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We investigate number and arithmetic learning among a Bolivian indigenous people,
theTsimane’, for whom formal schooling is comparatively recent in history and variable
in both extent and consistency. We first present a large-scale meta-analysis on child
number development involving over 800 Tsimane’ children. The results emphasize
the impact of formal schooling: Children are only found to be full counters when
they have attended school, suggesting the importance of cultural support for early
mathematics. We then test especially remote Tsimane’ communities and document
the development of specialized arithmetical knowledge in the absence of direct formal
education. Specifically, we describe individuals who succeed on arithmetic problems
involving the number five—which has a distinct role in the local economy—even
though they do not succeed on some lower numbers. Some of these participants can
perform multiplication with fives at greater accuracy than addition by one. These
results highlight the importance of cultural factors in early mathematics and suggest
that psychological theories of number where quantities are derived from lower numbers
via repeated addition (e.g., a successor function) are unlikely to explain the diversity of
human mathematical ability.

mathematical cognition | education | arithmetic development

It has been tempting for many developmental theorists to tie accounts of children’s
number learning to formalizations of number in mathematical logic. For example, the
Peano axioms (1) define the natural numbers in logic through a simple axiomatic
system where 0 is a number and every number x has a distinct successor S(x). This
successor function S inductively defines numbers in terms of the preceding number,
with “one” defined as S(0), “two” defined as S(S(0)), “three” defined as S(S(S(0))),
etc. Other axiomatizations of number rely on different foundations—for instance, in
von Neumann’s ordinals based on sets (2) or Church encoding of numbers into lambda
calculus (3)—but still use analogous underlying logic of inductively defining each number
in terms of the preceding. This recursive unfolding of natural numbers is compelling in
mathematics because it allows an infinite system to be defined using a small collection of
built-in rules.

These formalizations have motivated analogous theories in cognitive accounts of
number. For example, it has been proposed that people are born endowed with “a little
piece of algebra” equivalent to Peano’s S(x), which defines psychological representations
of natural numbers starting from an innate concept of “one” (4, 5). Such accounts match
theories where the principles of counting and number are innate and guide acquisition
(6, 7). Even for accounts in which number is constructed, higher numbers are often
defined in relation to what is essentially repeated addition from “one” (through the
induction of a successor function), perhaps drawing on program learning (8) or an analogy
or structural mapping that defines the higher numbers after the small numerosities (i.e.,
1 to 4) have been memorized (9–11). Thus, diverse theories of numerical development
share the general idea from mathematical logic that large numbers are defined eventually
by some form of repeated addition.

However, there are reasons to suspect that number learning may be substantially
more complex. First, some work has argued that children do not know principles
concerning counting and cardinality until after learning counting itself (9, 12–19).
Second, numerical cognition work has overwhelmingly focused on Western, Educated,
Industrialized, Rich, and Democratic (WEIRD) populations (20) which have substantial
cultural support for early number learning—for example, highly educated parents,
educational toys and media, and even preschool education that emphasizes numeracy.
Children’s homemath environment is an important predictor of children’s mathematical
knowledge (21–23), and there is considerable evidence that exposure to symbolic
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number, through both language and numerical activities, is
crucial in the early development of numerical concepts (24–28).
This makes WEIRD children, in some sense, the most difficult
populations in which to study the foundations of number because
of the influence of such cultural factors.

Although there is evidence of a nonsymbolic and approximate
arithmetic ability likely based in innate numerical perception
(7, 29–35), cross-cultural work has also argued for a key role of
culture in counting and arithmetic development with symbolic
number (35–42). In addition to some universals in how quantity
perception works (34, 43), cross-cultural work has documented
variation in the timing of acquisition (28, 44, 45), the role of
language and the importance of the count list (42, 45, 46),
and the coupling of arithmetic to a culture’s social context
(47–49) with novel forms developing outside of formal education
contexts (50, 51).

Here, we focus on quantifying acquisition in a non-WEIRD
culture with the goal of evaluating whether the psychological
foundations of number are likely to rest on simple principles of
logic.Wefirst present a largemeta-analysis of indigenous Bolivian
children, the Tsimane’, who have variable amounts of formal
schooling and live a traditional (e.g., nonindustrialized) lifestyle.
Our results provide strong evidence that Tsimane’ children only
induce a general counting procedure when they receive formal
schooling. This fact is difficult to explain under theories in
which the key parts of number are available innately. We then
sought out individuals among the Tsimane’ who were older
and lived in a particularly remote area and who therefore had
comparatively less cultural support for number learning. These
people’s performance on number tasks is especially informative
regarding principles of number because their knowledge has
been less affected by a pervasive culture of numeracy, specifically
formal education and widespread monetary exchange. We show
that among these individuals, number knowledge appears not
to be based on a simple S(x) logic: Participants often show
better performance on some high numbers (multiples of five)
compared to low numbers. For example, some people are better
at adding 5 + 5 than they are at adding 9 + 1 or even 4 + 1.
This suggests that their route to success on 5 + 5 is not through
successive additions of 1 (or applications of S(x)). Instead, they
succeed on fives likely due to directly constructing algorithms
and a number system around the +5 operation itself, which is
used in trade in that community as most items are priced in
multiples of five Bolivianos (“pesos”). Theories concerning the
psychological underpinning of number should seek mechanisms
compatible with such diverse acquisition trajectories.

The Tsimane’ Context

The studies we present here document in detail the numerical
knowledge found among the Tsimane’ of Bolivia. The Tsimane’
are an indigenous farmer–foraging people living in a nonindustri-
alized society where both formal education and the value placed
on numeracy can vary. Over a period of decades, Tsimane’ society
has been engaged in a process of market and national integration
(52–56), and part of that complex history has involved outsiders
exploiting both the Tsimane’ people and their environmental
resources (52, 57).More recently, there has been some protection
afforded via integrationwith the national political system through
the Gran Consejo Tsimane’ (the representative political body
based in the market town of San Borja) as well as through
increasing rates of education and numeracy. As of today, many
families in Tsimane’ communities have become agriculturally

active for commercial purposes, selling portions of their produce
to visiting merchants.
The Tsimane’ integration into broader Bolivian society has

increased the need for numeracy and formal education, which
has been the responsibility of the Bolivian government in
Tsimane’ territory since 2006. Schooling prior to this (from
the 1950s to 2006) was conducted by missionaries, and the shift
to government-administered education brought an increase in
the number of non-Tsimane’ teachers, instruction in Spanish,
and exposure to a national curriculum including mathematics,
language, and the natural and social sciences (58). Nearly
every Tsimane’ community now has a school, including the
introduction of secondary schools in some areas (59), although
teaching resources and school attendance vary considerably as
remoteness increases. For these reasons, there is still an uneven
distribution of numerical knowledge and ability even within
communities, and this variability is especially pronounced in
the more isolated areas. These contextual differences (e.g.,
from US society) have already generated research insights, for
instance, that numeracy can affect children’s notions of fairness
(60), that words play a key representational role for number
(42), and that understanding the logic of natural number and
mastering counting itself may be partially separable conceptual
achievements (18).
We have worked with the Tsimane’ in a research capacity since

2012, in conjunction with Centro Boliviano de Investigacion
y Desarrollo Socio Integral (CBIDSI), a Bolivian nonprofit
organization that provides cultural expertise, consultation, and
resources. Importantly, CBIDSI has enabled us to work with
indigenous bilingual translators as well as negotiating formal
approval and permission to enter Tsimane’ lands through the
governing political body. The following studies were approved
by the Gran Consejo Tsimane’ as well as the Committee for
Protection of Human Subjects at the University of California,
Berkeley.

Experimental Studies

Here, we report on four studies of Tsimane’ number knowledge,
using data collected across various field trips made between 2012
and 2019. In study 1, we present a meta-analysis of basic number
knowledge at the population level, using data from 25 different
Tsimane’ communities to evaluate the importance of education
in developing early numerical knowledge. For the remaining
studies, we focused on a remote upriver community where there
are a higher number of older adults who have had little to no expo-
sure to the formal Bolivian schooling system. Working with this
subpopulation of nonschooled older adults, we conducted two
experimental studies of numerical cognition. In the first (study 2),
we probed arithmetical abilities related to daily life, showing that
the arithmetic knowledge that people develop is closely matched
to what is practically relevant (i.e., via an arithmetic arising
from local market practices where multiples of 5 are central).
In study 3, we contrasted +5 with +1 logic for adults without
formal education, finding evidence that arithmetical ability was
not tied only to concrete market situations and also suggestion
that the formalization of the successor function—learning via
+1—likely does not accurately reflect number representation for
some participants. Finally, to further highlight the possibility
of differential development, we selected three participants and
present brief cases studies in study 4—with one case suggesting a
highly idiosyncratic (but context dependent) departure from the
expectations of the successor function.
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Table 1. Study 1: Meta-analysis data sources

Source Give-N Method N* Ages

Piantadosi et al. (44) Ordered 83† 3 to 12

Jara-Ettinger et al. (60) Random 67‡ 3 to 12
Jara-Ettinger et al. (18) Random 63 4 to 11

Boni et al. (28) Random 91§ 4 to 11
Jara-Ettinger see ref. 61 Random 268 3 to 13

O’Shaughnessy et al. (61) Ordered & random 240¶ 4 to 13
O’Shaughnessy et al. (61) Ordered & random 332 14 to 95

*N = 1,144 (812 children and 332 adults).
†We dropped 9 participants from the original dataset (N = 92) due to missing village data.
‡We dropped 3 participants from the original dataset (N = 70) who had too few Give-N

trials for modeling purposes (i.e., those with 1 or 2 trials only).
§Wedropped9participants from theoriginal dataset (N = 100) due to unreliable education

data.
¶Wedropped 1 participant from the original dataset (N = 241) due to unreliable education

data.

Study 1: Tsimane’ Number Knowledge Meta-Analysis.We
pooled data from various studies (Table 1) to conduct a
meta-analysis of the distribution of number knowledge across
Tsimane’ communities, with the aim of examining the demo-
graphic predictors of basic counting knowledge, as measured by
success on a version of Wynn’s Give-a-Number task (Give-N;
62). Give-N is a simple task which, in our version (Materials and
Methods), required children to move some number of counters
from one piece of paper to another (e.g., “Can you put four
here?”). By asking for different numerosities, this task reveals
which word meanings participants can reliably use. Work has
shown that children in this task—including Tsimane’ children
(44)—tend to learn via a progression of stages called “knower
levels” (10, 62–64), where they successively learn the numerical
meanings of the first few words, in stages known as “subset-
knowers.” After the first few words, children have an insight into
the meaning of higher words on their list. Children at this stage
are called “full counters,” although their knowledge is likely to
be imperfect and takes longer to encompass all of the principles
of cardinality (12, 18, 65, 66). In our meta-analysis studies, the
highest number requested in Give-N sessions was 8 (Materials
and Methods) largely due to constraints in fieldwork and also the
fact that children classified as full counters will generally give
correct responses from 1 to 8.

We analyzed Give-N results for our large sample (N = 1,144)
of Tsimane’ children (n = 812) and adults (n = 332),
by classifying knower levels according to the Bayesian model
described in Lee and Sarnecka (67, 68) (Materials and Methods).
Below we provide results which describe the relationship between
basic number knowledge (as captured by Give-N) and the
relevant demographic variables of education, age, gender, and
community remoteness. It is important to keep in mind that
these demographic variables are imperfect. In particular, years
of education and age can be based on participants’ estimates,
and community remoteness is a simplistic measure of market
engagement. In addition, although reported ages in the child
sample ranged from 3 to 14 y, 70.4% of the ages were from 5 to
8 y, primarily as a consequence of convenience sampling.
Results. Fig. 1A shows the number of children at each knower
level, grouped by years of education, and Fig. 1B shows the same
data expressed as percentages. Most children reported 0 to 2 y of
education (632 children; 78%), with some reporting as high as
7. Strikingly, among the 182 children (22%) who had zero years
of education (and a median age of 5 y; SD = 1; range: 3 to 8),
none were classified as full counters. This gives a 99% binomial

Fig. 1. (A) Stacked histogram of child knower levels per year of education
(N = 812). (B) Percentages of child knower levels per year of education. (C)
Stacked histogram of adult knower levels (N = 332) by year of education. (D)
Percentages of adult knower levels per year of education.

CI on the proportion of Tsimane’ children who are full counters
without schooling as [0, 0.039]. Thus, children in this population
do not appear to learn productive counting without some level of
formal education. However, children without formal education
did transition through the subset-knower stages (from 0 to 4),
with the majority classified as full counters by around 2 to 3 y of
education.
Because age and education are correlated, we also compared

the trends by education across children’s age groupings in
SI Appendix, Figs. S1 and S2, suggesting that education plays
a role across all age brackets. We expand upon this analysis in
SI Appendix, Figs. S3 and S4, respectively, showing children’s
overall average knower levels by education and the predicted
knower levels from a linear regression taking both age and
education into account (and see also the regression analysis
controlling for age further ahead in Table 2). Given the
importance of the count list in numerical development (28),
we further analyzed the relationship between the highest verbal
count and full counter status, using a subset of the data where this
information was available (n = 194 children; n = 329 adults).
SI Appendix, Table S1 suggests that experience with the count
list may be one of the primary factors mediating the relationship
between education and early numerical knowledge.
Results in the adult sample were markedly different. Fig. 1 C

and D show the same histogram and percentages for participants
aged 14 y and older. More than half of the 96 adults with no
formal education were full counters (58%), with only a small
percentage of nonknowers (5%), and the rest being subset-
knowers. Full counter prevalence increased with a single year of
education, and from 2 to 13 y of education, most adults were full
counters, with the rest being four-knowers. The ages for adults
with no formal education (M = 55 y; SD = 19; n = 96) were
significantly higher than the rest of the adult sample (M = 34;
SD = 13; n = 236) by t test: t(133) = 9.73, P < 0.001,
Cohen’s d = 1.37, 95% CI for d [1.11, 1.63]. The higher age
for adults without formal education is consistent with the history
of schooling in Tsimane’ territories, which was not connected to
the national education system until 2006 (58).
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Table 2. Study 1: Logistic regression for full counting

Full Counter
Children Adults

Estimate (SE) Estimate (SE)

Education (years) 0.95∗∗∗ 0.32∗∗

(0.12) (0.12)
Gender (male) 0.76∗∗∗ 1.86∗∗∗

(0.20) (0.45)
Age (years) 0.43∗∗∗ −0.03∗∗

(0.08) (0.01)
Distance from San Borja −0.01 −0.03∗

(0.01) (0.01)
Intercept −5.68∗∗∗ 2.41∗∗∗

(0.56) (0.65)
Observations 812 332
Log Likelihood −323.93 −124.63
Akaike Inf. Crit. 657.85 259.25

Note: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Given that some adults became full counters without formal
schooling, we sought other origins for understanding their
numerical knowledge. One likely candidate is the need to
use number in economic transactions—with typical Tsimane’
people mastering social and market skills (i.e., visiting San Borja,
working outside the villages, selling products, etc.) between 15
and 20 y of age (69). If market activity is one such factor,
then both community remoteness (i.e., proximity to a market
town) and gender should be predictive, given the traditionally
gendered division of labor in Tsimane’ society where it is men
who predominately engage in market labor and trading.

Table 2 shows a logistic regression predicting the likelihood
of being a full counter, taking into account not only education
but also age, gender, and community remoteness. For adults,
education, age, and gender were also predictive of full counting.
For adults with a mean age (40 for women and 42 for men)
and living in a community the mean distance from San Borja,
the predicted probabilities of an adult without education being
a full counter were substantially higher than for children, which
was true for both women (0.65) and men (0.92). The strong
association with full counting for males suggests cultural effects
on number development which involve the aforementioned
gendered division of labor in Tsimane’ society (69), where men
are far more likely to engage in commercial activity than women
(70). Moreover, increasing age and community remoteness were
both negatively predictive of full counting for adults. This
was likely related to the ongoing and relatively recent market
integration for many Tsimane’ communities, where the very
oldest cohorts probably engage in less numerical market activity
overall as well as having grown up prior to the introduction of
extensive schooling. As with Tsimane’ children, the relationship
between the count list and full counting status was found for
adults on the subset of participants for which these data were
available (n = 328; see SI Appendix, Table S1), again pointing to
the importance of the count list in the development of numerical
concepts (and see ref. 42).

For children, education, age, and gender significantly predicted
the probability of being a full counter. Girls with the mean
age for all girls (7 y old) who had never gone to school had a
0.06 probability of being full counters, whereas the probability
increased to 0.14 with a year of schooling and then increased to
0.52 after three years of education. For boys with the mean age
of all boys (also 7 y old), the probability of being a full counter

without education was similar (0.12) to that for girls, and the
probability increased to 0.47 after 3 y of education. There was
no relationship found for community remoteness.
Discussion.Meta-analyses for a large sample of Tsimane’ partici-
pants showed diverging patterns of number knowledge between
children and adults: On the one hand, we did not find even
a single full-counting child who had reported 0 y of formal
schooling, despite the fact that the ages of children without
education in the sample ranged from 3 to 8 y old. This
suggests that exposure to instruction and numerical content
drives learning and the construction of integer concepts. It is
also notable that there is cross-cultural evidence for educational
contexts affecting the approximate system (26, 71, 72) indicating
that the effects of formal schooling on numerical cognition may
be far reaching.
On the other hand, while education also appeared to positively

affect full counting for adults, more than half of the unschooled
Tsimane’ adults whom we surveyed were full counters. This
shows that formal education is not necessary for learning
number but that the timing of its acquisition will vary and be
more protracted relative to those who receive formal education.
Moreover, adults learning number without formal schooling is
not guaranteed—just under half of our adult sample without
formal education were subset-knowers. Regression analyses were
consistentwith an effect ofmarket activity on number knowledge,
which was largely divided along gendered lines.

Study 2: Everyday Arithmetic without School. Results from
study 1 showed that while some Tsimane’ adults without
formal education become full counters, others remain with
subset knowledge. Higher percentages of adults without formal
education are found in the more geographically remote Tsimane’
communities, and in our prior surveys of arithmetical ability in
one especially remote community (seeMaterials andMethods for a
brief description), we noted that adults without formal education
often struggled with what would be considered “easy” problems
if presented in a scholastic setting (e.g., 2 + 3, or 2 × 6). This
suggests that such arithmetic problems might be unnatural or
difficult outside of a formal educational context. However, in the
remote community, we noted a) the existence of a local economy
where nearly all products are priced in multiples of 5, with 5
generally being the base unit of purchase and sale (see Fig. 2
for examples) and b) that many nonschooled adults are active
participants in this economy. Based on field observations and in
accordance with study 1, we hypothesized that in the absence of
formal education, engagement in selling produce would shape
the form of arithmetical knowledge available, similar to the
documented development of a specialized mathematics in the
case of young street vendors in Brazil (51). This out-of-school
specialized mathematics was notable for its use of currency as
the system of numerical representation and also the increasingly
complex uses of ratios which exceeded the abilities of similarly
aged nonselling peers.
For study 2, we focused on a single village which was partic-

ularly remote and tested adult participants who had little to no
formal education. This remote community allowed for a unique
cultural contrast but also made data collection more difficult and
thus placed a limit on sample sizes. Nevertheless, we were able to
workwith a range of adults without formal education, withwhom
we presented arithmetic problems ofmultiplication and addition.
The multiplication problems were relevant to the local market
(i.e., all beingmultiples of 5), whereas the addition problems were
not market-related (e.g., 1+2 or 7+7). Each problem was asked

4 of 11 https://doi.org/10.1073/pnas.2215999120 pnas.org

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 1

3
5
.1

8
0
.1

2
2
.5

4
 o

n
 M

ar
ch

 2
5
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 1

3
5
.1

8
0
.1

2
2
.5

4
.



Fig. 2. (Left) Jatata sheets sell for 5 Bolivianos (Bs) each in the remote community. They are used to roof houses but also as currency (units of 5) to pay off
outstanding accounts with river traders. (Right) Plantains are also priced in multiples of 5, depending on the size of the bunch.

twice: once in a formal mathematical manner (scholastic) and
once in a practical, or everyday manner (e.g., as a word problem
about prices; see Materials and Methods, Table 5). Finally, there
was a supplementary addition question (10 + 5) which was
market related and was intended as a check for simple price
memorization. Besides these arithmetic tasks, we also obtained
a verbal count (to a maximum of 30) and tested numerical
knowledge using the Give-N task (62), as used in study 1.
Results.Due to the focus on market activity, we analyzed the
participants in terms of sellers and nonsellers, where a seller
was defined as someone who performs actual price calculations
when selling produce (Materials and Methods). Nonsellers, often
a seller’s spouse, might assist with sales activity in general, but
they do not calculate prices. These two groups differed in their
reported cultural experiences, but there was no strong statistical
evidence for overall differences in verbal ability. With an upper
limit of 30, the average verbal count was 25 (Mdn = 30) for the
sellers (SD = 9) and 16 (Mdn = 12) for the nonsellers (SD = 11).
This difference was not statistically reliable by the two-tailed
Wilcoxon test: W = 56, P = 0.090, r = 0.411 (although
it would be using a one-tailed test). Although counting is

often done using a mix of Tsimane’ and Spanish numerals
(Materials and Methods), only one participant used a mixed
approach, with the rest (n = 17) counting in Tsimane’ only.
Based on Give-N performance, we classified 9 of the 11 sellers
(82%) as full counters, while we only classified 3 of the 7
nonsellers (43%) as such.
Fig. 3A shows the mean percentage of problems correct for

nonsellers compared with sellers, collapsed across formal and
practical phrasings. Nonsellers struggled in general and averaged
only 1 correct question in multiplication and effectively zero
questions correct in addition. The sellers outperformed nonsellers
in both addition and multiplication but were more effective with
multiplication than addition. We note, however, that we do not
know how multiplication problems were solved by participants
and they could have been completed using some form of repeated
addition, especially given the diversity of strategies found in other
samples (73). Fig. 3B shows that the formal phrasing was difficult
for the sellers, whereas the practically phrased questions were
easier. The sellers performed particularly well with the practically
phrased multiplication questions, which were problems that had
market relevance in both numerical content and phrasing and
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Multiplication Multiplication
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Fig. 3. Study 2: (A) Sellers outperformed nonsellers in both addition and multiplication (both phrasings); (B) Among themselves, sellers performed better in
both addition and multiplication when questions were phrased as practical words problems but were notably stronger in multiplication.
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Non−ma

Fig. 4. Study 2: Market vs. nonmarket addition problems (whole-sample
performance by item).

thus were closest to what they might encounter in their actual
commercial activity.

Of the 11 sellers, 10 (91%) answered the market addition
problem correctly (10 + 5). On the other hand, only 2 of the 7
nonsellers (29%) responded correctly, which was a reliable group
difference (Fisher’s Exact Test; P = 0.013). Fig. 4 compares
responses to the market addition problem with the nonmarket
addition problems for the whole sample, using the group’s best
overall performance condition (i.e., the practical/word problem
phrasing). This figure shows that within this subpopulation of
adults without formal education, 10 + 5 (as a price calculation)
could be considered easier than 1 + 2 (as a mental addition of
objects). Given that the majority of the sellers were full counters
(i.e., they understood the numerical meanings of their count list),
this is an especially surprising finding since difficulty in early
arithmetic generally increases along with augend and addend
magnitudes or problem size (74–76), and thus, an understanding
of 1 + 2 would be considered to precede an understanding of
10 + 5 [but see Baroody (77) for a critique of the Wheeler (74)
difficulty index].
Discussion. The results of study 2 show that many remote adults
without formal schooling can succeed on numerical tasks when
the problems are provided in a way that is relevant to the local
economy, following past results in the tradition of “street” or
“everyday” mathematics (50, 51, 78–80). Given that in the
remote community, there is a) not large amounts of circulating
state currency (and thus lack of access to different denominations
and the everyday numerical activities associated with currency)
and b) that the base unit of sales and purchasing is most
often 5, sellers without formal schooling develop a mathematical
practice that centers on what is directly useful in their day-to-
day lives—multiples of 5. While this study did not measure how
participants solved the multiplication problems, prior studies of
adults without formal education have shown evidence of the use
of one-to-many correspondences among Brazilian fishermen (81)
and a variety of strategies among African adults without formal
schooling (82).

These results suggest that remote Tsimane’ people without
formal education develop an arithmetic that suits their particular
needs, rather than being driven by a logical derivation from
repeated addition by one. The higher performance for mul-
tiplication over addition (even for nonsellers) is also notable
given that addition is considered to precede multiplication in
a school setting (74, 83). Indeed, in studies of early schooling,
solving multiplication problems as repeated addition is one of the
first intuitive multiplication strategies used (83, 84), although
there is evidence that the conceptual basis for multiplication

is found in one-to-many correspondence, and not in repeated
addition (85).

Study 3: Fundamental Addition without School. The perfor-
mance discrepancy between market and nonmarket problems
led us to investigate arithmetical knowledge more exhaustively,
specifically comparing performance on a range of +1 and +5
types of arithmetic problems.We selected+1due to the centrality
of recursively adding one in formalized notions of number (such
as the Peano Axioms) and +5 due to the economic importance
of multiples of five in the community. We further aimed here
to test arithmetic without making reference to pricing, in order
to probe performance and arithmetical transfer to nonmarket
problems.
We posed a new set of problems to the same remote

participants from study 2. In order to minimize effects of
presentation format, we combined the previous study’s formal
and practical phrasings simultaneously for each item: For a single
test item, we posed a verbal word problem along with its formal
equivalent, including also its visual presentation, as in study 2. All
of the arithmetic problems were presented verbally as additions
of objects and not as market pricing problems (e.g., see the final
item in Table 5). For the test items, we used a set of 12 augends
(i.e., the Left-side number to add) to create 24 addition problems
with the addends 1 and 5 (i.e., x + 1 and x + 5). The augend
set was 1, 2, 3, 4, 5, 6, 9, 10, 14, 15, 19, and 20. These 12
augends and 2 addends made up 24 problems in total for each
participant, with 12 for the +1 set and 12 for the +5 set. Items
were presented in a pseudorandomized order.
Results. Fig. 5 shows the percentage correct at the item level for
the two problem types (x + 1 and x + 5), with darker shading
for problems with an augend that was divisible by 5 (e.g., 5+ 1,
10 + 1, 15 + 1, etc). Interestingly, 1 + 1 was not universally
answered correctly (being correctly answered slightly less often
than 5+ 1, or even 5+ 5), although +1 sums were overall more
likely to be correct. However, performance spikes were evident
across the set on sums with an augend that was divisible by 5.
Logistic regression analysis showed that being a seller was

a strong sample-wide predictor of success, which was more
predictive even than full counter classification.We therefore once
again split the sample into sellers and nonsellers, and Table 3
shows the results of a logistic regression for each subgroup. This
shows that the augend’s divisibility by 5 was a large predictor,
as was the seller’s full counter status and, to a lesser degree, the
resultant magnitude.
Indeed, when the augendwas divisible by 5, sellers were correct

with x+1 type questions 75% of the time (i.e., for 5+1, 10+1,
15 + 1, and 20 + 1), yet they were correct 62% of the time for
the other x + 1 questions. This difference was more pronounced
for x + 5 type problems, with 73% correct when the augend was
divisible by 5 and 53% for the rest of the x + 5 problems.
Discussion. Study 3 showed that remote Tsimane’ participants
without formal schooling were often able to transfer numerical
knowledge to problems that did not involve pricing. However,
this ability was not uniformly applied, and in addition to full
counting and smaller result magnitude as predictors of success,
mental additions using an augend of 5 were more likely to be
correct. This effect was present both when adding 1 and 5,
suggesting the construction of a numerical system that is at least
partially selective of culturally salient features. It is notable also
that most sellers were also full counters; therefore, the results do
not suggest a numerical representation where only multiples of
5 exist, but instead, flexible arithmetical systems where multiples
of 5 are particularly important, and indeed where arithmetical
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Table 4. Case study results (study 3 data)

Addend 1 2 3 4 5 6 9 10 14 15 19 20 % Correct

+1
ML 10 4 20 6 20 60 70 70 30 30 260 100 0
PL 3 X X 6 X 8 11 X 20 X 11 11 42
GC X X X X X X X X 16 X X X 92

+5
ML 10 15 30 20 100 200 70 100 15 70 20 60 0
PL X 8 X X X X 20 20 20 X 20 20 50
GC X X 7 X X X X X 20 X 14 X 75

In a final follow-up session, we removed the possibility
of confusion about price and instead questioned about items
without value (stones). When asked to say how many stones
there would be if there was one stone, and then another one, he
considered the question and answered “ĉanam’ ” (five). For two
stones with onemore, he answered “q̂uen’ĉan” (eight). Thus,ML
is unusual in that he understands counting as repeated blocks of
10, understands the cardinalities of numbers for at least 1 to 8,
but appears able to perform mental arithmetic in an exclusively
market-centric way (i.e., working with prices that are multiples
of 5). This market-centric arithmetic excludes even 1+1, despite
the fact that he was a full counter according to Give-N and could
easily give two objects if asked for them.
PL. PL was a seller of around 55 y of age. Although having
never been to school as a child, he had completed 2 mo of
adult education through the Yo, Sí Puedo program some years
back which he credited with imparting some numerical ability.
His counting and Give-N performance were without errors, and
in study 2, he scored 100% on practical multiplication (14%
formal) and 38% practical addition (25% formal). He correctly
answered the supplementary 10+5 addition problem. However,
like ML, he stumbled on 1 + 1 as a mental addition. His +1
results were inconsistent overall, being roughly as good as his +5
results (Table 4). Thus, in a manner similar to ML, he was an
active user of mathematics for sales, was a full counter, but did
not seem to have developed a clear symbolic understanding of
+1 logic as it applies to the count list. However, unlike ML,
he was able to transfer some mathematical knowledge from his
success at market arithmetic (study 2), to more general arithmetic
(study 3).
GC.GCwas another seller around 60 y of age, whowas living with
his family further out from the center of the community in amore
isolated area. Like ML, he had no formal education and reported
that he learned numbers on his own by matching his fingers to
objects. Although his spouse and childrenwere not sellers and had
comparatively weak numerical abilities, his level of numerical skill
was impressive, especially given that he had never been exposed
to any formal schooling from childhood onward. Give-N was
simple for GC, and he counted to 30 with ease. For the study
2 multiplication questions, he scored 100% in either phrasing,
and for the addition questions, he scored 38% (practical) and
13% (formal). He correctly answered the supplementary addition
question (10 + 5 = 15) and also correctly answered the price
for (3× 5) + 10 = 25. His results for study 3 were 92% for +1
and 75% for +5 (Table 4).

For comparative purposes, a 40-y old participant from a nearby
community with two years of formal education scored 100% on
every category except for the formal multiplication problems
(scoring 75%). Thus GC’s results are comparable to those of
a participant with some formal schooling, with the exception

of weaker arithmetic when the sums are not related to his
livelihood.
Discussion. These case studies among Tsimane’ sellers without
formal education illustrate that numerical knowledge can be
developed in diverse ways. For our sample, being classified as
a full counter was not a guarantee that an understanding of +1
could be robustly applied to the count list, a result which finds
support in recent developmental work (90).

General Discussion

Workwith non-WEIRDpopulations has the potential to uncover
universals of human nature (43, 91–93) but also to function
as a check against overextended claims of universality (94–97).
Perhaps surprisingly, the symbolic use of number appears to be
one cognitive domain for which there is considerable diversity
across human groups (41, 98). Although all humans, regardless
of culture—and many other species—have an innate capacity to
discern small numerosities exactly and larger ones approximately
(34, 43, 99, 100), the development of exact, symbolic numerical
systems (like verbal counting) which transcend these innate
abilities appear to depend strongly on cultural factors. Our meta-
analytic study of basic number knowledge among the Tsimane’
shows that full counting and exposure to formal schooling are
strongly coupled for these children. Without schooling and
cultural supports, children could take a long time to learn number
beyond the first few terms, if at all (and see refs. 34 and 101).
The fact that gender is a strong predictor of number among the
Tsimane’ points to alternative cultural pathways to numerical
knowledge, namely that market activity and wage labor have
traditionally been almost exclusively men’s work among the
Tsimane’ (70)—both domains in which number is highly useful,
if not essential.
The existence of these alternative pathways led to our experi-

mental field studies of arithmetic among remote Tsimane’ adults,
which are not the first to demonstrate novel forms ofmathematics
developing outside of schooling (51, 80, 89, 102), nor are they
the first to document alterations in the form and function of
indigenous mathematics resulting from the introduction of state-
issued currency and market engagement (49). However, the
often restricted nature of the arithmetic developed among adults
without formal education in the remote community (through
working primarily with multiples of 5) is difficult to explain
under theories in which people derive their numerical knowledge
via formal mathematical notions about successive addition by
one. The pattern of number knowledge that we found among
sellers did not fit an expected universal trajectory but rather
seemed to be characterized by a range of conceptual constructions
which are developed piecemeal, according to need.Computations
which are believed to be fundamental, but are in a given context
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not relevant to daily life, can remain unlearned—at the extreme
including even addition by one.

More broadly, when number is examined historically and
cross-culturally, it appears that systems which symbolically
represent large numerosities exactly are both difficult to invent
and challenging for children to learn when compared to other
word learning—facts which are hard to explain if the foundation
of number itself is both simple and innate (10, 41). Cultures
have also exhibited a striking diversity of systems for numerical
representation, including some which are largely based in
approximation (34), those that depend on the external body
(103), potentially modulus body-part counting systems (104),
number systems that allow the use of “vague”/indefinite number
words (105), the incorporation of gesture to perform calculations
(106), or the complete absence of exact symbolic numeration
without even an unambiguous term for “one” (35, 101). Such
diversity supports the theory that number’s emergence was tied
tomore concrete, practical uses in specific cultural circumstances,
rather than being predetermined by innate logic. As with models
suggesting that there are many cognitive factors supporting the
acquisition of mathematical knowledge (107), the psychological
foundations of number may not be as simple or clean as
mathematical formalizations would suggest.

Materials and Methods

Consent Procedure. Formal consent to enter Tsimane’ lands and conduct
research was granted by the Tsimane’ representative political body, the Gran
ConsejoTsimane’.Prior toanyfieldworkorexperimentaldatacollectionoccurring
in communities, we held a public meeting to explain the project. These
meetings involved community members and leaders, experienced bilingual
Tsimane’/Spanish translators, CBIDSI staff, and the research team. Interested
individuals would then sign up for participation, with individual and parental
(for children) consent being obtained immediately prior to experimental
studies.

Data and Analyses. Datasets for the meta-analysis (study 1) and the experi-
mental fieldwork (studies2 to3) areavailableonline (61), alongwith theanalysis
code in R (108).

A. Study 1.

A.1. Participants. We conducted a meta-analysis on child and adult Tsimane’
data (N = 1,144) from 25 Tsimane’ communities, with the overall sample
consisting of a) data collected in Tsimane’ villages between 2012 and 2015
(18, 44, 60); b) data collected in 2018 (28); and c) data collected by the
authors in 2019 (Table 1). For the child data, we analyzed Give-N scores for 812
participants (45% female) between 3 and 13 y old (M = 7; SD = 2). Children’s
formal schooling ranged from 0 to 7 y (M = 1.6; SD = 1.5). Researchers
collected child data from23 villages with distance to the closestmajor town (San
Borja) ranging from 4 to 40 km (M = 19; SD = 12). All villages had their own
school.

For the adult data, we analyzed scores for 332 participants (61% female) from
data collected in 2019. Adult ages ranged from 14 to 95 y (M = 40; SD = 18),
and formal schooling ranged from 0 to 13 y (M = 2.5; SD = 2.8). Data were
collected in 19 villages ranging from4 to 44 km (M = 22; SD = 13) away from
San Borja.
A.2. Measures.

Give-N. Participants completed a version of the Give-a-Number (Give-N) task
(62), in a presentation that was ordered, random, or both (Table 1). During the
tasks, participants were presented with two half sheets of white paper and a set
of 10 objects (such as coins or buttons). They were asked to move N objects (i.e.,
a quantity from 1 to 8) from one sheet to the other, with no feedback provided
regarding accuracy.
A.3. Analyses. Knower levels were inferred using the Bayesian Data Analysis
model described by Lee and Sarnecka (67, 68) implemented in Stan (109)
and R (108). The model assumes that participants have a prior distribution

over the amount of objects they will return regardless of instruction. When a
participant receives aprompt for agivennumber, theywill update their response
distribution according to the prompt and their knower level. Using Bayes’ rule,
themodel infers the prior distribution over responses, a likelihood temperature
specifying how strongly children update their distribution given a prompt and
a distribution over knower levels for each participant. The model was run with
2,000 HamiltonianMonte Carlo steps for each of 4 chains. The knower level was
extracted as the posterior mode (which was highly correlated with the posterior
mean). Analysis code is available online (61).

B. Study 2. The data for study 2were collected in a remote Tsimane’ community
along the Maniqui river, located about a day’s travel from San Borja, first by
car (to reach the port) and then canoe. The community does not have access
to services such as the power grid or telecommunications, although merchants
arrive by canoe from time to time to trade goods from the market towns. Since
there is not a large amount of circulating currency in the community, purchases
are oftenmade on a trade basis with sheets of jatata (i.e., with each sheet priced
at 5 Bolivianos), and purchases may be made on an account with expectation of
future debt cancelation using jatata.
B.1. Participants. A total of 18 Tsimane’ adults (10 men and 8 women)
participated in the study.Within the sample, 11 were sellers, and the remaining
7 were nonsellers. The groups did not differ significantly in years of formal
education or age. No participants had ever completed a full year of schooling.
Sellers. The sellers had a mean age of 53 (SD = 7) and modal years

education of 0 (range: 0 to 0.25). Only three sellers had received some form of
systematized education, although none had been through the Bolivian school
system as children. Two of these participants had attended an adult missionary
course in the past (1 of 4mo duration, the other of 2mo), and a third participant
had completed a 2-wk adult learning course some years back.
Nonsellers. Thenonsellers hadameanageof54 (SD = 13) andmodal years

education of 0 (range: 0 to 0.42). Only one nonseller had received systematized
education, having completed 4 mo of schooling when young (i.e., without
finishing first year), in addition to a 1-mo adult “Yo, Sí Puedo” course.
B.2. Measures. All participants first answered demographic questions (age and
years of education) and then were asked whether they sold produce or not.
When participants said that they did sell produce, we then asked whether they
performed calculations for the sales or not. We only considered those who
answered positively to both questions to be sellers. Participants then in order
completed a) verbal count, b) Give-N, and finally c) the arithmetic tasks from
study 2 and then study 3. All questions were asked by the experimenter (the
first author) in Spanish and were subsequently translated into Tsimane’ by an
experienced translator.
Verbal count. Participants were asked to audibly count as high as they could

but were stopped if they reached 30. Counting could be either in Tsimane’ (a
base-10 system) or Spanish, although mixed counting was also accepted.
Ordered Give-N. We adapted the Give-N task from Wynn (62), and

participants were asked to give an exact number of plastic buttons over 8
trials (with no accuracy feedback), moving the buttons from one sheet of white
paper (containingall thebuttons) toanother sheetnext to it (blank). Thenumbers
1 to 8 were used in sequence (ordered), irrespective of answer accuracy.
Arithmetic tasks. Two sets of arithmetic problems were each posed in two

different ways, giving four conditions in total for each participant. The two sets of
problemsweremultiplication (market-based) and addition (non-market-based).
The multiplication problems were locally relevant to selling, being all based
on some multiple of five, whereas the addition problems had limited to no
local relevance to selling and thus were more scholastic in nature. Each set
consisted of eight questions, and each set was presented twice: once in a formal
mathematical phrasing andonce in apractical phrasing (i.e., as awordproblem).
Thus, eachparticipantwas posed32problems in total (i.e., 4 sets of 8 questions).
The specific questions in each set were as follows:

• Multiplication: Multiples of 5 (from 2 to 5), and multiples of 10 (also from 2
to 5).

• Addition: 1 + 2;* 3 + 4; 7 + 7; 12 + 9; 9 + 8; 13 + 5; 21 + 6; 34 + 9.

*The sum 1+ 2 may appear to be fundamental to selling, but it is not strictly necessary if
prices are always multiples of five, since the number of products for sale or purchase can
be determined by counting (and then multiplied by 5).
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Table 5. Example questions across conditions and
styles

Item Phrasing Example question Visual aid

2× 5 Formal What is two times five? Yes
2× 5 Practical What is the value of two [jatata]? No
3+ 4 Formal What is three plus four? Yes
3+ 4 Practical If you had three [jatata] and

your spouse had four [jatata],
how many [jatata] would there
be in total?

No

Examples of how these questions were asked are shown in Table 5. The
actual objects referred to in the practical phrasings differed by participant and
depended on their prior knowledge of item values (obtained via a brief mini-
interview before the task). For instance, for the practical questions in Table
5, “jatata” would only be used if the participant knew beforehand that jatata
had a value of 5 Bolivianos (Bs) in the community. Other possibilities included
plantains, fish, chickens, and so on.

In the formalphrasing,participantswereasked theproblemverballybutwere
also shown the problemwritten on paper as a visual aid. In contrast, the practical
phrasingwas verbal only. The presentation order was pseudorandomizedwithin
sets, always avoiding an obvious linear order (e.g., 2 × 5, 3 × 5, 4 × 5, and
5 × 5).
Supplementary market addition. There was a supplementary addition

problem asked at the close of the arithmetic tasks, equivalent to 10 + 5.
For example, a participant could be asked: “What is the total value of one sábalo”
[a type of fish] and one jatata [a piece of roofing]?, where sábalo was known by
the participant to be valued at 10 Bs, and jatata was known to be valued at 5
Bs. As above, other objects could be substituted depending on the participant’s
prior knowledge of local pricing conventions.

C. Study 3.

C.1. Participants. All participants from study 2 were included, except for one
nonseller who was unable to correctly answer any arithmetic problems, making
17 participants in total.
C.2. Measures.

Arithmetic tasks. Two sets of arithmetic problems were presented in a
pseudorandomized order, being drawn from a set of 12 addends: 1, 2, 3,
4, 5, 6, 9, 10, 14, 15, 19, and 20; with each addend used in both a +1
and +5 problem. Problems were presented in both the formal and practical
phrasing of study 2. That is, for a given item, participants first heard the
formal phrasing (e.g., “What is 3 + 5?”) along with written presentation of
the sum (on a card), followed by the practical phrasing (e.g., “If you had 3
[objects] and your spouse had 5 [objects], howmany [objects] would there be in
total?”).

D. Study 4. After completing the tasks for study 2 and study 3, all participants
took part in a mini-interview where they were asked: a) how they learned
numbers and b) whether their spouse could count and do calculations.

E. Notes on Tsimane’ Counting. In terms of number and counting, contempo-
rary Tsimane’ culture engages with two base-10 systems: Tsimane’ and Spanish.
While we are not aware of any published analyses of the Tsimane’ number
system specifically, the Tsimane’ language is considered part of the Mosetenan
language family, and the analyses ofMoseténnumerals providedby Sakel (110)
show similarity with Tsimane’ numerals. Historically, the count systemmay have
been quinary (base-5; 110, p. 168), although it is presently a well-structured
decimal systemwithout irregular number words (such as “eleven” or “twelve” in
English or similarly “once” and “doce” in Spanish). Although it may be tempting
to speculate on a connection between the potentially base-5 history of the
number system and the importance of fives that we report on here, the Tsimane’
counting system does not privilege fives in any way.

In Tsimane’ counting beyond ten, a common pattern is to give the decimal
amount first, followed then by the remainder (as with numbers above 20 in
English). For example, 11 would be roughly “ten one” (yiri’tac yiris), with 12
being “ten two” (yiri’tac pärä’), and so on. The words for 21 are roughly “twenty
one” (pärä’qui’tac yiris), followed by “twenty two” (pärä’qui’tac pärä’), et cetera.
However, in practice, these higher number words can be somewhat unwieldy,
and it is common to hear speakers use Tsimane’ for smaller numbers, while
preferring Spanish for higher numbers. There is also variation in the manner of
counting; for instance,olderTsimane’peopletendtoomit thedecadecomponent
when counting up, so 1 to 20would be counted out as “one” to “ten,” then “one”
to “nine,” followed by “twenty,” and so on (e.g., see ML’s counting method in
study 4).

Data,Materials, and SoftwareAvailability. AnonymizedCSVdatahavebeen
deposited in OSF (https://doi.org/10.17605/OSF.IO/75N6T) (111). Previously
published data were used for this work. There are several, but the complete list
of sources for ourmeta-analysis can be found in Table 1 of themanuscript (p. 3).
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