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Abstract 

This study investigates whether baboons are capable of semantic compositionality, 

specifically, whether they can apply compositional rules to new situations (general-

ization). In language, semantic compositionality is linked to productivity, the general-

ization of a rule to new combinations. Across four experiments, baboons were trained 

to match visual stimuli based on either shape or color depending on symbolic cues. 

Experiments 1–3 tested generalization under different task complexities but consis-

tently failed to show evidence that baboons understood or applied the matching rules 

beyond memorized combinations. Only in Experiment 4, which used a relearning par-

adigm rather than generalization, did baboons show improved performance when the 

rule remained consistent across phases. Four hypotheses were explored to explain 

the lack of generalization: an iconicity-novelty bias, the possibility that composition-

ality is present, but that training was not sufficient for generalization, rote memoriza-

tion of cue-sample pairs, and a difference between implicit and explicit learning. The 

findings do not allow us to discriminate between these hypotheses.

Introduction

A central feature of human language is semantic compositionality. In seman-
tic compositionality, the meaning of a sequence of words is dependent on the 
meaning of its constituents. Additionally, the meaning of the whole is determined 
by semantic rules. Semantic rules link the structure of the sequence and the 
meaning of its constituents to the meaning of the whole sequence. The struc-
tures concerned can vary from simple juxtaposition (e.g., “brown cow” that refers 
to anything that is both a cow and brown) to more complex constructions (e.g., 
“not brown cow” that refers to anything that is a cow and not brown, or to any-
thing that is neither a cow nor brown). This leads to a distinction between trivial 
semantic compositionality, where two information are combined, but may come 
from different sources and are not structurally organized, and non-trivial semantic 
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compositionality, where two information come from the same source and are 
structured in a single sequence. One hallmark of semantic compositionality in 
human language is productivity. Once the rules for a given pattern of semantic 
compositionality are acquired, it is possible to produce an unlimited number of 
sequences following the same pattern (for instance, once the rule for interpret-
ing “brown cow” are understood, it is possible to produce any number of similar 
constructions, e.g., “red car”, “blue shirt”, “tall woman”, “beloved child”, “even 
number”, and so on). In other words, while there could be compositionality without 
productivity, productivity is a strong indicator of compositionality.

While field studies (studying nonhuman animals in the wild) have noted some 
sequential signals incorporating two calls or more in animal communication systems 
[1–10], there is no evidence of productivity in these studies. This might be because 
of the limited size of the set of signals used in animal communication systems. Or 
it might be due to failure to generalize. Additionally, there is no convincing evidence 
either that these are instances of semantic compositionality rather than idiomatic 
meaning in nonhuman primates (for a debate, see [1,11–13]). Through a series of 
experiments, Suzuki et al. [6–8] provided evidence for semantic compositionality 
in Japanese tits. Schlenker and colleagues [13] reviewed these studies and found 
the results to be compelling. Thus, there is limited evidence for non-trivial semantic 
compositionality in animal communication systems from field studies, but none so 
far in nonhuman primates. And there is no evidence of productivity in cases where 
arguably there is semantic compositionality.

Experimental studies, investigating the ability for semantic compositionality in 
nonhuman primates have not fared much better [14–16]. There is one exception, 
however. In 2022, Dautriche and colleagues [17] used negation as an example of 
semantic compositionality and were able to show that baboons can master a form of 
negation by choosing the complement target when a specific index is added to the 
cue. A limit of this study, however, is that the test was based on relearning rather than 
on generalization, and, arguably, generalization would be necessary for productivity. 
One may think that relearning goes with generalization, as, if there is generalization, 
relearning would be strongly facilitated, but this point remains to be demonstrated. 
Nevertheless, to our present knowledge, semantic compositionality seems difficult for 
nonhuman primates, suggesting that semantic compositionality in humans depends 
on language or is at least strongly facilitated by language. However, this might be a 
result of the difficulty of devising the right experimental paradigm to test nonhuman 
animals on semantic compositionality.

In the present study, we chose to test baboons’ capacity to match a visual sample 
to a visual target with either a similar color or a similar shape, based on two different 
cues (one for color, one for shape). During testing, baboons were presented with the 
same cues (indicating that they should match either on color or shape), but with items 
with new colors and new shapes that they hadn’t seen before. They had to match 
them successfully to the target. Generalization was therefore tested with this design. 
The goal was to ascertain whether an ability for this type of semantic compositionality 
could be evidenced experimentally in nonhuman primates. Semantic compositionality 
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is linked in humans to the ability to generalize cues to new stimuli. Therefore, positive results would show that one condi-
tion for productivity, generalization, is available in nonhuman primates.

To cut a long story short, Experiment 1 did not yield the results we hoped for, and we did three follow-up experiments to 
try and understand why the baboons failed to generalize in this first experiment. Here is a synthetic table of the sequence 
of experiments (a procedural table for all four experiments can be found in Supporting information, S1 Table):

Experiment 1

Materials and methods

Participants and living conditions.  The study was conducted on 23 Guinea baboons (Papio papio) from the 
CNRS Primate Centre in Rousset-sur-Arc (France), mean age at the onset of the study 13.25 years, min = 4.9, 
max = 24; 7 males). The baboons belonged to two social groups, one comprising 6 males and 12 females, and 
another with 1 male and 4 females. The larger group was housed in group in a 700m2 outdoor enclosure connected 
to two 24m2 trailers equipped with the test systems (see below) and an indoor enclosure. The smaller group was 
housed in a 24m2 outdoor enclosure connected to a 18m2 trailer containing additional test systems and an indoor 
enclosure. Outdoor enclosures feature various enrichments, such as climbing structures or stones that the baboons 
can manipulate. The indoor enclosure was equipped with platforms used at night. Baboons were neither water nor 
food deprived. They received their daily food ration at 4 pm (fruits, vegetables, and monkey chows), and water was 
provided ad libitum within each enclosure. All baboons were familiar with the matching-to-sample (MTS) procedure, 
due to previous testing (e.g., [18]), but the test was only proposed to the subset of subjects who successfully passed 
the learning criterion (see below).

Animal welfare.  Our research used Automated Learning Devices for Monkeys (ALDM) which have been described 
in detail in [19–20]. As described below, these test systems make it possible to test the individuals without separating 
them from their social group. Earlier studies from our research group have shown that this procedure reduces the stress 
level during the experiment, as demonstrated by reduced cortisol levels, as well as the frequency of stereotypies [21]. 
Daily observations of the baboons by the animal care staff of the CNRS primatology station and a dedicated ethologist 
guaranteed animal welfare during the experiment. Any sign of discomfort, injury or sickness during the experiment 
triggered a health check by the animal care staff. This study involved no anesthesia, analgesia, or euthanasia. The 
subjects stayed in their home social groups during the research and remained in their social group after completion of the 
experiment.

Apparatus and general test procedure.  This research used a total of 14 ALDM test systems (n = 10 for the large 
group, n = 4 for the smaller group) which were installed within the trailers along the enclosures and were accessible 
through holes made in the wire mesh. In short, each ALDM comprised a RFID (Radio Frequency Identification Device) 
reader for the identification of the baboons, a 19-inch touch screen for stimulus presentation and the recording of 
behavioral responses, and a food dispenser delivering a food reward (a drop of dry wheat) within the ALDM cubicle 
after each correct response to the task. The baboons had a biocompatible 1.2 by 0.2 cm RFID microchips implanted in 
each forearm and were automatically identified by the RFID readers whenever they entered an ALDM test chamber. The 
automatic identification served to resume the trial list at the place at which the subject left it at its previous visit in the same 
or a different ALDM. This procedure enabled the baboons to engage with the test design in a context where they could 
choose to participate or quit testing at will, while remaining in their social group, without the need to capture them.

The experiments presented in this paper all used a zero-delay MTS procedure. In practice, identification of the sub-
ject in the test system triggered the appearance of a fixation point at the bottom center of the screen, which the baboons 
had to touch. This action displayed the sample stimulus in the upper center of the screen. Touching the sample, in turn, 
displayed two choice stimuli, one on the left and one on the right bottom part of the screen. No delay was introduced 
between the sample and comparison stimuli. The baboons had to touch the target stimulus defined by the matching 
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rule (which differed from test conditions, see below). Correct responses were followed by the delivery of a drop of wheat 
serving as reward. Incorrect responses were followed by a 3 sec time-out with a green screen, indicating that an error has 
been made. All stimuli were 180X180 pixels and were displayed on a black background. The experiments were controlled 
by a software testing program written by JF using E-prime (Version 2.0 professional, Psychology Software Tools, Pitts-
burgh, PA, USA).

Stimuli and test procedure.  This experiment used a total of 100 different stimuli made from the combination of 10 
colors and 10 (letter or number) shapes. Fig 1 illustrates the matching rule to be learned in that experiment: in each trial, 
the target stimulus shared a single dimension with the sample, for instance its color, while the foil stimulus shared the 
alternative dimension, thus its shape in that example. Form trials were indicated by the display of a horizontal bar above 
the sample. Color trials were indicated by four small pentagons surrounding the sample. To be rewarded, the baboons 
had to select the comparison stimulus matching the sample regarding the cued stimulus dimension, either the form or the 
color.

Testing in Experiment 1 was organized in 9 phases. Phase 1 served to teach the matching rule to the participants. It 
only used four stimuli made from two colors and two shapes. Phase 1 was organized in 120 trial blocks comprising 60 
form trials randomly intermixed with 60 color trials. This criterion corresponds to a performance beyond chance level (one-
tailed binomial test, p < .05) for each category.Once this criterion was reached, the baboons automatically moved to the 
next phase.

Phases 2–9 followed the same logic as Phase 1, except that we added one novel color and one novel shape to the 
list of colors and shapes used in the previous phase. We therefore combined 3 shapes and 3 colors to create 9 different 
stimuli in phase 2, 4 shapes and 4 colors to create 12 stimuli in phase 3, and this procedure was followed until phase 9 
(10 colors and 10 shapes to create 100 different stimuli). This procedure allowed distinguishing four types of trials. They 
were the “old color” and “old shape” trials in which the color and shape of the sample was selected from those used in 
the previous phase, and the “new color” and “new shape” trials, where the sample used the novel color and/or the novel 
shape introduced in the phase. In all trials, the target stimulus shared its cued dimension with the sample, for instance its 
form in form trials. The foil shared the non-cued dimension with the sample, i.e., its color in this example. The alternative 
dimension of the target and foil stimuli was selected from the full set of colors and shapes used in the phase (see Fig 1). 
The trial blocks of phases 2–9 combined 30 trials of each trial type (120 trials altogether). The criterion was set at 66% 
correct, corresponding to above-chance performance according to a one-tailed binomial test (p < .05). This threshold was 

Fig 1.  Experimental design of Experiment 1.  This figure shows the prototypical design of the matching trials. The baboons had to match on shape 
when a horizontal bar was added to the sample stimulus, and on color when small pentagons were added to the sample.

https://doi.org/10.1371/journal.pone.0334726.g001

https://doi.org/10.1371/journal.pone.0334726.g001
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deemed optimal for training, as participants had to reach 66% in all four training conditions to be considered trained in the 
condition, and progress to the next one.

Statistical analyses.  The goal of statistical analyses was to determine whether the baboons understood the matching 
rule: match on color in the presence of a line cue and on shape in the presence of pentagon cues. The alternative strategy 
was their reliance on rote memory (memorizing the response for each stimulus/cue combination), or other unforeseen 
strategies. We predicted that if they learned the matching rule then (1) the number of blocks they needed to reach 
criterion would decrease from phase to phase (it would not if they rely on rote memory), (2) their average success rate in 
the first block of a new phase would be higher than chance for the newly introduced stimuli (i.e., they would generalize; 
alternatively it should be 50% if they rely on memory) and (3) their average success rate on previously learned stimuli 
should not decrease (whereas it should become harder and harder to remember all the stimuli by rote).

To analyze performance, we used lme4 package in R to perform binomial generalized linear mixed models (GLMM) 
with a logit link function. The identity of the individual was used as random factor.

Ethical statements.  This research adhered to French and E.U regulation for the ethical treatment of research animals. 
It received ethical approval from the National French ethics committee « Comité d’Ethique CE-14 » for experimental 
animal research, as well as the French Ministry of Education (approval APAFIS#2717−2015111708173794 10 v3).

Results

Of the 23 monkeys that participated in the experiment, 15 passed the criterion in phase 1, ten passed it in phase 2, six 
passed phase 4, and only one (Feya) passed the criterion in phase 8 (Table 1). Looking at the 10 monkeys that passed 
the criterion at least twice, we found evidence of a decrease in the number of blocks to reach criterion (Spearman cor-
relation test, N = 10, S = 14563, p-value = 0.02, ρ = −0.37), but this was largely linked to a decrease in the number of 
blocks between the first and the second phase, which could be explained by monkeys simply learning to do the task. 

Table 1.  Synthetic presentation of the four experiments, their rationale and results.

Goal General principle Predictions Results Interpretation

Experi-
ment 1

Extend Dautriche et al’s [17] 
results, by testing generaliza-
tion with a design using two 
cues, one for color and one for 
shape.

Progressive increment of the 
number of colors and forms. 
Generalization is measured by 
baboon’s response to novel 
stimuli.

Baboons will 
progressively learn 
to generalize the 
matching rule to 
novel forms and 
novel colors

Baboons failed to 
generalize the matching 
rule, or even relearn the 
response rule faster, 
even after nine training 
phases.

Use of two cues might 
be too demanding for 
baboons

Experi-
ment 2

Test generalization in a match-
ing task involving a single cue: 
the cue requires the choice for 
the stimulus that differs in color 
from the sample

Progressive increment of the 
number of colors and forms. 
Generalization is measured by 
baboon’s response to novel 
stimuli.

Reduction of the 
number of cues to 
one should pro-
mote generalization

No evidence for 
generalization

Use of two stimulus 
dimensions (color and 
shape) might be too 
demanding for baboons

Experi-
ment 3

Test generalization in a 
matching task involving one 
single cue, as in Exp 2. The 
comparison stimuli only differ 
in color (test1), or in both color 
and shape (test 2).

After an initial training to criterion 
with a first stimulus set only 
differing in color, generalization 
is assessed in test 1 with novel 
colors, and in test 2 with novel 
colors and novel shapes

The simplifica-
tion of the task 
should promote 
generalization

No evidence for general-
ization in neither test 1 
nor test 2

We are unable to 
replicate Dautriche et 
al’s [17]. findings in Exp. 
1–3. Relearning must 
therefore be tested to 
confirm their results.

Experi-
ment 4

Test relearning instead of 
generalization, as in Dautriche 
et al. [17]

Baboons are exposed to two test 
phases involving novel stimuli, 
but for which the rule can either 
be identical or opposite to train-
ing. The dependent variable is 
leaning speed

Relearning should 
be facilitated when 
the rule is the same 
as in training.

Relearning is signifi-
cantly faster when the 
rule is consistent to 
training

Exp. 4 confirms 
Dautriche et al. [17] 
conclusions of compo-
sitionality, but this ability 
is only shown through 
relearning.

https://doi.org/10.1371/journal.pone.0334726.t001

https://doi.org/10.1371/journal.pone.0334726.t001
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There was no significant evidence of a similar trend for the six monkeys that passed the first four phases (N = 6, S = 5179, 
p-value = 0.15, ρ = −0.28), nor for Feya alone that passed eight phases (N = 1, S = 46, p-value = 0.27, ρ = 0.45) Table 2.

Regarding the average success rate in the first block of a new phase for individuals that passed at least two train-
ing stages (N = 10), we found a small increase in average success with the number of phases for new colors (GLMM: 
β = 0.13, SE = .04, z = 2.95, p = 0.003), but none for new forms (β = 0.03, SE = .04, z = 0.63, p = 0.53). Surprisingly, on the 
first block of phase 2, the average score was already above chance for new colors and new shapes (colors: β = 0.51, 
SE = .14, z = 3.61, p < 0.001; shapes: β = 0.89, SE = .14, z = 6.21, p < 0.001). Success rate was estimated to be 62% (95% 
CI = [56%; 69%] on average for colors and 71% [65%;76%] on average for shapes. This, however, was linked to low 
scores on previously learned colors and shapes in the same first blocks (estimate for block two were 52% [47%, 57%] for 
colors and 49% [44%, 54%] for shapes), despite monkeys reaching an average 66% correct on the same stimuli in the 
block just preceding.

At first puzzling, this situation became clearer when we realized that when presented with a previously learned stimuli, 
baboons had very low scores when the distractor contained a newly introduced color or form (Fig 2). All phases included, 
when matching on color with a previously learned sample and distractor, the average score was 61% [54%, 67%] but fell 

Table 2.  Number of blocks realised by each subject per phase of Experiment 1 (60 trials for phase 1, 120 otherwise). For instance, ARIELLE 
realised 28 blocks of 60 trials before reaching criteria and moving to phase 2 of the experiment. Note that the number of times the criterion 
was reached by a subject is the last experimental phase minus one (e.g., eight for FEYA). The means refer to the grand mean for the subjects 
that passed the criterion at least once (N = 15) or four times (N = 10).

Experimental phase

1 2 3 4 5 6 7 8 9 Total

ANGELE 99 99

ARIELLE 28 49 10 6 88 181

ARTICHO 14 25 39

ATMOSPHERE 100 100

BOBO 29 29

DORA 68 35 103

DREAM 26 18 25 6 59 134

EWINE 77 25 124 109 335

FANA 61 34 95

FELIPE 14 14

FEYA 22 14 7 5 19 29 16 63 48 223

FLUTE 60 60

HARLEM 18 18

HERMINE 38 38

LIPS 71 11 26 87 195

LOME 33 36 7 73 149

MAKO 45 21 44 25 3 59 197

MALI 48 35 167 250

MUSE 38 37 38 66 16 195

NEKKE 162 11 173

PETOULETTE 99 27 126

PIPO 20 20

VIOLETTE 46 14 244 8 91 403

Mean criterion at least once (n = 15) 55,9 26,1 46,1 25,7 18,4 5,9 1,1 4,2 3,2 187

Mean criterion at least four times (n = 6) 34,2 25,5 61,3 19,3 46 14,7 2,7 10,5 8 222

https://doi.org/10.1371/journal.pone.0334726.t002

https://doi.org/10.1371/journal.pone.0334726.t002
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to 28% [21%; 35%] when a distractor contained a new dimension (form or color or both). Similarly, when matching on 
shape with a previously learned sample and distractor, the average score was 56% [51%, 61%] but dropped to 32% [27%; 
37%] when a distractor contained a new dimension (form or color).

Taken together, our results are compatible with a memory-based strategy consisting of memorizing the correct 
response for each combination of stimulus and cue, independently, combined with a bias for selecting the new shape or 
new color when it appears. Given that half of the trials consisted in the new shape or color and the remaining half of all the 
old shapes and colors, the strategy consisting of systematically selecting the new dimensions produced a few mistakes 
when they were used as distractors, and an above average success when they were used as sample (on average the 
ten monkeys that passed two phases maintained a score of 68%). In any case, there was no sign of understanding of the 
meaning of the symbolic cues in this experiment.

Interim discussion

In Experiment 1, we investigated the capacity of baboons to use cues to match either on the form or on the color 
of the sample. The test was generalization. The results were disappointing as baboons failed to generalize. While 
the experiment did not test relearning, it is interesting to note that the number of blocks necessary to pass from 
one phase to the next did not decrease in the monkeys that completed 4 phases. Nor did it in the only monkey 
(Feya) that passed 8 phases. Thus, there is no indication of relearning either, in contrast to Dautriche and col-
leagues [17].

One possible explanation for the failure of the monkeys to understand the rule is the number of stimulus dimensions 
involved. In this experiment, they had to pay attention to the color and to the form of the sample, as well as to two different 
cues. This task is therefore more demanding than [17], which used only one cue and one stimulus dimension in their test 
phase. Experiment 2 investigated whether the baboons would perform better if they only had to process one single cue, 
instead of two.

Fig 2.  Average success rate in Experiment 1, all phases combined, when the target is known, and the distractor contains new vs. old dimen-
sions.  Each colored dot represents the average score for one subject. Black dots and error bars represent the grand average + /- standard error.

https://doi.org/10.1371/journal.pone.0334726.g002

https://doi.org/10.1371/journal.pone.0334726.g002
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Experiment 2

Materials and methods

Participants, apparatus.  Experiment two used the same apparatus as above, and the same group of baboons. 
However, one of the previous baboons was not available for testing due to sickness. Data were therefore collected 
on 22 baboons in this second experiment. Twelve months elapsed between the end of Experiment 1 and the onset of 
Experiment 2, increasing the baboon’s age by one year in this second experiment.

Preliminary testing to determine initial dimensional (color or shape) biases.  This preliminary study examined 
if the baboons had a preference to match on color or shape, when they had the choice between the two options. To do 
so, the baboons were firstly MTS trained using four colored shapes as stimuli, which were built from two possible colors 
(yellow or orange) and two shapes (α or β). During training, the target stimulus was identical in color and shape to the 
sample, and the foil stimulus neither shared its shape nor its color with the sample. Training blocks comprised 64 trials 
fully counterbalanced regarding the identity of the sample and the position (left or right) of the target stimulus on the 
screen. These blocks were repeated until the baboons reached 80% correct. Reaching the learning criterion required 2.39 
blocks on average (range 2–4).

Once learning criterion was reached, the baboons were exposed to 72 trial-blocks, comprising 64 trials identical to 
training and 8 test trials where one comparison stimulus had the same color as the sample but a different form, and 
the other one had the same shape but a different color. These test blocks used the same stimulus set as for training. 
Test trials within each block were randomly reinforced on a 80% basis, irrespective of the baboons’ response. This 
procedure allowed us to keep a rate of reinforcement identical to training, while not biasing baboons responses during 
test trials.

Because the number of test trials within a block (n = 8) remained minimal for statistical analyses, the test blocks were 
repeated five times to obtain a total of 40 test trials per baboon, and thus enhance statistical power. Results of this pre-
liminary testing are given in the supporting information S2 Table. The results indicate a reliable bias to choose the color 
dimension. This bias was present in all but two subjects (i.e., Dream and Atmosphere who expressed no significant prefer-
ence bias).

Training procedure.  Having determined the initial dimensional biases of the baboons, we next trained them to 
conditionally match the stimuli on color or shape, depending on the absence (match on colors) or presence of a symbolic 
cue (match on shape). This training used the same four stimuli as above arranged into MTS trials. In each trial, one 
response stimulus matched the sample only in color, while the other one only matched it in shape. Two kinds of training 
trials were proposed (Fig 3). In the no-cue training trials, the sample was displayed alone, without any symbolic cue. In 
that case, the baboons were required to choose the target stimulus matching the sample on a color basis. These trials 
were designed to align with the baboons’ initial dimensional bias for matching on color. A symbolic “negation” cue was 
added to the sample in symbolic no trials. That cue corresponded to the addition of two-line segments (one above and 
one below) to the sample, signaling to the baboons that they now had to inhibit their initial matching bias to select the 
alternative comparison. Said differently, the symbolic cue acted as a negation cue in the sense of [17]. The training blocks 
contained 64 trials, all food reinforced when the response is correct, in which the identity of the sample, left/right location 
of the target, and the cueing condition (color vs symbolic “no”) were counterbalanced. Training blocks were repeated until 
the baboons reached 80% correct in the two cueing conditions.

Test procedure.  This testing assessed if baboons could generalize the rule learned during training, when they are 
exposed to novel stimuli. Baboons were exposed to a single test block of 768 trials, comprising 640 baseline trials 
identical to training (10 repetitions of the earlier training blocks) intermixed with 128 test trials. The test trials employed 
64 novel stimuli made from the combination of 8 novel colors and 8 novel shapes. Each novel test stimulus was repeated 
twice as sample within the test block to counterbalance the location of comparison stimuli on the left or right hemi-screen. 
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The test trials were reinforced on a 100% basis to avoid biasing the baboon’s response in these trials. Baseline trials were 
food reinforced in case of a correct response.

Statistical analyses.  To analyze the results, we used lme4 package in R to perform binomial generalized linear mixed 
models (GLMM) with a logit link function. The identity of the individual was used as random factor, and the cue as a 
predictor variable. We analyzed separately the results for the baseline and test conditions to evaluate the performance of 
individuals depending on the presence or absence of the cue.

Results

Twenty-two baboons were exposed to the training, but only 11 (2 males, mean age 11.9 years, range 2.2–17.8 years) 
successfully reached the training criterion. Learning the task required 74.9 training blocks on average (SD = 27.6, range 
26–118).

We found that during baseline trials (Fig 4), performance in the absence of cue (match on color) was significantly higher 
than with cue (match on shape; GLMM: β = −1.30, SE = .06, z = −22.2, p < .001), and both were above chance levels (no 
cue: β = 1.74, SE = .08, z = 22.0, p < .001; cue: β = 0.43, SE = .07, z = 6.06, p < .001). During test trials however, performance 
in the absence of cue was still significantly higher than with cue (β = −0.74,SE = .11,z = −6.85,p < .001), but the performance 
without cue was above chance (β = 0.25,SE = .08,z = 3.38,p < .001) and with cue below chance (β = −0.49,SE = .08,z = −6.27,
p < .001). This suggests that individuals matched on color both with and without cues.

Interim discussion

In Experiment 2, once a preference was established, the monkeys had to learn a rule which directed them, in the pres-
ence of a cue, to match the sample on the non-preferred dimension. Again, the baboons showed no sign of generaliza-
tion, suggesting that they failed to understand the rule. It can therefore be concluded that reducing the number of cues to 
one did not help in this experiment.

Experiment 3

Experiment 3 investigated whether baboons would do better if presented with stimuli that differed only in one dimension 
(color) rather than in two dimensions (form and color).

Fig 3.   Task and experimental design (Experiment 2). This figure shows a prototypical stimulus arrangement during training. The baboons had to 
match on color in absence of cue (middle line), but match on the alternative stimulus when the negation cue is shown (bottom line).

https://doi.org/10.1371/journal.pone.0334726.g003

https://doi.org/10.1371/journal.pone.0334726.g003
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Materials and methods

Participants, apparatus and stimuli.  Experiment 3 was proposed to the same 22 baboons which were tested with the 
same apparatus as in Experiment 1.

Training and test procedures.  Experiment 3 consisted of one training phase followed by two testing phases (test 
phases 1 and 2) presented in succession. Fig 5 illustrates the trial design of each phase.

The training phase followed the same general procedure as the training in Experiment 2, but it differed from it in two 
respects. First, the target and foil stimuli used within a trial only differed in color, and no more in both shape and color (Fig 
5). Second, the negation cue was now composed of little stars surrounding the sample. Training blocks consisted of 48 
cued and 48 non-cued randomly ordered trials (96 trials per block) involving a counterbalanced use of four stimuli made 
from two shapes and two colors. The training blocks were repeated until the baboons reached 80% in both conditions of 
cueing.

Test 1 only consisted of one block of 1104 trials, including 960 baseline trials randomly intermixed with 72 test trials. 
Baseline trials were identical to training and thus used the same four stimuli and same stimulus arrangement as in train-
ing. The test trials also used the same stimulus arrangement, but a novel set of 36 stimuli made from 6 novel colors and 6 
novel shapes (Fig 5). Each novel stimulus was used twice as sample during Test 1 for counterbalancing the location of the 
target on the screen.

Test 2 primarily differed from Test 1 in terms of stimulus arrangement. In Test 2, the sample was identical to the target 
stimulus on both dimensions (shape and color), and the foil varied in both shape and color (Fig 5) from the sample. Fur-
ther, Test 2 used a novel set of 36 stimuli made from 6 novel colors and 6 novel shapes different from those of the training 
and Test 1 stimuli.

Baboons were exposed to a matching-to-sample task, where they had to select a target stimulus whose identity 
depended on the presence (or absence) of a cue (four little stars) surrounding the sample. In the training phase, all 
the stimuli used within a trial had the same shape, and the identity of the target stimulus was only determined by its 

Fig 4.  Performance depending on the absence (no cue: match on color) or presence of cue (match on shape) for the baseline (A) and test 
trials (B). Each colored dot represents the average score for one individual. Black dots represent grand average and error bars the standard error.

https://doi.org/10.1371/journal.pone.0334726.g004

https://doi.org/10.1371/journal.pone.0334726.g004
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color (identical or different from the sample, depending on the cue). Test 1 used the same stimulus arrangement as 
in training, but a different set of stimuli made from new shapes and new colors. Test 2 also used a new set of stimuli 
made from other new shapes and new colors. However, in test 2, the two choice stimuli differed on both dimensions 
(color and shape).

Statistical analyses.  We used the same statistical procedure as experiment 2, analyzing separately Test 1 and Test 2.

Results

During Test 1 (Fig 6), we found no difference in performance in the absence of cue (match on the same color) compared 
to the presence of cue (match on different color; GLMM: β = 0.03, SE = .09, z = 0.33, p = 0.75) and both were at chance 
levels (no cue: β = −0.05, SE = .09, z = −0.59, p = 0.56; cue: β = −0.02, SE = .09, z = −0.33, p = 0.81).

Regarding Test 2, we found no difference in performance in the absence of cue (match on the same color) than with 
cue (match on different color and shape; β = −0.01, SE = .10, z = −0.12, p = 0.91) and both were at chance levels (no cue: 
β < 0.001, SE = .07, z = 0.00, p = 1; cue: β = −0.01, SE = .07, z = −0.17, p = 0.87).

Interim discussion

In Experiment 3, the baboons again failed to show any understanding of the rule. The results were similar for Test 1, 
where the stimuli differed from the sample in only one dimension (color), and for Test 2, where they differed from the sam-
ple in both form and color.

Fig 5.  Task and experimental design used in Experiment 3.

https://doi.org/10.1371/journal.pone.0334726.g005

https://doi.org/10.1371/journal.pone.0334726.g005
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All Experiments 1–3 used generalization as a test of rule learning. Being unable to demonstrate generalization, we 
explored in Experiment 4 an alternative possibility, which is that the baboons would show a relearning advantage when 
exposed to a simple version of the task involving a single cue, as was done in [17].

Experiment 4

While Experiment 2 and 3 were very similar to what Dautriche et al. [17] did, they differed in using generalization rather 
than relearning to assess rule retention. In Experiment 4, we used relearning as a test.

Materials and methods

Participants, living conditions and procedure.  The baboons, living conditions and test apparatus were the same as 
for Experiments 1–2.

Experiment 4 used two independent groups of baboons which were as much as possible counterbalanced for age 
and gender. One first group will hereafter be referred to the Consistent group (N = 9, 3 males, mean age = 16.5 years), 
the other will be referred to as the Inconsistent group, because it will be exposed to a reversal of the rule during testing 
(N = 10, 4 males, mean age = 13.4 years).

Test procedure.  The two groups of baboons (consistent and inconsistent) were each exposed to three test phases. 
The matching rule for the three phases of Consistent group, as well as for phases 1 and 2 of Inconsistent group is 
illustrated on the left on Fig 7. In that case the baboons had to identity match in absence of cue but had to provide a non-
identity-matching response when the negative cue (the same as in Experiment 2) was present. Each phase consisted 
of blocks combining cued and non-cued trials and they were repeated until the learning criterion was reached. Critically, 
this matching rule was reversed in the last testing phase of the Inconsistent group, as illustrated on the left of Fig 7. This 
general procedure allows two main predictions if the baboons process the cue as a negation symbol. First, learning speed 

Fig 6.  Performance in Experiment 3.  This Fig shows the performance in the absence or presence of cue, when monkeys must match on the same vs. 
different color (Test 1: A), or on the same color vs. a different shape and color (Test 2: B). Legend as in Fig 4.

https://doi.org/10.1371/journal.pone.0334726.g006

https://doi.org/10.1371/journal.pone.0334726.g006
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should get faster from phases 1–3 in the Consistent group, as well as from phase 1–2 in the Inconsistent group, because 
the same rule is applied from phase to phase. Second, the learning speed of the Inconsistent group should be much 
slower in phase 3 than for the consistent group, due to the rule reversal.

The left part of the figure shows the prototypical design used in the three phases of the Consistent group, and in 
phases 1 and 2 of the Inconsistent group. In that case, the baboons had to identity match in absence of cue, and to 
reverse the matching rule when the negation cue was present. The right part of the figure shows the rule applied to the 
last testing phase of the Inconsistent group. Note that four novel stimuli fully different in color and shape were assigned to 
each subject at the beginning of each test phase. The stimulus set was thus different from phase to phase, and among the 
subjects.

At the beginning of each phase, and independently for each subject, the test program randomly selected four stim-
uli per subject from a set of 100 possible stimuli made from the combination of 10 possible shapes (mostly numbers or 
letters) and 10 possible colors. The selection rule implied that the four stimuli within the prescribed set were all different 
in color and shape, and different from the stimuli already selected in the previous test phases. Once selected, this 4-item 
stimulus set was repeatedly used within the test phase until its end. The stimulus set used within each phase therefore 
varied between phases and differed from subject to subject

Each phase consisted in the randomized presentation of 48-trial blocks (24 cues and 24 non-cued trials) which used 
the stimulus arrangement shown in Fig 7. These blocks resulted from the counterbalancing of the cue condition (cued 
vs non cued), stimulus identity (4 possible stimuli per set), identity of the foil (the 3 alternative stimuli of the set), and the 
location of the target on the response display (left or right). The 48 trials blocks were repeated in a random order until the 
baboon reached 80% correct in the cued and non-cued condition. The dependent variable was the number of block repe-
titions required to reach the learning criterion. We further decided to stop training in phase 3 if the baboons failed to reach 
the learning criterion within 90 block repetitions.

Statistical analyses.  We used lme4 and lmerTest packages in R to construct linear mixed models to analyze the 
number of blocks needed to reach criterion, using the same random factor as before (individual identity) and studied the 
interaction between phase (categorical variable) and group (Consistent and Inconsistent).

Results

Of the 19 individuals, seven did not finish all three phases of the experiment and were excluded from analysis (four 
from the consistent group, three from the inconsistent one, leaving a total of five and seven subjects respectively). As 

Fig 7.  Task and general experimental design (Experiment 4).

https://doi.org/10.1371/journal.pone.0334726.g007
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expected we found a learning effect between phase 1 and 2 (Fig 8): performance increased in both groups between the 
two phases (LMM Consistent group: β = −14.8, SE = 5.46, t = −2.71, p = 0.01; Inconsistent group: β = −19.9, SE = 4.62, 
t = −4.3, p < 0.001) and there was no difference between the two groups in each phase (phase 1: β = −0.66, SE = 5.06, 
t = −0.13, p = 0.90; phase 2: β = −5.71, SE = 5.06, t = −1.13, p = 0.27). When the consistent group is considered, per-
formance continued to increase between phase 2 and 3, though this effect only approached significance (β = −10.6, 
SE = 5.46, t = −1.94, p = 0.06). By contrast, a sharp and significant decrease in performance was observed for the Incon-
sistent group (β = 79.7, SE = 4.62, t = 17.3, p < 0.001). In fact, none of the baboons from the Inconsistent group reached 
the learning criterion within 90 block repetitions, a clear and significant difference with the consistent group (Mann-
Whitney U test, U = 0, p = 0.006).

Interim discussion

In Experiments 1–3, we tested the capacity of baboons to learn the matching rule through generalization. They failed to 
generalize. In Experiment 4, which was essentially a replication of [17], we tested the baboons on relearning. Comparison 
between phases 1 and 2 revealed a performance improvement in phase 2 for both groups. An additional improvement 
which, only approached significance, was further found in phase 3 for the Consistent group, the group for which the 
matching rule remained the same as in training. By contrast, baboons in the Inconsistent group were drastically impaired 
in phase 3, when the matching rule was reversed in comparison to training. Altogether, their results clearly show a relearn-
ing advantage from phase to phase, when the same rule was maintained across phases.

Fig 8.  Number of blocks to reach learning criterion in the three phases of Experiment 4, and for groups 1 and 2.  Transparent dots represent 
individual data points, opaque points the group mean and error bars the standard error.

https://doi.org/10.1371/journal.pone.0334726.g008

https://doi.org/10.1371/journal.pone.0334726.g008
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General discussion

To sum up, Experiment 1, which involved two cues and two dimensions, provided no evidence of generalization. Based 
on the hypothesis that using two cues and two dimensions made the task too complex for baboons, we conducted Exper-
iments 2 (one cue, two dimensions) and 3 (one cue, one dimension — one cue, two dimensions), which progressively 
reduced the task complexity while still assessing generalization. Again, we found no evidence of generalization. In Exper-
iment 4, which was similar to Experiment 2, we tested for relearning rather than generalization. We found evidence of 
relearning, confirming the results of [17].

These results, both negative and positive, demonstrate the limits of relearning. First, while no evidence of relearning 
was found in Experiment 1, Experiment 4 which involved a simpler version of the task did show relearning, suggesting 
that task complexity may hinder this process. The origin of this limitation remains unknown. It might be due to attentional 
or memory limitations. The second limit has to do with the fact that cognitive mechanisms of generalization and relearning 
are distinct, meaning that evidence of relearning is not a reliable indicator of generalization. Despite the task similarities 
between Experiment 2 and Experiment 4, there was no generalization in the first, but there was relearning in the second.

To discuss these results, it should firstly be recalled that matching and generalization were both previously demon-
strated in baboons, suggesting that these are not, as such, the problem. Matching-to-sample is a standard task in animal 
cognition experimentation and is quite familiar to the baboon population we tested [22–23]. In addition, baboons have 
already manifested generalization when tested with perceptual [24–25], and conceptual [26] versions of the matching-to-
sample task, as well as in other kinds of tasks, such as the odd-one out task [27], or sequence learning [28]. We further 
note that the baboons have already demonstrated their ability to process the shape and color dimensions of visual stimuli, 
independently from each other [29], and therefore that the ability to shift attention from one dimension to the other is not 
an issue either.

This raises the question of what exactly baboons are learning, and why generalization failed in our task, while relearn-
ing was found in experiment 4. Four hypotheses at least can be proposed to account for these results.

One can first suggest that the baboons did learn the meaning of the cues, but that the attraction of iconicity and novelty 
distracts them from referring to the rule they have learnt for responding. This would affect generalization but not relearn-
ing. Previous studies from our research group have demonstrated that novelty [30] and iconicity [17] can affect baboons 
processing of visual stimuli in matching tasks.

A second hypothesis is that baboons learn the rule (semantic compositionality). However, since compositionality alone 
is not sufficient to ensure productivity, we see evidence of relearning in Experiment 4, but no signs of generalization 
in Experiments 2 and 3. This could be explained by the fact that to go beyond compositionality and reach productivity 
(generalization), baboons would need much more training. If this is so, the failure of baboons to generalize in Experiments 
2 and 3 would be a methodological artifact: while the training baboons underwent was sufficient for compositionality (as 
shown by relearning in Experiment 4), it was not sufficient for productivity (as shown by the failure of generalization in 
Experiments 2 and 3).

The third hypothesis accounting for the failure of generalization in Experiments 1–3 is that baboons do not extract 
the cue’s meaning but instead rely on rote memorization of each specific cue-sample pairing. Previous studies have 
demonstrated that baboons can learn by rote thousands of stimulus-response associations [31]. Although rote learning 
is in the scope of baboons, one could object that the evidence of relearning in Experiment 4 is a counterargument to 
this hypothesis of learning by rote. However, relearning in Experiment 4, in the absence of generalization in Experi-
ments 2–3, might be due not to an understanding of the meaning of the cue, but rather to cognitive preparation due to 
the familiarity of the cue. In other words, this rote-learning process is accompanied by some sort of shallow statistical 
learning, insufficient however for attributing independent meaning to the cue, and, hence, for generalization. If this is 
the case, relearning in Experiment 4 would not contradict the hypothesis according to which all cue-sample combina-
tions are learnt by rote.
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Finally, the fourth hypothesis involves a distinction between implicit and explicit memory: generalization may require 
some forms of explicit processing of the rule, engaged by the task, whereas relearning may reflect more implicit learning—
possibly based on the statistical regularities of the task. Unfortunately, none of the four hypotheses outlined above can be 
definitively confirmed or ruled out based on the data currently available.

Conclusion

We were interested in whether baboons were capable of semantic compositional processing within the framework of the 
task. If semantic compositionality is seen as entailing productivity (tested through generalization), the results presented 
here do not allow us to claim that they are capable of semantic compositionality. By contrast, if semantic compositionality 
is dissociated from productivity [32–33], the lack of generalization observed in Experiments 2 and 3 could be due to either 
a methodological issue (insufficient training) or limitations within the baboons’ cognitive system. Under these circum-
stances, the evidence of relearning in Experiment 4 might suffice to demonstrate that baboons are capable of semantic 
compositionality, even if they cannot generalize the compositional rule to new items.

Supporting information

S1 Table.  Procedural table for all four experiments. 
(DOCX)

S2 Table.  Results of the preliminary test of Experiment 2. 
(DOCX)

Acknowledgments

We thank J. Gullstrand, S. Barniaud, D. Paleressompoulle as well as the staff of the CNRS- Rousset primatology center 
for technical support. We also thank the Institute for Language, Communication and the Brain, Aix-Marseille Université, 
CNRS, Aix-en-Provence, France for its support.

Author contributions

Conceptualization: Anne Reboul, Nicolas Claidière, Isabelle Dautriche, Joël Fagot.

Data curation: Nicolas Claidière.

Formal analysis: Nicolas Claidière.

Investigation: Anne Reboul, Joël Fagot.

Methodology: Joël Fagot.

Supervision: Joël Fagot.

Validation: Anne Reboul.

Writing – original draft: Anne Reboul, Nicolas Claidière, Joël Fagot.

Writing – review & editing: Anne Reboul, Nicolas Claidière, Isabelle Dautriche, Joël Fagot.

References
	1.	 Arnold K, Zuberbühler K. The alarm-calling system of adult male putty-nosed monkeys, Cercopithecus nictitans martini. Animal Behaviour. 

2006;72(3):643–53. https://doi.org/10.1016/j.anbehav.2005.11.017

	2.	 Arnold K, Zuberbühler K. Meaningful call combinations in a non-human primate. Curr Biol. 2008;18(5):R202–3. https://doi.org/10.1016/j.
cub.2008.01.040 PMID: 18334192

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0334726.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0334726.s002
https://doi.org/10.1016/j.anbehav.2005.11.017
https://doi.org/10.1016/j.cub.2008.01.040
https://doi.org/10.1016/j.cub.2008.01.040
http://www.ncbi.nlm.nih.gov/pubmed/18334192


PLOS One | https://doi.org/10.1371/journal.pone.0334726  November 5, 2025 17 / 18

	 3.	 Engesser S, Ridley AR, Townsend SW. Meaningful call combinations and compositional processing in the southern pied babbler. Proc Natl Acad 
Sci U S A. 2016;113(21):5976–81. https://doi.org/10.1073/pnas.1600970113 PMID: 27155011

	 4.	 Genty E, Byrne RW. Why do gorillas make sequences of gestures? Anim Cogn. 2010;13(2):287–301. https://doi.org/10.1007/s10071-009-0266-4 
PMID: 19649664

	 5.	 Hobaiter C, Byrne RW. Serial gesturing by wild chimpanzees: its nature and function for communication. Anim Cogn. 2011;14(6):827–38. https://
doi.org/10.1007/s10071-011-0416-3 PMID: 21562816

	 6.	 Suzuki TN, Wheatcroft D, Griesser M. Experimental evidence for compositional syntax in bird calls. Nat Commun. 2016;7:10986. https://doi.
org/10.1038/ncomms10986 PMID: 26954097

	 7.	 Suzuki TN, Wheatcroft D, Griesser M. Wild Birds Use an Ordering Rule to Decode Novel Call Sequences. Curr Biol. 2017;27(15):2331–2336.e3. 
https://doi.org/10.1016/j.cub.2017.06.031 PMID: 28756952

	 8.	 Suzuki TN, Matsumoto YK. Experimental evidence for core-Merge in the vocal communication system of a wild passerine. Nat Commun. 
2022;13(1):5605. https://doi.org/10.1038/s41467-022-33360-3 PMID: 36153329

	 9.	 Oña LS, Sandler W, Liebal K. A stepping stone to compositionality in chimpanzee communication. PeerJ. 2019;7:e7623. https://doi.org/10.7717/
peerj.7623 PMID: 31565566

	10.	 Berthet M, Surbeck M, Townsend SW. Extensive compositionality in the vocal system of bonobos. Science. 2025;388(6742):104–8. https://doi.
org/10.1126/science.adv1170 PMID: 40179186

	11.	 Arnold K, Zuberbühler K. Call combinations in monkeys: compositional or idiomatic expressions? Brain Lang. 2012;120(3):303–9. https://doi.
org/10.1016/j.bandl.2011.10.001 PMID: 22032914

	12.	 Schlenker P, Chemla E, Arnold K, Zuberbühler K. Pyow-hack revisited: Two analyses of Putty-nosed monkey alarm calls. Lingua. 2016;171:1–23. 
https://doi.org/10.1016/j.lingua.2015.10.002

	13.	 Schlenker P, Coye C, Leroux M, Chemla E. The ABC-D of animal linguistics: are syntax and compositionality for real? Biol Rev Camb Philos Soc. 
2023;98(4):1142–59. https://doi.org/10.1111/brv.12944 PMID: 36960599

	14.	 Medam T, Marzouki Y, Montant M, Fagot J. Categorization does not promote symmetry in Guinea baboons (Papio papio). Anim Cogn. 
2016;19(5):987–98. https://doi.org/10.1007/s10071-016-1003-4 PMID: 27278368

	15.	 Medam T, Fagot J. Behavioral assessment of combinatorial semantics in baboons (Papio papio). Behav Processes. 2016;123:54–62. https://doi.
org/10.1016/j.beproc.2015.10.016 PMID: 26515889

	16.	 Fagot J, Malassis R, Medam T. The processing of positional information in a two-item sequence limits the emergence of symmetry in baboons 
(Papio papio), but not in humans (Homo sapiens). Learn Behav. 2018;46(1):67–78. https://doi.org/10.3758/s13420-017-0290-1 PMID: 28779389

	17.	 Dautriche I, Buccola B, Berthet M, Fagot J, Chemla E. Evidence for compositionality in baboons (Papio papio) through the test case of negation. 
Sci Rep. 2022;12(1):19181. https://doi.org/10.1038/s41598-022-21143-1 PMID: 36357450

	18.	 Chartier TF, Fagot J. Simultaneous learning of directional and non-directional stimulus relations in baboons (Papio papio). Learn Behav. 
2023;51(2):166–78. https://doi.org/10.3758/s13420-022-00522-8 PMID: 35449392

	19.	 Fagot J, Paleressompoulle D. Automatic testing of cognitive performance in baboons maintained in social groups. Behav Res Methods. 
2009;41:396–400.

	20.	 Fagot J, Bonté E. Automated testing of cognitive performance in monkeys: use of a battery of computerized test systems by a troop of semi-free-
ranging baboons (Papio papio). Behav Res Methods. 2010;42(2):507–16. https://doi.org/10.3758/BRM.42.2.507 PMID: 20479182

	21.	 Fagot J, Gullstrand J, Kemp C, Defilles C, Mekaouche M. Effects of freely accessible computerized test systems on the spontaneous behaviors 
and stress level of Guinea baboons (Papio papio). Am J Primatol. 2014;76(1):56–64. https://doi.org/10.1002/ajp.22193 PMID: 24038166

	22.	 Hopkins WD, Fagot J, Vauclair J. Mirror-image matching and mental rotation problem solving by baboons (Papio papio): unilateral input enhances 
performance. J Exp Psychol Gen. 1993;122(1):61–72. https://doi.org/10.1037//0096-3445.122.1.61 PMID: 8440977

	23.	 Flemming T, Thompson RK, Fagot J. Baboons, like humans, solve an analogical matching task by categorical abstraction of relations. Animal Cog-
nition. 2013;201(16):519–24.

	24.	 Grainger J, Dufau S, Montant M, Ziegler JC, Fagot J. Orthographic processing in baboons (Papio papio). Science. 2012;336(6078):245–8. https://
doi.org/10.1126/science.1218152 PMID: 22499949

	25.	 Ciccione L, Dighiero-Brecht T, Claidière N, Fagot J, Dehaene S. Can non-human primates extract the linear trend from a noisy scatterplot? 
iScience. 2024;28(1):111661. https://doi.org/10.1016/j.isci.2024.111661 PMID: 39868034

	26.	 Fagot J, Thompson RKR. Generalized relational matching by guinea baboons (Papio papio) in two-by-two-item analogy problems. Psychol Sci. 
2011;22(10):1304–9. https://doi.org/10.1177/0956797611422916 PMID: 21934135

	27.	 Sablé-Meyer M, Fagot J, Caparos S, van Kerkoerle T, Amalric M, Dehaene S. A signature of human uniqueness in the perception of geometric 
shapes. Proc Natl Acad Sci U S A. 2021;118(16):e2023123118.

	28.	 Malassis R, Fagot J. Extraction of structural regularities by baboons (Papio Papio): Adjacent and nonadjacent repetition patterns differ in learnabil-
ity. J Comp Psychol. 2021;135(1):51–63. https://doi.org/10.1037/com0000238 PMID: 32496080

https://doi.org/10.1073/pnas.1600970113
http://www.ncbi.nlm.nih.gov/pubmed/27155011
https://doi.org/10.1007/s10071-009-0266-4
http://www.ncbi.nlm.nih.gov/pubmed/19649664
https://doi.org/10.1007/s10071-011-0416-3
https://doi.org/10.1007/s10071-011-0416-3
http://www.ncbi.nlm.nih.gov/pubmed/21562816
https://doi.org/10.1038/ncomms10986
https://doi.org/10.1038/ncomms10986
http://www.ncbi.nlm.nih.gov/pubmed/26954097
https://doi.org/10.1016/j.cub.2017.06.031
http://www.ncbi.nlm.nih.gov/pubmed/28756952
https://doi.org/10.1038/s41467-022-33360-3
http://www.ncbi.nlm.nih.gov/pubmed/36153329
https://doi.org/10.7717/peerj.7623
https://doi.org/10.7717/peerj.7623
http://www.ncbi.nlm.nih.gov/pubmed/31565566
https://doi.org/10.1126/science.adv1170
https://doi.org/10.1126/science.adv1170
http://www.ncbi.nlm.nih.gov/pubmed/40179186
https://doi.org/10.1016/j.bandl.2011.10.001
https://doi.org/10.1016/j.bandl.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22032914
https://doi.org/10.1016/j.lingua.2015.10.002
https://doi.org/10.1111/brv.12944
http://www.ncbi.nlm.nih.gov/pubmed/36960599
https://doi.org/10.1007/s10071-016-1003-4
http://www.ncbi.nlm.nih.gov/pubmed/27278368
https://doi.org/10.1016/j.beproc.2015.10.016
https://doi.org/10.1016/j.beproc.2015.10.016
http://www.ncbi.nlm.nih.gov/pubmed/26515889
https://doi.org/10.3758/s13420-017-0290-1
http://www.ncbi.nlm.nih.gov/pubmed/28779389
https://doi.org/10.1038/s41598-022-21143-1
http://www.ncbi.nlm.nih.gov/pubmed/36357450
https://doi.org/10.3758/s13420-022-00522-8
http://www.ncbi.nlm.nih.gov/pubmed/35449392
https://doi.org/10.3758/BRM.42.2.507
http://www.ncbi.nlm.nih.gov/pubmed/20479182
https://doi.org/10.1002/ajp.22193
http://www.ncbi.nlm.nih.gov/pubmed/24038166
https://doi.org/10.1037//0096-3445.122.1.61
http://www.ncbi.nlm.nih.gov/pubmed/8440977
https://doi.org/10.1126/science.1218152
https://doi.org/10.1126/science.1218152
http://www.ncbi.nlm.nih.gov/pubmed/22499949
https://doi.org/10.1016/j.isci.2024.111661
http://www.ncbi.nlm.nih.gov/pubmed/39868034
https://doi.org/10.1177/0956797611422916
http://www.ncbi.nlm.nih.gov/pubmed/21934135
https://doi.org/10.1037/com0000238
http://www.ncbi.nlm.nih.gov/pubmed/32496080


PLOS One | https://doi.org/10.1371/journal.pone.0334726  November 5, 2025 18 / 18

	29.	 Gullstrand J, Claidière N, Fagot J. Cognitive flexibility and sociality in Guinea baboons (Papio papio). PLoS One. 2024;19(12):e0308778. https://
doi.org/10.1371/journal.pone.0308778 PMID: 39700121

	30.	 Fagot J, Vauclair J. Video-task assessment of stimulus novelty effects on hemispheric lateralization in baboons (Papio papio). J Comp Psychol. 
1994;108(2):156–63. https://doi.org/10.1037/0735-7036.108.2.156 PMID: 8026167

	31.	 Fagot J, Cook RG. Evidence for large long-term memory capacities in baboons and pigeons and its implications for learning and the evolution of 
cognition. Proc Natl Acad Sci U S A. 2006;103(46):17564–7. https://doi.org/10.1073/pnas.0605184103 PMID: 17088563

	32.	 Pullum GK. Theorizing about the Syntax of Human Language. CadLin. 2020;1(1):01–33. https://doi.org/10.25189/2675-4916.2020.v1.n1.id279

	33.	 Gil D. Bare and constructional compositionality. Int J Primatologist. 2024;45:635–64.

https://doi.org/10.1371/journal.pone.0308778
https://doi.org/10.1371/journal.pone.0308778
http://www.ncbi.nlm.nih.gov/pubmed/39700121
https://doi.org/10.1037/0735-7036.108.2.156
http://www.ncbi.nlm.nih.gov/pubmed/8026167
https://doi.org/10.1073/pnas.0605184103
http://www.ncbi.nlm.nih.gov/pubmed/17088563
https://doi.org/10.25189/2675-4916.2020.v1.n1.id279

