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Summary

While humans exposed to a sequential stimulus pairing A-B are commonly assumed to form a bidirectional
mental relation between A and B, evidence that non-human animals can do so is limited. Careful exami-
nation of the animal literature suggests possible improvements in the test procedures used to probe such
effects, notably measuring transfer effects on the learning of B-A pairings, rather than direct recall of A
upon cuing with B. We developed such an experimental design and tested 20 Guinea baboons (Papio papio).
Two pairings of visual shapes were trained (A1-B1, A2-B2) and testing was conducted in a reversed order,
either with conserved pairings (B1-A1l, B2-A2) or broken ones (B1-A2, B2-A1). We found baboons’ imme-
diate test performance to be above chance level for conserved pairings and below chance level for broken
ones. Moreover, baboons needed less trials to learn conserved pairings compared to broken ones. These
effects were apparent for both pairings on average, and separately for the best learned pairing. Baboons’
responding on B-A trials was thus influenced by their previous A-B training. Performance level at the
onset of testing, however, suggests that baboons did not respond in full accordance with the hypothesis of
bidirectionality. To account for these data, we suggest that two competing types of relations were concomi-
tantly encoded: a directional relation between A and B, which retains the sequential order experienced,
and a non-directional relation, which retains only the co-occurrence of events, not their temporal order.

Keywords Associative symmetry - Directionality - Stimulus equivalence - Baboons - Primate cognition

Introduction recall of word A (e.g., Feldman & Underwood, 1957;
Stoddard, 1929). Notwithstanding a debate on the
equal strength of both directions of the association

(Asch & Ebenholtz, 1962; Houston, 1964; for a review,

Humans presented with word pairings in a serial order
A-B seem to spontaneously form the reverse associa-

tion B — A alongside the trained one A — B. This has
been researched in the Paired Associate studies of the
1950s-60 s, and is evidenced by transfer effects, when
learning of new word pairings that include either word
A or word B is influenced by the untrained, backward
B — A association (e.g., Harcum, 1953; Murdock,
1956), but also, upon presentation of word B, by direct
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see Ekstrand, 1966), such results were overall robust
and authors interpreted them as human subjects readily
forming bidirectional mental relations between word
A and word B after a serial exposure.

From an evolutionary perspective, it matters to
know whether non-human animals can also form
bidirectional relations between stimuli presented
serially, or if this capacity is unique to humans, and
maybe related to language. Relevant information on
this issue can be found in the associative learning
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literature, based on both Pavlovian and operant con-
ditioning protocols.

Pavlovian conditioning protocols

One first way to investigate the bidirectionality of associa-
tions after a forward pairing A-B is the use of complex!
Pavlovian conditioning protocols. Following backward
second-order conditioning in rats (i.e., exposure to A-US
(unconditioned stimulus) then to A-B), Cole et al. (1995,
Exp. 1) have reported conditioned responding to A but also
to B, the stimulus not paired with the US (A and B being
5-s auditory stimuli and the US aversive?). Postulating that
a backward untrained association B — A existed, i.e., that
training with forward pairings A-B created a bidirectional
association A <> B, could account for such results in that
the chained association B— A — US would give B its new
properties, but Cole et al. (1995) interpreted their data differ-
ently. Based on the influence of varying the A-US interval,
they argued instead for integration of stimulus timing across
both training phases, resulting in a femporal map (cf. Matzel
et al., 1988) representing all three stimuli, and in B becom-
ing predictive of the US. Cole et al. (1995) swapped training
phases (i.e., A-B then A-US) in their second experiment.
This procedure, called backward sensory preconditioning,
led to the same results and interpretation.

Backward sensory preconditioning was also employed by
Ward-Robinson and Hall (1996), who, though with a differ-
ent theory in mind, similarly argued against an explanation
in terms of a backward association B— A. Using a long
auditory stimulus as A and a short visual stimulus as B,
they too found conditioned responding to B in rats, but did
not favor a temporal map account, as B would not predict
the US given their temporal parameters. Their complemen-
tary Experiment 3 allowed these authors to propose that a
representation of B, originating from the A-B pairing, was
later activated by A during the A-US pairing, allowing this

! Simple Pavlovian protocols typically use forward conditioning
(CS-US pairings), where the neutral CS intuitively predicts the bio-
logically significant US. Backward conditioning (US-CS pairings)
assesses whether conditioned responses to the CS develop when this
stimulus is paired with, though non-predictive of, the US (see, e.g.,
Razran 1956), but this protocol only tests one direction of the asso-
ciation, not whether the association is bidirectional. The term “back-
ward” is thus misleading and backward conditioning does not inform
about backward associations. Moreover, as the CS generally elicits
no specific response, behavior can only reveal associations towards
the US. To avoid such functional asymmetry, at least three stimuli are
required, for example 2CS/1US as in second-order conditioning and
sensory preconditioning, or 1CS/2US as in Holland (1981).

2 Similar results were reported by Thrailkill and Shahan (2014) in an
appetitive protocol.
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evoked representation to directly become associated with the
US and acquire response-eliciting properties.

A similar interpretation to that in Ward-Robinson and
Hall (1996) had been given by Holland (1981) in a rat
experiment involving two forward pairings: first A-US™
between an auditory stimulus A and an appetitive US, then
A-US™ between A and an aversive US. After this, responses
to the US* were partly inhibited. The author likewise
excluded the chained association account (USt — A —US"),
which postulates a bidirectional association A <> US™, pro-
posing instead that A activated a representation of US* dur-
ing the second pairing, which led to joint activation of US*
and US™ representations, hence to devaluation of the US™.
Other rat conditioning experiments reported by Holland
(1990) support this notion that a CS (conditioned stimulus)
such as A can activate the representation of a US following
forward CS-US pairings. Yet, in this “representation-medi-
ated” interpretation of conditioning, only US representa-
tions can be activated,? and only in a forward manner, which
seems insufficient to explain the more standard, forward sen-
sory preconditioning (A-B then B-US), in which B would
not activate any representation of A during B-US pairing,
hence no A — US association would ensue; this shortfall
could bring us back to assuming a temporal encoding of
the stimuli.

As these three examples illustrate, there is no unified
account of the directionality of associations formed in Pavlo-
vian conditioning experiments using sequential pairings. As
a result, some current Pavlovian models assume that asso-
ciations are bidirectional (e.g., HeiDI; Honey et al., 2020)
while some do not (e.g., A-learning; Ghirlanda et al., 2020).

Operant conditioning protocols

Perhaps an easier way to compare associative mechanisms
between humans and non-humans is the operant procedure
of Conditional Matching-to-Sample (CMTS; Cumming &
Berryman, 1965), which avoids response-eliciting stimuli
such as USs, and can be implemented in a reasonably com-
parable way across species (e.g., in humans and monkeys
(Sidman et al., 1982) or in humans and pigeons (Navarro
& Wasserman, 2020)). CMTS protocols always involve a
training phase followed by a test phase. In training trials, a
sample stimulus A is presented first, followed by comparison
stimuli, namely a stimulus B arbitrarily associated with A
presented alongside one or several non-associated stimuli.

3 Though Holland (1990, p.125) seems to suggest that the less sali-
ent the response-eliciting properties of the US, the more likely the
activation by the CS of its representation, which one may extend to
conclude that a CS1 could activate a CS2 representation following a
forward CS1-CS2 pairing.
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While correct selection of B and incorrect selection of other
stimuli are differentially reinforced, two or more associations
are learned, A1 —B1, A2 — B2, etc., generally between vis-
ual stimuli or sometimes auditory ones. Typical test trials
assess bidirectionality by direct recall — with B as sample,
correct selection of A among comparison stimuli constitutes
evidence that the B— A association emerged during train-
ing — and are conducted as probes: they are non-reinforced,
to exclude any learning of B— A, and interspersed within
reinforced forward trials, to maintain responding.

Bidirectionality studies involving CMTS procedures are
generally related to stimulus equivalence, a notion presented
by Hull (1939) as the acquired capacity of several stimuli
to evoke the same behavior in an animal, but given its cur-
rent meaning by Sidman and his colleagues. According to
Sidman and Tailby (1982), stimulus relations learned in a
CMTS task are conditional ones such as “If A is presented as
sample, then I should answer B” (“If A, then B”), but these
can furthermore be considered equivalence relations if a
participant spontaneously displays three types of untrained,
or derived, relations: reflexivity (“If A, then A”), transi-
tivity (“If A, then C,” having learned “If A, then B” and
“If B, then C”), symmetry (“If B, then A,” having learned
“If A, then B”). In CMTS studies on stimulus equivalence,
the question of bidirectionality is thus reduced to this third
property of derived symmetry, or simply, symmetry.

It is commonly accepted that humans readily show sym-
metry in CMTS studies, hence non-verbal associations
would also be bidirectional — but we have recently warned
against a general lack of rigor in these demonstrations
(Chartier & Fagot, 2022), which should caution the reader
to put this consensus in perspective. In non-humans, sym-
metry certainly has limited empirical support, as is apparent
from two thorough reviews by Lionello-DeNolf: out of 40
studies, the author considered that 16 produced no evidence
whatsoever, and she retained only seven with unambigu-
ously positive results and no obvious alternative explanation
(Lionello-DeNolf, 2009, Table 1; Lionello-DeNolf, 2021,
Table 1). Among these seven studies, two involved sea lions
(Kastak, Schusterman, & Kastak, 2001; Schusterman &
Kastak, 1993), five involved pigeons (Campos et al., 2014;
Frank & Wasserman, 2005; Swisher & Urcuioli, 2013, 2015;
Urcuioli, 2008), and noticeably none involved primates.

Importantly, we note that all seven studies involved direct
recall (probe trials), and did not limit their training proce-
dure to A-B, but included additional pairings referred to as
identity (A-A and B-B: all of them except Campos et al.,
2014), dual oddity (A1-A2, A2-Al, B1-B2, B2-B1: Cam-
pos et al., 2014), or partial symmetry (B-A for a subset of
stimuli: Schusterman & Kastak, 1993), and aimed at famil-
iarizing animals with a variable temporal position of stimuli.
Thus, at least pigeons and sea lions can probably form bidi-
rectional associations following forward pairings in such

complex CMTS protocols, but it remains unknown whether
they can do so spontaneously, i.e., after only A-B trials. In
contrast, at least one CMTS study with mere A-B training in
humans has reported derived symmetry in the very first test
trials (Arntzen & Haugland, 2012). Hence, though humans
appear more prone to encode bidirectional associations in
CMTS procedures than non-humans, it would be crucial to
know whether symmetry can emerge in non-humans after
A-B training alone.

Transfer effects in conditional matching-to-sample
(CMTS) studies on symmetry

It turns out that three studies using only A-B training, and
the alternative testing approach of transfer effects, did find
weak evidence for symmetry in pigeons (Hogan & Zentall,
1977) or capuchin monkeys (D’Amato et al., 1985; Soares
Filho et al., 2016). The strategy used to reveal bidirection-
ality was to train participants with two or more A-B pair-
ings, and subsequently have them learn reversed pairings
that were either consistent (B1-A1l, B2-A2, etc.), or incon-
sistent (e.g., BI-A2, B2-Al, etc.). Faster learning for the
consistent pairings was taken as evidence that the B— A
association was already present after training and transferred
to the second phase, hence that forward training A-B creates
bidirectional associations A <> B. We believe that various
shortcomings may have prevented clearer demonstration of
symmetry in these studies, and that transfer effects deserve
further exploration.

Hogan and Zentall (1977) separated 12 pigeons in two
test groups, consistent and inconsistent, and found a differ-
ence in immediate test performance apparent in the first 28,
but not 48, test trials. They found, however, no faster overall
learning in the first group and concluded there was a “mini-
mal” (p. 13) strength of the derived B — A association. They
did not run a control for stimulus effects and their design did
not allow comparison between both conditions in each par-
ticipant. D’Amato et al. (1985) tested six capuchin monkeys
successively with consistent and inconsistent pairings, and
reported immediate test performance indicative of symme-
try in two monkeys, but their test was too short (24 trials)
to allow reversed pairings to be learned until criterion, and
no binomial tests were applied to compare performance to
chance level. Doing so (on six test trials per pairing) reveals
that responses of one subject only, Dagwood, achieved sta-
tistical significance, and only in one session. Moreover,
stimulus preference may have accounted for the results. Last,
Soares-Filho et al. (2016) trained one capuchin monkey on
two pairings tested with consistent reversals, then on two
new pairings tested with inconsistent reversals. A difference
in learning length for reversed pairings suggested symme-
try; however, no control was provided for the possibility
that inconsistent pairings were intrinsically harder to learn
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than consistent ones (e.g., due to stimulus choice), nor for
an effect of condition order (e.g., the second test may take
longer simply due to boredom).

Finally, three further investigations of symmetry through
transfer effects can be mentioned: Richards (1988), who
found a slightly faster learning for consistent pairings in
20 pigeons, but only in a condition where X-A training
with new stimuli X was added; Velasco et al. (2010), who
reported a weak symmetry effect in one out of four pigeons
when including partial symmetry training; and Lionello-
DeNolf and Urcuioli (2002), who found no symmetry in 12
pigeons, even when adding identity training.

Together, these six reports encouraged us to make a new
attempt at demonstrating symmetry in non-humans with
transfer effects. The aim of the present study, conducted in
20 Guinea baboons (Papio papio) and using a CMTS pro-
cedure, was to examine transfer effects on consistent versus
inconsistent reversed pairings, while correcting for short-
comings of previous studies, notably: no additional train-
ing; both consistent and inconsistent conditions tested in all
participants; control for the order of conditions; control of
stimulus effect thanks to randomization across a large num-
ber of participants. We quantify here transfer effects on the
reversed pairings in two ways: first test block performance
(immediate transfer) and length of learning to criterion
(global transfer). We provide responses on individual initial
test trials, as a complementary measure.

Methods
Subjects

Twenty Guinea baboons (Papio papio) participated in the
experiment, including 14 females and 6 males ranging from
4 to 24.5 years old. The participants come from two social
groups of 19 and 6 individuals maintained in two outdoor
enclosures, with a total of 700 m?, at the CNRS Primatology
Station, Rousset-sur-Arc, France. Animals were provided
with water ad libitum and fed daily at 4 pm. All partici-
pants had previously been exposed to touch screen-involving
experiments, including Conditional Matching-to-Sample
tasks.

Apparatus

From the enclosure, the baboons had free, permanent access
to computerized testing rooms containing a total of 14 Auto-
mated Learning Devices for Monkeys (ALDM, described
in detail in Fagot & Bonté, 2010, and Fagot & Paleressom-
poulle, 2009). Each ALDM is equipped with a 19-inch touch
screen, a food dispenser, and an electronic reader that iden-
tifies each baboon through the Radio Frequency Identifier
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Fig. 1 General procedure. Top: For each trial, the subject had to
touch the sample stimulus and then one of the two comparison stim-
uli presented on the screen (the schematic hand depicts the trained
behavior). Bottom: Subjects were assigned to two groups, and each
group was exposed to two successive runs of training and testing
using two new pairings of stimuli for each run. The Sym and Non-
Sym conditions were presented in a counterbalanced order for the two
groups and two runs

(RFID) implanted in its arm. Whenever a baboon enters an
ALDM of its choice, the system continues the experiment at
the point where it last was, ensuring experimental continuity
irrespective of ALDMs. A customized program written with
E-Prime software (Professional V. 2.0, Psychology Software
Tools, Pittsburgh, PA, USA) controlled the experiment,
implementing automatized operant conditioning.

Stimuli

Eight visual shapes were used for the experiment. Individual
stimuli, white and approximately 130X 130 pixels in size,
were presented on a 1,024 X 768 pixel black background.
Examples can be seen on Fig. 1.

General procedure

Baboons were tested in a zero-delay CMTS task. A trial
was initiated when a baboon approached its RFID-implanted
hand from the touch screen. Each trial began with a sam-
ple stimulus being displayed in a top-center position on
the screen. The baboon had to touch this stimulus, after
which the stimulus was instantaneously removed and fol-
lowed (zero-delay procedure) by two comparison stimuli
displayed in the bottom-left and bottom-right locations
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(balanced throughout the experiment, see Fig. 1). Touch-
ing the correct comparison stimulus cleared the display and
delivered a few grains of dry wheat as reward, which ended
the trial; touching the incorrect one was followed by a 3-s
green screen acting as negative reinforcer, which ended the
trial. A total of 5,000 ms was allowed for responding to each
display, an absence of response resulting in trial abortion
and re-presentation. The inter-trial interval was set to a mini-
mum of 3 s and could be longer depending on the baboon’s
willingness to continue. By trial-and-error, the baboons thus
progressively learned pairings between sample and compari-
son stimuli. The experiment consisted of two consecutive
runs of training-then-test. The same trial procedure was used
for all four phases.

Training phase

Each of the two runs of training was conducted with four
stimuli, hence every participant was exposed to all individ-
ual stimuli from our set of eight. A training run consisted
of learning two stimulus pairings in a forward direction
(e.g., A1-B1, A2-B2) and was organized in blocks of 40
trials. Within each block, pairings appeared 20 times each,
presented in a randomized order. Training blocks were pre-
sented until the subject reached a performance of at least
80% correct trials for each pairing within one block, i.e., 16
correct answers for each pairing. When this criterion was
fulfilled, the test started. Comparison stimuli were always
B1 and B2 in the first run, B3 and B4 in the second run.
Importantly, the stimulus taking the role of A1, A2, B1, B2,
A3, A4, B3, or B4 was randomized across participants, to
ensure that variations in performance would not be related
to a stimulus’ actual visual identity. Our naming of stimuli
in Fig. 1 (e.g., B3) and in the remainder of the article thus
refers to the stimulus’ procedural role. As a result, a given
couple of visual shapes was never presented as a pairing to
more than three individuals in a given run.

Test phase

Each training was immediately followed by a test phase in
which the same stimuli were presented, but stimuli trained as
samples were now comparisons and vice versa. Comparison
stimuli were thus always Al and A2 in the first run, A3 and
A4 in the second run (see Fig. 1). Two test conditions were
introduced: either the reversal conserved the trained pairings
(new trials B1-A1, B2-A2: this condition is referred to as the
Sym condition) or it broke them (new trials B1-A2, B2-A1:
NonSym condition). To control for order effects, subjects had
been assigned to one of two groups: Group 1, composed of
12 individuals, received the Sym test in the first run and the
NonSym test in the second run; Group 2, composed of eight
individuals, received the NonSym test in the first run and the

Sym test in the second run (Fig. 1). In this way, a within-sub-
ject comparison of both conditions was possible. Imbalanced
group size was due to four non-reported subjects who did not
complete the experiment within the time allowed, otherwise
groups were balanced in sex and age as much as possible.
Apart from stimulus order and pairing, all test trials were
identical to training ones and were therefore also differen-
tially reinforced. The test was likewise organized in blocks
of 40 randomized trials, 20 for each pairing, and proceeded
until a final performance of 80% for each pairing within one
block was reached. In short, the test can be considered a re-
learning experiment, with previously trained pairings either
reversed (Sym) or cross-reversed (Non-Sym).

Statistical analyses

Two main dependent variables were analyzed: number of
blocks to reach criterion in a training or test phase, and aver-
age performance on the first block of a training or test phase.
When analyzing training phases, repeated-measures ANO-
VAs were used to determine the effect of Group, Age group,
Sex as between-subject factors, and Run as within-subject
factor. We analyzed age as a discrete variable by assigning
subjects to four age groups: 0—72 months (five subjects),
73—144 months (eight subjects), 145-216 months (five sub-
jects), more than 217 months (two subjects). When analyz-
ing test phases, repeated-measures ANOVAs were used to
determine the effect of Group, Age group, Sex as between-
subject factors, and Condition as within-subject factor.
Group and Age could not be included in the same ANOVA
due to an imbalance between groups (only Group 1 was rep-
resented in Age group 4:> 217 months), hence instead of
conducting a four-way ANOVA we first conducted a Sex
by Group by Condition ANOVA and then an Age group by
Condition ANOVA.

To conveniently express the changes in learning length
between training and test, for each subject and separately
for each run a ratio was calculated between the number of
test blocks and the number of training blocks, and taken
to the logarithm base 2. This log-ratio has several advan-
tages. By computing relative variations between training and
test, the ratio normalizes learning length across individuals,
which could otherwise obscure intra-individual differences
between training and test. The log regularizes data and sym-
metrizes distributions: a log-ratio of + 1 means the test was
two times longer than the training, -1 means it was two times
shorter.

For statistical significance, the conventional threshold
of 0.05 was used for all tests and indicated as follows in
the figures: n.s. =p>0.05, *=p<0.05, **=p<0.005,
**¥*k=p < 0.0005, ****=p<0.00005. Effect sizes are
reported as either np2 for ANOVAs, Cohen’s d for t-tests,
and the Z statistic divided by the square root of the sample
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size n for the Wilcoxon test. Two-tailed t-tests were used.
Post hoc comparisons in ANOVAs were performed using
Tukey’s Honestly Significant Difference test. All analyses
were performed using the R software version 4.0.3.

Results
Learning of A-B pairings (training)

The baboons took between 2 and 19 days to complete both
runs of the experiment. The mean number of blocks to cri-
terion was 64.1 (SEM =16.8) in the first training and 49.9
(SEM =8.6) in the second training (individual learning
curves for all participants are shown in the Online Supple-
mentary Material (OSM)). Using the number of training
blocks as the dependent variable, we first inspected whether
training performance was different between the first and sec-
ond run of the experiment, and whether it was influenced by
group, sex or age group. A repeated-measures ANOVA for
Group (1 vs. 2) by Run (1 vs. 2) revealed no main effect of
Group, Run, and no significant interaction between Group
and Run (all ps>0.30). The Sex by Run ANOVA revealed
no main effects of Sex, Run, and no significant interac-
tion between Sex and Run (all ps>0.46). The Age by Run
ANOVA revealed no main effects of Age group, Run, and
no significant interaction (all ps > 0.19). Hence, the variables
of group, age, sex, and run had no detectable influence on
general learning performance.

Since immediate test performance, defined as perfor-
mance averaged over the first test block, was to be analyzed
subsequently, effects of transfer needed to be separated from
effects of group or of task practice. We therefore verified that
mean performance over the first training block was com-
parable for each group and run. A Group by Run ANOVA
confirmed that no main effects of Group, Run, or significant
interaction were present (all ps > 0.17). In addition, none of
the four mean performances differed from chance level in
a t-test (all ps>0.29). Initial performance in both training
phases was thus homogeneous and at chance level.

Were the A-B pairings equally well learned?

Because baboons tend to acquire pairings of items in a suc-
cessive, cumulative manner (see Dépy et al., 1997), we rea-
soned that one of the two trained pairings may have been bet-
ter learned than the other. If this had been the case, stronger
changes in number of blocks, resulting in larger amplitude of
log-ratios, would be observed for the best pairing. We thus
examined the last ten blocks of training (i.e., 200 trials per
pairing) for each subject and each training, and found that
one pairing had systematically had more blocks at the 80%
performance criterion than the other, namely a difference
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of three blocks on average. This value was significantly
greater than 0 as assessed by a Wilcoxon test, Z(40) =408,
p <0.00005, with a large effect size, r=0.61. This difference
between pairings allowed us to identify, for each subject and
each training, a “pairing+” (designated as A*-B*) having
more blocks at criterion during the last ten blocks, therefore
assumed to be better learned, and a “pairing-" (designated
as A7-B7), the other one, assumed to be less well learned.
For example, if one individual had learned A2-B2 better
than A1-B1 in the first training, A1 was now designated
as A~, A2 as A", Bl as B™, B2 as B*; and similarly for
the second training (in one single case of equal number of
training blocks at criterion, AT-B* was defined as having
the highest mean performance over the last ten blocks). Note
that the actual stimuli forming A*-B* and A™-B~ necessarily
varied across individuals, due to the random permutations of
stimulus identity applied between individuals (see 5). Test
performance data reported further below include separate
analyses for A*-B* and A™-B™, indicated by “B* as sample”
or “B~ as sample” in Figs. 2 and 3.

Learning of B-A pairings (test)
Number of blocks to criterion (global transfer)

The mean number of blocks to criterion was 42.0
(SEM =9.6) for the test in Sym condition and 77.1
(SEM =13.1) for the test in NonSym condition (individual
learning curves for all participants and phases are shown in
the OSM). Number of blocks was analyzed here using as
dependent variable a log-ratio calculated between training
and test (see 5). If subjects had formed symmetrical rela-
tions during training, one would expect an effect of Condi-
tion, that is, an easier learning during test in Sym compared
to NonSym condition, resulting in less test blocks in Sym
as well as a lower log-ratio. A Sex by Group by Condition
ANOVA indeed revealed only a main effect of Condition,
F(1,16)=5.72, p<0.05, np2 =0.17. No main effect of Sex or
Group was found, and no reliable interaction of the higher
level either (all ps>0.26). An Age group by Condition
ANOVA confirmed that the effect of Condition was reliable,
F(1,16)=3.46, p<0.05, np2 =0.11, but revealed no reliable
effect of Age group or interaction (both ps>0.29). Since
both groups differ mainly in the order of conditions (Sym
then NonSym, vs. NonSym then Sym), the absence of Group
effect suggests that the order of conditions had no influence
on the results, hence data from both groups were pooled and
subsequent log-ratio analyses included all 20 individuals.
Regarding the effect of condition, baboons learned the
reversed pairings faster in the Sym condition compared
to the NonSym condition, as hypothesized (paired t-test,
1(19)=-2.49, p<0.05, d=0.56, see Fig. 2a): the mean
log-ratio was -0.57 in the Sym condition, indicating a
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Fig.3 Comparison of immediate test performance between condi-
tions, together for both pairings (a) or separately for B +/B- as sam-
ple in test (b). Performance is averaged across the 20 subjects and

33% decrease in number of blocks between training and
test, and +0.80 in the NonSym condition, indicating a
73% increase. The difference from zero of both values was
close to significance (#(19)=-1.71, p=0.10, d=0.38 and
1(19)=-1.71, p=0.06, d=0.45, respectively, Fig. 2a). This
shows that compared to training, learning during test lasted
for less blocks with reversed pairings, but for more blocks
with cross-reversed pairings.

Next, we analyzed the potential effect of A*-B* and
A™-B” on test length. Because pairings are broken in the
NonSym condition in test, log-ratio data in Fig. 2b are pre-
sented according to which stimulus, B* or B~, was presented
as sample. We therefore calculated, for each condition and
each sample, the number of blocks needed to first reach 80%
performance for the corresponding pairing. Before taking

plotted as bars with standard errors. Empty bars refer to the Sym con-
dition, dark grey bars to the NonSym condition. The dashed line indi-
cates chance-level performance

the log, this number was divided by its corresponding num-
ber of training blocks, i.e., that of AT-B* for pairings in
the Sym condition and that of A™-B™ for pairings in the
NonSym condition. A Condition (Sym vs. NonSym) by
Sample (BT vs. B7) ANOVA revealed a main effect of Con-
dition, F(1,19)=6.74, p<0.05, np2 =0.049, and of Sample,
F(1,19)=8.19, p<0.05, np2=0.081, as well as a significant
interaction, F(1,19)=9.07, p<0.01, np2 =0.18. In the Sym
condition, log-ratios did not differ between trials using B*
and B~ as samples, as assessed by Tukey’s test, #(38)=-1.07,
p>0.1, d=0.47, but in the NonSym condition they did
strongly differ, #(38)=4.91, p <0.005, d=1.42 (Fig. 2c).
T-tests revealed that only the log-ratio for trials using B*
as a sample in the NonSym condition significantly differed
from zero, #(19)=5.87, p <0.00005, d=1.31. Hence, while
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no significant effect was observed when testing with tri-
als using B~ as sample, a marked effect was observed with
B™ trials, though only in the NonSym condition where the
number of blocks increased by a factor of about 6.3 (mean
log-ratio =~ 2.67).

Performance on the first test block (immediate transfer)

Results on immediate test performance are reported in
Fig. 3. Regarding this factor, we expected to find an above-
chance level in the Sym Condition, indicative of an initial
facilitation for responses to conserved pairings, and a below-
chance level in the NonSym Condition, indicative of the
opposite effect for responses to broken pairings. A Sex by
Group by Condition ANOVA revealed only a main effect
of Condition, F(1,16)=5.72, p<0.05, npz =0.17, but not of
Sex, Group and no significant interactions (all ps>0.11). As
for number of blocks, the absence of group effect suggests
that the order of conditions did not influence the results,
hence data from both groups were pooled and subsequent
immediate performance analyses concerned all 20 individu-
als. An Age group by Condition ANOVA confirmed that the
effect of Condition was reliable, F(1,16)=14.0, p <0.005,
np2=0.30, but revealed no reliable effect of Age group or
significant interaction (both ps>0.06). Regarding the effect
of condition, baboons had a better immediate test perfor-
mance in the Sym compared to the NonSym condition,
with mean performances of 54.1% and 45.6%, respectively,
the first value being significantly different from chance,
1(19)=2.25, p<0.04, d=0.50, the second one close to sig-
nificance, #(19)=1.80, p<0.10, d=0.40, and both values
significantly different from each other, #(19) =2.60, p < 0.02,
d=0.58 (Fig. 3a). Hence, immediate test performances did
show an influence of the previous training, in the direction
expected, which suggests a facilitation for reversed pairings,
and a hindrance for cross-reversed ones.

Analyzing pairings separately, we expected a more pro-
nounced effect with B* as sample. A Condition (Sym vs.
NonSym) by Sample (B* vs. B”) ANOVA revealed a main
effect of Condition, F(1,19)=6.77, p<0.05, npz =0.040,
but not of Sample, p > 0.80, and a significant interaction,
F(1,19)=13.10, p<0.005, np2 =0(.26. Performance differed
reliably between B* and B~ as sample in both conditions,
as assessed by Tukey’s test, #(38)=3.08, p<0.05, d=0.98
in the Sym condition, and #38)=-4.59, p<0.005, d=1.45
in the NonSym condition (Fig. 3b). For B as sample, per-
formance in the Sym condition was at 66% and significantly
above chance level, #(19)=2.98, p<0.01, d=0.67, while in
the NonSym condition performance was at 32.5% and signif-
icantly below chance, #(19)=-5.38, p <0.001, d=1.20. For
B~ as sample, however, neither performance differed signifi-
cantly from chance. These results showed that for B as sam-
ple, immediate test performance was substantially altered
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by the previously trained pairings, which led to improved
responding in Sym, and to systematic errors in NonSym.

Further evidence of symmetry for A*-B*

We further scrutinized potential symmetry effects, concen-
trating on A*-B™. Since all test trials are differentially rein-
forced, above-chance performance in Sym condition (see
Fig. 3b) could be due to rapid learning, rather than to a true
transfer of the knowledge acquired during training. In this
case, performance could start at chance level and rapidly
increase in the remainder of the first test block, resulting in
an overall block performance significantly above chance.
To exclude this possibility, we examined individual trial
performance in the Sym condition on the first test block,
that is, 20 trials for B* as sample (Fig. 4). The strongest
indication of symmetry comes from the first test trial, where
we found that 17 out of 20 subjects responded correctly,
a value significantly above chance (p <0.005) in the exact
binomial test. This trial has a particular scientific meaning,
because it is the only one where participants have not yet
received feedback related to the new pairing. First trial data
thus assess the most uninfluenced, spontaneous answers,
which here revealed symmetry. Moreover, the regression
slope for these 20 points did not significantly differ from
zero (B; =0.256, p=0.42), which speaks against the idea of
arapid learning of the new pairings from scratch. Arguably,
one may want to remove the first trial from this regression,
due to its special status. Doing so makes the regression slope
slightly different from zero (f1=0.630, p=0.019), which
could indicate that some learning takes place, though at a
slow pace. In sum, both first- and 20-trial data suggest that
the previously learned A*-B* pairing had influenced ini-
tial responding in test, leading to more correct answers than
expected by chance alone.
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In support of this conclusion, it should be noted that
the below-chance immediate test performance with B* as
sample in the NonSym condition (see Fig. 3b) could by no
means be accounted for by rapid learning. Interestingly,
we found that starting from 32.5% in test block 1, about 14
blocks were needed on average to reach 50% performance
in the NonSym condition, i.e., 280 trials with B* as sample,
according to the regression shown in Fig. 5. This persisting
hindrance cannot be due to a stimulus effect, as stimulus
identity varied across individuals. Instead, it suggests that
responses consistent with the now-incorrect pairing B*-A*
were difficult for subjects to inhibit. This constitutes a strong
argument in favor of a symmetrical relation for A*-B™.

Discussion
Evidence for symmetry

In this study involving a CMTS protocol where baboons suc-
cessively learned A-B pairings (training) and B-A pairings
(test) with visual stimuli, we looked at two complementary
indicators of symmetry: immediate test performance and
test length. The latter likely depends on the former, as an
improved initial performance in test should make it easier
to reach the criterion. For both indicators, our data revealed
symmetry-consistent effects mainly due to A*-B™, the pair-
ing that was best learned during training.

In the absence of symmetry, the B-A pairings presented
in test would have been treated as new ones and the length
of learning, though likely shorter than in A-B training due

to stimulus familiarity, would have been equal between Sym
and NonSym. Here, this was not the case. With both pair-
ings considered together, test length was shortened in Sym,
by about one-third, while it was lengthened in NonSym, by
about three-quarters. This effect was even stronger when
A*-B* was considered alone, though only in the Nonsym
condition, with a more than sixfold increase (Fig. 2). B-A
learning was thus facilitated in Sym and impeded in Non-
Sym. This clearly suggests baboons had somehow also
formed the reverse relation B — A during training.

In the absence of symmetry, one would still expect imme-
diate test performance to be at a 50% chance level. When
both pairings were considered together, it was at 54.1% in
Sym and 45.6% in NonSym. For A*-B* alone, these perfor-
mances were even at 66% and 32.5% respectively (Fig. 3)
and reliably different from chance-level. This second indi-
cator confirms that the trained relations are likely to have
influenced initial B-A learning, because baboons started
with either an advantage or a disadvantage, depending on
the condition.

We excluded the possibility that improved immediate test
performance in Sym could be explained by a rapid learn-
ing. The advantage for B* as sample was indeed present
from the very first trial (Fig. 4), the response to which is
the only one unaffected by reinforcement. Inspection of the
below-chance performance observed for B* as sample tested
in the NonSym condition further contradicts the existence
of rapid learning, as this deterioration persists for nearly
300 trials (Fig. 5). We can also exclude the possibility that
these altered immediate test performances were due to a
stimulus preference for A* in both the Sym and the NonSym
conditions: had this been the case, systematic errors would
have made performance for B™ as sample significantly below
chance in Sym and above chance in NonSym, while here
no significant difference was found (Fig. 3). Furthermore,
the fact that stimulus shapes and order of conditions were
counterbalanced across subjects rules out a possible effect
of these factors. In our study, the symmetry effects took the
form of a learning facilitation for consistent pairings and a
learning hindrance for inconsistent ones. Importantly, these
results were obtained in the absence of partial symmetry
training, identity training, or dual oddity training. As such,
they constitute an important demonstration of symmetry
after unidirectional training, and show the validity of trans-
fer approaches in this field of research.

The fact that despite our having 20 subjects these effects
were only moderate when analyzing both stimulus pairings
together illustrates why symmetry could have been missed
in previous monkey studies with few individuals (e.g.,
D’Amato et al., 1985; Sidman et al., 1982). Our finding
of stronger symmetry effects for the best learned stimulus
pairing shows the relevance of separate pairing analysis in
these studies, and of ensuring the best possible learning.
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We believe that symmetry effects will be more convinc-
ingly brought to light when combining measurements of
immediate and global transfer, as we did here. Our study
also suggests that considering data only from one or a few
individuals can overshadow the existence of bidirectional
associations.

Why was training performance only partially
transferred?

Though our baboons had formed more than a strictly unidi-
rectional relation during training, we note that their behavior
in test was not in full accordance with symmetrical relations.
Had this been the case, B-A* performance in the first test
block should have been comparable to A*-B* performance
in the last training block (around 80%), while here it was
only at 66%. Similarly, baboons should have reached the
performance criterion within the first test block, which none
of them did. Could such partial transfer be a sign of partially
symmetrical relations, as D’Amato and co-authors proposed,
when they suggested that relations formed after unidirec-
tional exposure “became increasingly bidirectional over
evolution, approaching symmetry in humans” (D’Amato
etal., 1985, p. 46)? This could explain why close evolution-
ary relatives to humans, such as capuchin monkeys in their
experiment or baboons in ours, do not fully show symmetry.
However, in our opinion a notion of partial bidirectional-
ity is not satisfactory, since if upon cuing with B, A is not
always retrieved, retrieval is nevertheless possible, hence
the backward direction B — A is encoded. One should rather
think of this in terms of imperfect, probabilistic retrieval.
An association is bidirectional or is not, but when it is, one
direction may be partially accessible.

One interpretation for partial accessibility is that in non-
human animals, the functional stimulus, i.e., the stimulus
actually processed, includes both spatial position and tem-
poral position of the stimulus during training, not simply its
visual identity (for an overview of this issue, see Frank &
Wasserman, 2005, pp.148—149). The prominence of spatial
information in stimulus pairing studies has been documented
in pigeons (Lionello-DeNolf & Urcuioli, 2002; Swisher &
Urcuioli, 2015), rats (Iversen, 1997), and non-human pri-
mates (Iversen et al., 1986), including Guinea baboons
(Fagot et al., 2018). In our experiment, both A and B stimuli
had new locations during test, a clear potential source of
performance decrement. We had chosen not to remedy this
by presenting stimuli at randomized spatial positions, since
preliminary unpublished testing in our laboratory had shown
that such variability, even restricted to three locations, con-
siderably lengthens training and reduces performance in
baboons. The second issue, temporal position, has been
mainly investigated in pigeons (e.g., Frank & Wasserman,
2005; Urcuioli, 2008). When non-human participants are
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not familiarized before test with B also coming first and A
also coming second, this may affect their matching perfor-
mance when reversed B-A trials are introduced. To cancel
this surprise effect, authors have proposed to also train A-A
and B-B pairings (identity training, (Frank & Wasserman,
2005; Sidman et al., 1982), or X-A and Y-B pairings (Rich-
ards, 1988, Exp. 2; Hayes, 1989, p. 387), or even some of
the B-A pairings (partial symmetry training, e.g., Schuster-
man & Kastak, 1993). Here, we avoided these approaches
because they bring additional stimulus relations potentially
interfering with the object of interest. Therefore, surprise
due to a new temporal position of the stimuli remains a plau-
sible explanation for baboons’ performance decline at the
onset of testing.

In sum, if functional stimuli were indeed three-faceted
ones in our experiment, two of these facets (i.e., spatial and
temporal position, but not visual identity) were changed
during testing, hence baboons were effectively exposed to
partially new stimuli and had to learn partially new rela-
tions, which resulted in the partial transfer of performance
observed here. Let us note that if temporal position is part
of the stimulus, then pairings cannot be reversed without
altering the functional stimuli. Hence, it seems normal that
symmetry revealed by direct recall in non-humans has been
best documented so far in CMTS studies including addi-
tional training such as identity training, not after mere A-B
training.

On two coexisting types of stimulus associations

The issue at hand in the present article is commonly formu-
lated as follows: “is a stimulus association formed during
a forward serial pairing unidirectional or bidirectional?”,
with an overall agreement that associations are typically
bidirectional in humans but rarely in non-humans. The fact
that both possibilities are mutually exclusive is difficult to
reconcile with how we process inherently directional and
possibly irreversible sequences. For example, having learned
to say “good morning,” we do not assume that the backward
pairing “morning good” is authorized. Similarly, if strong
winds are followed by uprooted trees, one does not expect
observation of an uprooted tree to predict strong winds.

To overcome such pitfalls, we would like to propose
another line of thinking. Instead of an opposition, we sug-
gest a complementarity between two types of relations that
are encoded concomitantly by humans but also by baboons.
On the one hand, a directional relation between A and B,
which respects the sensory evidence accumulated by the ani-
mal, retaining an indication of strict unidirectionality if A is
always followed by B. On the other hand, a non-directional
relation, which retains only the information of which stimuli
or objects go together in the environment and which ones do
not, a relation encoding co-occurrences and not sequences
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(since A and B would evoke each other here, such relations
may perhaps still be qualified as symmetrical, in the sense of
mutual retrieval). In our view, unlike envisaged above, visual
stimuli in a CMTS procedure would not have three facets but
at most two: shape and possibly location. Temporal position
would not be encoded as part of the functional stimulus but
in a dedicated relation, in addition to a co-occurrence rela-
tion. The directional and non-directional relations, possibly
interacting, would together form the complete association
between A and B.

It is apparent that humans trained with serial pairings A-B
are able to encode both types of relation. In CMTS studies,
subjects’ spontaneous A answers in B-A test trials (e.g., Arn-
tzen & Haugland, 2012) reveal that they possess information
independent of order. But Pavlovian trace conditioning stud-
ies show that human subjects do know about the directional-
ity of forward pairings, as correct verbal reports of CS-US
temporal relationships demonstrate (e.g., Clark & Squire,
1998). In other words, humans encode co-occurence and
direction, not co-occurence rather than direction. Regard-
ing non-humans, our data show that both encodings may
also coexist in CMTS protocols, the directional one being
evidenced during training and the non-directional one at
the onset of testing, though partially expressed. Whether
baboons preferentially access the directional relation, or
rather have difficulties in accessing the non-directional one,
remains to be decided. In any case, some kind of competi-
tion or preference between both could account for the known
difficulty to provide experimental proof of symmetry after
unidirectional training.

In sum, with our two-process account of stimulus asso-
ciations, the difference between humans and non-humans
observed in all studies mentioned in the introduction would
not be a sign of different ways of encoding the A-B serial
pairing, but a sign of differential access to two concomi-
tantly acquired encodings.

Where does the human/non-human difference
come from?

Independently of one’s interpretation of stimulus relations
formed in matching protocols, an interspecific difference in
how readily backward associations are expressed cannot be
denied, and remains to be explained.

One first possible account for this difference could lie at
the attentional level. When processing spatial visual infor-
mation, humans have a stronger attentional focus on global
information, in comparison to baboons whose processing
is more local (Fagot & Deruelle, 1997). Similarly, humans
are more proficient than baboons at retrieving the structural
complexity of long visuo-motor sequences, suggesting that
they have a more direct access to the globality of the tempo-
ral sequences (Rey et al., 2019). In baboons, it can be argued

that the weight given to (local) information only accessible
at the level of the individual A or B items (such as spati-
ality) strongly impairs their performance when sequential-
ity is reversed. This is because such reversals also alter the
(local) information that can be retrieved at the level of the
individual A or B items. This effect would not be that strong
for humans, for which a more global processing of the pair
facilitates the detection of non-directional information.

In a different perspective, it can also be proposed that a
verbal recoding of stimulus relations, a priori unavailable
to non-humans, may be a potent facilitator of bidirectional
associations. Humans readily name visual stimuli, even
abstract ones not supposed to represent anything (for an
example in CMTS studies, see Bentall et al., 1993, Exp.
1). When cued with B after a forward A-B training, and in
order to retrieve A, a name previously given to B may well
be a more efficient entry than the mere visual trace of stimu-
lus B. Consequently, humans, but not other species, would
be proficient in expressing backward associations. Further
studies will be required to test the validity of the above two
hypotheses.
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