080089
000144
.038025

.15579¢

D* = difference in BRI (preferred - non-preferred)
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Narrow Range birds -- Experiment L -- confusion matrices
Seifégns Segziggs Segiiggs Bird
(P)JR1 R2 R3 R Rl R2 R3 R4 Rl R2 R3 Ru
31 0¢€237 1 06733 O 06139 O
S2 05347 O 0 60 LO 051 L9 O
53 05050 O 052 48 O 0 34 66 O 77
S, 04555 O 0 40 59 1 0 34 66 O
S1 04950 1 03268 O 05545 O
52 O 44 55 1 02,76 O 0 3763 O
1060
S3 0 44 55 1 018 €2 O 02575 O
S, 03663 1 015 €5 O 016 €4 O
S1 15346 O 0 6€ 32 O 078 22 O
S2 1 5544 O 05545 O 060 40 O
33 04753 O 041 59 O 030 70 O rol
St O 43 57 O 022 7€ O 013 &7 O
S1 06535 O 07129 O 0 80 20 O
52 06040 O 06535 O 070 30 0
S3 05347 O 06040 O 062 38 O Ho2
S4 O 44 56 O 05248 O O 46 52 O



186.

Narrow Range birds -- Experiment 4 (cont.) -- confusion
matrices
Sessions Sessions Sessions Bird
76-10C 101-125 126-150

(P)R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4

Ss1 06L36 0 0 52 48 O 0 58 42 O
52 05149 O 0 L0 60 O 042 58 0
S3 03862 0 02672 0 02971 © 7
s.. 02773 O 0 20 80 0 013 €7 O
S1 07228 O 069 31 O 0 70 30 0
52 05050 O 04753 O 052 48 O
s3 03664 O 030 70 0 03070 0 Lo
S, 018 82 O 010 90 © 013 87 ©
S1 068812 O 08713 O 092 & O©
S2 066 3L O 06337 O 06535 0
$3 03763 0 02773 O 02773 0 1o
st 013 87 O 0 793 0 0O 69, 0
S1 068317 O 091 9 O 1 €910 O
s2. 07426 0 07228 O 07327 0
S3 05347 O 05545 O 0 42 58 0 102
S, 03,66 0O 02060 O 01783 0
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Narrow Range birds -- Experiment 4 (cont.) -- confusion
matrices
Sessions Sessions Bird
151-160 136-160
(P)RL R2 R3 R4 R1 R2 R3 R4
Sl 078 22 O 06733 O
52 05545 O 0 50 50 O
99
S3 03565 O 03367 0
S4 013 87 O 013 87 O
31 07030 O 07030 O
52 05941 O O 54 46 O
100
S3 03862 O 03268 O
Sl 0 991 O O 991 O
Sl 090 10 O 091 9 O
SR 06733 O 06733 O
101 -
S3 03763 0 03169 O
Sy 0O 595 O 0O 496 O
Sl 09, 6 O 093 7 O
S2 0 70 30 O 072 26 O
102
33 036 6, O 038 62 O
S4 014 €6 O 015 ¢5 O
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Narrow Range birds -- Experiment 4 -- confusion matrices
Sessions Sessions Sessions s Bird
1-5 6-10 11-15

(P)R1 R2 R3 RL R1 R2 R3 R4 R1 R2 R3 R4

51 13560 & 068 31 1 06930 1

s2 13960 1 05941 0 062 38 0 _
83 14257 O 05149 0 0 54 46 O 7
St 028 70 2 1L 55 O 052 48 0

S1 14252 5 03763 0 0 50 50 0

S2 14351 5 036 64 O 0 50 50 0

S3 04251 7 0 40 60 0 0 50 50 0 e
SL 13957 3 02673 1 043 57 O

S1 23662 0 050 49 1 24949 0

$2 214355 O 050 50 0 15841 0

S3 141 58 O 043 57 O 15346 0 ol
S, 1 44 55 O 1316 1 047 53 O

S1 16432 3 053 47 O 0 70 30 ©

52 06235 3 05743 O 05941 O

53 05639 5 047 52 1 05347 O 102
SL 258 38 2 03070 0 0 46 54 O
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Narrow Range birds -- Experiment 4 (cont.) -- confusion
ratrices
Sessions sessions
16-20 21-25 Bird

(P)R1 R2 R3 R4 R1 R2 R3 R4

S1 06337 O O 7L 26 O

32 051L9 O 05545 O
99

33 05050 O 051 49 O

S4 0 46 54 O 05347 O

S1 063137 O 0 54 LE O

S2 051L9 C 0 L0 60 ©
100

S3 05545 O 03268 0

S, 03763 0 0 32 68 O

St 066 34 O 063 37 O

32 06337 0 061 39 O
101

S3 053 L5 2 0 44 66 O

S. 051 .18 1 0 42 55 3

S1 07129 O 0 66 33 1

S2 06535 0O 057 42 1
102

S3 04753 O 0 60 LO ©

St 0 49 50 1 03565 O
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Wide Range birds =-- Experiment 4 -- confusion matrices
Sessions Sessions Sessions Bird
1-25 26-50 51-75

(P)R1 R2 R3 R&4 Rl R2 R3 R4 Rl R2 R3 RL

S1 4 €7 & 1 19 4 O 19 4 O
S2 05248 O O L6 54 O 03367 O
S3 15147 1 O 42 586 O 034 6€ © o2
S, 02772 1 016 84 O 012 €8 O
S1 O €415 1 09 2 O 095 5 O
S2 05743 O 041 59 O 02773 C
S3 049 50 1 03268 O 02179 O Lok
SL 03663 1 0128 O 0O 664 O
S1 28215 1 09 4 O 098 2 O
52 04l 5¢ 1 03565 O 03169 O
S3 03465 1 02971 O 02575 O 105
SL 0 24 75 vl 011 &9 O 0O 397 O
S1 1¢€€ 9 2 099 1 O 197 2 O
S2 04553 2 04951 O 0 40 60 O
S3 041 57 2 047 53 O 034 66 O 1oe
St 018 79 3 010 &7 3 O 793 O
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Wide Range birds -- Experiment 4 (cont.) -- confusion
matrices
Sessions Sessions Sessions Bird
76-100 101-125 126-150

(P) Rl R2 R3 R4 R1 RZ2 R3 R4 R1 R2 R3 R4

s1 097 3 O 09 2 O 099 1 O
32 03367 O 0272 O 0274 O
s3 03070 O 0227 O 02276 O +03
S4 O 69L O O 793 O O 49 O
51 095 5 O 09 2 O 0% 2 O
S2 03763 O 03565 O 03961 O
S3 02377 O 02971 O 028 72 O 10k
S, 0 29¢ O 0 397 O O 4 9 O
31 099 1 O 098¢ 2 O 0969 1 O
S2 03268 O 02773 O 01l €2 O©
53 0247 O 01981 O 01783 O 105
S4 O L 96 O 0 397 O C 199 O
S1 098 2 O 0100 0 © 1369 0 OC
S2 04258 O O 51 49 O 0 52 48 O
S3 03268 O O L4 56 O O 46 5 O 106
S 0 496 O 0O 49 O O €92 O
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Wide Range birds -- Experiment L (cont.) -- confusion
matrices
Sessions Sessions Bird
151-160 136-160

(P) R1 R2 R3 R4 R1 R2 R3 R4
S1 0100 0 O 0100 0 O

S2 0 2971 O O 28 72 O
103
53 0 16 & O 0O 1981 O
S, 0 29 O ¢ 397 0O
S1 0 99 1 O 0 99 1 O
S2 0 58 42 O O 4555 O
104
S3 0 43 57 O 0 3466 O
SL 0 496 O 0 397 O
St ¢ 99 1 O 0O 98 2 O
52 0 2179 O 0O 2080 O
105
S3 0 1882 O 0O 1684 O
St 0 0100 O 0O 010 O
S1 1 99 0 O 1 98 1 O
S2 0 €139 O O 58 42 O
106
S3 0 4753 O O 5050 O
S, 0 595 O 0O 793 O
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Wide Range birds -- Experiment 4 -- confusion matrices
Sessions Sessions Sessions Bird
1-5 6-10 11-15

(P)RL R2 R3 R4  R1 R2 R3 R4 Rl K2 R3 RL

51 13 7011 6 593 2 0 191 & O
S2 150447 1 O 61 39 O 054 46 O
S3 L 53 39 4 149 50 O 052 LE O +03
SL 2 L1 53 & 02773 O 0 20 €0 O
S1 0 6L 35 1 2 86 1C 2 0€&€713 O
52 0 L3 56 1 0 60 LO O 072 28 O
S3 0 4654 O 0 58 LO 2 06535 O Hou
S4L 13560 L 13663 O 0 68 32 ©
S1 & 5928 5 0¢€119 O 1.9 10 ©
52 121 73 5 O 4L 55 1 049 51 O
S3 016 78 6 03069 1 045 55 O L5
S4 0271 5 02178 1 0227 O
S1 3 60 27 10 093 7 O c9 2 O
S2 2 34 54 10 03961 O 05743 O
53 03457 9 03565 O 05149 O Hoe
34 1 14 75 10 0 790 3 02971 O



194.

Wide Range birds -- Experiment L -- confusion matrices
Sessions Sessions Bird
16-20 _21-25

(P)R1 R2 R3 RL R1 R2 R3 R4

S1 0 €€ 11 1 0% L O

52 0 L6 5L O 04753 O
. 103

S3 O L€ 52 O O 54 44 2

S& 017 €1 2 0272 O

S1 09010 O 091 9 O

S22 05941 O 0 50 50 O
104

53 O 44 55 1 03268 O

SL 03565 0 O 594 1

51 091 9 O 2 €7 11 O

S2 0 L258 O O 46 54 O
105

S3 O 40 €60 O 03763 O

S4 02971 O 02278 O

S1 09, €6 O 069 1 O

S2 0 42 58 O 05049 1
106

33 O 41 58 1 O 44 56 O

S, 019 €1 O 02278 O



t-test for win-stay strategy -- Experiment 4

A. Narrow-range birds

Bird Overall Preferred

RBI Key
99 «29 3
100 .25 3
101 .01 3
102 .18 2
sum
sum

X .18

B. Wide-range birds

103 .69 3
104 .35 3
105 .78 3
106 .15 2
sum

X 49

RBI after

R2 R3

. 246 .387
c14E .020
.095 .0€8
246 214
184 177

.65¢€
«14E
.765
.230

450

(t (3) = .1696, p >>.05)

. 709
<462
.&70
. 246

«572

(& (3) = .2682, p ) .05)

D

14l
-.12¢8
-.007

.032

.03¢€
.010

051
314
.105
-.016

<456
114

.019881
.016384
.000049
001024

.03733¢€

.002601
.09€596
.011025
.000256

«11247€

1950
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