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Abstract

In both humans and non-human animals, collectives can sometimes overcome individual
cognitive biases or shortcomings to execute more rational behavior than individuals. To
investigate differences in strategy and outcome between individuals and collectives in a
logical reasoning task, we presented an inverted U-shaped tube to individuals and pairs of
chimpanzees (Pan troglodytes) and examined their preparatory actions toward rewards
which could fall from either end of the tube. Given that individual chimpanzees have
typically produced a suboptimal one-handed strategy in past variants of this task, we
predicted that pairs would outperform individuals primarily through subjects sharing the
apparatus, each placing one hand under one tube end such that they collectively account
for both possible outcomes. Unexpectedly, over half of our chimpanzees spontaneously
produced the optimal two-handed behavior (covering both ends) on their own, providing
evidence that individuals may be able to reason about mutually-exclusive future
possibilities. This reduced the capacity for pairs to improve upon individual performance.
Notably, however, we observed an increase in individual usage of the two-handed strategy
in the collective setting. This individual improvement may have arisen from an effect of
collective facilitation such as competition, suggesting an alternative mechanism through
which collectives may outperform individuals.

Keywords: primates, cognition, rationality, logic, reasoning, collective action,
cooperation, social behavior, decision-making, animal behavior
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Introduction

For millennia, scholars have mused about the origins of rational behavior and whether it
exists outside of humans (1). Individual organisms are faced with a plethora of decisions
every day, spanning the mundane to the life-changing. These decisions can be rational, in
the senses adopted by biology and economics, if they give rise to observable actions which
achieve optimal fitness outcomes (B-rationality) or maximize utility and consistency (E-
rationality)(2). Rationality — conceptualized through this behavioral, outcome-based lens -
is widespread in the animal kingdom, where individuals and groups optimize their behavior
toward improved fitness, resource acquisition, or optimal energy intake and expenditure.
On the other hand, decisions can be rational, in the sense adopted by philosophy and
psychology, if they recruit decision-making processes that involve reasoning, rather than
only those involving heuristics (2). Heuristic processing, a system of decisional “shortcuts
based on rules and patterns (3), is fast and less cognitively effortful, but may be prone to
pitfalls such as cognitive biases and illusory thinking. Reasoning, conversely, involves
representing and reflecting on reasons for one’s actions, which often entails considering
multiple possible consequences of different choices and selecting the most optimal
decision given the decision-maker’s specific needs, ethics, and beliefs. This process,
known as PP-rationality, is slower and more cognitively demanding, but less prone to
reflexive errors. A diversity of reasoning abilities exist in humans, from logic to theory of
mind, and it remains debated whether any of these capacities are shared with other
species (2,4-6).

»

Fascinatingly, evidence has started to emerge that collectives can sometimes exhibit
rational decision-making, at least in the B- or E- sense of rationality, even when their
constituent members do not. For example, in a landmark discovery, Sasaki and Pratt (7)
found that individual ants were susceptible to the ‘decoy effect’ — where the addition of an
extra choice alternative changes an existing preference among options, producing an
‘economically irrational’ decision —yet colonies of ants resisted the decoy and reverted to
rationality (in this case, consistency in preference). This is due not only to the simple
aggregation of group members’ sensory, processing and memory powers, but also to
properties that emerge from the interaction of decision rules individuals use for combining
their own information with that of others (8-13). This work shows that in some decision-
making contexts, collectives can achieve biological forms of rationality, in this case in
optimizing preferences and outcomes (collective B- or E-rationality), that individuals
cannot. While this study has become a seminal proof-of-concept demonstration of
emergent collective B/E-rationality in animal groups, a further open question, which we
begin to tackle here, is whether collective decision-making can also produce ‘reasoning-
like’ intelligence (i.e., collective rationality in the PP-sense) even in systems composed of
agents that purportedly do not have the capacity to reason individually. That is, can we find
evidence of emergent forms of collective reasoning in non-human animals?

Broadly, these questions fall within the study of “collective behavior”, which describes
scenarios where two or more individuals - each influenced by the choices and actions of
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others in the group - produce a joint behavioral outcome mediated by local-scale
interactions among group-mates (14-16). We define “emergent collective reasoning” as a
subset of collective behaviors in which forms of reasoning that are not present at the
individual level emerge at the collective level, specifically when the process by which the
collective pools inputs from individual minds resembles the process of reasoning that
typically occurs within a single mind. In a paradigmatic case of emergent collective
reasoning, individual members of a collective only possess heuristic mechanisms for
decision-making, but, out of the system of interactions through which they combine their
information and make collective decisions, a reasoning-like process emerges. For
example, reasoning often involves mentally simulating multiple available options out of
which the individual chooses the one it deems the most optimal. A similar process could
emerge at the collective level even if each individual is only capable of simulating a single
option, so long as their interactions provide a mechanism for making decisions over the
many simulations that are collectively represented across individuals. While the emphasis
here is on characterizing the process by which information from the minds of multiple
individuals is aggregated into an emergent reasoning-like phenomenon, this kind of
‘emergent collective reasoning’ may also secure more optimal outcomes for collectives
than those available to individuals. Notably, while emergent collective reasoning requires
the development of a reasoning-like process across individuals, it nonetheless in principle
could arise under a broad range of circumstances that vary in terms of the degree to which
the collective’s actions must be physically, sequentially, or temporally coordinated, the
degree to which the outcome is equally distributed or identical across all participating
individuals, and the degree to which the participating members individually mentally
represent the behavior as collective.

We distinguish emergent collective reasoning from two other mechanisms of collective
improvement related to reasoning. First, if the presence or absence of individual reasoning
abilities varies across members of a species, larger collectives may simply be more likely
to contain one or more individuals in possession of those reasoning capacities. In this
case, which we term collective scaling of individual reasoning, the presence of more
competent individuals may expand with group size and increase the likelihood that the
decision of the collective is informed by these individuals’ proficient reasoning, and
therefore achieve more optimal outcomes. Alternatively, in the case of collective
facilitation of individual reasoning, it is possible that collective contexts could elevate the
motivations of individuals to deploy reasoning abilities that they, again, already possess,
and thus produce a greater prevalence of individual decisions being shaped by reasoning.
Here, although individuals may more reliably deploy their bonafide reasoning abilities in
collective contexts, and collectives may secure more optimal outcomes as a result, the
fundamental process resembling reasoning is taking place in the minds of individuals,
rather than emerging across individuals.

As noted earlier, an open question in the comparative literature is whether even individual
reasoning is unique to humans remains an open question in the comparative literature.
Chimpanzees are an intriguing model to explore this capacity outside of humans, given
their broadly sophisticated cognitive abilities and their position as one of humans’ two
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closest living relatives (17-21). Moreover, their many collectively performed behaviors
(hunting, coalitionary aggression, territory border patrols, etc.) (22,23) and their potential
demonstration of collective reasoning in naturalistic hunting contexts (see below) make
them ideal candidates for examining the possibility of individual or collective reasoning
beyond humans. Although chimpanzees can and do make independent decisions driven by
their own egocentric needs and desires, they live in cohesive and broadly cooperative
groups that nest, travel, feed and breed together. As such, they exhibit numerous
collective behaviors that result in jointly-experienced outcomes, although the benefits of
these outcomes are not always shared equally among members of the collective. For
example, a group of chimpanzees may cooperatively hunt a colobus monkey, and although
not all participating hunters may receive equal or even any part in the prey, the ultimate
capture of the monkey was the result of the combination of the individuals’ efforts, even if
they do not all receive equal benefit from the division of resources.

Although primates engage in a variety of collective behaviors, cooperative hunting of
colobus monkeys by chimpanzees is an activity that provides a particularly useful lens
through which to investigate reasoning processes, since it may involve chimpanzees
simulating the potential escape paths of their prey. At Ngogo, in Kibale National Park,
Uganda, larger hunting parties are more likely to successfully capture a monkey (24), and,
at Tai Forest, in Tai National Park, Cbte d‘lvoire, hunters are more likely than bystanders to
receive a share of the meat from the captor, suggesting that these acts are cooperative
(25,26). In at least some chimpanzee communities (e.g., Kasekela, in Gombe National
Park, Tanzania, and Kanyawara, in Kibale National Park, Uganda), hunts are often spurred
by specific individuals, termed ‘impact’ hunters, who initiate hunts at disproportionate
rates (27). When a hunt begins, one or more chimpanzees ascend the trees toward a
target. According to Boesch (28), who extensively studied this phenomenon, others initially
“remain on the ground in anticipation of the possible escape routes of the colobus and
ready themselves to join the pursuit” (28, italicized emphasis added). Boesch (28)
describes these other hunters as either placing themselves in other trees “to block the
progression of the prey,” directly chasing the prey and attempting to catch it, or ambushing
the prey by quietly positioning themselves in trees along the monkey’s anticipated escape
route. These blocking and ambushing behaviors raise the possibility that chimpanzees
could be exercising reasoning capacities for modal logic (i.e., reasoning about
possibilities) at the individual level: individuals might simulate multiple mutually exclusive
possible future events (i.e., future escape attempts of the monkey) and coordinate their
coverage of these possible escape routes. However, coverage of all escape routes could in
principle also be achieved, without individuals possessing the logical reasoning capacity
for simulating mutually exclusive possibilities, by a form of emergent collective reasoning:
if each individual observes the locations of its fellow hunters and anticipates and blocks
one remaining possible escape route, the group may be able to collectively represent and
block all possible escape routes.

In captive experiments, chimpanzees have not always shown robust individual reasoning
abilities of this variety. In an elegant task developed by Redshaw and Suddendorf (29), a
reward is dropped down an inverted Y-shaped tube, such that it may emerge from either of
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two ends. Subjects capable of mastering the logical operator “OR” (the reward may
emerge from this end OR that end) and of anticipating multiple, mutually exclusive future
events should plan accordingly by placing one hand beneath each end. Although three-
year-old human children often fail this task, it is typically mastered by age four, a result
that has been replicated across several task variations and multiple cultures (30,31). In the
classic version of this task, chimpanzees perform comparably to three-year-olds, typically
pursuing an apparent heuristic strategy of placing a single hand beneath just one end
(29,30,32,but see 33 for a modified version that yields better performance). This suggests
that, while chimpanzees do seem to anticipate the arrival of the reward, they may only be
capable of simulating one possible future state at a time, potentially even treating it as a
certain future event, as young children have been argued to do (34).

To investigate both individual and collective reasoning, the current study was designed to
explore the performance and dynamics of collectives (here, pairs) versus individuals in this
logical reasoning task. We tested individuals, then pairs, then individuals once more, with
an inverted U-shaped tube apparatus. This task offered a stripped down opportunity to test
the three mechanisms of collective improvement described above by providing the
minimal conditions required for each mechanism, without requiring sophisticated
coordination by subjects or lengthy training (as would have been necessary to equally
distribute the outcome, e.g., to bait the apparatus with a token that chimpanzees could
exchange to both receive a reward) and while still approximating collective hunting. Given
that in past studies individual chimpanzees typically did not express the logical solution of
covering both ends of an inverted Y-tube, this context provided scope for collectives to
achieve more optimal strategies or outcomes in one of several ways. If collective reasoning
can emerge in chimpanzees in the absence of individual logical reasoning capacities, we
predicted that, in collective contexts, one individual may cover one end of the tube while a
different individual covers the other. This would allow them to collectively achieve the
optimal strategy (and outcome) without the burden of fully reasoning about each possible
future event falling to any one individual. Similarly, if chimpanzees fail to express the
optimal logical behavior as individuals not because they lack individual logical reasoning
capacities but because the motor demands of the task are too great (32), pairs of apes may
be able to overcome this problem by sharing access to the apparatus and collectively
covering both ends. This pattern of results would functionally mimic the proposed
mechanism of collective hunting in chimpanzees - each individual need only represent one
possible future event for all possible events to be collectively represented and prepared
for. Alternatively, it is possible that some chimpanzees do possess modal reasoning
abilities and that the presence of such individuals in collectives is sufficient to allow
collectives to outperform the majority of (non-reasoning) individuals, as may result from
collective scaling of individual reasoning. Finally, if some chimpanzees do possess these
individual reasoning capacities, we may see an effect of collective facilitation: that is, by
inducing competition (or cooperation) (33,e.g., 35), collective contexts might heighten
chimpanzees’ motivation and promote more rational strategies, even at the individual
level. Beyond investigating these multiple mechanisms of collective improvement, we
further predicted that higher intrapair tolerance and more similar dominance ranks would
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facilitate shared use of the apparatus (e.g., 36,37,38) and hence promote collective
reasoning, whereas lower tolerance and greater dominance differences would facilitate
individual monopolization of the apparatus (39), lowering the likelihood of successful
collective reasoning.

Method

Subjects

24 adult chimpanzees (Pan troglodytes - 11 females, 13 males; ages 19-40 yrs), living at
Ngamba Island Chimpanzee Sanctuary in Lake Victoria, Uganda participated in this study.
The chimpanzees live in a large, multi-male, multi-female social group of 54 individuals,
housed in a 95-acre outdoor forest enclosure adjacent to a 24 m x 10 m indoor sleeping
area. Subjects had access to food, water, and enrichment ad libitum and participated in
research daily, on a volunteer basis. All procedures were approved by the local ethics
committee of the sanctuary and the Animal Care and Use Committee of Johns Hopkins
University, and complied with international standards (the Weatherall report, The use of
nonhuman primates in research), institutional guidelines, and the legal requirements set
by Uganda. See Table S1 in supplementary material for a full list of subjects.

Procedure

Apparatus and Testing

Testing for this experiment was conducted in the sleeping rooms of the indoor chimpanzee
structure adjacent to their outdoor enclosure. The apparatus consisted of an inverted U-
shaped tube constructed of opaque PVC pipe, which was mounted against a 90 x 90 cm,
10mm-thick clear polycarbonate panel (Figure 1). The ends of the tube were 60 cm apart,
such that two chimpanzees could sit next to each other at each end with a small space in
between their bodies, but such that an individual chimpanzee could still reach both ends
while sitting in the center. The polycarbonate panel was mounted to the bars of the
chimpanzee sleeping structure, on the experimenter’s side, such that the ends of the U-
shaped tube were 16 cm from the ground. Chimpanzees sitting across from the
experimenter could see, but not access the tube, apart from three 7x4 cm reach holes cut
into the bars beneath the polycarbonate panel (Figure 1), which provided subjects with
access to the two ends of the tube. The U-shaped tube had a small opening at the top of
the U-bend, inside of which was affixed a rotating plate, which could be turned to obstruct
one or the other side of the tube. Thus, the experimenter could drop pieces of food into an
opening at the apex of the tube and covertly control the side of the tube from which the
food would fall. Subjects’ line of sight allowed them to observe when the experimenter
held the food over the entrance to the tube in preparation to drop it, but not the
mechanism which controlled the side from which the reward would drop.
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Figure 1: Image of “I” (left) and “U” (right) - shaped tubes used for the pre-training and
experimental phases, respectively. Chimpanzees could hold their hands through holes in
the mesh beneath tube ends in anticipation of falling food rewards. The right-hand image
depicts the experimenter holding the food at the baiting location.

Pre-Training

Pre-Training | - Motor Demands

In order to confirm that subjects were capable of acquiring food from the apparatus, we
first presented a straight “I”-shaped tube mounted in the same manner as the U-shaped
tube (Figure 1). The purpose of this phase was to train subjects on the motor demands of
the task — namely, placing their hand through the ‘reach hole’ beneath a tube end and
covering the end of the tube sufficiently to catch the food. This phase also introduced
subjects to the baiting cue: on each trial across all phases, the experimenter held the food
above the tube and said “Ready?” in an excited tone of voice prior to dropping it. Critically,
this phase did not train subjects on the U-tube apparatus, and provided no introduction to
the possibility of multiple outcomes, nor did it train reaching into either of the reach holes
occupied by the two ends of the U-tube in the main experiment.

Initially, the experimenter encouraged subjects to place their hand through the central
reach hole to touch the end of the I-tube by indicating the location with her own hand,
luring with additional pieces of food, using verbal encouragement, gesturing toward the
end of the I-tube, and waiting to drop pieces of food until the subject had placed their hand
in the correct location. This initial training ended once subjects were reliably willing to put
their hands through the reach hole without luring or visual encouragement toward the
correct location. Then, 18 evaluation trials were administered as follows: the experimenter
held a piece of food above the opening to the I-tube, said “Ready?” and then dropped the
food after five seconds, regardless of whether the subject had placed their hand through
the reach hole in order to catch it. Initial training and evaluation trials occurred during a
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single session on each subject’s first day of testing. Those subjects who successfully held
their hand beneath the tube on 15/18 evaluation trials proceeded to the main experiment.
Of the 24 subjects initially included in the sample, three subjects (all males) were omitted
at this stage because they could not comfortably fit their hands into the reach hole to
catch the food from the I-tube. Thus, the final sample for the main experiment consisted of
21 chimpanzees.

Pre-Training Il - Observation of Outcomes

In order to provide subjects an opportunity to observe the possible outcomes of the U-
tube, without directly interacting with it, subjects were presented with the U-tube, held in
the experimenter’s hand at a distance from the bars of the testing room, rather than
mounted (as in 29). The experimenter recruited the subject’s attention by calling their
name and waving a piece of food, then dropped the food into the U-tube and allowed it to
come out of one of the two ends to fall to the floor at her feet, out of reach from the
subject. This process was repeated five more times, for a total of six trials, three times per
side, in a counterbalanced order. The subject then received a large, unrelated reward to
mitigate any frustration at not receiving the observed pieces of food, and the session was
concluded. This session occurred on a separate day from both pre-training | and from the
first individual phase of the main experiment.

Individual Pre-Pairs Phase

The purpose of the pre-pairs individual phase was to measure subjects’ individual rates of
deploying the rational strategy (covering both sides of the tube), and of successfully
obtaining the food reward, prior to any intervention by social dynamics. This phase was a
functional replication of the foundational study by Redshaw and Suddendorf (29), albeit
with the larger, bars-mounted apparatus intended for subsequent pairs use. Subjects were
admitted into the testing room, where the U-tube was mounted to the bars (Figure 1), and
were tested in isolation. Subjects were administered 18 trials in a single session as
follows: after subjects initially approached within one arm’s length of the apparatus, the
experimenter held a piece of food above the opening to the U-tube and said “Ready?”.
After five seconds, regardless of whether the subject had placed their hand or hands
through the reach holes to cover either or both ends of the U-tube, the experimenter
dropped the piece of food. If the subject caught the piece of food, she was able to eat it. If
the subject did not catch the food (e.g., it fell through an uncovered side of the tube), the
experimenter retrieved it and placed it back in the pail of food rewards. The experimenter
then immediately began another trial by holding the next piece of food over the tube and
repeating the baiting cue. On a separate day, all subjects then proceeded to the pairs
phase of the experiment, regardless of their performance in this phase.

Pairs Phase

The purpose of the pairs phase was to evaluate whether pairs of chimpanzees, treated as a
collective, were more or less likely to collectively cover both open ends of the U-tube, or
more or less likely to successfully obtain the food reward, than individuals.
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Pairs Selection

To assist in the selection process, the head caregiver at Ngamba Sanctuary completed a
survey in which he rated the tolerance (0-3) and dominance differential (0-3) between each
of the possible 210 pairings of the 21 chimpanzees participating in the main experiment.
Pairs were then selected according to three criteria:

1. The head caregiver agreed that the pair could be enclosed into a room together and
compete for food rewards without concern for safety or welfare.

2. Exceptone pair of subjects who could only be paired with each other (because they
were housed separately from the rest of the group), each subject participated in at
least two and no more than seven pairs. The number of pairs was balanced as much
as possible between individuals, but ranged in order to prioritize a balance of
demographic factors (below). The number of subjects participating in each number
of pairs (Npairs(#)) was as follows:

Npairs(1)= 2 indiVidualS; Npairs(2)= 2; Npa]rs(3)= 4; Npa]rs(4)= 6; Npa]rs(5)= 5; Npa]rs(6)= 1; Npairs(7)= 1

3. Pairs were balanced across distribution of tolerance rating, dominance differential,
and sex (M/M, M/F, and F/F), as much as possible within the limits of the sample.

The 21 subjects were initially mixed into 40 pairs. Two pairs were omitted from the
experiment as a matter of welfare; they engaged in aggressive behavior upon being
admitted into the testing room together and were thus excused before their paired trials
commenced. Therefore, the final sample for the experiment included 38 pairs. See Table
S2 in supplementary material for a breakdown of the distribution of tolerance ratings,
dominance differential ratings, and sex distribution for these pairings.

Pairs Procedure

Subjects were admitted together into the testing room, where the U-tube was mounted to
the bars. At the start of the paired U-tube task, two caregivers were stationed along the
right-hand side of the room such that subjects could approach them to intermittently
receive juice rewards through the bars. Initially, caregivers called to the subjects and
offered juice rewards to entice each of them to come to separate locations on the right-
hand side of the room, equidistant from the apparatus. The experimenter then cued the
subjects and the caregivers by saying “Ready?” and holding a reward over the opening to
the apparatus, at which point the caregivers removed the juice, turned their backs toward
the subjects and ceased interacting, and subjects had the opportunity to approach the
tube to prepare to catch the food. The experimenter waited fifteen seconds from the time
of the baiting cue to drop the food (to allow subjects time to walk across the room to
approach the apparatus), and then dropped the food (and retrieved it if it had not been
caught by one of the two subjects), as in the individual phase. The experimenter then cued
the caregivers by saying “Okay!” and the caregivers turned around to re-engage with the
subjects and offer juice. Once both subjects returned to the right-hand side of the room,
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equidistant from the apparatus, the experimenter initiated a new trial. This process was
repeated for a total of 18 trials spread across two sessions occurring on separate days (1-
10 days elapsed between these two sessions for any given pair); pairs received 9 trials per
session. Subjects could participate in up to two different pairs per day.

Individual Post-Pairs Phase

The purpose of the individual post-pairs phase was to evaluate whether multiple
exposures to the U-tube, including exposures in a social setting, had any impact on
individuals’ rate of covering both sides of the apparatus or rate of successfully obtaining
the food. The procedure was identical to the procedure of the individual pre-pairs phase,
again involving 18 trials administered in a single session. Subjects did not participate in the
post-pairs phase until they completed all of their assigned pairings in the pairs phase.

Caregiver Survey

Finally, to independently characterize each pairs’ social relationship, we collected
information about tolerance and dominance differential within pairs using a survey
administered to the caregivers at Ngamba Sanctuary. The survey consisted of twelve
multiple-choice questions: ten hypothetical situations relating to intrapair tolerance,
spanning situations such as food sharing and food stealing, comfort-seeking, co-sleeping,
and grooming; one summary tolerance question asking caregivers to report the overall
nature of the relationship between the pair (e.g., friendly, neutral, tense); and one question
asking caregivers to select the dominance differential and direction between the pair (e.g.,
Ais highly/ moderately/ a little/ equally dominant to B, or vice versa). See supplementary
material for a reproduction of the full survey. Each pair was independently rated by two
caregivers, neither of whom had observed that specific pair engage in the experiment.
Caregivers at Ngamba Sanctuary had an average of 11 years (range: 1-21 years) of
experience with these chimpanzees, and are in frequent contact and observation with the
entire chimpanzee group on a daily basis. They have substantial opportunity to observe
their group and dyadic dynamics in various situations, and were instructed to answer these
questions based on their impressions of the chimpanzees’ interactions as a whole, rather
than their expectations about the experiment in particular.

Statistics and Analysis

We live-recorded the identity, order of approach, and covering behaviors of each subject
across the three experimental phases. Approach was coded as any instance in which a
subject moved within one arm’s reach of the apparatus during the period in between the
experimenter’s baiting cue and the time at which she dropped the food reward. Covering
behavior was recorded categorically as left, right, both, or neither with respect to the tube
ends from the perspective of the experimenter, and cover was defined as any instance in
which the subject extended their hand through the reach hole or the bars beneath the tube
such that their fingertips could touch either the far side or the inside of the tube end. Cover
was recorded at the time at which the food reward was dropped, regardless of any covering
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behavior prior to that point. An additional coder, blind to the purpose and predictions of
this study, recorded the approach and cover behaviors for 20% of trials in each of the three
experimental phases. We used Cohen’s kappa to assess interobserver reliability and found
excellent agreement with the live coding (approach: k= 0.93, cover: k= 0.95).

Regarding the caregiver surveys of intrapair tolerance and dominance, each of the first ten
questions in the survey returned a tolerance score between 0-3 (see supplementary
material for a full reproduction of the survey, including the tolerance scores for each
response option for each question). These tolerance scores were averaged across the ten
questions and then between caregivers to return a total mean tolerance score for each
pair. The dominance differential question returned a dominant and subordinate
designation and a dominance differential between 0 and 3, which was likewise averaged
between caregivers for an overall dominance differential and direction. In cases where the
caregivers disagreed as to the direction of the dominance within a pair, the dominance
differential was set to 0 and the dominant and subordinate designations were set to “NA.”
Interrater reliability between caregivers was assessed using intraclass correlation
coefficients with two-way, absolute-agreement, random-effects models with 95%
confidence intervals. Agreement between caregivers was moderate for tolerance (/ICC =
0.65) and good for dominance differential (/CC = 0.71). The summary tolerance question
was used as a measure of internal validity: each caregiver’s mean tolerance score across
the ten hypothetical questions was compared to the tolerance score returned by the
summary question, to ensure that the hypothetical situations posed by the survey
accurately captured the tolerant or intolerant nature of the relationship in the minds of the
caregivers. The correlation between the survey mean tolerance scores and the survey
summary scores was moderate (r = 0.66).

For models at the collective level, we fitted generalized linear mixed models with a
binomial error structure and a logit link function (GLMM, 40) using the glmer function from
the IlmerMultiMember package (41), in order to include the identities of both members of
pairs as random effects. For models at the individual level, we used the glmer function of
the lme4 package (42). P-values for individual fixed effects and interaction terms were
calculated using likelihood ratio tests of the fitted model with and without the relevant
term (R function drop1, 43). All analysis was conducted in RStudio (version 4.2.1), and all
data visualizations were created using the R package ggplot2 (44).

For access to the raw data and the R code pertaining to this analysis, and for a video of
each of the above coded behaviors, please see
https://osf.io/dzv8c/?view_only=ca96b4d75cd447d887bee8013a46ccd5

Results

Overall Rate of Success across Phases

Our initial research prediction —relating to the reward-maximizing outcome of individual
versus collective action — was that the overall rate of success would vary between
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individual and paired phases. We defined success as cases when one of the two subjects,
or the only subject, covered the side from which the food ultimately fell, regardless of what
other tube ends they did or did not cover. To compare success across all three phases, we
conducted a binomial GLMM, with pair ID and subject ID(s) as random effects. This model
revealed a nearly significant effect of phase on overall success (x2 = 5.64, p=0.06), but
the only significant difference between phases was an increase between pre- and post-
pairs (Z1)=-2.34, p=0.041). The remaining differences between phases were not significant:
individual-pre vs pairs: (Z1)=-0.59, p=0.809); individual-post vs pairs: (Z1=0.21, p=0.973).
See Figure S1 in supplementary material for more details. We therefore focused the
remainder of our analyses on the strategies subjects used to solve the task.

Sharing

We hypothesized that the most likely mechanism of emergent collective reasoning, if it
occurred, would be shared use of the apparatus. If, as in previous experiments, subjects
did not systematically use two hands to cover the apparatus independently, a pair could
produce the same solution by having each subject cover one end of the tube such that
both ends were still covered. This would constitute emergent collective reasoning. Each
subject need only simulate one possible future event, and coordinate minimally such that
her simulation is distinct from that of her partner, for the collective to represent and
prepare for all possible events. Interestingly, we observed this apparatus-sharing behavior
on only 12 trials (out of 684 total pairs trials), spread across 6 pairs (Nyias=1,1,1,2,2, and 5
trials involving sharing, respectively).

Unexpected Two-Hand Use at the Individual Level

Strikingly, in contrast with past findings, we found that many of our subjects were able to
solve the task on their own, by using the apparently logical strategy of placing one hand
under each end of the U-shaped tube (hereafter: two-hand use). 11 of the 21 subjects did
so on at least one trial in the individual pre-pairs phase of the experiment, and 4 individuals
did so on at least 50% of their trials in that phase. One of these subjects, remarkably,
exhibited two-hand use on all 18 trials in the pre-pairs phase. Two-handed performance
persisted in the pairs phase of the experiment, where, in addition to sustained or improved
two-handed performance from those who had done so in the pre-pairs phase, 3 subjects
began to use two hands in the pairs phase who had not done so in the pre-pairs individual
phase. In the individual post-pairs phase, 8 subjects used two hands on at least 50% of
trials. Subjects’ use of two hands across the three phases is summarized in Figure S2 (see
also Table S3).

Collective Rate of Two-Hand Use Across Phases

In the pairs phase, although ‘sharing’ rates were surprisingly low, individual deployment of
the two-hand strategy remained high. Indeed, out of our full sample of 684 pairs trials, the
individual who interacted with the apparatus exhibited two-hand use in 299 trials. That
many individuals demonstrated this apparently logical two-hand use at the individual level
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allowed us to investigate the two other mechanisms of collective improvement. The first of
these mechanisms is collective scaling of individual reasoning, which predicts that, if
reasoning is present at the individual level but varies across individuals, the likelihood that
the collective will possess reasoning individuals and deploy the reasoning-guided solution
will scale up linearly with group size. This strategy thus predicts greater two-hand use in
collectives than in individuals. In order to examine this possible mechanism, we ran a
binomial GLMM with the collective rate of two-hand use (i.e. two-hand use occurred as
long as either (or the only) individual used two hands, regardless of the other individual’s
engagement) compared across the three phases, with subject ID(s) and pair ID included as
random effects, and a random slope of phase nested within subject ID(s). The mean (* SE)
rates of two-hand use were 0.21 + 0.02 in the individual pre-pairs phase, 0.44 + 0.02 in the
pairs phase, and 0.34 £ 0.02 in the individual post-pairs phase. There was a nearly
significant effect of phase on collective rate of two hand use (x2; = 0.8, p=0.669), , but the
differences between the pairs and individual pre- and individual post-pairs phases,
respectively, were not significant (individual-pre vs pairs: Z1=-0.92, p=0.599; pairs vs
individual-post: Z1=0.54, p=0.839). Rather, we observed a significant increase from the
individual pre- to individual post-pairs phase (Z1=0.08, p=0.996). This pattern is not
consistent with collective scaling of individual reasoning, which predicted greater two-
hand use in the pairs phase than in solo phases including in the post-pairs phase, where
the number of individuals present is reduced back to one.

Tolerance and Dominance Effects

We did not find evidence of either emergent collective reasoning, as in sharing, or of
collective scaling of individual reasoning. However, these mechanisms might have been
constrained by intrapair factors like tolerance and dominance differential. To investigate
such effects, we ran a binomial GLMM on data from the pairs phase, with two-hand use as
the dependent measure, an interaction term of survey mean tolerance and survey
dominance differential as fixed effects, and subject IDs and pair ID as random effects. This
model identified a significant interaction between pairs’ tolerance and their dominance
differential on collective rate of two-hand use in the pairs phase (x2) = 6.83, p=0.009).
More tolerant pairs and pairs with a lower dominance differential tended to exhibit higher
rates of individual deployment of the rational strategy. The positive effect of tolerance had
a greater impact on the rate of two-hand use when the dominance differential was high,
suggesting that in more tolerant dyads, even less dominant ‘reasoning’ individuals may still
have had access to the apparatus (see Figure 2). This suggests that an otherwise simple
mechanism of scaling up may be moderated by the social dynamic of the group,

i.e. individuals may not be able to fully contribute their capacity to reason about multiple
future events if they are inhibited by the presence of their partner.
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506  Figure 2: The effect of the interaction between pairs’ tolerance and dominance differential
507 scores on mean collective rate of two-hand use. A: all four possible levels of dominance
508 differential are depicted B: dominance differential is collapsed into ‘low’ (0-1), and ‘high’
509 (2-3), for the purpose of visualization.

510 Collective Facilitation of Individual Reasoning

511 Finally, we investigated collective facilitation of individual reasoning, by examining the
512 effect of individual versus collective context on individuals’ deployment of the putatively
513 logical strategy. Here, each trial in the pairs phase was evaluated independently, one with
514 each member of the pair designated as the focal subject or partner subject, and then vice
515 versa. To accurately assess changes in performance for the pairs phase, we filtered the
516 datatoinclude only trials in which the focal chimpanzee had completely unfettered

517 accessto the apparatus (i.e., the subject approached within one arm’s length of the

518 apparatus, and their partner either did not approach the apparatus at all, or did approach
519 but did not cover either end of the tube, to account for the fact that dominant partners
520 could otherwise prevent access to the apparatus). This filter also eliminated any instance
521 of non-independent replication of the same trial; if one subject had unfettered access to
522 the apparatus, then the other subject, by definition, did not, and that second subject’s trial
523 was therefore dropped when the first individual was viewed as the focal subject. A

524  binomial GLMM found a significant effect of phase on rate of individual use of two hands
525  within full-access trials (x22 = 30.83, p <.001; see Figure 3). Chimpanzees showed

526 significantly greater rates of two-hand use in the pairs phase relative to the individual pre-
527  pairs phase (Z1)=-2.7, p=0.017), and also in the post-pairs phase relative to the pre-pairs
528 phase (Z4)=-5.15, p <.001). The difference between the pairs and post-pairs phases was
529 notsignificant (Z1)=0.55, p=0.836). Thus, the collective context seems to have spurred an
530 increase inindividuals’ deployment of the logical strategy, which persisted into the

531 individual post-pairs phase. To assess the robustness and emergence of this effect, we ran
532 afurther modelincluding, for each subject, all 18 pre-pairs and 18 post-pairs trials and
533 onlythe first 18 pairs trials during which each subject had unfettered access to the

534  apparatus. This analysis fully replicated the results of the full-dataset model, confirming a
535 saltatory effect of the collective context on individual two-hand use, which persisted into
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the post-pairs phase (see supplementary materials for a breakdown of these results). This
novel effect of collective facilitation likely resulted from competition, which has been
shown to heighten chimpanzees’ motivation and performance in cognitive tasks (e.g.,
45,46,47).

ns

Rate of Two-Hand Use

Individual Pre-Pairs Pairs Individual Post-Pairs

Phase

Figure 3: Mean individual rate of use of two hands across phases during trials in which the
subject had full access to the apparatus. Points represent individual rates, lines represent
individual change between phases. *** - p<0.001, n.s. - p>0.05

Learning

Effect of Repeated Exposures to Apparatus on Use of Two Hands

One alternative is that the increase in individual use of two hands was not due to the
collective context at all; rather, subjects simply learned the strategy over time, with
experience. In order to investigate any effects of experiential learning on the two-hand
behavior, we fitted a binomial GLMM with overall trial number (continuous across all
phases for each individual) and session humber (each session of 18 trials in the individual
phases or 9 trials in the pairs phase) as fixed effects and the identity of the focal subject
and the pair ID (as above) as random effects. Critically, this model found no significant
effect of overall trial number across all phases on individual use of two hands (x2(1)=0.75,
p=0.385). The effect of session number was also not significant (x2 = 0.5, p=0.481). Of
note, neither of the two subjects who experienced the most trials across the pairs phase
(Nani and Bwambale, 108 and 126 trials, respectively), showed proficient use of two
hands, which further supports the suggestion that the overall increase in two-hand use
from the pre-pairs phase to the post-pairs phase was not a function of simple exposure.
We therefore find no evidence for a general effect of learning. The significant effect of
phase in the above full-access model is therefore most parsimoniously explained by
differences between the circumstances of the phases, and not by general learning.

Social Learning

Another possibility is that the collective context mattered but only insofar as it provided
opportunities for subjects to socially learn, by observing their partner’s two-handed use.
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However, we find no evidence that individuals systematically learned to employ the two-
handed strategy from first observing others doing so. The majority of individuals (11/14)
who used the two-handed strategy in any trial produced their first instance of two-hand
use in their first individual phase, before any exposure to paired trials. Of those who did not
first produce the behavior in their individual pre-pairs phase (3/14 - see Becky, Namukisa,
and Rutoto, below), only one (Namukisa) had the opportunity to observe the behavior from
another individual before producing it herself; the other two innovated the behavior without
having observed it from a partner. Similarly, of those who produced the behavior
consistently (>50% of trials within a single session), only 2 of the 11 (see Kidogo and
Medina, below) observed a partner use the two-hand strategy prior to their own first
consistent sessions. Notably in the case of both of these subjects (Kidogo and Medina),
their first consistent use of two hands emerged in the first pairs session during which they
had full access to the apparatus on at least 50% of the trials, and it is therefore not
possible to parse whether their consistency was a consequence of having seen a partner
use the two-handed strategy, or simply a matter of access related to dominance within
their pairs. See Table 1 for more details.

Table 1. Progression of two-hand use per subject per session, depicting the percentage of trials on which the
subject used two hands in each session. Note that pre- and post-pairs sessions consisted of 18 trials each,
and the subject participated alone, while paired sessions consisted of 9 trials each, and each pair completed
two sessions. Paired sessions with the same partner were not necessarily consecutive for either member of
any given pair. Individuals participated in between two and fifteen paired sessions (depicted as cells with
numerical values).

-= consistent use of two hands (= 50% of trials) within a session

=inconsistent use of two hands (<50% but >0% of trials) within a session

= firstinstance observing a partner use two hands

= subject approached on = 50% of trials AND partner did not cover either tube end (full access) on 2 50%

of trials

= subject did not approach, OR subject did approach, but partner covered at least one tube end on >50%

of trials

Pre- Pairs Post-
Subject Pairs Pairs
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

i
Baluku .
Becky 0 0 . 0
Bwambale 0 0.11 0 0 0 0 0 0.11 0 0 0 0 0 0 | 0.11 0
Indi 0.44 0.11 0 0 0 0 0 0.11 0 0 0.22
Kalema 0 0 0 0 . . . 0
Kidogo o o o [oO0EE . 0.11
Mawa 0 0 0 . . . . . 0
Medina 017 033 o o OB o o 03 o . ) -
Minni o 0o o0 o0 o o o [
Nakuu 0 0 0 0 0 0 0 . . . 0
Namukisa 0 | 0 0 0 0 0 0 0 0 0 0.33 0
Nani 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nkuumwa 0 0 0 0 0 0 0 0 0 . 0
Pasa 0.17 0.11 |FCONENGONNGIESE o.11 [EHGoN
Rambo 0 0 0 . . . n
Rutoto 0 0.1 078 1.00 0.89 1.00 1.00 1.00
Sally 006 (011 o o o o o . ) [ 011 |
Tumbo 0 078 078 089
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Discussion

In this study, we set out to investigate individual and collective performance in a logical
reasoning task in which a food reward could emerge from either of two ends of an
apparatus. Subjects could prepare for these two mutually exclusive possibilities through
individual reasoning, with one subject accounting for both possibilities and placing their
hands beneath both ends to ensure their acquisition of the reward. Alternatively, we
hypothesized that - even in the absence of individual reasoning - collectives might be able
to harness an emergent strategy we termed emergent collective reasoning: if two subjects
each anticipate and prepare (with a single hand each) for a different possibility, the
coordination and combination of these one-handed preparatory actions could allow the
collective, even incidentally, to produce the optimal cover-both strategy. However, we
found little evidence for collective reasoning in this task: pairs were not more successful
than individuals at collectively covering the end from which the reward would emerge, and
we observed only exceedingly rare instances (12/684 trials) of pairs exhibiting a shared
strategy of each individual covering one end of the apparatus. We also found no evidence
for a simple scaling up of reasoning in collectives relative to individuals, a sort of collective
reasoning by proxy which could have occurred if some individuals reason and collectives
simply have a greater likelihood of containing one or more of those individuals. Strikingly,
however, we found that individual chimpanzees deployed the logical strategy of covering
both ends on their own, and that the collective context facilitated more reliable
deployment of this behavior.

In contrast to several past studies with apes (29,30,32) and one with monkeys (48), we
present the first evidence that nonhuman primates readily and consistently produce the
optimal rational behavior of reaching with two hands to catch food falling from an inverted
Y (or U)-shaped tube. That is, they prepared for either of two possible mutually exclusive
future events. More than half of our subjects spontaneously displayed this behavior from
their first 18-trial session, some at extremely high rates and/or from the first trial. Notably,
two-handed use was observed very occasionally in a very small number of individuals in
past studies but never consistently, fueling the interpretation that the behavior was
morphologically possible but that the individuals displaying it did not grasp a logical
understanding of possibilities (49). In stark contrast to these findings, many of our subjects
consistently deployed the logical two-handed strategy at high rates from the time they first
used it onward.

Our findings corroborate but also meaningfully extend work by Engelmann and colleagues
(83,47), which - in contrast to the studies referenced above - has provided evidence that
apes may be capable of representing mutually-exclusive possibilities and logical “OR”
relations (the reward might emerge from the left OR the right tube). In one study (33),
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chimpanzees could manually stabilize either of two platforms containing food. In the Y-
shaped tube condition, an inverted Y-tube was located above the two platforms, such that
when a rock was dropped down the tube, it could land on either platform and, if the
platform was not stabilized, the food would be lost. In the single tube condition, an I-
shaped tube was located over only one of the platforms. Chimpanzees stabilized both
platforms more often in the Y-shaped tube condition, where the rock could emerge from
either tube end, than the single tube condition. While this finding suggests that the
chimpanzees may have anticipated and prepared for mutually-exclusive possibilities in the
Y-shaped tube condition, the actions taken by the chimpanzees (stabilizing trays to protect
food) are less precisely targeted to a very specific possible future state (stone or food
emerging from one tube end) than are the actions displayed in our task (placing a hand
beneath the tube to catch the falling item). These actions also required training in the task
by Engelmann et al. (33) but occurred spontaneously in our own. Finally, critics have
argued that chimpanzees in the Engelmann et al. (33) study, desiring both visible food
rewards, could solve the task by representing an AND relation (I want this food AND that
food) rather than an OR relation (49). The classic task used in our study is not open to this
AND alternative and therefore our data substantially strengthen the argument that
chimpanzees are capable of representing mutually-exclusive possibilities and logical OR
relations. At least one alternative does exist, however. In both our study and that of
Engelmann et al. (33) (as well as most existing studies with human children), if tube ends
are simply an attractive stimulus because of their ability to produce food, subjects may
ignore the baiting and potential path of the food entirely, and simply focus on reaching for
the rewarding element of the apparatus. This is an issue for future research, explored in
two follow-up studies presented in Warren et al. (in prep).

The performance of consistent two-handers in this experiment resembles the behavior
produced by four-year-old children in the same task (29), which was taken as evidence that
children can reason logically about mutually exclusive possibilities. By this token, we have
grounds to question the supposition that process-reasoning (PP-rationality) is unique to
humans. One outstanding question is why our task elicited such frequent and consistent
use of the logical two-handed strategy, even in the initial individual pre-pairs phase,
compared to other studies using this paradigm. Although 12 of our 21 subjects had some
relevant experience participating in the study by Engelmann et al. (33), only about half of
these subjects (seven individuals) ever produced the two-handed behavior in our study.
Critically, all but one of the nine fully naive subjects innovated the two-handed strategy
within our task, and the majority were consistent two-handers (e.g., Kidogo, Minni, Rutoto,
Tumbo, Yoyo), demonstrating that experience in previous tasks cannot account for our
chimpanzees’ success. One possibility is that our adaptations to the apparatus to make it
suitable for paired use helped subjects overcome some of the other motor and cognitive
demands of this task. Indeed, in a control study, Lambert & Osvath (32) found that
chimpanzees failed to produce a two-handed response even in a task that didn’t require
anticipating mutually-exclusive possibilities (e.g., when two rewards were concurrently
dropped down separate tubes), suggesting that the configuration of the setup may be
relevant to chimpanzees’ production of a two-handed behavior. Our apparatus differed in
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several key ways. First, our apparatus was mounted to the bars in front of the subjects,
permitting them to support their weight by grasping the ends of the tubes in front of them,
as they might normally do with the bars, while still using their hands to catch the food
rewards. Second, the ends of the apparatus were wider-spaced and lower to the ground
than other versions of this task, to facilitate the possibility that two subjects might sit at the
apparatus together, but this may have provided a more physically comfortable arm and
shoulder position for the subjects to use two hands simultaneously. Finally, the U-shaped
design of this tube may have helped subjects overcome any potential gravity bias (e.g., 50),
given that there was no part of the tube which led straight downward from the baiting
location, and the two possible paths for the food reward may therefore have been more
salient to the subjects. Itis also possible that this population of chimpanzees was primed
to succeed at this task due to factors such as their history of participation in research or
their highly enriching, free-ranging outdoor enclosure. Although we can demonstrate from
our pattern of results that specific experience on a similar task (33) was not a requirement
for chimpanzees to express the correct behavior, it is still possible that these subjects are
generally more practiced at analytical tasks. Future research with additional populations
and variants of the task will help to shed light on these open questions. Regardless of the
driver of success in this population, though, the novel behavior resembling logical
reasoning that we have documented here also points to exciting horizons for future
investigations into PP-rationality and the mechanisms of modal logic in non-human
primates.

Excitingly, we also found evidence that the collective context fueled an increase in logical
two-handed use by individuals. Overall, the rate of two-hand use was highest in the pairs
phase, and higher in the post-pairs than in the pre-pairs phase. This pattern suggests that
there may be some social effect of pairs that induced more individuals to produce or
improve the correct strategy, and that this strategy, once acquired or stabilized, persists in
individual performance. Yet, we found little evidence that collectives succeeded by sharing
the tube and covering different ends. Individual’s performance in the pairs phase may have
been shaped by the social dynamics of the individual pairs, in that their relationship with
their partner may have facilitated or hindered their access to the apparatus; competent
two-handers may not be able to freely apply the two-handed strategy if they were paired
with a dominant individual who was not tolerant of their approach. The complexity of these
dynamics is particularly evident in the significant interaction between tolerance and
dominance, where the effect of tolerance is relatively flat in pairs with a low dominance
differential, but more relevant to the rate of two-hand use when there is a high dominance
differential. These effects of tolerance and dominance support the premise that, in
chimpanzees, competition within a collective is a relevant factor in the optimality of the
outcomes they are able to achieve, especially within a task where the benefit of the
outcome is not shared collectively.

The individual improvement in use of two hands from pre-pairs into pairs and then largely
sustained into the post-pairs phase suggests a form of collective facilitation inducing
individuals to use the two-handed strategy (an effect of social pressure, social
competition, or social learning). Notably, this saltatory effect of the collective context was
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present within the first 18 trials. We found no evidence to support the suggestion that
subjects innovated or improved their use of two hands purely as a function of repeated
exposures to the apparatus. There was no significant increase in the use of two hands
across session or trial number, and the majority of subjects first innovated the behavior in
their very first session, some from their first trial. The pattern by which subjects acquired
and stabilized their use of two hands also does not suggest social learning; all but one
subject had already produced the two-handed behavior at least once prior to withessing a
partner doing so, and only two saw a partner use the behavior prior to producing it
consistently themselves. Additionally, several subjects who never produced or became
consistent at using the two-handed behavior did see a partner do so on multiple
occasions, suggesting that social learning was not the primary mechanism of acquisition
or stabilization of this behavior. Participation in the collective phase of the task did,
however, appear to drive an increase in individual use and consistency of the two-hand
strategy, which suggests that social pressure or competition may have driven certain
subjects to develop or improve their two-handed behavior. The presence of another
subject could drive individual improvement in two (non-exclusive) ways: first, the presence
of a conspecific may raise arousal or increase motivation to monopolize food resources,
which could, in turn, sharpen focus and surmount passivity, resulting in more active and
thoughtful engagement with the apparatus. This interpretation aligns with several past
studies that have documented competition’s motivating influence on chimpanzee
cognitive performance (e.g., 45,46,47). Second, it is possible that the presence of a second
individual could induce the active subject to conceive of multiple roles or actions, where
they might represent how the other could act on the apparatus alongside them and then
realize that they could take that action themselves instead. Numerically, the mean rate of
two-hand use does decrease slightly from pairs to post-pairs, reflecting the behavior of
those individuals who used the two-hand strategy in pairs only, suggesting some possible
effect of competition specifically, but they were outnumbered by those who improved and
sustained their improvement, and this difference is not significant. It is difficult to say,
therefore, whether the effect of the collective context simply drove a sustainable form of
learning that persisted into the individual post-pairs phase, or whether the active presence
of a conspecific still further influenced certain subjects’ strategy. Regardless, competition
and collective facilitation are both valid mechanisms of collective outcome-based
rationality. If participation in a collective, where the individual’s behavior is inherently
influenced by the choices and actions of others, causes the individual to perform better,
the collective as a whole may still achieve more optimal outcomes or strategies than an
individual alone.

In this study, we investigated three potential mechanisms of collective improvementin a
logical reasoning task. We did not find evidence for emergent collective reasoning or
collective scaling of individual reasoning. Future work should continue to investigate these
hypothesized mechanisms of collective improvement, either using similar paradigms but
varying key parameters of the task, such as equalizing rewards (e.g., by dropping a token
that apes can trade to both receive a reward), altering the degree of coordination that is
required, increasing the size of the collective, or by deploying entirely disparate paradigms
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with apes or other social species. Excitingly, we did find evidence that individual
chimpanzees may possess modal logical reasoning capacities. We also identified a novel
mechanism of collective improvement that we term collective facilitation, in which the
collective context drives more robust deployment of (apparent) individual reasoning
capacities, an effect that persisted even beyond the collective context. It is worth noting
that we examined this effect in dyads — the smallest possible collective —in order to tightly
monitor the effects of single versus multiple actors. There is, therefore, substantial
opportunity to investigate whether and how the effect of social context found in this
investigation scales up to larger collectives. Finally, we found evidence for effects of
tolerance and dominance differential on the expression and suppression of the logical
reasoning strategy. Each of these factors, in that they may impact individual capacity to act
rationally, has the potential to affect collective outcomes, where the actions of an
individual affect the choices available to others and potentially influence others’ chance to
benefit from the collective behavior. Although much of this analysis was exploratory in
nature, and therefore limited in its ability to confirm mechanisms about chimpanzee
collective behavior, it reveals a rich ground for future study, including further exploration
into the roles of learning and of social dynamics on individual and group-level outcomes.
We also note that, although our current paradigm did not ultimately afford the opportunity
to model emergent collective reasoning via the distribution of the reasoning effort of
multiple individuals, it remains an area of great potential in the interpretation of collective
behavior in primates, in natural or simulated versions of behaviors such as collective
foraging, group navigation, and cooperative territorial defense.
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