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The Centers for Disease Control and Prevention declared sleep-related
problems to be a public health epidemic. With the advent of biometric sleep
tracking technology taking the sleep lab into the field, the study of human
sleep is now global, and these new datasets show contrasting findings.
Previous reports suggest sleep in small-scale, non-industrial societies to be
short and fragmented yet characterized by greater circadian rhythmicity.
However, the role of circadian rhythm indicators in understanding
global variations in human sleep patterns remains unclear. We examine
population-level sleep studies (n = 54) using polysomnography and
actigraphy to test the sleep restriction epidemic hypothesis, which posits
that labour demands and technological disruption in large-scale, industrial
societies have reduced sleep duration. We used an actigraphy-generated
circadian function index from both non-industrial and industrial societies
(n = 866) to test the circadian mismatch hypothesis, which suggests
that poor chronohygiene in regulated environments misaligns circadian
rhythms in industrial societies. In rejection of the sleep restriction epidemic
hypothesis, our results show that industrial societies experience the
longest, most efficient sleep, whereas in support of the circadian mismatch
hypothesis, sleepers in non-industrial societies are characterized by the
greatest circadian function.

1. Introduction

Sleep restriction, increasingly described as an epidemic in the Global North—
covering Europe, North America, and developed parts of Asia [1,2] —impacts
an estimated 92 million individuals in the United States alone [3], with
the economic cost in some nations nearing 1% of gross domestic product
(GDP) [4,5]. A study across eight African and Asian countries shows about
17% of adults suffer from severe sleep problems, suggesting sleep restric-
tion is a global issue [6]. This perspective, termed the ‘sleep restriction
epidemic hypothesis’, has sparked heightened concerns among the general
populace [3]. However, evidence from small-scale, non-industrial societies,
often without electricity, challenges this ‘sleep restriction epidemic hypothe-
sis’ and sparks debate over sleep characterization and measurement across
societies [7,8]. Technological disruptions such as electronic devices and work
demands are seen as major contributors to sleep deprivation, but cross-soci-
etal research indicates a need for broader investigation into sleep patterns
[9,10].

The development of actigraphy, a non-invasive method measuring physical
activity levels via a wristwatch-like device, has significantly advanced sleep
research [11]. This technology, validated against polysomnography (PSG), has
enabled reliable sleep measurement in humans without access to sleep labs,
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particularly in dynamic field environments. This breakthrough has paved the way for previously unexplored avenues of n
cross-cultural sleep research [11]. Alternative approaches to quantifying sleep patterns, such as longitudinal time-use studies in

the United Kingdom, have demonstrated that contemporary sleepers are obtaining an additional 43 min of sleep compared with

the 1970s, attributed to earlier bedtimes. Interestingly, this trend applies across all ages, employment statuses and genders in
industrial countries, which are presumed to be most afflicted by the sleep restriction epidemic [12].

This begs the question: has human sleep remained constant throughout history? Human sleep patterns are complex. Various
factors influence them, suggesting that sleep duration is not a static, species-wide trait but rather a dynamic variable shaped
by environmental, biological and social factors [13,14]. Evidence indicates that both environmental conditions and lifestyle
changes—such as access to electricity and increased urbanization —impact sleep [14,15]. For example, rural populations in
Brazil, even those with access to electricity, display significant variation in diurnal preference and earlier sleep-wake timing
compared with urban populations, challenging the notion that industrialization alone shortens sleep duration [16]. Additionally,
small-scale agricultural societies with access to electrification, such as those studied by Ruiz et al. [15], exhibit circadian rhythms
and sleep durations that closely resemble those of non-electrified populations. By studying diverse subsistence patterns and
socioecological settings, we can gain a more refined understanding of human sleep norms that better informs comparative and
evolutionary analyses across primate taxa. This broader context underscores the importance of evaluating variability in sleep
duration, efficiency and circadian alignment across societies as a critical lens for understanding the evolutionary forces shaping
human sleep.

Intriguingly, a clearer pattern emerges from the study of sleep in small-scale, non-industrial societies, particularly among
hunter-gatherers and nomadic herders. Initial reports on sleep among equatorial hunter-gatherers reveal surprisingly short
sleep durations among the San (6.66 h) [17], Hadza (6.22 h) [18] and BaYaka (5.94 h) [19-21]. Even more striking are findings
from the first investigation of sleep among nomadic agropastoral groups; the Himba of Namibia sleep just 5.47 h per night [22].
Consequently, a robust discourse on global human sleep trends, encompassing both sleep quantity and quality, has ensued.
Clinicians working with populations in industrialized areas often point to technology as a major factor in sleep restriction.
Meanwhile, anthropologists studying non-industrial and particularly forager societies, where such technology is absent, note
observations of short and inefficient sleep [8]. Are humans truly sleeping 1-2 h less per night in many countries compared with
their ancestors of 50-100 years ago, as some researchers claim [1]? Or is it possible that individuals in the industrial societies
experience longer and more efficient sleep than their forebears?

It is essential to differentiate between circadian and sleep disorders [23]. Sleep and circadian rhythm pathologies can
be categorized as dyssomnias (difficulty falling or staying asleep) [24] and parasomnias (abnormal sleep-related activities)
[25], indicating distinct mechanistic pathways. These disorders are interconnected in a two-way, yet separately identifiable
relationship that impacts sleep quality, timing and duration, ultimately leading to daytime difficulties and a decline in overall
health and well-being. While ‘optimal’ sleep is characterized by architecture (non-rapid eye movement (NREM) and rapid
eye movement (REM)) and assessed in terms of duration and quality (fragmentation/efficiency) [26], circadian alignment
involves synchronizing various organ clocks to the 24 h cycle while maintaining normal phase relationships among them.
Misalignment occurs when clocks are synchronized to 24 h but adopt abnormal phase relationships with each other, resulting
from environmental (e.g. light and temperature) or social (school, work and leisure activities) factors. This misalignment can
disrupt circadian function, influencing daily rhythms of sleep-wake activity, temperature and hormone secretion, potentially
compromising health and well-being [27]. These distinctions have been substantiated through experimental evidence. Circadian
misalignment is broadly linked to conditions like cancer and depressive disorders [28,29]. It impairs autonomic function,
increasing cardiovascular risks [29]. It is associated with increased insulin sensitivity and inflammation, effects observed
independently of an individual’s total sleep duration. This distinction is crucial in understanding the unique consequences
of misalignment, as demonstrated in studies where circadian misalignment was shown to exacerbate health risks such as
diabetes and inflammation, beyond the effects of sleep loss alone [30]. Conversely, short or fragmented sleep is associated with
various adverse health outcomes, including hypertension, obesity, kidney disease and infertility [31,32]. Evolutionary mismatch,
denoted as ‘mismatch’, refers to a scenario where evolved adaptations no longer provide advantages owing to incongruence
with novel environments [33]. For instance, continuous indoor dwelling suppresses potent circadian entrainment cues like
light and temperature [34], potentially prompting circadian misalignment. From an evolutionary standpoint, transitioning to an
environment that prioritizes secure sleep at the expense of circadian function could lead to a profound state of evolutionary
mismatch.

Extensive research has underscored the critical role of circadian rhythms in determining overall health outcomes, with
numerous interventions designed to mitigate the adverse effects of circadian misalignment [35-37]. Building on this founda-
tional knowledge, our study seeks to explore the nuanced variations in circadian alignment across diverse populations. By
examining these variations, we aim to contribute new insights into how societal and environmental factors influence circadian
patterns, potentially informing more tailored and effective public health interventions. A potential solution to reconcile the
divergent sleep findings from different societies is a cross-cultural, comparative analysis of sleep and circadian function.

In this study, we present such an analysis to simultaneously evaluate the sleep restriction epidemic hypothesis and the
circadian mismatch hypothesis. The circadian mismatch hypothesis posits that non-industrial small-scale societies, living ‘off
the grid’, will exhibit robust circadian function. Conversely, populations within industrial agricultural societies will display
longer, higher-quality sleep owing to safer and more comfortable resting environments, but at the cost of circadian misalign-
ment stemming from reduced exposure to environmental entrainment factors.

To empirically investigate these hypotheses, we conducted a comprehensive cross-national analysis by integrating reported
sleep data from 54 global populations with diverse subsistence strategies, access to electricity and ecological conditions. We
assessed sleep duration and efficiency, categorized by society scale (electronic supplementary material, table S1). For instance,



among the non-industrial groups analysed (n = 10), 30% were foragers, deriving the majority of their calories from hunting n
and gathering, while 70% were horticulturalists, obtaining most of their sustenance from self-grown sources. Furthermore, 70%
lacked access to the electric grid. Concurrently, we performed a comparative examination of circadian function (n = 866) using
datasets from three society categories: (i) prior research among foragers [18,19], (ii) studies involving non-industrial, small-scale
agricultural societies [38,39] and (iii) studies involving large-scale societies in the United States [40]. Detailed population
descriptions are provided in electronic supplementary material, table S2.

We model sleep patterns, explicitly testing both the sleep restriction epidemic hypothesis and the circadian mismatch
hypothesis. If the sleep restriction epidemic hypothesis holds true, we anticipate lower sleep duration and efficiency among
industrial populations. In the second study, we used circadian function index (CFI) to examine the circadian mismatch
hypothesis. Should the circadian mismatch hypothesis be supported, we expect heightened circadian function among non-
industrial populations.

2. Methods

Our analysis encompasses two distinct approaches—previously published sleep quotas derived from both PSG and actigraphy,
based on the type of data available and the specific outcomes of interest (see electronic supplementary material, tables S1 and
S2). Our models used previously published data. In both studies, posterior distributions for each parameter were summarized
using 89% and 95% credible intervals (CI), which provide an intuitive understanding of parameter uncertainty. The Bayesian
approach allowed us to directly estimate the probability that industrial societies have sleep and circadian function that differ
from non-industrial societies.
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(a) Study 1

Our samples cover a diverse set of cultures from all inhabited continents. We collected meta-data from studies reported between
1967 and 2022, spanning 21 countries: Argentina, Australia, Bolivia, Brazil, Canada, Congo (Democratic Republic), France,
Germany, Guatemala, Haiti, Italy, Madagascar, Mozambique, Namibia, The Netherlands, Scotland, Sri Lanka, Switzerland,
Tanzania, the United States of America (USA) and Vanuatu (see electronic supplementary material, table S1). This dataset
comprises 54 studies, with a total of 5101 participants, and includes both industrial and non-industrial societies. Sleep was
measured using PSG and actigraphy, and total sleep duration throughout the night was recorded for each study. In 38 studies,
sleep efficiency was also assessed. Sleep duration in non-industrial societies ranged from 5.34 to 7.88 h, while industrial societies
reported a range of 6.00-9.17 h.

We selected studies for inclusion in our analysis based on the following criteria: (i) sleep duration and efficiency data were
obtained via validated measurement techniques such as PSG or actigraphy; (ii) participants were aged between 18 and 75 years,
and those with diagnosed sleep disorders or chronic illnesses were excluded; (iii) only baseline data were included from studies
with experimental interventions; and (iv) we excluded studies relying solely on self-reported sleep estimates. By applying
these criteria, we aimed to ensure methodological consistency and control for potential confounding factors across populations.
We emphasized the integration of studies that clearly reported biological sex and age data. Biological sex at the population
level was recorded as the percentage of the study population identified as male. Additional factors considered in the analysis
included subsistence strategy, access to electricity, and latitude and longitude of study location.

(i) Modelling

Bayesian inference was used to estimate posterior distributions [41]. We used R (version 4.4) [42] and the brms package [43]
to make inferences about the shape of the posterior distribution for sleep parameters. Sleep quota values, estimated using a
Bayesian Markov chain Monte Carlo (MCMC) approach, generated a o —the equivalent to the predicted standard deviation
(s.d.) for all categories combined. The highest density interval (HDI) is the Gaussian approximation for each parameter’s
marginal distribution. The plausibility of each value of i after averaging over the plausibility of each value of ¢ is given by the
distribution’s mean and s.d. In this case, the percentile interval boundaries correspond to an 89% interval.

Regarding our model’s prior specifications, we reference various sources. Notably, Principles and Practice of Sleep Medicine, a
key text for sleep clinicians, offers an overview of normal human sleep, suggesting that most young adults report around 7.5
h of sleep on weekday nights and approximately 8.5 h on weekend nights [44]. Furthermore, the National Sleep Foundation’s
expert panel consensus recommends 7-9 h of sleep for adults aged 26-64 years for optimal health and well-being [45]. This
range effectively captures the variability in sleep needs among the general population, which is why we considered an s.d. of
1 h reflective of the accepted variability around the 8 h mean. Consequently, our sleep model adopted an 8 h sleep duration
prior, represented by u =8 h and ¢ =1 h. Similarly, sleep efficiency, defined as the time spent actually sleeping while in bed, was
guided by the National Sleep Foundation’s optimal health recommendation of 85% [46]. Therefore, our sleep efficiency model’s
prior encompassed a p = 85 with a ¢ = 10. While our priors are primarily derived from industrialized populations, they offer
a beneficial foundation for initial analysis, with the caveat that broader demographic data are essential for future refinement.
Our analytical approach sought to estimate human sleep duration and sleep efficiency, while accounting for pertinent factors
such as non-industrial contexts, various methods of sleep quota determination, individual age, biological sex and the country
in which the study was conducted, treated as a repeated measure. We used the leave-one-out information criterion (LOOIC) to
identify the model with the highest predictive capacity [47]. After model fitting, we found that the method (actigraphy vs PSG)



and sample size were not significant drivers and removed them from subsequent models. To address spatial autocorrelation, [ 4 ]
geographical coordinates were initially included, but did not significantly explain variations in sleep duration or circadian
function. Moran’s I tests on random intercepts (latitude and longitude) against sleep duration parameters yielded a statistic
of —0.0192 (expected under the null hypothesis: —0.0192, p = 0.5), indicating no spatial clustering of random effects. Thus,
geographical proximity did not influence sleep duration. Including ‘country’ as a random effect sufficiently accounted for
geographical variation, reflecting broader socioecological differences beyond spatial proximity.

The most predictive model, according to the information criterion, used non-industrial as a factor. The classification into
‘non-industrial’ and ‘industrial’ societies was based on a multifaceted assessment of each society’s technological access,
economic structures and lifestyle patterns rather than merely on population size. This assessment included but was not
limited to, factors such as electricity access, reliance on technology for daily living, economic dependence on industrial or
post-industrial frameworks, and urbanization levels. For example, societies labelled as ‘non-industrial” typically exhibit minimal
reliance on technology, subsistence-based economies and limited access to electricity, reflecting conditions more akin to those
experienced by humans for the majority of our evolutionary history. Conversely, ‘industrial” societies are characterized by
high levels of technology use, economic activities centred around manufacturing or services, widespread access to electricity,
and urbanized living conditions. This categorization aims to encapsulate the varying environmental and social pressures that
may influence sleep patterns. Thus, the terms ‘small-scale’ (non-industrial) and ‘large-scale’ (industrial) are meant to reflect
differences in organizational subsistence-related complexity and demographic scale.

Taken together, the model used is as follows:

Sleep Model: Sleep ~ Society_scale + Age + %male + (1| Country).

The model is designed with hierarchical levels that explicitly account for the hierarchical structure of the data—individuals
nested within populations, which in turn are classed as either society scale category: non-industrial or industrial. This structure
allows us not only to model sleep duration as an outcome of individual and population-level predictors but also to consider the
variability within and across these groups. To address potential biases from over- or under-representation of certain population
types, our model employs a random effects structure. This approach assigns a unique effect for each population, which is
drawn from a common distribution. By doing so, it naturally weights the contribution of each population to the overall analysis,
mitigating the influence of populations with disproportionately large or small sample sizes. This method ensures that our
global human sleep metric is a balanced representation, not skewed by the data volume from any single group. Furthermore,
having society scale as a fixed effect in our model directly examines and quantifies the influence of living in different ecological
and social environments on sleep duration. This inclusion allows the model to adjust for the differences attributable to the
population type, thereby providing a more nuanced understanding of human sleep patterns across varying conditions.

The full dataset, along with all meta-data and more detail of each variable, is available in the Open Science Framework (OSF)
data repository: https://osf.io/jy8ch/.

The initial hypothesis and predictions were pre-registered and developed upon for this work in preprint form via: https://
www.biorxiv.org/content/10.1101/2020.09.16.299792v1.
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(b) Study 2

Circadian rhythms can be studied in a variety of ways. One external measure of circadian rhythms is through rest-activity
patterns measured with wrist-worn actigraphy. In Study 2, we used non-parametric circadian rhythm analysis (NPCRA)
[48], which had previously been reported in a variety of actigraphy studies [18,19,38,40,49,50], to calculate an index of circa-
dian consistency, fragmentation and amplitude known as the CFI [46]. The NPCRA technique, which does not assume any
pre-defined distribution, generates circadian phase markers. A minimum of six consecutive nights is suggested for NPCRA
statistics, and this minimum was reached for each population, providing consistency across all population data presented.
CFI incorporates three main parameters: intradaily variability (IV), interdaily stability (IS) and relative amplitude (RA) [46].
Previous clinical work [51] incorporated IS, IV and RA into a single index variable to yield the CFI. IS provides an estimated
measure of rhythm stability (ranging between 0 and 1) where 0 is Gaussian noise and where 1 is a perfect rhythm stability from
one day to the next. IV is an estimated measure of rhythm fragmentation, with values of 0 indicating a perfectly sinusoidal
curve, and 2, Gaussian noise. RA indicates the amplitude of rhythm, where higher values (between 0 and 1) are indicative of
a higher amplitude rhythm. IV was inverted and normalized to reflect the degree of rhythm fragmentation, with higher values
indicating greater fragmentation. IS quantified rhythm stability over different days, and RA represented the difference between
the mean activity levels during the highest and lowest consecutive hours. By merging IV, IS and RA, CFI captures the amplitude
and stability of circadian rhythms in a single composite index, ranging between 0 (absence of circadian rhythmicity) and 1 (a
robust circadian rhythm). This multidimensional index aims to provide a comprehensive overview of circadian rhythms within
individuals' daily contexts, considering both amplitude and stability components.

A total of 866 participants from five different countries were used to derive CFI values (see electronic supplementary
material, table S2). CFI is calculated using NPCRA to derive three measures of circadian function: RA, IS and IV. These
parameters were then used to derive CFI using previously described techniques [52]. Specifically, IV values were inverted and
normalized between 0 and 1, with 0 being a noise signal, and 1 a perfect sinusoid. Finally, CFI was calculated as the average
of these three parameters. Consequently, CFI oscillates between 0 (absence of circadian rhythmicity) and 1 (a robust circadian
rhythm).
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We employed a Bayesian framework to model the CFI across industrial and non-industrial populations. This analysis [ 5 |
was conducted using the brms package [43] in R, which implements Hamiltonian Monte Carlo (HMC) sampling via Stan to
estimate the posterior distributions of the model parameters. The model was structured to include society scale (industrial vs
non-industrial), age and sex as fixed effects.

In constructing the model, we incorporated informative priors to guide the estimation process. For the CFI intercept, we
used a normal prior informed by the empirical findings of Ortiz-Tudela and colleagues [52], who observed CFI values ranging
between 0.43 and 0.73 in a homogeneous population. Based on these observations, we applied a prior with a mean of 0.58
and an s.d. of 0.1, ensuring the model captured the range of CFI values typically observed in previous studies. The model is
specified as follows:

CFI Model: CFI ~ Society_scale + Age + Sex .

3. Results

(a) Sleep duration is longer among industrial societies

In Study 1, we aimed to derive a more nuanced understanding of sleep patterns across diverse populations, discerning the
influences of multiple variables. Our subsequent results, as presented in figure 1, offer insights into the posterior distribution of
human sleep duration. Specifically, across all populations, the posterior distribution of human sleep duration was characterized
by a mean (i) of 6.78 h, with an s.d. (¢) of 0.18 h, and a credible interval (89% CI) spanning from 6.5 to 7.06 h. Moreover,
our results show that non-industrial sleep duration posteriors are u = 6.4 h (0 = 0.27, 89% CI = 5.88-6.99) and industrial sleep
duration posteriors are i =7.1 h (¢ = 0.22, 89% CI = 6.70-7.58). Additionally, we plot and predict sleep parameters among the
non-industrial and industrial populations while controlling for age, sex and country. As shown in table 1, and displayed in
electronic supplementary material, figure S1, while correcting for age and sex, non-industrial status negatively influences sleep
duration.
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To assess potential differences in sleep duration between industrial and non-industrial populations, we examined the
posterior distributions of each group after Bayesian model fitting. On average, industrial populations displayed a longer sleep
duration than non-industrial populations, with an estimated mean difference of 0.75 h. The group-level random effect for
country (0.73 + 15), 89% CI = 0.49-1.05) indicates substantial variation in sleep duration attributable to country-level differences,
highlighting the importance of contextual and cultural factors in shaping sleep patterns across populations. This variability
underscores the necessity of accounting for country as a random effect to appropriately model sleep duration and enhance the
generalizability of the findings.

We have included both 89% and 95% credible intervals in our analysis. This dual reporting provides a more comprehensive
view of the robustness of our findings, allowing readers to assess the results under different thresholds of uncertainty. Also,
to further operationalize and clarify the strength of our findings, we adopted a systematic approach to evaluate support for
regression coefficients. Specifically, we assessed the proportion of posterior samples in which coefficients were negative. We
categorized support as weak (85-90%), support (90-95%) or strong (>95%). These thresholds were applied to the proportion of
samples in the predicted direction, providing an intuitive measure of the reliability of the estimated effects.

(b) Sleep efficiency is greater among industrial societies

Likewise, our investigation into sleep efficiency —a measure denoting the proportion of time an individual spends sleeping
while in bed —yielded valuable insights. The posterior distribution of human sleep efficiency demonstrated a mean of y =
80.9, an s.d. of 0=1.56, and a credible interval spanning from 78.5 to 83.5. Notably, non-industrial and industrial populations
exhibited sleep efficiency posteriors of pu = 73.9 (0 = 2.30, 89% CI = 70.3-77.7) and u = 87.9 (0 = 1.92, 89% CI = 84.8-90.9),
respectively. Additionally, with sleep efficiency as the response variable, we used the same model fit (table 2) to demonstrate
that non-industrial status is negatively associated with sleep efficiency (electronic supplementary material, figure S2). Thus,
non-industrial status appears to be linked to both sleep duration and efficiency (figure 2). Age negatively influences both
sleep duration and efficiency (figure 2). A higher percentage of the study population identified as biologically male negatively
influences sleep duration but does not influence sleep efficiency (figure 2). The multilevel model included a random intercept
for country to account for potential variability in sleep efficiency across different populations. The estimated s.d. of the
country random effect was 5.42 + 1.46 (89% CI = 3.38-7.89), indicating substantial variation in sleep efficiency attributable to
country-level differences. Accounting for this random effect enhances the model’s ability to generalize findings and underscores
the necessity of considering country-specific influences when examining sleep patterns.

Contrasting non-industrial versus industrial populations, the results support differences in sleep parameters. The mean
difference of 14% emphasized the significantly higher sleep efficiency in industrial populations. In sum, these results support
the idea that there are differences in sleep efficiency patterns across varying population categories. Non-industrial populations
tend to manifest lower sleep durations, while larger-scale populations exhibit sleep durations that exceed prediction.
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Figure 1. Density plots of Bayesian inference for sleep duration and efficiency using Markov chain Monte Carlo (MCMC) approach. The top left plot shows the
probability density for sleep duration in industrial (red) and non-industrial (blue) populations. Industrial populations have longer expected sleep durations compared
with non-industrial populations, as reflected in their respective density distributions. The bottom left plot shows the density distribution for the expected human sleep
(yellow), representing the combined estimate across all populations in the study. Similar patterns hold for the top right plot, which shows the probability density for
sleep efficiency % among societies, and the bottom right plot shows the mean for the all societies. The y-axis in all plots represents the probability density, and dashed
vertical lines indicate the mean sleep duration and efficiency % for each category.

Table 1. Markov chain Monte Carlo (MCMC) posterior estimations with 89% and 95% credible intervals (Cl) of sleep duration across global, cross-cultural populations.
'Industrial'is the reference category for society scale. Positive coefficients indicate greater sleep duration, while negative coefficients indicate lesser sleep duration. The
model accounts for country as a random effect. Columns for '% negative' represent the proportion of posterior samples in each direction, and also highlight level of
strong support (>95%).

predictor estimate (s.e.) 89% Cl 95% Cl % negative (support)

intercept 7.16(0.22) (6.80,7.51) (6.71,7.59)

(c) Circadian function is greater among non-industrial societies

Descriptively, the CFI across societal types indicates discernible disparities. Non-industrial populations have a mean CFI of
0.70 (s.d. = 0.01), with values spanning from 0.44 to 0.93 (1 = 93). In contrast, industrial populations present a lower mean
CFI of 0.63 (s.d. = 0.07), with a range of 0.36-0.86 (n = 773). These data points reflect a generally higher CFI in non-industrial
societies relative to industrial ones. The posterior estimate for society scale (comparing industrial with non-industrial societies)
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Figure 2. Sleep duration and efficiency model plots using Markov chain Monte Carlo (MCMC) approach. The left panels showcase actual sleep data (see electronic
supplementary material, table S1), categorizing observations into non-industrial and industrial populations for both sleep efficiency % (top) and sleep duration
(bottom). These plots represent observed data, with error bars indicating standard deviations. In the predictive plots (middle and right panels), darker-shaded areas
represent 89% credible intervals, elucidating the uncertainty in our predictions related to age and sex influences on sleep efficiency and duration. The statistical
significance and relationships between sleep metrics and various predictors (e.g. societal scale, age, sex) are inferred from posterior distributions.

Table 2. Markov chain Monte Carlo (MCMC) posterior estimations and credible intervals (89% and 95%) for sleep efficiency among global, cross-cultural populations.
'Industrial" is the reference category for society scale. Positive coefficients indicate greater sleep efficiency, while negative coefficients indicate lesser sleep efficiency.
The model includes a multilevel structure, with country of the study population modelled as a random intercept to account for group-level variability. Column for ‘%
negative' represents the proportion of posterior samples in each direction, and also highlights level of support with strong support designated at >95%.

predictor estimate (s.e.) 89%d 95% (I % negative (support)
intercept 87.91(1.92) (84.76,90.95) (83.98,91.57)

society scale: non-industrial —14.01(2.86) (—18.49,-9.28) (—19.41,-8.36) 100 (strong)

age —2.80(0.77) (—4.02,—1.55) (—4.32,-1.22) 99.9 (strong)

sex (% male) 0.64(0.63) (—0.36, 1.65) (—0.58,1.93) 14.6

is -0.06 (s.e. = 0.01), with the 89% CI (-0.07, -0.05) and 95% CI (-0.08, -0.04) not crossing zero, suggesting a significant
negative association between industrial society and a reduction in circadian function (figure 3). Specifically, 100% of the
posterior samples were negative in direction, providing strong evidence for the reduced CFI in industrial societies relative
to non-industrial societies. In contrast, age was not a strong driver of CFI, as its posterior estimate was close to zero, with a
corresponding credible interval that included zero. The effect of male biological sex showed a slight negative association with
CFI, but the credible interval for this effect approached zero, suggesting that, while a weak association exists, it is not strong
enough to be conclusive.

4. Discussion

Our research revealed a startling juxtaposition between sleep and circadian function across small-scale non-industrial and
large-scale industrial societies. People dwelling within non-industrial societies—many of which are local subsistence, non-elec-
tric, ‘off-the-grid’ and residing in the Global South— experience shorter, less efficient sleep yet have a greater circadian function.
The inverse is also true, where people dwelling within industrial societies—many of which are characterized as heavily reliant
on provisioned food, access to electricity, and residing in the Global North—are experiencing longer and more efficient sleep yet
reduced circadian function.

On the one hand, our work rejects the sleep restriction epidemic hypothesis—the idea that sleep in industrial societies is
corrupted by a growing trend of technological disruption and innovation [9] and high time-budget demands of the job
market [10]. Specifically, our Bayesian inference predicted sleep duration to be approximately 0.75 h (45 min) longer in
industrial populations compared with non-industrial populations. Furthermore, sleep efficiency was substantially greater
among industrial populations, with a mean difference of 14% between the two groups. Indeed, our findings suggest the
opposite of the sleep restriction epidemic hypothesis: rather than industrial society sleepers deviating from an optimal sleep
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Figure 3. Circadian function index (CFI) model estimates and prediction plots using Markov chain Monte Carlo (MCMC) approach. Non-industrial societies are
associated with higher CFl values compared with industrial societies, with the credible interval not overlapping zero. Age has no significant effect on CFl, as its credible
interval includes zero, while the effect of sex (male) shows a slight negative association, though its credible interval approaches zero.

state supposedly characteristic of ancestral populations, our results indicate that sleep duration and quality have, in fact,
benefited from factors associated with industrialized socio-ecological contexts [53].

Our analysis strongly supports the circadian mismatch hypothesis, suggesting that the key issue in economically developed,
industrial economies is not sleep duration but primarily circadian disruption. This is highlighted by the fact that non-industrial
status significantly influences the model, predicting a 7% higher CFI in non-industrial societies compared with industrial ones.
These findings suggest that interventions aimed at enhancing circadian function could have profound public health benefits.
Specifically, they underscore the importance of developing policies and practices that align work and social schedules with
natural circadian rhythms, potentially improving sleep quality, and by extension, overall health and wellness globally. This
approach could mitigate the adverse effects of circadian misalignment, offering a strategic pathway to bolster public health—
and ultimately health and wellness—around the globe.

Furthermore, to our knowledge, these are the first-ever estimates of species-level sleep parameters—including the most
diverse representation of human societies for which sleep data are available—and can help guide future comparative work.
Our analyses showed that the global human average for sleep duration is descriptively 6.78 h, and when the full model used
in our analysis is considered, the predicted human sleep duration is 6.78 h with an 89% credible interval of 6.50-7.06 h. This
corroborates recent longitudinal work demonstrating that polygenic risk scores for brain structure, cognition and mental health
are compromised with (either insufficient or excessive) significant deviations from a 7 h optimum sleep duration [54]. Despite
the well documented disruptive effect of electricity and lighting on both developing [55-58] and industrial societies [9], we
suggest the advent of more secure, environmentally regulated sleep sites has been a driving factor that explains why both
sleep duration and efficiency have increased in industrial societies. Yet, these same populations appear to be sleeping longer
and more efficiently at the cost of desynchronization (i.e. inconsistency and fragmentation) of circadian rhythms, ultimately
reducing circadian function. The very factor that may be improving sleep (e.g. secure, regulated sleep sites) may also be
masking access to circadian entrainment— such as sunlight during the day, blue-light-emitting screens at night and outdoor
temperature fluctuation. This suggests the intriguing possibility that there is an underexplored mismatch between circadian
synchronization (i.e. a robust rthythm) and improved sleep duration and fragmentation for individuals who dwell in and
outside industrialized contexts.

While sleep patterns in small-scale societies, both past and present, may not reflect an ‘optimized” form of sleep [53], the
persistence of hunter—gatherer subsistence strategies since the emergence of the genus Homo at approximately 1.8 Ma [59]
suggests potential evolutionary advantages—such as more time to acquire skills and strengthen social networks—associated
with shorter sleep durations throughout human evolution [60]. This suggests that the evolutionary history of reduced sleep
duration in such societies might involve non-adaptive or context-specific benefits rather than direct health optimization.
Critically, an evolutionary medicine perspective promotes the idea that natural selection operates on reproductive success,
not optimized health [61]. In considering human sleep, clinical medicine’s emphasis on health optimization and evolutionary
anthropology’s focus on reproductive benefits of sleep phenotypes both hold validity within their respective contexts. This



nuanced view acknowledges that while health-focused recommendations are grounded in contemporary clinical outcomes, E
evolutionary perspectives highlight adaptive functions of sleep over historical time frames.

Studies assessing circadian function have revealed that more dysregulated/dampened rest-activity rhythms are associated
with or predict negative health outcomes, including increased fatigue [62,63], depressive symptoms [45,62,64], obesity [48], risk
of incident dementia and mild cognitive impairment [51], and mortality [65]. Evolutionary mismatch is a source of reduced
wellness in places all over the world. As noted by Lloyd et al. [33, p. 3]: ‘A substantial proportion of human misery is probably
due to genetic and cultural mismatch with our current environments’. Multiple negative health outcomes may be the result of
the shift to dwelling in industrial societies characterized by climate-controlled, artificially extended photoperiods. Fortunately,
they are outcomes that can in application be corrected to improve human wellness. As noted by Lane and colleagues in a 2022
review [23, p. 16]: “The fields of circadian rhythms and sleep are poised to make significant advances in human biology and
improve human health’. To this end, we make the following recommendations.

As our comprehension of the perturbing impact of light and temperature on circadian rhythms expands, a viable avenue to
enhance the well-being of contemporary sleepers emerges in the form of behavioural interventions. In this pursuit, it is crucial
to maintain the advantageous foundation of secure, stable and well regulated sleep environments characteristic of industrial
societies. Specifically, these interventions are aimed at ameliorating circadian function and improving individual and societal-
level “‘chronohygiene’. Chronohygiene involves adopting behaviours that synchronize with an individual’s circadian rhythm to
promote optimal well-being and sleep patterns [66]. This concept is not new, yet these novel comparative data strongly support
the previous work performed by clinicians and research communities alike that have focused on circadian function in their
patients and subjects. For example, previously recommended behavioural interventions encompass strategies such as structured
daily routines, optimized exposure to natural light, and mindful engagement with electronic devices during evening hours,
which can potentially mitigate the adverse impacts of circadian disruption and contribute to the overall enhancement of sleep
quality and well-being.

This study has several limitations. In the Bayesian approximation analysis of sleep duration, only three forager populations
were part of the analysis. Unfortunately, these data are likely not to expand dramatically in the near future given the continued
force of globalization and resultant marginalization of indigenous groups practising traditional subsistence strategies. For the
assessment of circadian function—which requires several days of consecutive analysis per individual —overcoming the paucity
of reports of individual-level NPCRA parameters is a major challenge. Although circadian rhythm measurement has been
applied in community-based samples [45,51]—including those with a number of disorders, including cancer [63], dementia
[67] and psychiatric conditions [68,69] —the need for publicly accessible datasets that include representative samples, across
varying cultures and modes of production, is urgent. Future research should focus on reporting and publishing measures of
circadian rhythms using a wide variety of analytical techniques. Special consideration should be given to actigraphy-derived
measures of circadian function, given the advantages of wide-scale, longitudinal application in ambulatory subjects. The testing
of the circadian mismatch hypothesis is an important future research direction for sleep researchers to investigate and replicate
these findings with a greater number of populations across differing latitudes and longitudes worldwide. We acknowledge
the importance of caution when making generalized claims across globally distributed populations, considering the existing
limitations in ecological and economic diversity across these regions.

The inclusion of studies with varying sample sizes and contextual factors underscores the need for careful interpretation
of our findings in the context of the inherent heterogeneity present within and between these populations. Our analysis
encompasses a broad range of populations and ecologies, introducing a limitation in conducting a detailed seasonal analysis
due to the diverse access to light- and temperature-buffering technologies across these groups. Additionally, the omission of
seasonal and temperature data in some studies within our dataset restricts our ability to fully explore the impact of these factors
on sleep patterns. We recognize the substantial variability in sleep duration and patterns among non-industrial societies, such as
the Tsimane and San, which highlights the need for future research to delve deeper into these variations and their ecological and
cultural underpinnings [17].

Our analysis highlights several important considerations for future research into global sleep patterns. Future studies
should aim to collect more granular data on latitude and seasonal changes in light-dark cycles, particularly for populations
living at higher latitudes, as these factors likely play a critical role in shaping sleep and circadian patterns. Furthermore,
the inclusion of genetic or ancestry data would greatly enhance our understanding of inter-population differences in sleep
biology. Ancestry plays a well established role in determining chronotype, sleep architecture, and other sleep-related traits,
but the lack of available genetic information in our dataset prevented us from analysing these factors. Future research that
incorporates genetic, environmental and behavioural data will offer a more comprehensive picture of human sleep across
different subsistence patterns and geographical locations. Addressing these gaps will not only refine our understanding of
sleep ecology but also contribute to more tailored public health interventions for improving sleep in both industrial and
non-industrial populations.

In summary, sleep is paramount to nearly every facet of our health and well-being. Sleep determines our ability to think
(cognition), feel (emotional regulation), socialize (prosocial interaction) and preserve our health (immune strength and cellular
repair and maintenance) [70]. It follows that sleep is one of the most powerful predictors of performance and wellness over the
life-course. Thus, understanding how a rapidly changing world —by way of globalization, migration, new labour demands, and
innovation in technological and economic systems—is affecting our sleep and circadian function is a critical twenty-first-century
challenge. To this end, an interdisciplinary approach has emerged from anthropologists and sleep scientists. This new effort to
‘take the sleep lab into the field” investigates how sleep in more ‘natural’ environments (where artificial light and technology
play a lesser role) and ‘artificial’ urban environments (where artificial light and technology are more prevalent) differ in the
ways in which they influence multiple dimensions of human health. This work underscores how cross-cultural comparisons,



combined with an evolutionary medicine perspective, can enhance sleep, strengthen circadian function, and ultimately promote
overall health and well-being.
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