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ABSTRACT
Objectives: Dysregulations of the hypothalamic–pituitary–adrenal (HPA) axis have been linked to adverse health outcomes 
such as obesity, cardiovascular disease, and diabetes. While research on the HPA axis is growing, few studies have examined 
whether different types of stressors affect HPA functioning differently, and none have done so in small-scale subsistence popu-
lations. To do so, we measured HPA axis activity and various kinds of stressors among the Tsimane of Bolivia, a population with 
more traditional lifestyles and stressors including low caloric intake, social conflict, and market integration.
Methods: Participants were adults from three different Tsimane communities (n = 129, 57% women). For each participant, uri-
nary cortisol (nsamples = 303), corrected for specific gravity, was measured once at waking and at least once later on the same day to 
measure the diurnal slope. One hundred and twenty-five participants completed a questionnaire on culturally relevant psychoso-
cial stressors in the Tsimane such as food insecurity, social conflicts, and economic problems. Multilevel Bayesian multivariate 
models assessed associations between stressor scores and cortisol levels.
Results: Diurnal variation in the HPA axis was differentially associated with each type of stressor. Food insecurity was associ-
ated with higher morning levels (median rintercept = 0.08, p > 0= 0.73) and a steeper diurnal slope (median rslope = −0.19, p < 0 = 0.83), 
while economic problems were associated with lower waking levels and shallower slopes (median rintercept = −0.05; p < 0 = 0.64, 
median rslope = 0.12, p > 0= 0.72). Higher morning levels and steeper slopes were also associated with better self-rated health (me-
dian rintercept = 0.06; p < 0 = 0.66, median rslope = −0.10, p > 0 = 0.71).
Conclusion: While many of these associations had high statistical uncertainty due to wide posterior distributions, the results over-
all emphasize complex relationships between perceived stressors and diurnal cortisol rhythms among a small-scale subsistence-
based society. Future work employing longitudinal designs and higher-resolution sampling will be needed to clarify these trends.

1   |   Introduction

Dysregulations of the hypothalamic–pituitary–adrenal (HPA) 
axis have been linked to adverse health outcomes such as obesity, 

cardiovascular disease, and diabetes (Björntorp et  al.  2000; 
Cohen et al. 2007; Flinn et al. 2011; Gunnar and Vazquez 2001; 
Miller and Blackwell  2006). The primary end product of the 
HPA axis, the glucocorticoid steroid hormone cortisol, links 
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multiple physiological systems and plays a key role in the human 
stress response (Russell and Lightman 2019). In addition to put-
ting the body in a state of alert and preparedness and activat-
ing gluconeogenesis, cortisol is central in the immune system 
by regulating inflammatory responses and the maturation of 
lymphocytes. Additionally, cortisol is also associated with the 
central nervous system, being involved in learning and memory 
(Miller et al. 2007; Sapolsky et al. 2000).

In the allostatic load model, McEwen states that glucocorti-
coid secretion comes with a cost, and long-term exposure as-
sociated with recurrent or chronic stressors can accumulate 
adverse effects, resulting in wear and tear on the human body 
(McEwen 1998). This potentially maladaptive stress response is 
often attributed to psychosocial stressors, which might be ex-
perienced to an evolutionarily novel degree and amount in in-
dustrialized societies (Liebert et al. 2024; Sapolsky 2004, 2021). 
However, not all stressors are equal (Sapolsky 2004), and stress 
is experienced on multiple levels (Epel et al. 2018). Rather than 
higher levels of stress simply being associated with higher corti-
sol, the time since the stressor onset, the nature of the stressor, 
as well as the individual's social and psychological state are all 
associated with the stress response, resulting in various dif-
ferent cortisol profiles (Adam et  al.  2006; Miller et  al.  2007; 
Saxbe 2008). Especially when comparing the capacity to miti-
gate the stressors, physical and psychosocial contrast highly 
(Epel et al. 2018; McEwen and Wingfield 2003; Sapolsky 2021). 
Further, psychosocial and physical stress are rarely independent 
(DeCaro and Helfrecht 2022), and perceived stress usually en-
compasses various psychological components of the stress re-
sponse such as anxiety, a feeling of being overwhelmed or not 
having control (Epel et al. 2018). By examining characteristics 
of chronic stressors, such as their duration, perceived severity 
and life domain, in relation to an individual's physiological re-
sponses, we can better understand their adaptive nature com-
pared to the acute stressors the stress response has arguably 
evolved to face.

While research on chronic stressors and the HPA axis is growing, 
most studies focus on high-income countries and on Western, 
educated, industrialized, rich, and democratic (WEIRD) soci-
eties rather than environments resembling those experienced 
throughout human evolutionary history (Flinn et  al.  2011; 
Gurven and Lieberman  2020). Especially in Indigenous and 
small-scale subsistence societies, chronic stressors range from 
high parasitic infections and caloric restriction to rising mar-
ket integration and cultural change (Gurven et al. 2017; Liebert 
et al. 2024). Further, recent findings show that the relationship 
between stressors and hormonal diurnal variation might vary 
across populations and ecologies and could be influenced by 
other correlated life factors (Zefferman et al. 2025). Consistent 
with this idea, rumination is known to prolong the HPA axis 
response to an acute stressor in sedentary adults but not in more 
active and healthy ones (Puterman et al. 2011). Additionally, a re-
cent study on testosterone in the Shuar of Ecuador further chal-
lenges the assumptions of “normal” hormonal patterns that are 
largely based on studies from high-income populations (Gildner 
et al. 2025). Expanding research beyond WEIRD contexts there-
fore provides an opportunity to examine how both physical 
stressors and psychosocial stressors vary across socioecological 

settings as well as how their perception influences the HPA axis 
activation (Lazarus and Folkman 1984). This comparative ap-
proach helps us in understanding the adaptive functions of the 
human stress response in naturalistic settings, as well as its po-
tential maladaptive consequences under conditions of chronic 
or novel stressors.

1.1   |   Diurnal Rhythm and Urinary Cortisol

In a healthy adult, cortisol levels follow a strong diurnal rhythm, 
with high levels at waking and a peak shortly after, called the 
cortisol awakening response (CAR); subsequently, levels drop 
rapidly in the first few hours, then more slowly until reaching a 
nadir around bedtime (Adam et al. 2017; Pruessner et al. 1997). 
A robust, noninvasive way to measure this diurnal rhythm is 
urinary cortisol (Brewis et al. 2021; Cohen et al. 1997; Wirobski 
et al. 2024). Unlike salivary cortisol, it is less sensitive to short-
term fluctuations (Jerjes et al. 2006) as it reflects the integrated 
hormone levels over the last 4–5 h (Bahr et  al.  2000; Miller 
et al. 2007). Its stability at room temperature also makes it ideal 
for field research (Luecken and Gallo 2007). When measuring 
the diurnal rhythm, several key components can be analyzed 
(Saxbe 2008). The most frequently used measurements are the 
cortisol levels after waking and the diurnal cortisol slope (Adam 
and Kumari 2009). Both measurements can independently give 
insights into the association of a certain stressor on the HPA 
axis and are not necessarily correlated (Edwards et al. 2001). A 
flatter slope can be caused by both lower levels at waking and/
or elevated levels in the afternoon (Saxbe  2008), with the flat 
slope caused by lower morning levels being related to more 
chronic psychosocial stress (Miller et al. 2007). This profile is 
also known as a blunted diurnal rhythm. On the other hand, a 
steeper slope associated with higher levels at waking is known 
as a steeper diurnal decline. This pattern is thought to help mo-
bilize energy in the face of a possibly controllable challenge, 
as stated in the “boost hypothesis” (Adam et  al.  2006; Miller 
et al. 2007; Saxbe 2008; Schulz et al. 1998). Notably, the majority 
of studies are done using salivary cortisol. While salivary and 
urine sampling capture different timeframes of the cortisol re-
sponse, when assessing relative differences in morning levels 
and diurnal decline, the two methods offer good to excellent 
consistency (Newman et al. 2020; Sarkar et al. 2013).

1.2   |   Associations of Chronic Stressors 
and the Diurnal Rhythm

Several meta-analyses have investigated diurnal cortisol patterns 
in the face of chronic stressors (Miller et al. 2007; Saxbe 2008). 
Both blunted and steeper cortisol slopes have been associated 
with distinct features of chronic stress, reflecting not only the 
type of stressor but also its perception, including factors such 
as the degree of perceived controllability (Epel et al. 2018; Heim 
et al. 2000; Miller et al. 2007). While studies found that a sense 
of uncontrollability of a stressor amplified cortisol secretion 
under acute stress (Dickerson and Kemeny  2004), over longer 
periods, uncontrollability results in diminished HPA activity, 
especially lower morning levels (Gold and Chrousos 2002; Heim 
et  al.  2000; Miller et  al.  2007). The resulting blunted diurnal 
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profile has been seen in individuals suffering from chronic 
stressors such as unemployment, in parents of a child with can-
cer, as well as in individuals suffering from depressive rumina-
tion (Kuehner et al. 2007; Miller and Blackwell 2006; Ockenfels 
et al. 1995). Regarding the impact on health, a blunted curve is 
associated with more severe health outcomes and earlier mor-
tality, even though the literature is inconsistent (Saxbe  2008). 
Among other findings, flatter slopes have been associated with 
higher risks for coronary calcification (Matthews et al. 2006).

On the other hand, several studies have found support for the 
“boost hypothesis”, with reliably higher levels at waking when 
having perceived controllability over a chronic stressor (Decker 
and Aggott 2013; Miller et al. 2007). An example here is indi-
viduals who show higher levels at waking during the week but 
not on weekends (Kunz-Ebrecht et al. 2004). Regarding the type 
of stressor, another meta-analysis found that situations with so-
cial evaluative threats acutely increase cortisol secretion, result-
ing in higher HPA axis activation in the face of social stressors 
(Dickerson and Kemeny 2004; Miller et al. 2007). Finally, steeper 
diurnal variation is seen in healthier individuals (Saxbe 2008), 
and some studies attributed steeper slopes to higher ratings of 
social support and general well-being (Sjögren et al. 2006).

Notably, most studies mentioned above have been conducted in 
high-income countries and on WEIRD participants. Yet only a 
few studies have focused on small-scale subsistence populations, 
even though examining how physical and psychosocial stressors 
vary across socioecological contexts, and how these are reflected 
in HPA axis activity, benefits from a population-based approach 
that captures the full range of variation in cortisol responses. 
For instance, previous studies of subsistence populations have 
found lower overall levels of cortisol compared to industrialized 
populations. Namely, Nyberg  (2012), Liebert et  al.  (2024) and 
Urlacher et al.  (2018) have examined diurnal cortisol rhythms 
in relation to age and sex among forager-horticulturalists in-
cluding the Tsimane of Bolivia, the Shuar of Ecuador, and the 
Garisakang of lowland Papua New Guinea. While these studies 
did not test associations between cortisol activity and specific 
stressors, they hypothesized that low cortisol levels in these 
populations could be partly explained by nutritional constraints 
common in resource-limited settings, alongside other potential 
stressors such as immune activity and lifestyle changes, empha-
sizing the need for additional research.

To date, few studies have examined the effect of different 
stressors on the diurnal cortisol rhythm in a subsistence pop-
ulation (Zefferman et  al.  2025). Research among the Tsimane 
demonstrates that men with higher political influence had 
lower morning urinary cortisol levels, while men earning more 
income had higher levels (von Rueden et  al.  2014). Similarly, 
higher cortisol among high-income men was also found among 
the Garisakang forager-horticulturalists in Papua New Guinea 
(Konečná and Urlacher 2017). Also in the Tsimane, there was 
little correlation between food insecurity and hair cortisol 
(Bethancourt et  al.  2021), or between household wealth and 
village-level wealth inequality and morning urinary cortisol 
(Jaeggi et al. 2021). These previous studies highlight the com-
plexity and context-dependence of cortisol responses in subsis-
tence populations, however, they did not systematically examine 

the relationships between perceived chronic stressors and the 
whole diurnal cortisol rhythm.

1.3   |   Objectives and Hypotheses 
of the Current Study

Here we assessed the association of the diurnal cortisol rhythm 
and types of chronic stressors that have been linked to dis-
ease and mortality in high-income societies. These types vary 
across different life domains and include economic strain, in-
terpersonal stress, and work stress (Epel et al. 2018). While not 
all of these chronic stressor types are directly translatable, we 
chose similar culturally relevant psychosocial stressors among 
the Tsimane, resulting in measures of food insecurity, rumi-
nation, debt, and social conflicts. Further, we also measured 
self-rated health, a reliable, non-invasive measure that strongly 
predicts mortality and clinical outcomes across numerous stud-
ies (Christine Snead 2014; Lundberg and Manderbacka 1996; Pu 
et al. 2011).

Based on previous studies, we formulated three predictions:

1.	 For stressors eliciting a sense of uncontrollability and being 
overwhelmed, such as sleeping problems due to rumination 
or being in debt, we predicted a more blunted response, as 
seen in patients suffering from chronic rumination.

2.	 On the other hand, we predicted that stressors associated 
with a sense of control and socially evaluative stressors, 
such as food insecurity and social conflict, correlate with 
a steeper curve, in accordance with the boost hypothesis 
predicting higher waking levels (see Section 1.2).

3.	 Finally, we predicted that a steeper curve is correlated with 
better perceived health, as seen in high-income societies.

2   |   Materials and Methods

2.1   |   Study Population

The Tsimane are a forager-horticulturalist society in the 
Bolivian Amazon. They count around 16 000 people according 
to a census from 2015. Tsimane communities consist of about 
50–500 inhabitants typically grouped into small clusters of sev-
eral households that cooperate in daily food production and 
consumption (Hooper et al. 2015; Jaeggi et al. 2016). Some com-
munities are remote and only accessible by boat or seasonal log-
ging roads; some communities are located near major highways 
close to market towns. Electricity and running water, as well 
as basic sanitation and waste management, are only present in 
these market-integrated communities. The Tsimane have a high 
pathogen burden (Gurven et  al.  2017) and a correspondingly 
high energetic requirement toward immune functions, possibly 
resulting in slower somatic growth (Blackwell et al. 2017). The 
Tsimane are a high-fertility population, with women having an 
average of nine children (Trumble et  al.  2023). Most Tsimane 
spend the majority of the day doing light to moderate physical 
activity like walking, fishing, tending fields, or harvesting crops 
(Gurven et al. 2013).
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2.1.1   |   Market Integration

The rising market integration and contact with Bolivian mer-
chants bring along a variety of changes and challenges for the 
Tsimane. Among these are environmental consequences such as 
deforestation, overhunting and jatata extraction (Geonoma spp., 
used for thatching roofs) that are perceived as major threats 
to food security and traditional ways of life (Reyes-García and 
Huanca  2015). Further, higher market integration coincides 
with greater access to oil and sugar (Kraft et  al.  2018), which 
are likely to affect chronic disease risk, such as obesity or higher 
blood sugar levels (Bethancourt et al. 2019; Gurven et al. 2017). 
For example, Spanish fluency is associated with greater obesity 
in Tsimane women (Gurven et  al.  2013), as is the use of pur-
chased cooking oil (Bethancourt et  al.  2019). Lastly, a higher 
degree of market integration is also associated with a shift in 
status comparisons toward the lifestyle in market towns, which 
is often hard to achieve (von Rueden et al. 2014).

2.1.2   |   Food Insecurity

Food insecurity and food shortages are common among the 
Tsimane and affect individuals of all ages: Over 70% of house-
holds experienced severe food insecurity at least once over the 
past month, and over 40% of households suffered from moder-
ate hunger over the same period (Bethancourt et al. 2021). The 
Tsimane diet is largely independent of processed food, with over 
90% of calories being self-produced (Kraft et  al.  2018). Of this, 
the majority are starch crops, making up over two-thirds of the 
caloric intake (Martin et  al.  2012). While these crops provide a 
relatively stable food supply, adverse weather events such as 
floods, droughts, or wildfires can result in considerable crop loss 
(Trumble et al. 2018). Fishing and hunting are also variable in the 
yield of calories (Jaeggi et al. 2016; Koster et al. 2020), and game is 
getting scarce around many communities due to increased popu-
lation growth, logging and habitat loss. As Tsimane produce less 
food than they consume until late adolescence, there is a substan-
tial caloric burden on nuclear families, who suffer a net caloric 
deficit until parents reach about age 40, relying on food subsidies 
mostly from grandparents (Gurven et al. 2012; Hooper et al. 2015).

2.1.3   |   Social Conflicts

Social relations are central in Tsimane life, and spending time 
with close family is directly related to a sense of happiness 
(Reyes-García 2012). On the other hand, social conflicts pose a 
risk for the Tsimane as they can disrupt cooperation and coordi-
nation with other group members. In a study on the prevalence of 
social conflicts in Tsimane adults, 98% of participants reported a 
current conflict, 93% with nonnuclear kin and 57% with nonkin. 
Further, social conflict with nonkin is also associated with more 
depressive symptoms (Stieglitz, Schniter, et al. 2015). Gossip as 
a manifestation of social conflict can harm reputation and coop-
eration, and both sexes report gossip as one of their biggest con-
cerns (Gurven et al. 2012). Spousal conflicts are the most named 
conflicts with close kin, especially for women, almost a third 
of whom report conflicts with their husbands. Spousal conflict 
can be of many origins, with higher market integration bringing 
new risks such as husband absence for wage labor and access to 

alcohol. Nearly 85% of Tsimane women reported some form of 
physical violence in their marriage (Gurven et al. 2017; Stieglitz 
et al. 2012).

2.1.4   |   Health and Wellbeing

While the Tsimane are known for having the lowest reported 
levels of coronary artery disease of any population (Kaplan 
et al. 2017), a majority suffers from illnesses and infections, with 
less than 10% reporting to be “healthy” in a given year. Common 
health problems are osteoarthritis, respiratory infections, skin 
infections, urinary tract infections, and chronic back pain 
(Gurven et al. 2016). An additional risk is injuries from working, 
fishing, and hunting, such as machete cuts or falls. Despite this 
overall high level of morbidity, the impact on daily life is limited, 
as many Tsimane still work in their fields or at home (Gurven 
et al. 2012). Subjective wellbeing declines throughout adulthood 
and is lower in women compared to men, while the reverse is 
true for depressive symptoms (Gurven et al. 2024). For both the 
number of depressive symptoms and subjective wellbeing, not 
age but health and the number of diagnoses are the main pre-
dictors. Especially functional capability was closely linked to 
subjective health (Gurven et al. 2024) and depressive symptoms 
(Stieglitz, Schniter, et al. 2015).

2.1.5   |   Economic Problems

While the traditional Tsimane economy does not involve money, 
with rising market integration more Tsimane have access to 
sporadic income through wage labor or produce sales. An ad-
ditional source of income is government payments to parents 
of children attending school or retirement-aged elders. This re-
sults in an average household income about one-third of that of 
a non-Indigenous Bolivian household (Gurven et al. 2015), with 
substantial variation in household wealth within and between 
communities (Jaeggi et al. 2021).

The cash economy also brings along the potential for monetary 
debt. For instance, trade with non-Tsimane merchants often in-
volves advance payments, as crops are sold in bulk before harvest. 
If the agreed amount of crops cannot be provided, debt ensues. 
Another way to be in debt is after a big purchase in a nearby 
market town, such as a motorbike or a motor for a canoe (peque 
peque), which are paid off over many months. These payments 
can be difficult to meet with only sporadic income opportunities.

2.2   |   Participants and Sampling

Over the course of 3 months (September until December 2023), 
we visited three different communities that varied in degree of 
remoteness and in size (from 300 to 535 individuals). Upon vis-
iting each community, a meeting was organized with the help 
of the community leader. There, the aims and procedures of the 
study were presented and the communities consented to par-
ticipate. In the subsequent days, two to four households were 
visited each day. In each household, all adults were invited to 
participate. Participants included 140 individuals (55 men, 85 
women) aged 15 to 83 years, on average two participants per 
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household. While most participants were only sampled on 1 day, 
a subset of 10 women who were part of a different study on the 
menstrual cycle were sampled for up to 14 days; this subsample 
allowed us to quantify day-to-day variation within individuals 
(see Supporting Information). This supplementary analysis in-
dicated that variation between individuals far outweighed day-
to-day variation within individuals. This means that a single 
sampling day captures most of the relevant variation, particu-
larly, because the primary objective of the present study was to 
examine variation between individuals rather than within indi-
viduals, even though repeated sampling days would have been 
more ideal.

2.3   |   Questionnaires

To assess the perception of chronic stressors over different life 
domains, a 13-item questionnaire was conducted once during 
the visit with each participant. The questionnaire was divided 
into several sections, each corresponding to one of the stressors 
examined in this study as well as self-rated health. All of these 
questions had previously been used with Tsimane participants 
(Bethancourt et al. 2021; Jaeggi et al. 2021; Stieglitz, Trumble, 
et al. 2015).

Perceived health. Participants were asked about their own cur-
rent health and their health compared to others of the same age 
in the community. The former was used to potentially exclude 
participants with current illnesses or injuries, while the latter 
was our measure of self-rated health.

Food insecurity. Several questions were adapted from the 
Household Food Insecurity Scale (Coates et al. 2007) to assess 
concerns about food scarcity and hunger.

Social conflict. Participants were asked about conflicts with 
spouses, children, and other members of the community.

Economic stress (debt). One item asked whether participants 
were currently in debt or not.

General problems and rumination. Questions covered general life 
problems and rumination, including one open-ended item asking 
participants to describe the biggest problem in their life.

The full questionnaire is given in Table  S1. The question-
naire was written in Spanish and then translated and back-
translated into Tsimane by two independent translators. 
During the interviews, DJ would ask the question in Tsimane 
as well as Spanish, with a bilingual translator being there for 
further questions or clarifications. The answers to open ques-
tions were noted down in Spanish after translation. As some 
of the questions were personal and confidential, the inter-
views were done in private. The majority of participants were 
familiar with these types of interviews.

For the analysis we inspected the factor structure of our 
questionnaire (detailed process is given in the Supporting 
Information). This resulted in six variables used for subsequent 
analysis, shown in Table 1.

2.4   |   Urinary Cortisol Collection

To measure waking cortisol levels and diurnal slopes, we col-
lected urinary cortisol at waking and later in the day, asking each 
participant to provide at least two urine samples on a single day. 
Participants were given a urine cup the night before and were in-
structed to urinate as soon as they woke up and then bring the 
sample to our mobile lab. This first-morning void sample was 
then immediately processed, and the time of reception was noted. 
However, both the exact time of urination and the time of wak-
ing were often difficult to determine since participants did not 
typically carry watches and had trouble estimating how many 
minutes had passed (see Section 2.6). Later during the same day, 
we visited the same participants at their house. There, a second 
and sometimes a third sample was collected, with a timespan be-
tween samples of at least 4 h. For these samples, the exact time of 
urination was noted by a member of the study that was present. 
For each sample, specific gravity was measured with a handheld 
refractometer. After pipetting the sample in a 0.5 or 1 mL cryo-
tube, it was frozen in liquid nitrogen. All urinary cortisol samples 
were then transferred on dry ice to BT's Evolutionary Medicine 
and Biodemography Laboratory at Arizona State University. In 
April 2024, the samples were analyzed for cortisol within the third 
freeze–thaw cycle using an in-house enzyme-linked immunosor-
bent assay (Munro and Stabenfeldt 1985; Trumble et al. 2014), that 
has been adapted for human urine (O'Connor et  al.  2011). The 
samples were assayed without being centrifuged and were run 

TABLE 1    |    Stressor variables used for the analysis.

Variable name Contents of variable Scale

Health Self rated health compared to others Ordinal, between 1 and 3 from “worse” to “better”

Food Insecurity Worry about food insecurity and/or 
spending an entire day without food

Ordinal, two items between 1 to 5 each, from 
“never” to “always.” Summed up for total score.

Social Conflicts Having conflict with a spouse 
and/or with your children

Ordinal, two items between 1 to 5 each, from 
“never” to “always.” Summed up for total score.

Hunger Going to sleep hungry Ordinal, 1 to 5, from “never” to “always.”

Rumination Having problems falling asleep 
because of rumination

Ordinal, between 1 and 5, from “never” to “always”

Debt Being in debt Binary, 0 or 1, “yes” or “no.”

Note: If variables were composed of different items, the items are listed. The scale indicates the possible range of each variable.
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diluted in blocking solution (0.1% BSA), following the standard 
protocols of the Evolutionary Medicine and Biodemography Lab. 
The within and between assay CVs were 8.96% and 13.90% for the 
high (2518.9 pg/mL) and 6.47% and 14.18% for the low (1673.1 pg/
mL) controls.

2.5   |   Exclusion Criteria

Eight samples from pregnant women were excluded as preliminary 
tests showed that cortisol levels in these samples were strongly el-
evated. This is in accordance with studies showing that pregnancy 
is linked to elevated cortisol levels (Kirschbaum et al. 1992; Obel 
et al. 2005). Three further participants were excluded from Model 
0 for incomplete age data and four additionally from Model 1 (see 
Section 2.6.1.) because of incomplete questionnaire data. No par-
ticipants were excluded due to severe illness or recent injury.

2.6   |   Analytic Strategy

Prior to the analysis, all raw cortisol values from the assays 
were corrected for specific gravity in accordance with the 
formula

where SGtarget is the population mean specific gravity (Miller 
et al. 2004). The resulting corrected values were then used for 
all subsequent analyses.

Additionally, for each day the hour of sunrise was calculated 
post hoc using the “suncalc” package in R (CRAN: Package 
suncalc, n.d.). This time was then assigned to all morning sam-
ples where only the process time was known. With this we ap-
proximated the actual waking time, in accordance with sleep 
studies in the Tsimane (Yetish et al. 2015). For all subsequent 
samples, we calculated the relative time since the first morning 
sample (i.e., hours since sunrise) to better model individual cor-
tisol rhythms. This approach standardized all morning samples 
to time 0 (the intercept in the statistical models), allowing for 
a more robust comparison of diurnal decline across individuals 
while reducing noise from poor recall. While we acknowledge 
that actual waking times may deviate slightly from this, the re-
sulting error would be minimal compared to the individual vari-
ation in waking cortisol levels (morning cortisol values varied 
by nearly an order of magnitude, with one standard deviation 
representing almost half of the mean, whereas the predicted 
change in cortisol within a 1-h window was only about 3%, see 
Figure 2).

2.6.1   |   Statistical Analysis

The base of the statistical analysis was a Bayesian multivar-
iate, multilevel model implemented in the “brms” package 
(Bürkner 2017) in R version 4.4.0 (R Core Team 2021). This al-
lowed for the simultaneous analysis of the hormonal data and 
each questionnaire variable in a single model while account-
ing for age and gender (gender here refers to a person's overt 

gender (man/woman), which in the Tsimane is seen by dress 
(women wear skirts, men pants), hairstyle (women wear long 
hair, men short hair), and social roles (women are predom-
inantly responsible for food processing and childcare, men 
for heavy labor). All participants in this study conformed to 
these gender categories, justifying the use of a binary variable) 
(Jaeggi et al. 2022). By analyzing the residual correlations be-
tween the models, the relative effects of the questionnaire 
items on both the morning cortisol levels (the intercept), as 
well as the diurnal decline (the time slope), could be observed. 
To account for a potential translator effect on the question-
naire items, the translator was included as a random effect. 
For all models, the community of residence was included as 
a fixed effect. In other words, we expected that what should 
matter for a participant's cortisol profile was their relative 
stress, compared to others of the same age, gender, and com-
munity, and adjusted for any translator effects.

Fitting the model with “brms” allowed us to account for the fact 
that some samples had cortisol values that could not be precisely 
quantified because the values were beyond the upper bound of 
the assay's standard curve and we lacked the time and resources 
to re-assay these samples at different dilutions. Instead of just 
assigning these observations the value of the highest standard, 
as is commonly done, we additionally indicated that these ob-
servations were right censored, allowing the model to infer cen-
sored values probabilistically. Additionally, adopting a Bayesian 
approach enabled us to apply conservative constraints to the pa-
rameter estimates through the use of regularizing priors.

The general formula for the multivariate model (Model 1) is given 
below. For simplicity, only one questionnaire item is shown for 
each distribution. For the cortisol data, a lognormal distribution 
was used to account for the natural right-skewness. To model 
the ordered questionnaire items, a cumulative ordinal distribu-
tion was chosen, and for the binary debt item, a Bernoulli distri-
bution. Age was standardized.

Cortisol was modeled using a multilevel model following 
previous studies (Hruschka et  al.  2005; Liebert et  al.  2024; 
Nyberg 2012). For this Model 0, hours since waking (i.e., the 
difference between the sunrise and the time the sample was 
taken, for simplicity from now on referred to as time), age_z 
and gender were added as fixed effects. For both time and 
age_z a spline was considered to allow for non-linear patterns, 
but was rejected after model comparison (see Supporting 
Information).

Additionally, an interaction term between time and both age_z 
and gender was added to allow the diurnal slope to vary as a 
function of age and gender. To assess individual differences, both 
random intercepts �PID[i], as well as random slopes �PID[i]time 
were allowed at the individual level, resulting in

Here, the global intercept is represented by �0.

corCORT = raw CORT ×
SGtarget − 1

SGsample − 1

CORT ≈ LogNormal
(
�i, �

)

�i=�0+�1time+�2age_zi+�3genderi+ …

+�xCommunityi+�PID[i] +�PID[i]time
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As the questionnaire items followed a Likert scale, an ordered 
logistic model was used (Bürkner and Vuorre 2019). The model 
structure for the ordinal questionnaire responses for rumina-
tion (coded as stress_sleep) for individual i is given by

Here � is the linear predictor for the probability of getting 
an answer across the � levels, given the global intercepts 
�k =

{
�never,�rarely,�sometimes,�often,�always

}
 for each level. The 

log cumulative-odds for an individual answering in any par-
ticular category k are therefore given by �k − �. The � are 
regression coefficients for the fixed effect gender, age, and 
community. Random intercepts �translator[i] are specified for 
each translator as well as an individual-level random effect 
�PID[i] capturing individual differences that can be correlated 
with cortisol intercepts and slopes (see below).

Similarly, the binary variable for socioeconomic problems, debt 
for individual i is given by

With both the translator-level random effect and the individual-
level random effect.

To account for associations between the response variables, 
the individual-level random effects were correlated. For ex-
ample, the correlation between the individual-level residuals 
of the item model for stress sleep and the cortisol model was 
correlated such that:

The covariance matrix Σ is parametrized such that the inference 
is made directly on the correlation matrix P using the standard 
deviations (�) of the random effects (Jaeggi et al. 2022). For ex-
ample, ��CORT ,�stress_sleep is the correlation between an individual's 
diurnal cortisol slope and their response on the rumination 
scale, after adjusting for age, gender, community, and so forth, 
on both of these variables. Hence, most of our inferences focus 
on these residual correlations.

To regularize estimates and enhance the robustness of the infer-
ence, common priors were placed on the models (Lemoine 2019; 
McElreath 2020). In particular, we specified

With the prior for the global intercept �o being deliberately flat. 
All other priors essentially nudge the model toward values closer 
to 0, without preventing larger values given a clear signal in 
the data.

For each estimated parameter, the posterior distribution is plotted, 
and the proportion that supports the prediction (e.g., the probabil-
ity that a correlation coefficient r is greater than zero: pr > 0) was 
computed. In contrast to frequentist p values, which are defined as 
the probability of seeing the data given the null hypothesis, these 
Bayesian p values directly quantify the probability that a hypothe-
sis is supported, given the data and model assumptions.

The amount of variation explained by each random effect was 
calculated as the intraclass correlation coefficient (ICC) to as-
sess individual variation in intercepts and slopes (Hruschka 
et al. 2005; Nakagawa et al. 2017).

3   |   Results

3.1   |   Descriptive Statistics

In Table 2, descriptive statistics for cortisol, age, and gender are 
presented from Model 0. The mean age of participants in the sam-
ple was 43 ± 16 years. As men were more often absent due to wage 
labor or hunting during the time of sampling, more women partic-
ipated in the study overall, with 57% of participants being women. 
Of all the participants, 53 were from the most distant community 
(Community 2), 39 from the intermediate Community 3, and 37 
from the most market-integrated community (Community 1).

3.2   |   Hormone Model

In Model 0, a clear diurnal decline of cortisol levels was shown 
as well as a slight positive age effect on overall hormone levels 
(see Table 3 and Figures 1 and 2).

The time variable showed a clear negative effect on cortisol lev-
els (p < 0 = 1). The average cortisol decline across all participants 
was about 3% per hour. This diurnal decrease was steeper in 
women (see Figure 1; certainty of interaction term: p < 0 = 0.99).

Age was slightly associated with increased cortisol (p > 0 = 0.75) 
with older individuals displaying higher waking levels (see 
Figure 1), though the interaction between age and cortisol slope 
was 0, that is, slopes did not differ between older and younger 

stress_sleep ≈ Ordered − logit
(
�i, �

)

�i = �1age_zi + �2genderi + �3Communityi + �translator[i] + �PID[i]

debt ≈ Bernoulli
(
Pi
)

logit
(
Pi
)
= �1age_zi + �2genderi + �3Communityi + �translator[i] + �PID[i]

⎡⎢⎢⎢⎣

�
stress_sleep
PID[i]

�CORTPID[i]

�CORTPID[i]

⎤⎥⎥⎥⎦
≈MVNormal

⎛⎜⎜⎜⎝

⎡⎢⎢⎢⎣

0

0

0

⎤⎥⎥⎥⎦
,Σ

⎞⎟⎟⎟⎠

Σ =

⎛
⎜⎜⎜⎝

��stress_sleep 0 0

0 ��CORT 0

0 0 ��CORT

⎞
⎟⎟⎟⎠
P

⎛
⎜⎜⎜⎝

��stress_sleep 0 0

0 ��CORT 0

0 0 ��CORT

⎞⎟⎟⎟⎠

P =

⎛
⎜⎜⎜⎝

1 ��stress_sleep ,�CORT ��stress_sleep ,�CORT

��CORT ,�CORT 1 ��CORT ,�CORT

��CORT ,�stress_sleep ��CORT ,�CORT 1

⎞⎟⎟⎟⎠

�o ≈ Normal(0,100)

� ≈ Normal(0, 2)

�, �,�Interviewer,�PID ≈ Exponential (2)

P ≈ LKJcorr(2)

 15206300, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajhb.70205 by A

rizona State U
niversity A

cq, W
iley O

nline L
ibrary on [11/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 17 American Journal of Human Biology, 2026

people. In the community-level fixed effect, Community 3 
had lower waking cortisol (Community 3 vs. Community 1: 
p < 0 = 0.94; Community 3 vs. Community 2: p < 0 = 0.97).

The individual-level intercepts accounted for 41.1% of the total 
variance (mean ICC intercept: 0.41, SD: 0.09) while individual-
level slopes only accounted for 0.4% (Mean ICC slope: < 0.01, 
SD: < 0.01); in other words, there was about 100× more among-
individual variation in intercepts than in slopes (see also 
Figure 2). Out of the 129 participants, only four displayed a pos-
itive slope, caused by an elevated afternoon sample. There was 
a weak positive correlation observed between higher intercepts 
and steeper slopes (Estimate: 0.22, 89% CI: −0.22, 0.73).

3.3   |   Multivariate Multilevel Model With 
Questionnaire Items

In Model 1, we examined the relationship between cortisol diurnal 
variation and questionnaire responses, controlling for age, gender, 
and community. For each item, we assessed associations with both 
morning cortisol levels and the diurnal slope. A “steeper” curve 
was defined by higher waking levels and steeper slopes, while a 
“blunted” curve was marked by lower waking levels and flatter 
slopes. While most of our variation was found in the morning lev-
els, we will continue to use these terms as they are more widely 

used in the literature to classify these patterns. Four of six items 
aligned with a steeper profile, one with a blunted profile, and one 
showed lower waking levels and a steeper slope, indicating over-
all lower daily cortisol levels. As our Bayesian inference does not 
rely on clear-cut thresholds like statistical significance but rather 
provides continuous, probabilistic measures of confidence in par-
ticular associations, the full posterior distributions and support 
proportions are presented in Figure 3.

Of the two items predicted to be perceived as uncontrollable 
and therefore correlated with a blunted curve, only one did so. 
The item supporting prediction 1 was debt, although high un-
certainty remained (63.7% and 72.6% support for lower intercept 
and flatter slope, respectively). Debt showed lower morning 
levels and a mellower slope throughout the day. Conversely, ru-
mination showed a steeper response, with higher waking levels 
and a steeper slope.

Of the three physical and socially evaluative stressors, social con-
flicts and food insecurity showed a trend toward a steeper curve 
with higher intercepts and steeper slopes, therefore, supporting 
prediction 2. In contrast, hunger displayed an inverse pattern, 
with both lower intercepts and steeper slopes, indicating con-
sistently lower cortisol levels throughout the day. Both effects 
were fairly strong, with almost 90% of both posterior probabilities 
below zero.

TABLE 2    |    Sample sizes, means, and standard deviations (SD) for diurnal cortisol measurements and age by gender.

Variable Mean SD Min Max

Age [years] 43.28 15.73 15 83

Age women [years], n = 74 40.78 15.83 15 83

Age men [years], n = 55 46.74 14.97 19 80

Cortisol [pg/mL], n = 303 293 426.3 169 696.4 10 348 960 331.7

CORT women [pg/mL], n = 172 303 173.55 159 801.11 12 190.46 755 519.5

CORT men [pg/mL], n = 131 286 002.51 176 962.56 10 348 960 331.7

Note: Cortisol levels given here are corrected for specific gravity.

TABLE 3    |    Model 0 with gender, age, and community of residence as fixed effects predicting cortisol levels at waking and diurnal cortisol slopes 
among the Tsimane.

Parameter Estimate Est. error l-89% CI u-89% CI

Intercept (gender = man, community = 1) 12.66 0.11 12.48 12.83

Time −0.03 0.01 −0.05 −0.02

Age z-score 0.06 0.09 −0.07 0.20

Gender = woman 0.13 0.11 −0.05 0.31

Community = 2 0.03 0.12 −0.17 0.23

Community = 3 −0.21 0.14 −0.43 0.00

Time: age z-score −0.00 0.01 −0.02 0.01

Time: gender = woman −0.04 0.01 −0.06 −0.01

Age z-score: gender = woman −0.06 0.11 −0.24 0.12

Time: age z-score: gender = woman 0.01 0.01 −0.01 0.03
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Self-reported health aligned with a steeper response, supporting 
prediction 3. Participants reporting better health than others 
showed higher morning levels and steeper slopes. Both correla-
tions had low confidence though, with 65.5% and 71.3% support, 
respectively.

4   |   Discussion

4.1   |   Summary

In this study, we investigated the relationship between chronic 
stressors and the diurnal cortisol rhythm in the Tsimane of 
Bolivia. For this, we compared urinary cortisol with perceived 
stressor severity.

In the first part of this study, we examined the diurnal cor-
tisol rhythms of 129 Tsimane adults. The measured corti-
sol levels followed the expected circadian rhythm known 
from studies on Western cohorts (Adam and Kumari  2009; 
DeSantis et  al.  2007), and nonindustrialized cohorts includ-
ing the Tsimane (Liebert et  al.  2024; Nyberg  2012; Trumble 
et  al.  2014; Zefferman et  al.  2025). Participants showed an 
identifiable change throughout the day that was negative in all 
but four of the participants, a number comparable to studies 
done in Western cohorts (DeSantis et al. 2007). When looking 
at among-individual variation, the levels at waking showed 
variations about two orders of magnitude larger compared to 
the slope. While some of this variation could be caused by the 
varying timing of collection, as first-morning urinary cortisol 
provides an integrative measure of cortisol excretion since the 

FIGURE 1    |    Conditional effects of gender on the diurnal rhythm (left) and conditional effects of age on the waking cortisol levels (right) in Model 
0. Lines are means and shaded areas are 89% credible intervals for both graphs.

FIGURE 2    |    Diurnal cortisol curve for each individual predicted from the posterior of Model 0, visualizing the cortisol decline by hours since 
waking. The color of the lines indicates the steepness of the curve for each individual, with darker lines being steeper curves.
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last void, the high variation is most likely caused by the long 
period of accumulation since the last void (Sarkar et al. 2013). 
Notably, comparable among-individual variations have been 
found in studies using salivary cortisol (García et  al.  2017; 
Liebert et al. 2024).

A clear gender difference was found when looking at the diurnal 
decline, with women showing steeper curves compared to men. 
Similar patterns, although with a non-significant sex coefficient, 
were reported among the Shuar of Ecuador (Liebert et al. 2024). 
Age was positively associated with waking cortisol levels, while 
the diurnal slope remained unchanged, indicating that older in-
dividuals generally exhibit elevated cortisol levels. This finding 
aligns with results from the same Shuar study and supports a 
growing body of evidence showing that waking cortisol and total 
daily cortisol output tend to increase across the lifespan (Adam 
et al. 2006; Dmitrieva et al. 2013; Ice 2005; Miller et al. 2016). 
One hypothesis for this effect is the maturation and senescence 
of receptors in the HPA axis (Gaffey et al. 2016). In summary, 
our findings align with previous studies in similar Indigenous 
populations (Liebert et al. 2024; Nyberg 2012), and show that the 
Tsimane have a comparable diurnal cortisol rhythm to Western 
individuals.

When looking at the questionnaire responses, sleep problems 
caused by rumination varied notably between communities, 
with the lowest levels reported in the Community without 

electricity, likely due to the absence of artificial light supporting 
more natural sleep rhythms (Nunn et al. 2016), be it for rumi-
nation or not. In contrast, high levels of social conflict in the 
community near San Borja may be linked to male wage labor, 
a factor associated with increased spousal conflict among the 
Tsimane (Stieglitz et al. 2011, 2018).

In the third part of the study, we examined the association be-
tween the perception of these different stressors and the diurnal 
cortisol rhythm. We found that cortisol levels were somewhat 
dependent on the type of stressor, although the strength of these 
associations differed (see Figure  3), from 62% confidence to 
97% confidence in the associations between social conflicts and 
rumination with diurnal cortisol slopes, respectively. As such, 
we reiterate that Bayesian inference does not rely on clear-cut 
thresholds like statistical significance, but rather provides con-
tinuous, probabilistic measures of confidence in particular as-
sociations. A posterior probability of 50% for example indicates 
that positive and negative effects are equally plausible, whereas 
higher probabilities reflect increasing directional support, and 
readers should make their own judgments about what level of 
confidence they find compelling. Food insecurity and social 
conflicts tended to be linked with higher waking levels and 
subsequently steeper slopes, whereas debt was more associated 
with a blunted curve. Notably, better perceived health was cor-
related with a steeper slope. However, given that several of these 
effects showed high uncertainty in our model, they should be 

FIGURE 3    |    Full posterior of the correlation between both the random intercept as well as the random slope for each questionnaire variable. 
Posteriors are colored teal if the mean is greater than 0 or orange if the mean is below 0. For each posterior, the proportion that supports this associ-
ation is noted.
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interpreted as tentative and in need of further confirmation, 
especially as chronic stress is known to be challenging to op-
erationalize through biomarkers such as cortisol (DeCaro and 
Helfrecht 2022).

4.1.1   |   Steeper Slopes

The stressor most clearly associated with a steeper slope and 
elevated morning cortisol levels was food insecurity. This asso-
ciation could be explained through the “adaptive boost” hypoth-
esis that states that higher morning cortisol levels followed by a 
sharp decline throughout the day offer a beneficial boost (Adam 
et al. 2006; Decker and Aggott 2013). This boost mobilizes energy 
to cope with a possible stressor, especially when the perceived 
controllability over the stressor is high (Miller et al.  2007). In 
the case of the Tsimane, food insecurity might be perceived as 
at least partially controllable, since households could respond 
by intensifying subsistence activities such as working in the 
fields, fishing, or hunting. In this sense, the higher waking 
cortisol levels might reflect the mobilization of energy to meet 
these demands, somewhat analogous to elevated weekday corti-
sol levels in industrialized societies (Kunz-Ebrecht et al. 2004). 
Importantly, the “adaptive boost response” is also linked to the 
CAR that was not measured in the present study; therefore this 
association should be taken with caution. Alternatively, higher 
food stress could also result in higher cortisol in order to stim-
ulate glucose release from the liver, as cortisol is an important 
metabolic hormone (Nakamura et al. 2016).

Similarly, the steeper response associated with higher social 
conflict scores found in this study might be associated with the 
mobilization of resources to resolve conflicts and preserve so-
cial standing. Likewise, in a study done on Mayan women in 
Guatemala, higher interpersonal and marital problems were 
associated with elevated first morning urinary cortisol levels 
(Flinn et  al.  2011). Furthermore, several studies demonstrate 
that cortisol secretion increases in response to social evaluative 
threats and situations where an individual's social standing or 
reputation may be diminished (Dickerson and Kemeny  2004; 
Miller et al. 2007). A factor associated with the high uncertainty 
of the correlation could be the stressor's persistence over time. 
Unresolved social conflict over longer periods might result in 
a contrary effect and a diminished HPA axis activity (Miller 
et al. 2007). This is partially illustrated by earlier studies show-
ing that social conflict levels, especially with nonkin, are asso-
ciated with higher depression levels in the Tsimane (Stieglitz, 
Schniter, et al. 2015).

The correlation between a steeper diurnal rhythm and better 
perceived health aligns with other studies linking steeper cor-
tisol declines throughout the day to better health and general 
wellbeing (Sjögren et al. 2006). In the Tsimane, subjective health 
is closely linked to functional capability (Gurven et  al.  2024), 
which in turn could be associated with higher morning levels 
and higher perceived coping abilities.

In the case of sleep problems, the correlation with a steeper curve 
is puzzling at first. This item was predicted to be correlated with a 
more blunted curve, as rumination and the coinciding insomnia 
were shown to be associated with depression-like symptoms and 

lower morning cortisol (Kuehner et al. 2007; Meinlschmidt and 
Heim 2005). However, a possible explanation for the observed 
contrary effect might be that the question was not interpreted to 
ask primarily about rumination, but rather about having trouble 
falling asleep in general. Instead of rumination, it could be more 
about external influences that hinder the participant from fall-
ing asleep. As mentioned above, the presence of artificial light 
is a possible driver of higher levels associated with this variable. 
Therefore, the correlated higher morning cortisol levels could be 
due to the delayed sleep onset or sleep deprivation, both factors 
related to elevated cortisol levels (Leproult et al. 1997).

4.1.2   |   Blunted Curve

A low and flat diurnal rhythm is often caused by a stressor 
that is perceived as uncontrollable and persists over longer 
periods of time. The blunted curve is then the result of dimin-
ished HPA activity, especially regarding morning levels (Gold 
and Chrousos  2002; Heim et  al.  2000; Miller et  al.  2007). In 
many studies from high-income countries, this cortisol profile 
is highly abundant, especially in individuals of lower socioeco-
nomic backgrounds (Adam et al. 2006; Do et al. 2011). In this 
study, only one variable, monetary debt, was somewhat associ-
ated with a blunted curve, correlating with lower morning cor-
tisol levels and a shallower slope. This might be because money 
is not part of the traditional Tsimane economy and sharing 
network, as most Tsimane are in debt to non-Tsimane (Gurven 
et  al.  2015). Therefore, unlike the above-mentioned stressors, 
such as food insecurity, the stressor is related to fewer coping 
efforts and a sense of uncontrollability, similar to individuals 
suffering from prolonged unemployment or material hardship 
(Ockenfels et al. 1995; Ranjit et al. 2005). This is further under-
lined by the lack of savings in most Tsimane (Gurven et al. 2015). 
The low certainty of the association with a blunted curve may 
stem from the questionnaire only assessing the presence or ab-
sence of debt, without capturing perceived severity or ability to 
pay off the debt. Moreover, differences in market integration and 
familiarity with money may influence how debt is experienced 
and perceived.

4.1.3   |   Lower Overall Cortisol Levels

Finally, the item hunger was correlated with a unique diurnal 
cortisol rhythm. Unlike the other questionnaire items, it did not 
show a direct association with a blunted or steeper curve but 
rather with both a lower morning level as well as a steeper de-
cline. The item was part of the three-question section about food 
insecurity and was asked in between anxiety about not having 
enough food and going a day without eating. The three ques-
tions were intended to be of increasing severity (Bethancourt 
et al. 2021; Coates et al. 2007). In the present study, this increase 
was not noticeable, and hunger seemed to be interpreted inde-
pendently. One possible explanation for the low cortisol levels 
could be the energetic restriction of acute hunger, resulting in 
lower hormone levels, as seen with testosterone (Cienfuegos 
et  al.  2022; Trumble et  al.  2013). But unlike in reproductive 
hormones, cortisol has not been shown to decrease after acute 
fasting, but rather increase (Nakamura et al. 2016). As we did 
not measure caloric intake or energy expenditure, these findings 
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could also reflect the variation in how participants interpret and 
report hunger. Future research could integrate nutritional bio-
markers to further understand the observed pattern.

4.2   |   Health Implications

Studies on the wear and tear of chronic stress are numerous 
and range from a higher risk for obesity and cardiovascular dis-
ease to depression and type two diabetes (Björntorp et al. 2000; 
Cohen et al. 2007; Flinn et al. 2011; Gunnar and Vazquez 2001; 
Miller and Blackwell  2006). Often, these adverse health out-
comes are linked to a nonspecific dysregulation of the HPA axis, 
even though chronic stress can elicit a variety of HPA responses 
(Decker and Aggott 2013). While both higher morning cortisol 
as well as a blunted curve are thought to cause wear and tear 
over longer periods, a blunted curve is associated with more 
severe health outcomes (Adam et  al.  2017; Miller et  al.  2007; 
Saxbe  2008). In particular, flatter slopes have been associ-
ated with higher risks for coronary calcification (Matthews 
et  al.  2006). Notably, the risk for coronary artery disease and 
many of the above-mentioned health complications, such as 
obesity and hypertension, is very low in the Tsimane (Kaplan 
et al. 2017). Perhaps the low prevalence of a blunted stress re-
sponse compared to high-income countries contributes to this.

4.3   |   Market Integration and Stress

In the Tsimane, higher market integration coincides with 
the exposure to novel stressors such as being in debt. A simi-
lar trend can also be seen in other traditional communities in 
central Mexico and Samoa that undergo the same transition 
toward a more market-integrated lifestyle (Dressler et al. 1987; 
James et  al.  1987). While studies in Laos, Papua New Guinea 
and the Tsimane show a positive correlation between a higher 
degree of market integration and morning cortisol in men, this 
was often linked to higher income (Kibe et al. 2024; Konečná 
and Urlacher 2017; von Rueden et al. 2014). Interestingly, in this 
study the novel stressor resulted in a distinct cortisol rhythm 
compared to stressors such as food insecurity and was correlated 
with lower morning levels. One possible explanation for this 
trend is that socioeconomic problems and the coinciding higher 
degree of market integration shifts the status comparisons to-
ward the lifestyle in market towns (von Rueden et al. 2014). For 
many Tsimane, these lifestyles are difficult to emulate, poten-
tially resulting in perceived inequality and unmet needs, both 
aspects associated with a more blunted cortisol rhythm (García 
et al. 2017). This is further underlined by earlier studies, show-
ing that Tsimane with lower cultural consonance in material 
lifestyle report lower psychological wellbeing and greater dis-
tress (Reyes-García et al. 2010).

4.4   |   Limitations

Comparing perceived stressors with urinary cortisol in the field 
offers a unique opportunity, but unfortunately, this study set-
ting required certain trade-offs. Rather than collecting repeated 
samples across many days from a small number of individuals, 
we prioritized sampling a large number of participants across 

three different communities with varying degrees of market in-
tegration, giving the study more of a pilot character. Even with 
very little variation in terms of activities between different days 
of the week (Yetish et al. 2015), the possibility that the sampled 
diurnal rhythm differs from the typical rhythm of the partici-
pant cannot be discarded. A supplementary analysis of a subset 
of our data with repeated measurements showed that while cor-
tisol levels also varied across days within the same individuals, 
these variations were minor in comparison to the substantial 
variation between individuals. This pattern indicates that while 
single-day measurements reflect only a narrow snapshot of in-
dividual variation in diurnal cortisol production, they neverthe-
less provide a reliable representation of consistent differences 
between individuals (see Supporting Information).

Further, as described above, we could not record the exact time 
of waking or first urination, and instead used the time of sunrise 
as a proxy. This introduced a potential time offset of up to ±1 h, 
which may influence the individual-level intercept. However, 
this potential error is substantially smaller than the range of 
morning hormone levels observed in this study (see Figure 2), 
and we therefore expect this had a minimal impact on results; 
note that the average diurnal slope reflects a decrease of 3% per 
hour, while morning levels differ by almost one order of magni-
tude, with one standard deviation being almost 50% of the mean. 
Further, we also could not measure the CAR, a feature of the 
cortisol rhythm that could provide additional insight into the 
relationship between stress and the HPA. Afternoon samples 
were also collected at slightly different times across participants, 
potentially affecting slope estimates, although we found that 
slopes did not differ substantially between participants whose 
second or third sample was taken around noon versus in the late 
afternoon (Figure S2). Another limitation is the absence of data 
about the quality and duration of sleep despite its known impact 
on morning cortisol levels (Leproult et al. 1997; Saxbe 2008).

Despite careful translation, some questionnaire items may not 
have captured the intended meaning. For instance, the rumi-
nation item was likely interpreted as a general sleep problem 
question. Further, even though the questionnaire was done in a 
confidential setting, it is possible that not all questions were an-
swered truthfully as seen in the item regarding social conflicts 
with other members of the community that was predominantly 
answered with “never” and therefore excluded in the final data 
analysis, even though most participants mentioned “gossip” (a 
form of conflict) as a major stressor in an open-ended question.

Finally, no direct measure of market integration was collected to 
incorporate the high heterogeneity within and between commu-
nities. Especially regarding food insecurity and economic prob-
lems, we would expect market integration or household wealth 
to play a role. Further, all three of the communities were, to a 
certain degree, already market-integrated. It would be interest-
ing to also study more isolated communities with little to no ac-
cess to money and trade with non-Tsimane.

5   |   Conclusion

This study provides new insights into the complex relation-
ships between perceived chronic stressors and diurnal cortisol 
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levels among the Tsimane of Bolivia. We found clear evidence 
that associations between the HPA axis activity and stressors 
varied depending on the type of stressor, although many of the 
individual correlations were accompanied by high uncertainty. 
Food insecurity and social conflict tended to be linked with 
a steeper diurnal cortisol rhythm, which was also associated 
with better perceived health. In contrast, individuals reporting 
greater socioeconomic problems showed trends toward a more 
blunted profile. By documenting variation in urinary cortisol 
among an Indigenous, small-scale population, this study ex-
pands the known range of human diurnal cortisol rhythms and 
highlights the need to consider cultural and ecological diversity 
in stress research. Future work employing longitudinal designs 
and higher-resolution sampling will be essential to clarify these 
trends and to better understand how different stressors and 
ecologies shape HPA axis regulation.
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