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Over 80% of adolescents worldwide are insufficiently active, posing massive
public health and economic challenges. Declining physical activity (PA) and
sex differences in PA consistently accompany transitions from childhood
to adulthood in post-industrialized populations and are attributed to
psychosocial and environmental factors. An overarching evolutionary theor-
etical framework and data from pre-industrialized populations are lacking.
This cross-sectional study tests hypotheses from life history theory, that
adolescent PA is inversely related to age, but this association is mediated
by Tanner stage, reflecting higher and sex-specific energetic demands for
growth and reproductive maturation. Detailed measures of PA and pubertal
maturation are assessed among Tsimane forager-farmers (age: 7–22 years;
50% female, n = 110). Most Tsimane sampled (71%) meet World Health
Organization PA guidelines (greater than or equal to 60 min/day of moder-
ate-to-vigorous PA). Like post-industrialized populations, sex differences
and inverse age-activity associations were observed. Tanner stage signifi-
cantly mediated age-activity associations. Adolescence presents difficulties
to PA engagement that warrant further consideration in PA intervention
approaches to improve public health.
1. Introduction
Inadequate physical activity (PA) is one of the leading causes of global chronic
disease burden, responsible for billions of dollars in healthcare costs and lost
productivity each year [1]. Recent population-based surveys of self-reported
PA found 28% of adults worldwide are insufficiently active, defined as less
than 150 min week−1 of moderate intensity PA or 75 min week−1 of vigorous
PA [2]. Additional concern stems from the recognition that a staggering 80%
of adolescents (11–17) worldwide are insufficiently active, defined as less
than 60 min d−1 of moderate-to-vigorous PA [3]. True prevalence of inadequate
PA is likely even higher because self-reports typically overestimate PA relative
to wearable devices [4–6]. In the USA, just 5% of adults and 8% of adolescents
meet PA guidelines when measured via actigraphy [5].
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Two of the most consistent findings in epidemiological
studies are that PA declines with age and that males are more
active than females [7,8]. The steepest age-related declines in
PA are observed during adolescence and occur at earlier ages
for girls than boys in several post-industrialized countries
[5,7,9–14]. A pooled analysis of 26 longitudinal studies of pri-
marily self-reported PA in adolescents aged 10–19 estimates a
7% decline in PA per year [9]. Long-term longitudinal studies
of adolescents in the UK and Canada found that low PA
levels following these precipitous declines largely persist into
adulthood [13,14], a pattern also supported by cross-sectional
epidemiological research in the USA [5]. It is critical to under-
stand factors underlying these consistently observed sex
differences and decreases in PA in adolescence to inform the
development of more targeted and effective PA interventions.

Although epidemiological patterns of PA in adolescence are
consistent across most post-industrialized populations studied
to date, we have a limited understanding of factors influencing
PA during adolescence in settings more reminiscent of our
pre-industrial past. While no single population represents the
mosaic of environments in which humans evolved, popula-
tions living a subsistence-based lifestyle that necessitates high
levels of obligatory PA, with little to no access to social
media, television or video games offer interesting contrasts to
post-industrialized populations in urbanized settings. Research
on PA in adolescents in these populations is needed to help dis-
entangle the influence of post-industrialized environments and
lifestyle versus developmental constraints on PA during the
transition from childhood to adulthood.

A growing body of epidemiological research shows that
PA during adolescence is not only associated with age, but
also timing of biological maturation. Sex differences in the
pace of PA decline are attenuated when using an estimate
of maturation-relative age (i.e. biological age), rather than
chronological age [7,14–21]. When included in the same stat-
istical model, maturation-relative age more strongly predicts
PA than chronological age [7]. A range of measures have
been used to estimate biological age in these studies includ-
ing predictive equations to estimate proportion of adult
height reached [17] or age from peak height velocity based
on population-based averages [7,19], while a few studies
have measured peak height velocity [14,22] and/or used
self-reported measures of Tanner stage of reproductive matu-
ration [14,21]. Notably, biological age is often considered a
factor that ‘confounds’ the understanding of sex differences
and age-related declines in PA [15,17,19].

One hypothesis to explain the association between bio-
logical maturation and PA is that the psychosocial stress of
puberty leads adolescents to adopt ‘health risk’ behaviours
(e.g. tobacco, alcohol and drug use, and unprotected sex)
[13,15]. Physical inactivity is considered a health risk behaviour
in post-industrialized settings, where the leading causes of
death are non-communicable diseases (e.g. heart disease,
stroke, type 2 diabetes), inactivity is pervasive, and PA occurs
primarily through leisure time exercise rather than through
obligatory subsistence labour or transportation. To further test
predictions based on this and other hypotheses, studies are
needed that include objective measures of PA, more accurate
measures of biological maturation and are conducted in
populations where physical inactivity is not necessarily a
health risk behaviour.

Life history theory provides an alternative framework to
derive hypotheses for examining the relationships between
age, biological maturation and PA/inactivity, positing that
because energy and time are finite, organisms face trade-offs
in how to allocate time and energy during their lifespans
between competing demands of growth, reproduction and
maintenance (i.e. immune system and somatic repair) [23,24].
The optimal way to allocate limited time and energy between
these competing demands has been shaped by natural
selection in ways that reliably promoted survival and
reproductive success over large evolutionary time scales. Tra-
ditional life-history models have been expanded to integrate
how energy intake and expenditure, including PA, influence
and are influenced by life-history trade-offs [25].

Hormones are key regulators coordinating the strategic allo-
cation of energy between somatic functions inways that are age,
sex and environment specific. Adolescence is a life stage charac-
terized by distinct endocrinological, anatomical and cognitive
changes that likely require substantial energetic resources,
though the energetic costs of these hormones and related phys-
iological sequelae have not been fully quantified [26]. Puberty is
associated with higher resting and total energy expenditure,
partly due to increases in body size and fat-free mass; but skel-
etal growth, pubertal hormones and neurocognitive changes
are also assumed to play a role [26]. During periods of
greater energetic demands for growth and development (i.e.
adolescence, pregnancy, lactation), PA may be reduced and
sedentary time increased to help conserve energy for meeting
these demands. Among Hiwi and Ache hunter–gatherers, for
example, nursingmothers spend less time foraging and acquire
less food than do non-nursing women [27].

A large body of research has demonstrated that high levels
of PA, or low food intake, can also delay puberty, or suppress
the female reproductive axis—adaptively shifting energy
toward survival and away from reproduction when food
availability is low or physical demands are high [28–36]. Sex
differences in PA and sedentary time may, therefore, emerge
regardless of environmental context during the transition
from childhood to adulthood because sexually dimorphic
changes prior to and during pubertal maturation increase
the relative energetic costs of engaging in PA for females (e.g.
smaller lung volume and capacity, lower cardiorespiratory
fitness, lower anaerobic energy production and power, more
body fat relative to fat-free mass) [37], while female reproduc-
tive maturation and fecundity can benefit from conserving
energy and accumulating adipose tissue needed for pregnancy
and lactation [25,38]. By contrast, PA facilitates accumulation of
muscle mass and strength, which is particularly beneficial
for males in preparation for future adult reproductive and
economic roles in pre-industrialized environments.

The goal of this study is to help clarify the roles biology and
environment play in influencing sex differences in PA,
and the relationships between age, biological maturation and
PA through in-depth measurement of PA and maturation
in a pre-industrialized environment more reminiscent of
our evolutionary past. This cross-sectional study among
Tsimane children and adolescents includes measures of PA
and sedentary time and intensity using Actigraph wGT3X+
accelerometers, contextualized with concurrent 24-hour PA
recall interviews, and Tanner stage assessments validated with
hormonal and somatic measures of growth and maturation:
dehydroepiandrosterone (DHEA), testosterone, height velocity,
body fat and grip strength. The Tsimane are an indigenous
population of forager-horticulturalists residing in the Amazon
basin in lowland Bolivia. They have little to no access to
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electricityor runningwater, showhigh levels ofhabitual PA [39],
minimal hypertension (3.9%) [40] and the lowest recorded
prevalence of coronary artery disease [41]. The vast majority
of calories in the diet are produced through slash-and-
burn horticulture, hunting and fishing; less than 10% of
calories are derived from store-bought goods (e.g. cooking oil,
refined sugar and salt) although market items are becoming
increasingly prevalent [42].

The overarching hypothesis is that the energetic needs
for growth, reproductive maturation and reproduction
are heightened during adolescence and pose fundamental con-
straints on the energy available for PA across all environments.
A negative association between age and PA is consistently
observed during the transition from childhood to adulthood
because these energetic demands trade-off against energy avail-
able for PA. Thus, we predict that age-activity associations
would be observed among Tsimane adolescents, even though
high levels of PA are necessary for daily life, and physical inac-
tivity is not a health risk behaviour in this population (P1). We
also predict that Tsimanemaleswould have higher levels of PA,
similar to the sex differences observed in post-industrialized
countries, because changes prior to and during reproductive
maturation also change the costs and benefits of PA, favouring
higher levels of PA in males (P2). Lastly, we predict that the
association between age and PA is mediated by Tanner stage
of reproductive maturation, supporting the hypothesis that
the wide range of anatomical and neuroendocrine changes
encompassed within Tanner stages explain the associations
between age and PA, rather than confound them (P3).
2. Results
(a) Sedentary time and physical activity
Tsimane children and adolescents spent 356 ± 80 min of
daytime hours in sedentary time, 327 ± 76 min d−1 in light
intensity PA, 92 ± 49 min d−1 in moderate-to-vigorous PA
(MVPA) and accumulated 13 334 ± 4026 steps d−1 on average
(table 1). The majority (71%) meet professional guidelines of
greater than or equal to 60 min of MVPA d−1 for PA in
children and adolescents [3].

Self-reported activities from 24-hour recall interviews are
presented in electronic supplementary material, table S2.
Device-based measures of PA and sedentary were minimally
impacted by attending school, as the majority of participants
(60%) spent no time in school during study participation,
while 24% spent one 4-hour day and 16% spent two 4-hour
days in school, with no sex differences and younger children
more likely to have spent time in school than older children.
In the full sample, recalled wake-timewas divided accordingly:
sedentary leisure activities (33%); sedentary habitual/
obligatory activities (22%); light intensity habitual/obligatory
activities (11%); moderate-to-high intensity transportation
(11%), habitual/obligatory activities (10%) and leisure activities
(8%); followedby light intensity leisure activities (4%) and trans-
portation (1%) with sedentary transportation (less than 1%)
making up the smallest proportion of recalled wake-time.

(b) Device-measured sedentary and PA behaviour by
sex and age (P1 and P2)

Consistent with P1, age was positively associated with seden-
tary time, and negatively associated with light PA and steps/
day ( p’s < 0.001), and MVPA ( p = 0.05, table 2a), adjusting for
sex. Each year increase in age was associated with 4% more
sedentary time (15 min d−1, s.e. = 1.81), 6% less light intensity
PA, 4% less MVPA and 426 fewer steps d−1 (4%). Consistent
with P2, males had 14% less sedentary time than females
(330 ± 84 versus 382 ± 69 min d−1), 91% more MVPA min/
day (122 ± 45 versus 64 ± 33 min d−1) and accumulated 33%
more steps d−1 (mean ± s.d.: 15 278 ± 3954 versus 11 524 ±
3819 steps d−1), while light PA was not significantly different
in males and females (table 2). Sex differences remained sig-
nificant after controlling for age ( p’s < 0.001, table 2a). Sex ×
age interactions were not significant for any PA outcome,
so were not included in the reported models.

(c) Mediation through Tanner stage (P3)
Standardized estimates from structural equationmodels (SEM)
testing the mediating effect of Tanner stage on the associations
between age and sedentary/PA outcomes are presented in
table 3 and figure 1. The indirect effect of Tanner stage signifi-
cantly mediates the associations between age and all four
outcomes: sedentary min d−1 (z = 3.97, p < 0.001), light inten-
sity PA min d−1 (z =−2.05, p = 0.04), MVPA (z =−2.68, p =
0.005) and steps d−1 (z =−2.81, p = 0.005). The direct effects
between age and sedentary/PAoutcomes are no longer signifi-
cant when accounting for the indirect effect through Tanner
stage except in the MVPA model (z = 2.27, p = 0.02). The corre-
lation matrix for SEM variables is presented in electronic
supplementary material, table S3.

The indirect effect of age on sedentary time through
Tanner stage indicates that each year increase in age is associ-
ated with an increase of 23 sedentary min/day (7%). The
indirect effect of age on light intensity PA through Tanner
stage suggests that each year increase in age is associated
with a decrease of 12 min of light intensity PA d−1 (4%).
The direct effect of age on MVPA suggests that each year
increase in age is associated with an increase of 9 min of
MVPA d−1 (10%), whereas the indirect effect of age through
Tanner stage suggests that each year increase in age is associ-
ated with a decrease of 11 min of MVPA d−1 (12%). The
indirect effect of age on steps/day through Tanner stage indi-
cated that each year increase in age is associated with a
decrease of 1014 steps d−1 (8%). Figure 2a displays PA time
and intensity within sex by Tanner stage, representing the
direct effects observed in the SEM.

(d) Self-reported activity type and intensity by sex and
Tanner stage

Figure 2b displays the proportions of recalled wake-time
spent in each activity type/intensity by Tanner stage and
within sex. Both males and females in later Tanner stages
reported smaller proportions of time in leisure time MVPA
(e.g. playing chase, playing with others, playing soccer) in a
linear pattern, which started and ended higher in males
(males: 20% in Tanner 1 to 8% in Tanner 5 versus females:
8% in Tanner 1 to less than 1% in Tanner 5). Inverse linear
patterns across Tanner stages were observed for habitual/
obligatory activities (e.g. labour to produce/process food):
females in later Tanner stages reported larger proportions
of time in light intensity habitual/obligatory activities like
food processing and washing clothes (6% in Tanner 1 and
30% in Tanner 5), whereas males in later Tanner stages
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Table 3. Direct and indirect effects testing Tanner stage as a mediator of the relationships between age and activity variables. Abbreviation: MVPA, moderate-
to-vigorous physical activity. Significance of bold: p < 0.05.

outcome variables exploratory variables standardized estimate s.e. p-value

sedentary minutes direct effect - age −0.32 0.07 0.16

indirect effect - Tanner 0.92 0.23 <0.001

light minutes direct effect - age −0.08 0.27 0.78

indirect effect - Tanner −0.56 0.27 0.04

MVPA minutes direct effect - age 0.64 0.28 0.02

indirect effect - Tanner −0.79 0.28 0.005

steps per day direct effect - age 0.49 0.30 0.10

indirect effect - Tanner −0.83 0.3 0.005

Table 2. Linear regression models of age- and sex-related differences in sedentary time and physical activity. Abbreviations: MVPA, moderate-to-vigorous
physical activity. Note: sex = male served as the reference category. See electronic supplementary material, table S4 for regressions demonstrating height, these
relationships are not confounded by height. Significance of bold: p < 0.05.

outcome predictor Unstd. Β s.e. p-value adjusted R2

sedentary (min d−1) age 15.1 1.81 <0.001 0.46

sex −50.6 11.52 <0.001

light intensity PA (min d−1) age −15.1 1.78 <0.001 0.41

sex 12.5 11.36 0.27

MVPA (min d−1) age −2.3 1.18 0.05 0.37

sex 58.2 7.6 <0.001

steps d−1 age −426 101 <0.001 0.33

sex 3800 646 <0.001
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reported a larger proportion of time spent in moderate-to-
high intensity habitual/obligatory activities like chopping
trees and accompanying others to get materials from the
forest (6% in Tanner 1 to 14% in Tanner 5).

Females in Tanners 1–4 reported similar proportions of time
in moderate-to-high habitual/obligatory activities (approx.
10%), and Tanner 5 females reported a similar proportion of
time as males (14%). Males reported negligible light intensity
habitual/obligatory activities. Three categories were fairly
consistent across Tanner stages and sexes: moderate-to-high
intensity transportation (approx. 10%), sedentary habitual/
obligatory (approx. 20%) and sedentary leisure (approx. 30%).
See electronic supplementary material, figure S1 for social
and non-social leisure activities.
3. Discussion
Given the high prevalence of insufficient PA in adolescents
worldwide and the increasing prevalence of childhood obesity
and lifetime chronic diseases associated with inactivity,
this study sought to help clarify the underlying biological
and environmental factors that influence PA and sedentary
time at this critical life stage. In line with our predictions,
we found a significant positive association between age and
sedentary time, and negative associations between age
and steps/day and time spent in light intensity PA and
MVPA among Tsimane children and adolescents despite
their rural, pre-industrialized, subsistence lifestyle. The age-
activity associations did not vary by sex, and males and
females had similar levels of light intensity PA. Males spent
significantly less time being sedentary, almost twice as much
time inMVPA, and accumulatedmore steps/day than females.

These findings provide an important comparison to help
disentangle the effects of the environment and biology on
PA during adolescence. The strikingly similar patterns
observed in the Tsimane, and a large body of epidemiological
research conducted in post-industrialized populations,
suggests that the age-activity associations and sex differences
in PA/sedentary time in the transition from childhood to
adulthood may be based on universal energetic trade-offs
during the pubertal transition, and hence an innate feature of
the human lifespan. Tsimane children and adolescents live
in an environment that is more reminiscent of those faced
by our ancestors for most of human history than in post-
industrialized settings. During the period of study, they
did not have access to computers, video games, tablets or
smartphones; they spent very little time in formal schooling;
and they are maturing into a subsistence-based economy that
relies on high levels of PA to produce food through foraging
and small-scale horticulture. Despite these environmental
differences, older adolescents spentmore time being sedentary,
less time in light intensity PA and MVPA, and accumulate
fewer steps/day than children.

By contrast, absolute levels of PA were much higher,
and the prevalence of insufficient PA is much lower in the
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Tsimane compared with most populations studied to date,
even when comparing device-measured PA in the Tsimane
to self-reported survey data that tends to overestimate PA.
Just 29% of our sample, which had a broader age range, do
not meet PA guidelines, whereas 80% of adolescents (aged
10–17 years) worldwide do not meet PA guidelines based
on a recent pooled analysis of survey data [3]. Even though
MVPA levels were high, Tsimane in our sample still self-
reported spending most of their time in sedentary leisure
and habitual activities, as well as light intensity habitual/
obligatory activities, consistent with observations in Tsimane
adults [39], and other indigenous populations with highly
active lifestyles [43], demonstrating that sedentary beha-
viours are common in people of all ages, and leisure time
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PA is not the primary contributor to high levels of PA
observed in adults in pre-industrialized populations.

This study also helps clarify why biological maturation,
rather than age alone, is a stronger predictor of PA during ado-
lescence. We tested predictions derived from a life-history
framework, that associations between age and activity are
explained by a wide range of anatomical and neuroendocrine
changes encompassed within Tanner stages by testing media-
tional pathmodels in SEMwith indirect paths between age and
activity through Tanner stage. Ourmediational results demon-
strate that Tanner stage explains the relationships between age
and sedentary time, MVPA min d−1, steps d−1, and to a lesser
degree, light intensity PA. In all models but MVPA, the
inclusion of a mediational path through Tanner stage
eliminated the significant relationship between age and PA.

The current findings do not support the hypothesis that
adolescents become more sedentary as a form of increasing
health risk behaviours in response to the psychosocial stress
of puberty because physical inactivity is not a health risk
behaviour for the Tsimane. Instead, our findings support
our primary hypothesis that the energetic needs for growth,
maturation and reproduction are heightened during adoles-
cence, and so trade-off against the energy available for
PA, regardless of the environmental context. Another study
of device-measured PA in adolescent YucatecMaya agricultur-
alists also supports the hypothesis that energy for growth
competes with energy available for PA [44]. In that
study, observational PA measures and anthropometry were
measured over a 20-year span during which a school and
mechanized technologies were introduced to a rural commu-
nity, but diet (energy availability) was minimally changed.
PA level declined substantially, while height, weight and
body fat increased. It could also be that the importance of
building embodied social capital through communication-
based social activities becomes increasingly important during
reproductive maturation [45]. The self-report data revealed
that lower intensity social leisure activitiesweremore prevalent
in Tanner stages 2–5 than Tanner 1, while moderate-to-
vigorous social activities were more prevalent in Tanner 1
than Tanner 2–5. Time spent in non-social leisure activities
were similar across individuals in all Tanner stages. Obligatory
andwork-related activities were also reported more frequently
in more mature Tanner stages.

Of note, older Tsimane males in our sample, classified as
Tanner 4 and 5, had higher mean MVPA min/day than those
in Tanner stages 2 and 3, but lower than Tanner 1 (table 1),
which coincides with the stages where mean height velocity
was the highest. This contrasts with long-term longitudinal
studies in the UK using device-measured PA and Canada
using self-reported PA which found that PA in adulthood
remained lower after the adolescent decrease in activity
[13,14]. Although the direction of this effect is opposite in
terms of the association between age/Tanner stage and PA
in older adolescents in different contexts, it also highlights a
similarity in the importance of economic productivity for influ-
encing PA in older adolescents. In pre-industrialized contexts,
food and economic production require high levels of PA;
whereas in post-industrialized contexts, food production
requires minimal physical effort and future economic pro-
ductivity can benefit from more sedentary behaviours (i.e.
more schooling). Indeed, Tsimane males in later Tanner
stages reported doing more moderate-to-high intensity activi-
ties like chopping trees, clearing foliage, getting materials
from the forest, than those in earlier Tanner stages, and less
higher intensity leisure activities, like playing soccer or playing
chase. Similarly, Tanner 5 females reported spending less than
1% of time in higher intensity leisure activities, but a larger
proportion of time in light and moderate-to-high intensity
habitual/obligatory activities, like tending children, washing
clothes, removing rice from the hull and retrieving firewood.
In line with a study of Hadza children and juveniles [46],
sexual division of labour appears in middle-childhood and
can be seen even in those classified as Tanner 1, with habit-
ual/obligatory activities classified as being lighter intensity
reported more among females, whereas moderate-to-high
intensity obligatory activities were reported more frequently
among males.

In the current study, Tanner stage serves as a proxy for a var-
iety of endocrine and somatic changes that characterize the
transition from childhood to adulthood. Tanner stage was
significantly associated with DHEA, testosterone, height vel-
ocity, strength and body fat in males and females in ways that
are consistent with the existing literature conducted in post-
industrialized populations (electronic supplementary material,
table S2) [47,48]. Notably, sex differences in body fat are evident
in Tanner 1, and body fat was still more strongly associated
with Tanner and all hormonal and somatic measures of
growth and maturation in females. By contrast, grip strength
was more strongly associated with Tanner stage in males com-
paredwith females. The association between Tanner and height
velocity in males was relatively weak. This is likely driven by
correlations only testing the linear relationship between vari-
ables, whereas the means of height velocity by Tanner stage
suggest that there is a quadratic relationship between height
velocity and Tanner stage that is particularly evident in males
because of the later timing of maximum height velocity in
Tanner 3 rather than Tanner 2 in females (table 1).

Given the Tsimane are a food-limited population with
high pathogen burden, natural fertility and earlier age of
first birth [42,49,50], the energetic trade-offs between
growth/maturation/reproduction and energy available for
PA may be more intense than for those in energy-rich, post-
industrialized populations where food availability is much
higher and the immune system burden is much lower. How-
ever, this straightforward prediction is complicated by the
fact that subsistence lifestyles require high levels of PA.
Direct comparisons between our data and the existing litera-
ture are difficult, as most studies use self-report PA [9], or a
different measure of biological age or metric for device-
measured PA by Tanner stage [14,21]. A larger, longitudinal
study among Tsimane with a broader range of energetic con-
dition and access to food can help clarify if this energetic
condition moderates the effects of Tanner stage on PA.

There is some evidence that Tsimane adolescents exhibit
steeper trade-offs between growth/maturation/reproduction
and activity. The highest mean height velocity in our sample
was the same for males and females (6.4 cm yr−1), which is
lower than values observed in the USA which also vary by
sex (females: 9 cm yr−1, males: 10 cm yr−1) [37]. Notably, in
the global study of self-report PA [3], the prevalence of insuf-
ficient PA was higher among adolescents in low-income
countries compared with those in middle- to high-income
countries, whereas this pattern is reversed in adults [2]. Over-
all, adolescents in post-industrialized countries exhibit low
PA levels, despite more access to food and lower immune
system burden. In terms of the underlying biology, this
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pattern suggests that additional energy availability in post-
industrialized environments is prioritized for skeletal
growth, energy storage and higher levels of reproductive
hormones over increased motivation to expend energy in PA.

Trade-offs between reproductive efforts and energy for PA
may be more severe for Tsimane females compared with post-
industrialized populations. Tsimanemales in our sample accu-
mulated 33%more steps/day than females; whereas a study in
Australian males reported only 19% more steps than females
measured by pedometer, although their age rangewas smaller,
8–12 [51]. Tsimane males in the current study also have 91%
more MVPA min/day than females, whereas compared with
females, males in the USA between the ages of 6 and 19 had
72% more MVPA min d−1 [5], Portuguese males between 13
and 14 have 39% more MVPA min d−1, 13-year-old Canadian
males have 31% more MVPA [19] and approximately 12-
year-oldmales in the UK have 56% higherMVPAmin d−1 [21].

The primary limitation of this study is that it was cross-
sectional. A longitudinal design would provide a clearer
picture of the associations between growth and maturation
on PA/inactivity. In addition, our sample size within each
Tanner stage was small, and all data were collected in one
season when school was not in session, so we cannot gener-
alize the PA levels we found to those experienced year-round,
or while school is in session. However, an advantage of this
design is that our PA estimates were not affected by season-
ality and were therefore not confounded by school-age
children attending school and older adolescents not attending
school, nor by vigorous horticultural activities that occur in
specific seasons that could have skewed the data if collected
for some participants during seasons where those activities
take place. In addition, Tanner stage captures a constellation
of changes that occur during the transition from childhood
to adulthood. Several changes are co-occurring at this life
stage, and likely affect each other, as well as behaviour.
Future work aiming to tease apart the differential effects
would benefit from including additional measures, particu-
larly hormones related to growth, (e.g. insulin-like growth
factor 1 (IGF-1)) and energetic condition (e.g. leptin, ghrelin,
C-peptide). A complete life-history model would also include
measures of diet, energetic condition, as well as immune mar-
kers, to capture the roles that these factors play in shaping the
energy available for PA in children and adolescents. How-
ever, this analysis is meant to represent an important first
step toward clarifying the relationships between age, matu-
ration and PA in adolescence, and these limitations are
balanced with several other strengths. This study was con-
ducted in a unique population living a vastly different
lifestyle in a vastly different environment than populations
typically studied in the epidemiology or kinesiology litera-
ture. In addition, we used device-measured estimates of PA
time and intensity, as well as self-reports to capture the
types of activities Tsimane children and adolescents engage
in. We also included Tanner stage assessments and validated
them with hormone levels and markers of somatic growth
and maturation and included a wide age range of partici-
pants to provide a better picture of PA across the transition
from childhood to adulthood.

Taken together with the existing literature, our findings
raise important considerations for improving public health
in energy-rich, post-industrialized environments that are mis-
matched to environments faced by humans for the vast
majority of our evolutionary past. Adolescence has emerged
as a critical window to intervene on exercise and PA engage-
ment, but our findings, and those of several others in
post-industrialized settings, suggest that the limited time
and resources for public health interventions may be more
effective if targeting increasing PA in early to mid-childhood.
Interventions in adolescents may be more effective if they
focus on breaking up sedentary time, and limiting reductions
in PA, rather than increasing PA participation. Adolescents
may be drawn to lower intensity activities that provide
opportunities for social engagement. Sex-specific interven-
tions may also be needed once adrenarche and puberty
lead to sexual dimorphism in the absolute and relative costs
and benefits of PA. The most effective intervention may
require modifying our environments to incorporate more
PA in habitual/obligatory activities, providing safe opportu-
nities for active transportation, rather than relying exclusively
on exercise and sports participation to reach PA guidelines.
Negative associations between reproductive maturation and
PA also highlight additional consequences for energy-rich
populations where maturation is occurring at earlier ages.
Shorter childhood means fewer years spent where the costs
of PA participation are low.

Life history theory provides a useful framework for
understanding the complex set of factors that influence PA
in adolescence and across the lifespan. Absolute levels of
PA are strongly influenced by the obligatory PA necessary
in a given environment. Cross-cultural consistencies in PA
patterns observed in Tsimane adolescents and those from
post-industrialized countries suggests that a coordinated
system has evolved that responds to intensifying energetic
needs for growth and maturation during adolescence by
prioritizing energetic effort toward growth and maturation
over leisure-time PA, irrespective of energy stores or cues of
energy abundance in the environment. Maturation and cogni-
tive development may also include an increased interest in
building social relationships through low-intensity social
activities, and a decreased interest in higher intensity, play-
based social activities. The constellation of life-history shifts
simultaneously occurring: increased stature, muscle and fat
deposition, and social skill development each impact PA.
Growth, reproductive maturation and reproduction place
fundamental constraints on the energy, time and motivation
for PA that warrant consideration in future PA research and
intervention development.
4. Material and methods
(a) Experimental design
Data for this study were collected among Tsimane children and
adolescents from four adjacent villages located along the Mani-
qui River in the summer of 2014 in collaboration with the
Tsimane Health and Life History Project [49]. To encompass
the transition from childhood to adulthood, a wide age range
of participants (ages 7–22) were recruited, in line with a broader
conceptualization of adolescence that extends the upper limit to
align more closely with brain development [52]. The average age
of menarche in the Tsimane is 13.9 years [53]. Tsimane children
and younger adolescents play with others in neighbouring
families, assist in caring for younger siblings and food pro-
duction, and spend limited time in formal schooling compared
with children in post-industrialized populations. Older Tsimane
adolescents in this age range are typically married with children,
and produce food, but typically reside in family clusters and are
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still reliant on their parents and grandparents for additional food
production and allocare [54].

Participants were recruited during their annual medical exam
with the THLHP medical team by A.C. and P.H. All individuals
between the ages of 7 and 22 who attended their medical exam
were invited to participate (n = 126, 37% of individuals in this
age range resident in these communities in 2014).

Participation lasted 3–4 days allowing inclusion of all eligible
participants from each community during the medical team
visit (1 to 3 weeks). On day 1 participants and parents provided
informed consent/assent, completed a structured interview, and
had anthropometric and strength measurements taken (detailed
below). Participants wore ActiGraph wGT3X + accelerometers
on their hip for the duration of study participation. On days 2
and 3, participants provided first void urine samples to measure
urinary hormones (detailed below). On days 2, 3 and 4 (where
possible) participants completed 24-hour PA recall interviews
while concurrently examining Actigraph data on a computer
screen to validate wear-time and aid in recall. Small gifts were
provided to remunerate participants for each day of study
participation including pens and notebooks, backpacks, soccer
jerseys, sardines and oil.

All study methods were approved by the Institutional
Review Board (IRB) at the University of New Mexico (HRRC #
07-157). Informed consent was established at three levels:
(1) the Tsimane governing council, (2) village leadership and
(3) study participants. Informed assent was established with
parents/guardians of minors.

(b) Participant characteristics
A total of 110 Tsimane children and adolescents (mean± s.d. age =
13.7 ± 3.2 years, 50% female) were sampled from four villages (elec-
tronic supplementary material, figure S2). Table 1 summarizes
sample characteristics for all variables of interest in the full sample,
separately by sex andwithin sex by Tanner stage.Males and females
were similarwith respect tomeanage,weight, height,DHEA, testos-
terone and distribution across Tanner stages, Χ2(4, n = 110) = 1.34,
p= 0.85. Males have significantly higher grip strength, non-signifi-
cantly (ns) higher mean height velocity (4.5 ± 2.2 versus 3.7 ±
2.9 cm yr−1, p= 0.09); while females had significantly higher mean
body fat. The highest mean height velocity across Tanner stages
was the same in males and females (6.4 cm yr−1) and was observed
in Tanner 2 females and Tanner 3 males.

(c) Measures
(i) Age and anthropometry
Age was obtained from census data collected by the Tsimane
Health and Life History Project (THLHP) over the past 20
years. Height was measured to the nearest mm with a portable
stadiometer (Seca 213) and weight with a digital scale (Tanita
BC-1500). Body fat was estimated using the Jackson & Pollack
3-measurement skinfolds taken in triplicate using FatTrackII
Digital Body Fat Calipers (AccuFitness). Grip strength was
measured taking the average of three measurements [55] using
a hydraulic dynamometer (Baseline, TN).

(ii) Free-living PA and sedentary time
ActiGraph wGT3X+ accelerometers were used to estimate PA/
sedentary time and intensity. Actigraphs were initialized with
a 30 hz sampling rate. Participants were fitted with the device
on the hip, instructed on the proper positioning and to only
remove the device when submerging themselves in water.
Daily 24-hour activity recall interviews were completed to
assess activity types among participants who lived within a
reasonable distance from the mobile medical camp and could
return daily. To aid participants’ recall of the previous day and
validate Actigraph wear-time in real-time, investigators and par-
ticipants viewed Actigraph data together on a laptop screen
while completing the interview. Completed files were down-
loaded using Actilife software with the normal filter into 60 s
epochs and converted to csv tables. Data were processed in R
(v4.1). Wear-time was additionally assessed using a criterion of
60 consecutive minutes of zero-counts with an allowance of 1–
2 min of counts to 100 [5]. Epochs were delineated into periods
of sedentary, light and MVPA activity levels with an algorithm
developed in Brazilian adolescents using vector magnitude
counts [56]. Sixty-second activity data were summed into
person-day summaries including separating the 12-hour periods
from 7.00 to 19.00 and 19.00 to 7.00. Person-day summaries were
averaged into individual daily estimates of activity. Participants
were included in analysis if there was at least 10 h of valid
wear-time between 7.00 and 19.00. Reported daily estimates for
light intensity, MVPA and steps/day were based on a 24-hour
day from 7.00 until the following morning at 7.00; while seden-
tary activity was based on a 12-hour period from 7.00 to 19.00
to separate daytime sedentary behaviour from sleep. For daytime
sedentary behaviour, person-day level data were included if
there were at least 9 hour of valid wear-time between 7.00 and
19.00. Of the initial 110 enrolled in the accelerometry protocol,
four did not meet the criteria of at least one valid day daytime
sedentary behaviour and an additional two participants did
not meet the valid wear-time criteria for PA (figure 4). The
remaining participants provided 1.9 days (s.d. = 0.4) of data. Pre-
vious work indicates that 1–3 days of accelerometer wear-time is
sufficient to capture reliable estimates of habitual PA [21,57–59].
We examined the reliability of our estimates using a larger
unpublished dataset of wrist-worn Actigraph estimates of
steps/day for 1986 person-days among n = 299 Tsimane (age 7–
22) with greater than or equal to four valid days of PA data (col-
lected 2019–2022). The correlation of steps/day estimated using
all valid days with steps/day estimated with a random selection
of only 2 days was strong (r = 0.76, p < 0.001) with good reliability
(ICC = 0.74, p < 0.001), suggesting 2 valid days of accelerometer
data is sufficient to estimate habitual PA.

Daily 24-hour activity recall interviews were completed
among n = 99 participants, covering an average of 3.8 days
(s.d. = 0.06), 15.6 h per day (s.d. = 3.0) and 3601 min per partici-
pant (s.d. = 962). In total, 62 activities were recorded with
mean = 37 activities (s.d. = 9.1) recorded/participant. The 62
activities were coded using previously used Troject time allo-
cation codes [60]. Activities were grouped into nine bins along
two dimensions: intensity (sedentary, light, moderate-to-high)
and type (transportation, habitual/obligatory and leisure) by
A.C. and H.D. and modified until consensus was reached
among all authors who have completed fieldwork with the Tsi-
mane (electronic supplementary material, table S2). Sleep was
not included in the results and accounted for 43.3% of total
recall time. Time periods when participants could not recall
what they were doing for a given time period, and activities
involving medical exams or interaction with anthropologists
were also excluded, accounting for 8.9% of time captured by
the interviews.

(iii) Tanner stage
Tanner staging is considered the gold standard for tracking
the development and sequence of secondary sex characteristics
throughout puberty. It is typically evaluated on a scale from 1 to
5 by a physician through clinical examination of secondary sex
characteristics such as pubic hair growth and breast/genital devel-
opment [61]. However, it is challenging to perform in field settings
because of the sensitivity of the assessment and the need for priv-
acy—particularly in anthropology field settings where direct
examinations, interviews or pictorial representations of breasts
and genitals are not culturally appropriate. Thus, Tanner stage
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1–5was assessed by two authors (A.E.C. and P.L.H.) independently
based on secondary sexual characteristics visible through clothing,
including breast development and underarm hair, as well as
menarche, lactation status and reproductive history obtained from
THLHPmedical records. Facial/underarm hair, muscular develop-
ment, jaw shape and voice change served as additional maturation
cues in males. Inter-rater reliability was high, with discrepancies
reflecting only ±1 stage difference that were resolved through
discussion between researchers. Tanner stage assessments were
validated with measures of growth and reproductive maturation.

(iv) Urinary hormone assays
First morning void urine specimens were collected by partici-
pants on two consecutive days, and frozen in liquid nitrogen
within several hours of specimen collection. They were stored
for up to 1 month in liquid nitrogen, before being transferred
on dry ice to the USA where they were stored at −80°C for 2
years before analyses. After arrival, specimens were thawed,
specific gravity was measured with a refractometer (Atago Inc),
and urine specimens were analysed in duplicate via enzyme
immunoassay for DHEA (Enzo Life Sciences, ADI-901-093) and
testosterone (R156/7 [62]). All specimens were run on the first
freeze–thaw, and results were specific-gravity corrected [63].
See electronic supplementary material for a detailed description
of DHEA and testosterone during maturation.

(v) Height velocity
Height velocity in 2014 was computed using heightmeasurements
collected 1–4 years prior to 2014, with the majority (70%) taken 2
years prior to the study. Height velocity was calculated as:

height velocity
cm
year

� �
¼ HeightCurrent � HeightPrevious

Years since Heightprevious measure
:

(d) Statistical analysis
Analyses were performed in R version 4.1. Sex differences in par-
ticipant characteristics were assessed using independent sample
t-tests for continuous variables and χ2-tests for distribution
across Tanner stages. Spearman correlationswere tested tovalidate
Tanner stage with log-transformed hormone levels (DHEA and
testosterone which were both skewed) and measures of somatic
growth and maturation (height velocity, grip strength and body
fat). Non-parametric tests were used because Tanner stage is ordi-
nal, and body fat in males violated normality assumptions [64].
To test P1 and P2, separate linear regression models were run for
each activity outcome (sedentary time, light intensity PA,
MVPA, steps/day) with age, sex and the age × sex interaction
included as independent variables. To test the mediating role of
Tanner stage on age-sedentary/PA associations (P3), structural
equation models (SEM) were fit in the lavaan package version
0.6-11 using listwise deletion for participants missing sedentary
(n = 4) or PA outcome data (n = 6). Diagonally weighted least-
squares estimation was used to account for Tanner stage being
ordinal as opposed to continuous. Age and outcome variables
were standardized to facilitate model convergence given the
vastly different scales of the variables. Categorization and visual
representation of self-reported PA was performed in R 2022.02.0
using the ggplot2 and lmer packages.

(e) Validity of Tanner stage with hormone levels and
somatic maturation markers

Estimates of thewithin-sex Spearman correlations between Tanner
stage assessment and DHEA, testosterone, height velocity, grip
strength and body fat are presented in electronic supplementary
material, table S1. Tanner stage assessments were significantly
correlated with all these variables in both sexes ( p’s < 0.01), with
coefficients in females ranging from r = 0.46 for testosterone to
r =−0.79 for height velocity and in males from r =−0.38 for
height velocity to r = 0.92 for grip strength.

Ethics. All study methods were approved by the Institutional Review
Board (IRB) at the University of New Mexico (HRRC # 07-157).
Informed consent was established at three levels: (1) the Tsimane
governing council, (2) village leadership and (3) study participants.
Informed assent was established with parents/guardians of minors.

Data accessibility. All relevant computer code, variable definitions and
statistical analysis will be downloadable from the following reposi-
tory: https://doi.org/10.5061/dryad.4j0zpc8js [65]. Individual-level
data are stored in the Tsimane Health and Life History Project
(THLHP) Data Repository, and are available through restricted
access for ethical reasons. THLHP’s highest priority is the safeguard-
ing of human subjects and minimization of risk to study participants.
The THLHP adheres to the CARE Principles for Indigenous Data
Governance, which assure that the Tsimane: (1) have sovereignty
over how data are shared, (2) are the primary gatekeepers determin-
ing ethical use, (3) are actively engaged in the data generation, and
(4) derive benefit from data generated and shared use whenever poss-
ible. The THLHP is also committed to the FAIR Principles to facilitate
data use. Requests for individual-level data should take the form of
an application that minimally details the exact uses of the data and
the research questions to be addressed, procedures that will be
employed for data security and individual privacy, potential benefits
to the study communities, and procedures for assessing and minimiz-
ing stigmatizing interpretations of the research results (see the
following webpage for links to the data sharing policy and data
request forms: https://tsimane.anth.ucsb.edu/data.html). Requests
for individual-level data will require institutional IRB approval
(even if exempt) and will be reviewed by an Advisory Council com-
posed of tribal leaders, tribal community members, Bolivian
scientists and the THLHP leadership. The study authors and the Tsi-
mane leadership are committed to open science and are available to
assist interested investigators in preparing data access requests.

Supplementary material is available online [66].
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