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Given a choice, pigeons prefer an initial-link stimulus that is followed by reliable signals that food will
be delivered (Sþ) or not (S�) after a delay, over an alternative initial-link stimulus that is followed by
unreliable signals of food, even when the former yields a lower overall probability of food. This subop-
timal preference has been attributed to the combination of a biased attraction to the Sþ and ignoring the
S�. We evaluated the inhibitory properties of the S� in three experiments to investigate its role in sub-
optimal choice. In Experiment 1, pigeons were trained in an autoshaping procedure with the four termi-
nal link stimuli of the suboptimal choice task; Sþ was continuously reinforced, S3 and S4 were each
partially reinforced on a 50% schedule, and S� was never reinforced. Summation tests showed that S�
acquired inhibitory properties during training. Experiment 2 replicated the summation tests after training
on the full suboptimal choice procedure and found that S� inhibition was not attributable to external in-
hibition. In Experiment 3, pigeons were trained on the suboptimal choice procedure and the develop-
ment of inhibition was assessed throughout training. An analysis of individual differences across birds
revealed that the response rates to S� were negatively correlated with the strength of suboptimal prefer-
ence, both within subject as each bird acquired suboptimal preference, and across subjects once all birds
had reached asymptotic levels of suboptimal preference. Thus, rather than ignoring the S�, we found
evidence that birds attended to S� as an inhibitory stimulus. Future models explaining performance in
the suboptimal choice task should consider inhibition to the S� as a factor in suboptimal choice.
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When hungry pigeons are confronted with a choice between
two alternatives, one predicting a low probability of food but that
is followed by predictable signals of food, and another predicting
a higher probability of food but that is followed by unpredictable
signals of food; they systematically choose the former. This pref-
erence has been called suboptimal because they fail to maximize
food intake. For instance, Stagner and Zentall (2010) gave pigeons
a choice between two initial-link options in a concurrent chain. If
pigeons chose the suboptimal alternative, on 20% of the trials the
choice led to a terminal-link stimulus (Sþ) that was always fol-
lowed by food after 10s, whereas on the other 80% of the trials
another terminal-link stimulus (S�) appeared for 10 s ending
always without food. If the optimal alternative was chosen, one of
two terminal-link stimuli (S3 and S4) would appear and after 10 s
was followed by food on half of the trials regardless of which

terminal-link stimulus had been presented. Pigeons showed a
strong preference for the suboptimal option, even though the over-
all probability of food for the optimal alternative was 2.5 times
richer than for the suboptimal alternative (50% vs 20%,
respectively).

This procedure was based on the observing response para-
digm. An observing response is a response that produces a dis-
criminative stimulus but that does not alter the probability of
reinforcement (Browne & Dinsmoor, 1974). In his seminal work,
Wyckoff (1952) found that pigeons were willing to press a pedal
that produced stimuli—a red and a green light—informing which
schedule was in effect in a given trial, despite that pressing the
pedal did not change the current schedule of reinforcement. One
of the earliest explanations for this finding emphasized the value
of information, for instance knowing that when a red light is pre-
sented a sugar pellet will be delivered. This idea, derived from
information theory (Shannon & Weaver, 1949), holds that pref-
erence for information about the presence and absence of food
should be equally valuable. For classic information theory, infor-
mation can be understood as a resolution of uncertainty, which
follows an inverse U curve from 0 to 1, in which 0 and 1 are the
maximal reduction of uncertainty, and .5 is the point of minimum
information or maximum uncertainty. The idea that information
about the presence of food is valuable is straightforward, but in-
formation about the absence of food can also be valuable because
it allows the organism to devote resources elsewhere (Vasconce-
los et al., 2015).
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However, further research has found that information about the
presence or absence of reinforcement is not equivalent (Dinsmoor,
1983). Indeed, it seems that animals prefer information yielding
‘good news’ (e.g., information about reinforcement) over informa-
tion yielding “bad news” (e.g., information about the absence of
reinforcement). Although interesting, these experiments do not
indicate whether animals learn that a “bad news” stimulus signals
the absence of reinforcement, or instead that they learn to ignore
the cue. Support for the account that “bad news” stimuli are
learned about and not ignored comes from research showing that
humans prefer bad news over no news (Fantino & Silberberg,
2010; Lieberman et al., 1997) and that rats prefer a signaled over
an unsignaled inescapable shock (Fanselow, 1980; Lockard, 1963;
Miller et al., 1977).
Most studies involving predictors of food and no food have

focused on the variables influencing the emission of the observing
response rather than on the preference for informative of stimuli.
Prokasy (1956) evaluated preference by placing rats in the middle
of an E-maze. Rats could initially choose the left or the right arm.
After the choice, the rat had to wait 30 s before gaining access to
the goal box, which could be either baited or empty. The overall
probability of reinforcement was equal in both arms, but one arm
gave information: The walls were white when baited and black
when not baited; the other arm had the same black and white walls
on separate trials, but uncorrelated with the outcome. Under these
contingencies, animals preferred the informative arm. It is impor-
tant to note that the rats were not producing an observing response
but rather choosing the alternative that gave information about
whether or not food would be delivered. This preference for the in-
formative option was the beginning of the interesting question
about the role of information in decision-making (Bower et al.,
1966; Roper & Zentall, 1999). Later, Gipson et al. (2009) and
Stagner and Zentall (2010) found that the preference for the in-
formative alternative occurred even when choosing that alternative
also meant choosing less food—a suboptimal preference.
Most theoretical accounts of suboptimal preference assume that

the preference is attributable to the combination of a biased att-
raction to the Sþ and ignoring the S� (Zentall, 2016), with the
result that the S� does not contribute to choice behavior between
the initial link stimuli. For instance, the Reinforcement Rate model
(RRM; Vasconcelos et al., 2015), based on optimal foraging
theory and consistent with the literature on the observing response,
proposes that animals follow an information-seeking strategy, in
which the suboptimal preference is due to the information embed-
ded in the Sþ. The model also assumes that, because in nature ani-
mals are not attracted to stimuli that signal the absence of
reinforcement, the S� plays no role in the decision process in the
suboptimal choice task. (This contrasts with the observing
response literature, where the signal for no-outcome is preferred
over no signal.) Similarly, Cunningham and Shahan (2018)
advanced an explanation based on the idea that animals learn the
temporal relations between events. Applied to the suboptimal
choice task, animals are choosing information about when rein-
forcement is delivered, and therefore also assumes that the S� is
ignored because there is no reinforcer for a temporal relation to
signal. (For other proposals that disregard the role of the S� see
McDevitt et al., 2016; Zentall, 2016.) By contrast, the Delta-Sigma
model (González et al., 2020) proposes that two higher-order vari-
ables are responsible for suboptimal preference: (a) the difference

in the probability of reinforcement within the terminal links
(Delta), and (b) the ratio between the probability of reinforcement
of each alternative initial link stimulus (Sigma). It assumes that
animals need to pay attention to all probabilities, including a prob-
ability of 0 signaled by the S�, for behavior to become subopti-
mal. In summary, it is not clear if animals completely ignore the
S�, or if the S� does affect suboptimal choice. If it does affect
suboptimal choice performance, it is also not clear whether it does
so through a perceptual, attentional, or learning process.

We hypothesize that the S� does contribute to suboptimal prefer-
ence. Furthermore, we propose that it does so through the develop-
ment of conditioned inhibition to the S�. That is, we propose that
the S� becomes a Pavlovian conditioned inhibitor, and that its sta-
tus as a conditioned inhibitor is related to the development of sub-
optimal preference in the suboptimal choice procedure. What is the
evidence that the S� terminal link stimulus becomes a conditioned
inhibitor during the suboptimal choice task, and that its inhibitory
status is related to suboptimal preference? A study showed that the
S� developed inhibitory properties at the beginning of training, but
that inhibition diminished with extended training (Laude et al.,
2014). They used a variant of the typical suboptimal choice task in
which the magnitude of the reinforcer following each stimulus,
rather than the probability of reinforcement of each stimulus dif-
fered between alternatives (See Figure 1). Specifically, the Sþ and
S� terminal link stimuli that followed the suboptimal initial link
stimulus led to 10 and 0 pellets, respectively, whereas S3 and S4
terminal link stimuli that followed the optimal initial link stimulus
always resulted in three pellets. Thus, the overall average magni-
tude of reinforcement was two pellets for the suboptimal choice and
three pellets for the optimal choice. Pigeons were trained in this
task using color keys for the Sþ, S3, and S4 terminal links, and a
vertical line for the S�. To assess the inhibitory properties of the
vertical line S�, the rate of response to the compound SþS� was
compared with Sþ alone early and late in training using a within-
subject design (Experiment 1) and between-groups design (Experi-
ment 2). They found a significant reduction in inhibition as a

Figure 1
Procedure Used by Laude et al. (2014)

Note. They evaluated the inhibitory properties of the
stimulus never reinforced (S�, black circle with a white
vertical line). After the choice, each signal was followed
by a different magnitude of reinforcement.
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function of extended training between the early and late tests in
both experiments. This is a surprising result because most studies
show that inhibitory properties accrue gradually during discrimina-
tion training (e.g., Thomas & Basbaum, 1972; see also Domjan,
2014), just the opposite of the findings of Laude et al. (2014).
Moreover, they do not provide a theoretical reason why they
expected the S� to start out as an inhibitory stimulus early in train-
ing, but to wane with extended training. It is possible that the S�
initially reduced responding to the compound due to external inhibi-
tion, which waned as the S� became more familiar.
Despite the large effects in both experiments, the research

designs have some peculiarities that warrant caution in the inter-
pretation of the results of Laude et al. (2014). First, they varied the
typical procedure of the task: each colored terminal link stimulus
was followed by reinforcement 100% of the time. This is relevant
especially for explanations that assumed animals are following in-
formation (Cunningham & Shahan, 2018; González et al., 2020;
Vasconcelos et al., 2015). In the procedure used by Laude et al.
(2014), all color keys were informative. Until now, it is uncertain
whether the same mechanisms for the development of suboptimal
preference underlie both types of procedure (Daniels & Sanabria,
2018). Second, the S� stimulus was a vertical line, whereas the
remaining stimuli used for the initial and terminal links were col-
ored keys. Color has been shown to be a more salient dimension to
pigeons than stimulus shape (e.g., Blaisdell & Cook, 2005). Thus,
failure to counterbalance the stimulus roles as Sþ and S�, and
choice of the less salient visual dimension for the S� may have
contributed to the loss of stimulus control by the line orientation
stimulus in their study. Third, the only assessment of inhibition to
the S� was by measuring the difference in peck rate to the Sþ ver-
sus the SþS� compound. Additional tests involving other stimu-
lus compounds of the Sþ and another stimulus (e.g., a novel
stimulus or a different excitatory stimulus) are required to rule out
external inhibition as an explanation for the reduction in response
on compound test trials (Rescorla, 1969).
Two studies failed to find evidence that the S� plays any role in

the decision process. In a conventional suboptimal choice task,
Fortes et al. (2016) manipulated the probability of occurrence and
the duration of the S�, finding that pigeons continued showing a
suboptimal preference even when the S� was presented on 95%
of the trials, or the delay of this stimulus was increased to 200 s.
Nevertheless, neither of these manipulations would be expected to
reduce the inhibitory properties of the S�, and on the contrary,
they should strengthen them. An experiment using rats trained on
a conventional suboptimal choice task found that inhibition to the
S� increased with training (Trujano et al., 2016). Rats did not,
however, develop a suboptimal preference. The authors concluded
that the strong difference found between pigeons and rats in the
suboptimal choice task is related to differences in the impact of
conditioned inhibitors, such task that promote the development of
conditioned inhibition do not allow for the development of subop-
timal preference.
The current experiments had two goals. The first goal was to

assess if the S� acquired inhibitory properties in a conventional
procedure for suboptimal choice in pigeons, unlike the procedure
used by Laude et al. (2014) which deviated in a number of ways
from the conventional procedure (see above). Thus, perhaps the
conflicting results of Laude et al. (2014) could be attributed to
external inhibition during initial summation tests of inhibition,

with external inhibition waning with extended training. Likewise,
Trujano et al. (2016) claimed that because rats showed evidence of
Pavlovian inhibition to the S�, rats do not develop a suboptimal
preference. Contrary to their position, recent evidence has found
that rats choose suboptimally when the delays to reinforcement are
extended (Cunningham & Shahan, 2018) or when the nature of the
terminal link stimuli was changed from lights as used by Trujano
et al. (2016) to tones used by Ojeda et al. (2018).

In Experiment 1, pigeons were trained in a Pavlovian autoshap-
ing procedure involving only the terminal link stimuli (Sþ, S�,
S3, and S4). Pigeons received 30-s presentations of each stimulus
on separate trials. Each stimulus signaled a specific probability of
reinforcement: p(foodjSþ)= 1; p(foodjS�)= 0; p(foodjS3)= .5; p
(foodjS4)= .5. Occasional nonreinforced probe trials with elements
and compounds SþS�, S3S4, S3S� and SþS4 were delivered to
assess the inhibitory properties of S�. If the S� had acquired in-
hibitory properties, we would expect a reduction in the responses
to SþS� compared with Sþ alone or to the S3S4 compound.
Though not critical to our central hypothesis, we also included
summation tests of compounds S3S� and SþS4 to compare the
excitatory properties of a partially reinforced stimulus to a contin-
uously reinforced stimulus. If the Pavlovian contingencies sig-
naled by the terminal link stimuli are learned, the S� should
develop into a conditioned inhibitor as a function of amount of
training. Experiment 2 extended the results of Experiment 1 by
assessing inhibition to the S� after training on the suboptimal
choice procedure. Pigeons were trained in the suboptimal choice
procedure until stability of suboptimal preference was reached. Af-
ter a reliable preference was acquired, they received a test session
to assess Pavlovian inhibition using a summation test. During test-
ing, animals were presented with probe trials of an SþS� com-
pound but also Sþ in compound with a new stimulus, to rule out
external inhibition. If S� acquire inhibitory properties as a result
of conditioned inhibition, we should observe a lower response rate
to the compound of Sþ and S� than to the compound of Sþ and
the nontrained stimulus.

A second aim was to explore the relationship between the devel-
opment of inhibition to the S� on the one hand, and the strength
of suboptimal preference on the other. To assess this, in Experi-
ment 3, pigeons were trained on the typical suboptimal choice task
involving both initial and terminal link stimuli. We measured the
development of conditioned inhibition to the S� using summation
tests with compound stimuli as in Experiments 1 and 2, and the de-
velopment of preference for the suboptimal initial link stimulus
(i.e., suboptimal preference) on choice trials during training. One
hypothesis is that conditioned inhibition to the S� plays a causal
role in the development of suboptimal preference, or at least is
related to the causal process for the development of suboptimal
preference. An alternative hypothesis is that conditioned inhibition
to the S� plays neither a direct nor indirect causal role in the de-
velopment of suboptimal preference. We took advantage of the
large individual differences typical of pigeon experiments using
choice procedures to find evidence to support one or the other hy-
pothesis. If the development of suboptimal preference is directly
or indirectly related to the development of conditioned inhibition
to the S�, then we predict the strength of suboptimal preference
and of conditioned inhibition to be positively correlated, such that
individuals that show stronger conditioned inhibition will show
stronger suboptimal preference. If the strength of suboptimal choice
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is uncorrelated with the strength of conditioned inhibition to the S�,
this would fail to support the first hypothesis, and instead would sug-
gest the two are not causally related, either directly or indirectly
through other causal pathways. Finally, if suboptimal choice depends
on ignoring the S�, as argued by Laude et al. (2014) as well as by
many of the models discussed in the Introduction, then the strength
of suboptimal preference should negatively correlate with the
strength of conditioned inhibition to the S�. Tests of conditioned in-
hibition will use the negative summation test, in which the excitatory
Sþ and the putative inhibitory S� will be presented in compound
and responses to these compound cue trials will be compared with
responses on nonreinforced presentations of the excitatory Sþ alone.
Evidence for conditioned inhibition of S� would be shown by a sig-
nificant reduction in responding on compound SþS� trials compared
with Sþ alone trials at test. If inhibition does not decay during train-
ing and is positively associated with the development of suboptimal
preference, this result will encourage the incorporation of mecha-
nisms of inhibition to the S� into models of suboptimal choice.
Although it is possible that learning inhibition to S� is independent
from the development of a suboptimal preference, current and new
models would need to integrate an explanation of how learning about
a stimulus is not considered at the moment of choice.

Experiment 1

Before assessing the relationship between inhibition to the S� and
suboptimal preference, we wished to determine whether terminal link
stimuli, if trained on their own, acquire excitatory and inhibitory
properties. Thus, pigeons received training with each of the terminal
link stimulus elements (Sþ, S�, S3, and S4) on separate trials in a
Pavlovian autoshaping procedure. Sþ was always followed by food,
S3 and S4 were followed by food on 50% of the trials in each ses-
sion, and the S� was never followed by food. We measured the peck
response rate to each stimulus. The inhibitory properties of the S�
was evaluated using a summation test, in which the S� was pre-
sented in compound with a stimulus with excitatory properties
(SþS� and S3S�). The response rate to the compounds was com-
pared with the response rate to the elements and to other compounds
such as S3S4 and SþS4. If S� acquired inhibitory properties as a
function of training, we predicted a reduction in response rate to the
compounds SþS� and S3S� compared with Sþ, S3S4, and SþS4.

Method

Subjects

Five adult homing pigeons (Columba livia) from Double T
farms, three males and two females, served as subjects. These
pigeons had previously participated in a wide variety of behavioral
experiments, including spatial overshadowing, object location
encoding, response variability, and pattern learning, but were na-
ïve with respect to the current procedures and stimuli which were
selected to minimize transfer from prior experience. Subjects were
individually housed in steel home cages with metal wire mesh
floors in a vivarium. They were maintained at 80% of their free-
feeding weight but were given free access to water and grit while
in their home cages. Testing occurred at approximately the mid-
point of the light portion of the 12-hr light–dark cycle.

Materials

Apparatus. The experiment was conducted in a flat-black
Plexiglas chamber (38 cm wide 3 36 cm deep 3 38 cm high). All
stimuli were presented by computer on a color LCD monitor
(NEC MultiSync LCD1550M). Stimuli were presented using the
coding language Python (Python Software Foundation, https://
www.python.org/) and the extension PsychoPy (Peirce, 2007).
The bottom edge of the viewing window was 13 cm above the
chamber floor. Pecks to the monitor were detected by an infrared
touchscreen (Carroll Touch, Elotouch Systems, Fremont, CA)
mounted on the front panel. A custom-built food hopper (Pololu,
Robotics and Electronics, Las Vegas, NV) was located in the cen-
ter of the front panel, its access hole flush with the floor. The hop-
per could deliver 3-s access to mixed grain as a food reward. All
experimental events were controlled and recorded with a Pentium
III-class computer (Dell, Austin, TX). A video card controlled the
monitor in the SVGA graphics mode (8003 600 pixels).

Stimuli. Each of the four stimuli, Sþ, S�, S3, and S4, were
composed of two circles (either red, green, yellow, or blue) verti-
cally (Sþ and S3) or horizontally (S� and S4) aligned (see Figure
2), with a size of 100 3 100 pixels. All the stimuli were presented
in the center of the screen against a gray background.

Procedure

Pretraining. Pigeons were initially trained to peck each stim-
ulus. A session consisted of 40 trials with an average duration of
10 minutes. Each stimulus was presented 10 times in random order
within each session. On each trial, one pseudorandomly selected
stimulus from the set of four was presented at the center of the
gray screen. The stimulus remained on the screen until the
required number of pecks was completed. Each trial ended with
the delivery of the food reward followed by a 10-s intertrial inter-
val (ITI) during which the screen was black. Pigeons received two
sessions of pretraining, the first under a continuous schedule of
reinforcement (CRF), the second under a fixed-ratio (FR) 10
schedule of reinforcement.

Training. Pigeons received a total of 25 daily sessions of
training on an autoshaping procedure, six days per week. Each ses-
sion consisted of 80 trials. In each session, the Sþ was presented
on eight trials each ending in food reward, the S� was presented
32 times and was never followed by food, S3 was presented eight
times, four trials followed by food reward and four nonrewarded,
and S4 was presented on 32 trials, in which 16 were followed by
food reward and the remainder were nonrewarded. On each trial, a
stimulus appeared in the center of the screen for either 10 s (during
the first 10 sessions), or 30 s (during the remainder of training).
The order of the trials was randomized. An ITI of 10 s with a black
screen separated trials. Stimulus role was pseudorandomly
assigned across subjects, in a way that any given combination did
not repeat for another subject. During the first 10 sessions of train-
ing we observed low rates of pecking by some pigeons, and thus
increased presentation duration to 30 s to allow more time to accu-
mulate pecks. Pigeons received 15 sessions of training with stimuli
of 30-s duration before experiencing the first test.

Test. Following the 15 training sessions with the longer dura-
tion stimuli, pigeons received test sessions in blocks of five ses-
sions interspersed with blocks of five training-only sessions (e.g.,
sessions 16–20 for testing, sessions 21–25 for training, sessions
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26–30 for testing, etc.). Pigeons received four blocks of five test
sessions. Each test session of 56 trials started with ten presenta-
tions of the training stimuli, those were randomly selected from
the pool with the same probabilities used during training. After the
10th trial of each test session, nine nonreinforced test trials were
randomly interspersed among training trials for the remainder of
the session. Test trials consisted of two presentations each of the
following compounds: SþS�, S3S4, S3S�, and SþS4 (Figure 1,
right panel), and one nonreinforced presentation of the Sþ. Each
test trial was 30 s in duration and, as with training trials, the num-
ber of pecks during each test trial were recorded.

Data Analysis

The peck rate for each stimulus was calculated for each session.
Session peck rates were calculated for each stimulus and then aver-
aged across blocks of five sessions. For the training phase, we ana-
lyzed the sessions with the 30 s duration, obtaining six blocks in
which the first three corresponded to the training before the testing
phase begun, and the following three corresponded to the blocks
alternating test sessions. For the test phase, we averaged pecks for
all stimuli in each session in four blocks of five sessions. Given that
the rate of response (RR) was highly variable between pigeons, the
data were normalized. For each block, each stimulus RR was di-
vided by the total RR across stimuli (Starget RR/Total RR).
Repeated-measures (RM) factorial analysis of variance (ANOVA)

were implemented to analyze the blocks of training and test, using
Holm corrections for the post hoc analysis when main effects were
found.

Results

The upper panel of Figure 3 shows the normalized mean peck
rate for each stimulus as a function of training blocks. Sþ, S3, and
S4 maintained similar RRs, the RR for S� was lower than the RR
of any other stimuli. Supporting these observations, a RM

Factorial ANOVA conducted on normalized peck rates with Block
and Stimulus as repeated measures factors revealed a main effect
of Stimulus, F(3, 12) = 19.641, MSE = .031 p , .001, h2 =.675,
but no effect of Block, F(5, 20) = .053, MSE = .0002; p = .998,
h2 = .002 1.0, nor interaction, F(15, 60) = 1.289, MSE = .006, p =
.238, h2 = .046. Post hoc analyses for the Stimulus factor using
Holm correction indicated that S� RR was lower than Sþ, S3,
and S4 RR (pHolm , .002), whereas RRs across the remaining
stimuli did not differ.

The bottom panel of Figure 3 shows the normalized response
rate across test blocks for each stimulus. A RM factorial ANOVA
with Block and Stimulus as within-subjects factors found a signifi-
cant effect of Block, F(3, 12) = 10.901, MSE = .002, p , .001,
h2 = .083, and Stimulus, F(3, 12) = 29.409,MSE = .005, p, .001,
h2 = .623, but no interaction, F(9, 36) = 1.697, MSE = .002, p =
.126, h2 = .053. Post hoc analysis for Block found that Block 1
was different of Block 4 (pholm , .001) and Block 2 from Block 4
(pholm = .043). The analysis of the different stimuli indicated that
the RR of Sþ was significantly different from S� (pholm , .001),
S3 (pholm = .025) and S4 (pholm = .043), and that RR of S� was
also different from S3 (pholm , .001) and S4 (pholm , .001); this
last result replicates what was found during training blocks.

Figure 4 shows the mean normalized RR across all blocks of
testing for each probe stimulus. We observed higher responses for
all stimuli that did not include S� by itself or in compound with
another stimulus (SþS�, S3S�). A RM factorial ANOVA con-
ducted on normalized response rates for all stimuli in the test
phase, with Block and Stimulus as factors, found a main effect of
Stimulus, F(7, 28) = 12.979, MSE = .008, p , .001, h2 = .503 but
no effect of Block, F(3, 12) = 1.077, MSE = 1.45e�19, p = .395,
h2 = 3.292e�19, nor interaction, F(21, 84) = 2.358, MSE = .004,
p = .127, h2 = .127 (see Figure 4). Post hoc analysis for the Stimu-
lus factor using Holm correction found significantly lower RR to
S� than to the other three training stimuli (p , .001), evidencing
that pigeons did not peck the stimulus associated with absence of

Figure 2
Stimuli Used in Experiment 1

Note. Left panel: Examples of stimuli presented during the Pretraining and Training
phases of Experiment 1. Right panel: Examples of compound stimuli presented on probe tri-
als during the Testing phase of Experiment 1. Color and orientation were counterbalanced
across pigeons with the restriction that Sþ and S3, and S� and S4 should have the same
orientation to be able to create the compound stimuli. See the online article for the color
version of this figure.
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food. No differences were found between Sþ, S3, and S4, as
observed during training. Of interest to evaluate inhibition to the
S�, we found that Sþ RR was significantly higher than the RR to
the SþS� compound (p , .001) and to the S3S� compound (p ,
.001). RRs to Sþ and SþS4 did not differ (p = .731); this is an im-
portant comparison because it shows that merely presenting two
stimuli together in a novel compound did not produce external in-
hibition or generalization decrement.
We predicted RR to compound test stimuli to show a linear rela-

tionship to the average probability of reinforcement signaled by
the elements, with highest RR to the SþS4 compound signaling an
average probability of reinforcement of .75 (that is, p(foodjSþ) =
1.0 and (foodjS4) = .5), followed by S3S4 with an overall pro-
bability of reinforcement of .5 (that is, p(foodjS3) = .5 and
(foodjS4) = .5), then SþS� (also overall probability of reinforce-
ment of .5, but with S� serving as a conditioned inhibitor), and
finally S3S� (overall probability of .25; from (foodjS3) = .5 and
p(foodjS�) = 0, with S� serving as a conditioned inhibitor). As
anticipated, a within-subjects contrast for the compound stimuli
revealed a significant linear trend, c = �.113, t(12) = �4.766, p ,
.001. If RR to each compound reflected only the average probabil-
ity of reinforcement signaled by the elements, we would predict
equivalent RRs to the S3S4 compound and the SþS� compound,
given that they both signal an average probability of reinforcement

of .5. Given that the RR to the SþS� compound was significantly
lower than to the S3S4 compound, this suggests the additional
operation of conditioned inhibition to S� as a major factor in
determining RR to the compound. That is, S� signals a 0 probabil-
ity of reward, that translates in a negative rather than a neutral
value for that stimulus, or increased probability of reward omis-
sion. It is in this way that conditioned inhibitors exert their modu-
lating effect over conditioned excitors, such as to reduce the
response elicited by the CS and by withdrawing from or avoiding
the inhibitory CS (Hearst et al., 1980; Wasserman et al., 1974).

Experiment 2

In the previous experiment, we used a Pavlovian autoshaping
procedure, in which only the terminal links of the suboptimal
choice task were presented, maintaining the frequency with which
each stimulus is presented in the typical suboptimal choice task.
The objective was to assess inhibition to the S� in a summation
test. The results suggested that the S� passed a summation test of
conditioned inhibition, thereby establishing that the S� acquired
inhibitory properties during training. Interestingly, these results
also suggest that the pigeons were not ignoring the S�. If so, the
S� would not have affected responding controlled by the excita-
tory stimuli on the compound test trials. Indeed, the negative sum-
mation test is considered one of the preferred tests of conditioned
inhibition precisely because it rules out inattention to the inhibitor
as an alternative explanation (Cole et al., 1997; Rescorla, 1969).
There were two goals for Experiment 2. First, we wished to repli-
cate the summation test for conditioned inhibition after pigeons
had received training on the full suboptimal choice procedure.
Second, we included a control test of a compound of Sþ and a
novel stimulus to control for external inhibition. External inhibi-
tion is the negative summation effect that has sometimes been
observed to be produced by an untrained cue presented in com-
pound with a trained excitor (e.g., Sþ; Pavlov, 1927). In the previ-
ous experiment we used S4, which was not trained with Sþ but
had a history of reinforcement that could influence the response
rate observed during test sessions. By contrast, if responses to the

Figure 3
Mean Normalized Rate of Response for Each Block of Five
Sessions of Training (Upper Panel) and Testing (Lower Panel)
for Each Stimulus in Experiment 1

Note. Error bars represent 95% confidence interval.

Figure 4
Mean Normalized Rate of Response Across the Last Two Blocks
of Testing for Each Probe Stimulus in Experiment 1

Note. Error bars correspond to the 95% confidence interval.
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compound of the Sþ and the untrained cue fails to produce nega-
tive summation in our test procedure, we can rule out external in-
hibition as an explanation for the negative summation observed on
the SþS� test compound trials, thereby supporting true condi-
tioned inhibition to the S�.

Method

Subjects

Eight adult homing pigeons (Columba livia) from Double T
farms were used. The pigeons had experience with an intelligence
battery task but were naïve with respect to the current procedures
and stimuli which were selected to minimize transfer from prior
experience. Subjects were individually housed in steel home cages
with metal wire mesh floors in a vivarium. They were maintained
as described in Experiment 1.

Materials

Apparatus. The apparatus was the same as that used in
Experiment 1.
Stimuli. Seven visual stimuli were used. Two of them were

colored circles with geometric patterns that were used as the initial
link stimuli (IL; Figure 5, top left panel). From the remaining five
stimulus pool, four were randomly selected for each pigeon to be
used as terminal link stimuli (TL). TL stimuli were composed of
two same-colored circles (red, green, yellow, blue, or orange) ver-
tically or horizontally aligned during training, and the combination
of two pairs (one vertical and one horizontal pair) of circles used
during the summation test phase, both presented in the same fash-
ion that Experiment 1 (Figure 5 top right panel). All stimuli were
100 3 100 pixels. Stimuli were presented against a gray back-
ground and appeared on the left and right side of the screen coun-
terbalanced throughout each session. Assignment of stimuli to
function was pseudorandomly assigned across subjects.

Procedure

Training. There were two types of trials in each training ses-
sion of 90 trials, free-choice (30 trials) and forced-choice (60 tri-
als). In a free-choice trial, pigeons were presented with a choice
between IL1 and IL2 presented on the left and right sides of the
screen, counterbalanced. When the pigeon pecked one of the initial
link stimuli, both stimuli disappeared and the chosen one was
replaced by a terminal link stimulus presented for 30s on the same
side of the screen as the selected initial link stimulus. Choice of
IL1, the suboptimal alternative, was followed on 20% of the trials
by Sþ, and on 80% of the trials by S�. Sþ was always followed
by food upon its termination, whereas S� was never followed by
food. Choice of IL2, the optimal alternative, was always followed
by S3 reinforced on 50% of trials in each session. A black screen
presented for 10 s served as the ITI. On forced-choice trials,
pigeons were presented with only one of the two alternative initial
link stimuli, each appearing on 30 of the forced-choice trials.
Notice that we used only one terminal link for the optimal alterna-
tive. Previous research has shown that, if other parameters are con-
stant, the number of terminal links in the optimal alternative does
not impact preference (Macías et al., 2021).
The IL stimulus alternatives for both forced-choice and free-

choice trials appeared half of the time on each side of the screen

(i.e., left/right counterbalanced). The duration of the session was set
to a maximum of 120 minutes. Training started with the terminal link
stimuli lasting 10 s. When pigeons were completing the entire train-
ing sessions, the delay was extended to 30 s for a minimum of four
sessions before finishing the training phase. The first session of train-
ing also included two 10-s presentations of Cue E, which was later
used in the summation test to assess external inhibition. One pigeon,
Waluigi, failed to complete more than 10 trials in any session with
terminal link stimuli of 30 s delay, and thus the delay was set to 10 s
for the entire experiment. The training phase consisted of a minimum
of 15 sessions and continued until performance stabilized. Stability
was determined when (a) there was no increasing or decreasing trend
in the proportion of choices over three consecutive sessions, and (b)
the difference between the highest and lowest preference in the pre-
ceding three sessions was no greater than 15%.

Summation Test. The pigeons had two sessions in which in-
hibition to S� was assessed with a summation test. Each test ses-
sion consisted of 20 trials, 10 free-choice trials of IL 1 and IL 2,
and 10 test trials. Test trials consisted of 4 presentations each of
the following compounds: SþS� and SþE� (E was the novel cue
preexposed in the first session of Training), and two nonreinforced
presentation of Sþ. Each test trial stimulus was 30 s in duration.
All trials were followed by a 10 s ITI.

Data Analysis

The proportion of preference for the suboptimal and informative
alternative IL stimuli was calculated for each session for every
pigeon in all phases of the experiment. The peck rate for each ter-
minal link stimulus was calculated for each session in a similar
fashion to Experiment 1. Session peck RRs were calculated for
each stimulus and then averaged across sessions. For the test
phase, RRs were averaged for the probe stimuli in each session.
Each stimulus RR was divided by the total RR across stimuli
(Starget RR/Total RR). RM factorial ANOVAs were used to ana-
lyze training and test data, using Holm corrections for the post hoc
analysis when main effects were found.

Results

Figure 6 shows the acquisition curves for all pigeons, with circles
representing data from trials with 10-s terminal link stimuli, and tri-
angles representing data from trials with 30-s terminal link stimuli.
All pigeons showed a suboptimal preference, with five of them show-
ing a strong preference for the suboptimal alternative. A RM
ANOVA found a successful acquisition of preference, F(18, 36) =
5.129, MSE = .016, p , .001, h2 = .719. A comparison between the
last session of 10 s delay and the last session with a 30 s delay found
no differences in preference, t(6)= �.234, p = .823, d = �.088. A
one sample t test using the last session of training for each pigeon
found that preference for the suboptimal alternative was significantly
above .5, t(7) = 4.946, p, .001, d = 4.882.

Figure 7 shows the mean normalized RR during the probe trials
for Sþ and compounds SþS� and SþE. A RM factorial ANOVA
using test session and Stimulus type as factors. Mauchly’s test indi-
cated that the assumption of sphericity was violated for the stimulus
factor, v2(2) = 6.464, p = .039, therefore degrees of freedom were
corrected using Greenhouse-Geisser estimates of sphericity (e =
.603). We found a main effect of Stimulus Type, F(1.205, 8.436) =
18.939, MSE = .035, p = .021, h2 = .547, but no effect of test
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Session, F(1, 7) , 1.0, MSE = 9.706e�19, p = .893, h2 = .001, nor
Test Session3 Stimulus Type interaction, F(1.568, 10.975) = 4.129,
MSE = .021, p = .052, h2 = .094. The post hoc analysis of Stimulus
type using Holm correction showed lower RR to SþS� than to SþE
(p = .005), RR to SþS� was also lower than to Sþ (p , .001), and
RR to SþE was lower than to Sþ (p = .032). Thus, whereas there
was evidence of a small amount of external inhibition produced by
novel stimulus E, there was a much stronger effect of conditioned in-
hibition produced by S�. This establishes that S� becomes a condi-
tioned inhibitor as evidence through a negative summation test.

Experiment 3

Experiment 2 replicated the typical suboptimal preference that devel-
ops during a conventional suboptimal choice task. More importantly, it

found evidence of inhibitory properties to the S� in the summation test.
Having established inhibition to the S� using the proper control and
embedded in the suboptimal choice task, we can now test the hypothesis
that development of preference for the suboptimal initial link stimulus is
related to the acquisition of inhibition to the S� signaled by the subopti-
mal initial link stimulus. To test this, we trained pigeons on the subopti-
mal choice task. As in Experiment 1, test sessions were periodically
introduced later in training, in which we presented the nonreinforced
compounds SþS4, S3S4, SþS� and S3S�. We expected a reduction
in the number of responses (RR) with compound SþS� compared
with Sþ. Furthermore, we expected suboptimal preference to develop
while the response rate to the S� decreased. Thus, we predicted that the
strength of the suboptimal preference would correlate with the strength
of inhibition, with birds showing stronger suboptimal preference also
showing suppression of responding to the S� terminal link stimulus.

Figure 5
Suboptimal Task and Stimuli Examples in Experiment 2 (Top Panel) and
Experiment 3 (Bottom Panel)

Note. Left top and bottom panel: Structure of the suboptimal choice task used on choice
trials during training in Experiment 2 and 3. The initial link stimuli were counterbalanced
across pigeons. Terminal link stimuli could be two pairs of colors (green, red, blue, yellow,
or orange) for Experiment 2 or figures (diamonds, triangles, circles, or four-point stars) for
Experiment 3, presented vertically (Sþ and S3) or horizontally (S� and S4). For instance,
in the bottom left figure, the vertical pair of diamonds correspond to the Sþ, the horizontal
pair of triangles correspond to the S�, the vertical pair of circles correspond to the S3, and
the horizontal pair of stars correspond to the S4. Right top and bottom panel: Examples of
four possible training and compound stimuli used during testing in Experiment 2 (top) and
compound stimuli used in Experiment 3 (bottom). Stimuli were presented half of the time
in each side of the screen within each test session. See the online article for the color ver-
sion of this figure.
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Method

Subjects

The same pigeons were used and maintained as in Experiment 1.

Materials

Apparatus. The apparatus was the same as that used in
Experiment 1 and 2.
Stimuli. A new set of terminal link stimuli were created for

purpose of Experiment 3 because the same pigeons from
Experiment 1 were used. The same two circles with a colorful
pattern from Experiment 2 served as initial link stimuli, and
four pairs of geometric shapes with a black and white pattern

served as terminal link stimuli (Figure 5, bottom panels). As in
the previous experiments, the Sþ and S3 pairs were arranged
vertically, whereas the S� and S4 pairs were arranged horizon-
tally. All stimuli were 100 3 100 pixels. Stimuli were presented
against a gray background and appeared on the left and right side
of the screen counterbalanced throughout each session. Assign-
ment of stimuli to function was pseudorandomly assigned across
subjects.

Procedure

Pretraining. All stimuli (two initial links and four terminal
links) were presented individually in a similar fashion as in
Experiments 1 and 2.

Figure 7
Mean Normalized Rate of Response During Testing for Each Stimulus for
Experiment 2

Note. Error bars correspond to the 95% confidence interval.

Figure 6
Suboptimal Preference for Each Pigeon Across Session for Experiment 2

Note. The circles correspond to 10 s and the diamonds to 30 s terminal link duration.
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Training. There were two types of trials in each training ses-
sion of 80 trials, free-choice (20 trials) and forced-choice (60 tri-
als). The trials were presented as described in Experiment 2
(Figure 5, left panel). The duration of the session was set to a max-
imum of 90 minutes. Pigeons initially received 15 sessions of
training, after which blocks of five training sessions were alter-
nated with blocks of five test sessions, with a total of 30 sessions
as described in this phase.
Test. Pigeons received four blocks of five test sessions. A test

session had 96 trials, 80 training trials as described above, and 16
nonreinforced compound test trials. The first 10 trials in each test ses-
sion always consisted of forced-choice training trials. After the 10th
trial of the session, 50 forced-choice, 20 free-choice, and 16 test trials
were randomly interspersed throughout the remainder of the session.
Test trials entailed the presentation of one of four compound stimuli
(Figure 5, right panel) presented for 30 s on half of the trials on the
left side and the other half on the right side of the screen.
Sessions were included in data analysis only if at least half of

the training trials and all of the test trials had been presented. In
consequence, two pigeons, Cousteau and Darwin, repeated some
training sessions (10 and five, respectively) and some test sessions
(11 and three, respectively). Response rates were averaged in
blocks of five sessions, obtaining six blocks (seven for Herriot) for
the training phase and four (five for Herriot) blocks for the test
phase.

Data Analysis

Preference for the suboptimal alternative was defined as the
number of choices to the suboptimal alternative divided by the
total number of choice trials completed. RR to each terminal link
stimulus or compound test stimulus was also recorded on each
trial. Given that the RRs were highly variable across pigeons, the
data were normalized to allow comparisons as it was done in pre-
vious experiments (RR stim/total RR). As with choice preference,
the preference was collapsed in blocks of five sessions. RM

factorial ANOVAs were implemented to analyze training and test
data, using Holm corrections for the post hoc analysis when main
effects were found. Because we wanted to look at differences in
preference and RR, many of the test phase data were analyzed sep-
arately for each pigeon.

Results

The left panel of Figure 8 shows choice preference across train-
ing blocks for each pigeon. The rate at which suboptimal prefer-
ence developed varied across pigeons. Hawthorne acquired an
almost exclusive preference for the suboptimal alternative by
Block 3 (before the first test block was introduced). Goodall and
Cousteau reached a similarly high preference for the suboptimal
alternative by Block 4. Although not as strong as in the three birds
discussed above, Darwin reached an asymptotic level of prefer-
ence for the suboptimal alternative of around .6 by the second
block of training. Finally, Herriot began with a strong preference
for the optimal alternative, and only by Block 5 had reached 50%
preference for the suboptimal alternative, reaching a suboptimal
preference close to .7 by the 6th block of training. An RM
ANOVA conducted on percentage of suboptimal preference with
Block as a factor found a main effect of Block, F(5, 20) = 15.72,
MSE = .010, p , .001, h2 = .797. Post hoc analyses using Holm
correction for the Block factor found a significant difference
between Block 1 and Blocks 5 (p = .034) and 6 (p = .006), and
Block 2 against Blocks 4 to 6 (p2vs4 = .11, p2vs5 = .004 and p2vs6 =
.025), suggesting that all pigeons developed a suboptimal prefer-
ence. Whereas four out of five pigeons showed a strong preference
for the suboptimal alternative (..7), Darwin showed a preference
near .6, that could suggest indifference between alternatives, but it
is also considered a suboptimal preference because the animal is
losing reinforcement.

Figure 8 (right panel) shows choice preference for the subopti-
mal choice during test sessions. Given that one of the pigeons

Figure 8
Proportion of Suboptimal Preference During Training (Left Panel) and Testing
(Right Panel) in Blocks of Five Sessions by Pigeon in Experiment 3

Note. As with the data analysis, for Herriot blocks 2 and 3 of training, and 1 and 2 for test
were averaged for a better comparison.
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(Herriot) had an extra block of testing, the first two blocks (M1=
.64 and M2 = .64) were averaged to facilitate comparison with the
other four pigeons. The graph suggests that preference during test
blocks did not differ from the preference shown in later blocks of
training. An RM ANOVA was conducted on preference for subop-
timal choice during test blocks using Block as a factor. Mauchly’s
test indicated that the assumption of sphericity was violated,
v2(5) = 13.792, p = .024, therefore degrees of freedom were cor-
rected using Greenhouse-Geisser estimates of sphericity (e = .513).
The results found no main effect of Block, F(1.539, 6.158) = 1.117,
MSE = .024, p = .366, h2 = .218, which confirmed the visual inspec-
tion that preference did not change through test blocks.
Figure 9 shows the normalized average RR to each stimulus

across all blocks of training. An overall similar RR to Sþ, S3, and
S4 was maintained across all blocks of training, whereas the RR to
S� dropped considerably from Block 1 to Block 3 after which it
remained close to 0. An RM factorial ANOVA conducted on nor-
malized RR during training with Block and Stimulus as factors
found a main effect of Stimulus, F(3, 12) = 40.569, MSE = .012,
p , .001, h2 = .706, and a significant Block 3 Stimulus interac-
tion, F(15, 60) = 4.369, MSE = .004, p , .001, h2 = .117, but no
effect of Block, F(5, 20) = .609, MSE = 1,780e�19, p = .694, h2 =
.002. Post hoc analyses of Stimulus using Holm correction found a
significant difference between S� and the other three stimuli (p ,
.001), there is also a difference between Sþ and S4 (p = .012).
This result and the significant interaction suggest that RR changed
differently over time for the different stimuli, with RR to S� drop-
ping rapidly.
Figure 10 shows the mean normalized response rate across all

blocks of testing per stimulus for each subject. The left four bars
correspond to the training stimuli whereas the right four bars cor-
respond to the compound stimuli. Sþ had the highest RR, fol-
lowed by S3 and S4 which had a similar RR, and finally S�, the
stimulus that had never been reinforced, had an RR close to zero.
Overall, RRs to compounds were lower than to elements, suggest-
ing either generalization decrement or that animals were learning
that the compounds were never reinforced because of the repeated

nonreinforced testing. An RM factorial ANOVA conducted on
normalized RR during test sessions with Block and Stimulus as
factors found a main effect of Stimulus, F(7, 28) = 17.637, MSE =
.010, p , .001, h2 = .703, and Block 3 Stimulus interaction,
F(21, 84) = 1.975,MSE = .002, p = .015, h2 = .46; but no effect of
Block, F(3, 12) = .442, MSE = 3.532e�19, p = .727, h2 = .002.
Therefore, the test data were pooled across blocks to test specific
predictions. Planned-comparisons found that RR to Sþ was higher
than to SþS� (p , .001). Sþ RR was also higher than SþS4 RR
(p , .001), suggesting that the repeated testing across multiple
training/testing cycles could have resulted in pigeons learning that
compound trials were never reinforced, thus producing generaliza-
tion decrement on compound trials. Because we observed general-
ization decrement to all the compound test types, the analyses
below utilized RR to Sþ and S� alone as measures of excitation
and inhibition, following the validity of S� responses as an indica-
tor of conditioned inhibition initially established by Wasserman et
al. (1974; see also Hearst & Franklin, 1977; Hearst et al., 1980).

Figure 11 shows the correlations between suboptimal preference
and Sþ RR (left panels) and S� RR (right panels) for each pigeon.
We hypothesized that the development of inhibitory properties of
S� should correlate with the level of suboptimal preference
observed by each pigeon. It can also be the case, however, that
learning to Sþ also tracks suboptimal preference, in which case
responses to Sþ should also have a strong correlation with prefer-
ence. Given that pigeons developed a suboptimal preference at dif-
ferent rates, we performed separate Pearson’s R correlations
between Sþ RR and suboptimal preference, and between S� RR
and suboptimal preference, by bird. The comparison between sub-
optimal preference and Sþ RR across training showed a strong
positive correlation for Goodall (r = .89, p = .017) and Cousteau
(r = .85, p = .032), a moderate but nonsignificant positive correla-
tion for Hawthorne (r = .65, p = .369) and Herriot (r = .45, p =
.158), and a very low, nonsignificant positive correlation for Dar-
win (r = .16, p = .746). For the comparison between suboptimal
preference and S� RR across training, Hawthorne, Goodall, and
Cousteau each showed a strong negative correlation (r = �.95, r =
�.85, and r = �.72, respectively; ps , .05). Herriot and Darwin
also showed a negative but nonsignificant correlation (r = �.58,
p = .227; r = �.58, p = .222, respectively). Comparing both cues,
we observed that neither Sþ nor S� RR correlates with preference
for Darwin or Herriot. For Hawthorne, S� RR correlates with sub-
optimal preference; and for Goodall and Cousteau Sþ and S� RR
both correlate to a similar level with preference. A one-sample t
test using the Pearson's r values of S� RR collapsed across all
birds suggests that the mean Pearson's r was significantly more
negative than zero, t(4) = �10.22, p , .001, d = �4.568, confirm-
ing a general negative relationship between S� RR and the level
of preference for the suboptimal alternative across subjects. A
one-sample t test using the Pearson’s r values of Sþ RR collapsed
across pigeons found a significant general positive relationship
between Sþ RR and the level of suboptimal preference between
subjects, t(4) = 4.475, p = .006, d = 2.001. These results support
the hypothesis that inhibition to S� is related to the development
of suboptimal preference.

The above analysis tells us about how preference and rate of
response to S� changed for each individual subject across training
sessions. Because suboptimal choice and response rate increases
to Sþ or decreases to S� across training are both confounded with

Figure 9
Mean Normalized Rate of Response to Each Stimulus by 5-
Session Block of Training in Experiment 3

Note. For Herriot, blocks 2 and 3 of training were averaged. Error bars
correspond to the 95% confidence interval.
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the amount of training, we followed up with an analysis of these
correlations across pigeons at asymptote. The correlation between
asymptotic levels of suboptimal preference and Sþ RR or S� RR
are shown in Figure 12. The small n renders these analyses very
underpowered. Nevertheless, we observed a moderate linear corre-
lation between Sþ RR and asymptotic level of suboptimal prefer-
ence (r = .36, p = .275) and a moderate negative linear correlation
between S� RR and suboptimal preference (r = �.42, p = .271).
Although these results are nonsignificant, they suggest a trend
between the degree of suboptimal preference and what is learned
about Sþ and S� terminal link stimuli. Presumably with a higher-
powered study these analyses, especially that involving the S�,
would yield significant correlations. Whether this relationship
reflects a direct or indirect causal link remains an empirical ques-
tion for further study. Despite the strong generalization decrement

on all compound test trial types, we include an analysis of the rela-
tionship between the mean asymptotic preference that was reached
during test blocks and the mean inhibitory properties of S�
expressed as the difference in RR between Sþ and SþS� (i.e., the
summation test of conditioned inhibition). This analysis revealed a
moderate but nonsignificant correlation (r = .327, p = .295),
although this analysis should be interpreted with caution given the
strong generalization decrement observed even on compound test
trials that did not involve the S�.

General Discussion

The preference observed in the suboptimal choice task is an in-
triguing phenomenon. The mechanisms that underlie this prefer-
ence are still open to debate. The present studies tested the

Figure 10
Mean Normalized Rate of Response Across All Blocks of Testing for Each Stimulus in Experiment 3

Note. Error bars correspond to the 95% confidence interval.
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Figure 11
The Correlation Between Suboptimal Preference and Normalized Rate of
Response to Sþ (Left Panels) and S� (Right Panel) During the Six Blocks of
Training for Each Pigeon in Experiment 3

Note. Dashed lines represent the best linear fitting. r = Pearson’s correlation.
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hypothesis that the S� develops inhibitory properties, and the de-
velopment of S� inhibition is related to the development of sub-
optimal preference.
In Experiment 1, pigeons were trained only with the terminal

link stimuli. Using this procedure, we found conditioned inhibition
developed to S� with training, as assessed in a summation test.
Moreover, we observed that the relative rate of response to each
test compound correlated with the combined excitatory and inhibi-
tory values of the elements. The compounds that contained only
continuously or partially reinforced stimuli elicited higher peck
rates than compounds that contained the nonreinforced S�. These
results suggest that S� had acquired inhibitory properties such
that it passed a summation test of conditioned inhibition. Inhibi-
tion on summation tests had a stronger suppressive effect on a par-
tially reinforced (S3S�) compared with a continuously reinforced
(SþS�) stimulus.
In Experiment 2, pigeons were trained on the conventional sub-

optimal choice task and then received two summation tests in
which the RR to Sþ was compared with compounds SþS� and
SþE, where E was a novel cue with no prior training history.
Experiment 2 replicated the pattern of responding to the compound
test stimuli observed in Experiment 1 but following training on a
full suboptimal choice procedure. Moreover, we found evidence of
conditioned inhibition independent from, or in addition to, any
effect of external inhibition. That is, response rates to SþS� were
significantly lower than to SþE. Thus, the terminal link S� stimu-
lus shows evidence of becoming a true conditioned inhibitor.
Finally, in Experiment 3, we again replicated the suboptimal
choice procedure, and included periodic summation tests through-
out the latter half of training. Pigeons developed suboptimal pref-
erence over training. We found a negative correlation between the
strength of suboptimal preference and the response rate to the
S�, suggesting that as each bird acquired a suboptimal prefer-
ence, the S� became more inhibitory. We chose to use response
rate to the S� as a measure of inhibition following its validity
established by Wasserman et al. (1974; see also, Hearst & Frank-
lin, 1977; Hearst et al., 1980). because, unlike in Experiments 1

and 2, in Experiment 3 we observed strong generalization decre-
ment on all compound test trials, even those that only contained
trained excitatory stimuli as elements.

Although we also found, as expected, a positive correlation
between response rates to Sþ and strength of suboptimal prefer-
ence by the end of training, more importantly, we observed a mod-
erate negative correlation with RR to the S� and the strength of
suboptimal preference by the end of training, suggesting that the
stronger the inhibition to S�, the stronger the asymptotic level of
suboptimal preference. Unfortunately, this analysis was too under-
powered to detect a significant moderate effect.

We should point out that these data are only correlational and
may or may not reflect a causal relationship between suboptimal
preference and learning about S�. One possible explanation for
the correlation is that the development of preference for the subop-
timal alternative initial link stimulus is dependent on development
of inhibition to the S� terminal link stimulus. Alternatively, the
development of inhibition to the S� and of suboptimal preference
could each be the result of another, yet-to-be-identified processes.
We also found that for some pigeons, responses to Sþ also corre-
lated with preference. A third alternative could be that learning
excitatory properties of Sþ and inhibitory properties of S� inter-
act to make possible the development of suboptimal preference.
Another issue with interpreting the correlation is that changes in
response rate to the Sþ and S� cues are confounded with the
amount of training the pigeons had received, thus it is not impossi-
ble to rule out other learning processes that could account for the
observed preference, although what those learning processes are
needs to be identified. Further empirical work is needed to better
understand the source of the correlation, with the aid of more theo-
retical considerations.

Despite the open questions regarding the source of the correla-
tion between inhibition to the S� and development of suboptimal
preference, our results contradict some previous studies. Previ-
ously, Laude et al. (2014) failed to find evidence supporting any
relationship between S� inhibition and suboptimal choice, in fact
showing that inhibition to S� waned with training compared with

Figure 12
The Correlation Between Suboptimal Preference and Normalized Rate of
Response to Sþ (Left Panel) and S� (Right Panel) During the Last Block of
Training in Experiment 3

Note. Dashed lines represent the best linear fitting. r = Pearson’s correlation. Symbols
represent individual pigeon names: C = Cousteau, D = Darwin, G = Goodall, Ha =
Hawthorne, HE = Herriot.
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the inhibition showed early in training. Their result could indicate
a decorrelation between inhibition and preference; however, we
can only speculate because they did not report the changes in
response to S� across the training history. Also, we identified
many shortcomings with their study that precludes strong support
of their conclusions (see Introduction). Nevertheless, as we dis-
cussed in the introduction, the procedural differences between
their study and ours are considerable. Our study addresses some of
these potentially problematic issues. First, we used the traditional
probabilistic version of the suboptimal task, in which the choice is
between an informative and a noninformative alternative; instead
of the magnitude version of the task, in which the choice is
between two informative alternatives that signal different magni-
tudes of reward. Second, the stimulus that served as the S� in our
procedure was from the same dimension as the other terminal link
stimuli, thereby avoiding potential confounds due to generalization
decrement or differences in associability of the S� relative to the
other stimuli. Third, the stimuli that served as the terminal links,
including the S�, were counterbalanced across pigeons. Fourth,
we assessed inhibition via summation tests with compounds of ter-
minal link stimuli, including a key control in which the Sþ was
presented with a familiar but non trained cue to rule out external
inhibition as an explanation for the response decrement with the
compound. Fifth, we assessed inhibition at various time points
during training so that we could track the development of condi-
tioned inhibition. Finally, we analyzed individual subject data to
assess individual differences in learning and performance as a
more sensitive test of the relationship between inhibition to the S�
and suboptimal choice.
As mentioned before, Trujano et al. (2016) report an experiment

evaluating inhibition in the suboptimal choice procedure with rats.
They found evidence of inhibition to the S� terminal link stimu-
lus, but in their study, rats never developed suboptimal preference.
They suggested that there is a difference between how rats and
pigeons learn the suboptimal choice task and that the lack of inhi-
bition in previous experiments with pigeons indicates that pigeons
did not encode the task in the same way. Instead, rats that showed
inhibition to the S� chose the optimal alternative, suggesting they
were sensitive to the signal values of the terminal link stimuli. We
report contrasting results, however. Moreover, other researchers
have found rats to be suboptimal when the difference in overall
probability of reinforcement between alternatives is reduced
(Ojeda et al., 2018) then when delay to reinforcement is increased
(Cunningham & Shahan, 2019) or when levers are used as initial
link stimuli rather than lights or other visual cues (Chow et al.,
2017). It would be interesting to evaluate the role of inhibition to
the S� in a task in which rats develop a preference for the subopti-
mal alternative. It is possible that the results of Trujano et al.
(2016) could be explained by a difference in parameters, rather
than an intrinsic species difference between rats and pigeons.
The results of our experiments might inform on the role of the

S� terminal link stimulus in models of suboptimal choice. Current
versions of the RRM (Vasconcelos et al., 2015) developed from
an ecological perspective, or the temporal information hypothesis
(Cunningham & Shahan, 2018) among others, assume that the S�
is ignored by the subject in the sense that it plays no role in the
subjects’ choice. The present results at least challenge the mecha-
nisms assumed by these models. If an animal is learning about a
stimulus, this should somehow contribute to the choice. Indeed, it

is possible that the inhibitory properties of the S� indicate that the
subject is learning that a stimulus (the S�) is never reinforced.

In comparison, the Delta-Sigma model (González et al., 2020)
treats S� as just another value that is ‘contrasted’ to assign value
to an alternative. This model claims that the contrast between the
two terminal-link stimuli that follow the same initial link stimulus
is a primary factor in the decision process: the greater the contrast,
the greater the preference for that alternative. In this case, it is pos-
sible that inhibition to S� increases the appeal of Sþ, which could
result in overweighing the latter in the decision process. This is
especially interesting if we consider the early literature on the
observing response that suggested that animals prefer information
over no information. As mentioned previously, classic information
theory suggests (Shannon & Weaver, 1949) a signal followed by
food with probability 1 and 0 are equally informative. Neverthe-
less, some experiments studying the observing response suggested
that animals prefer information about food (good news) over infor-
mation about absence of food (bad news, Dinsmoor, 1983). How-
ever, in the present situation, animals are faced with a choice
between an initial link stimulus that is followed by informative
cues versus an initial link stimulus that is followed by noninforma-
tive cues. The informative alternative is followed on some trials
by good news, and on other trials by bad news. Our evidence that
animals learn that S� becomes inhibitory, and that the strength of
inhibition tracks the strength of suboptimal preference, suggests
that animals prefer information over no information, even when
this information is about bad news. How the two sources of infor-
mation are combined to assign value is an open question that
requires further research.

Here, we propose that by acquiring properties of conditioned in-
hibition, the S� predicts the explicit absence of food. We further
suggest that the S� becoming a conditioned inhibitor might be
causally related to the development of suboptimal preference,
although this stronger claim has yet to be empirically tested. This
adds to the explanation assumed for some models of suboptimal
choice that it is the combine effect of Sþ and S� that accounts for
the development of suboptimal preference. Indeed, it is possible
that the learning to S� increases the value of Sþ, biasing the pref-
erence for an alternative that overall gives less food. This is in line
with other experiments that did not find a big impact of overall
reinforcement rate when both alternatives were informative
(Experiment 2, González et al., 2020; Zentall & Stagner, 2011).
Future assessments of the relationship between conditioned inhibi-
tion to the S� and development of suboptimal preference could
inform the development of alternative models of suboptimal
choice that include a role for processes of inhibition.
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