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Rapidly declining body temperature in a tropical 
human population
Michael Gurven1*†, Thomas S. Kraft1†, Sarah Alami1, Juan Copajira Adrian2, Edhitt Cortez Linares2, 
Daniel Cummings3, Daniel Eid Rodriguez4, Paul L. Hooper3,5, Adrian V. Jaeggi6,  
Raul Quispe Gutierrez2, Ivan Maldonado Suarez2, Edmond Seabright3, Hillard Kaplan5, 
Jonathan Stieglitz7, Benjamin Trumble8

Normal human body temperature (BT) has long been considered to be 37.0°C. Yet, BTs have declined over the 
past two centuries in the United States, coinciding with reductions in infection and increasing life expectancy. The 
generality of and reasons behind this phenomenon have not yet been well studied. Here, we show that Bolivian 
forager-farmers (n = 17,958 observations of 5481 adults age 15+ years) inhabiting a pathogen-rich environment 
exhibited higher BT when first examined in the early 21st century (~37.0°C). BT subsequently declined by ~0.05°C/
year over 16 years of socioeconomic and epidemiological change to ~36.5°C by 2018. As predicted, infections and 
other lifestyle factors explain variation in BT, but these factors do not account for the temporal declines. Changes 
in physical activity, body composition, antibiotic usage, and thermal environment are potential causes of the 
temporal decline.

INTRODUCTION
Recent analysis of three U.S. cohorts spanning almost two centuries 
revealed a 0.03°C decline per decade in normal body temperature 
(BT) of adults, leading the authors to infer that “humans in high-
income countries currently have a mean body temperature 1.6% 
lower [36.4°C] than in the pre-industrial era” (1). This effect was 
robust to potential confounders such as demographics, ambient 
temperature, time of day, and comorbidities. One hypothesis is that 
historical reductions in infectious disease lowered both systemic 
inflammation and energetic costs of immune responses during the 
19th and 20th centuries, resulting in lower BT (1). Yet, it is not 
known whether BT <37.0°C is normal outside of high-income 
countries, nor have the contributions of infection and immune 
activation to temporal change in BT been extensively tested. BT is 
an easy-to-measure vital sign of human health, and thus, understand-
ing factors affecting BT variation is of global public health interest.

Here, we test this hypothesis in a population-representative 
cohort of Tsimane Amerindians of the Bolivian Amazon using 
16 years of mixed longitudinal data. Tsimane live a subsistence life-
style without access to running water or sanitation and experience 
high exposure to diverse pathogens, indicated by elevated immune 
activation biomarkers throughout life [e.g., leukocytes, erythrocyte 
sedimentation rate (ESR), C-reactive protein, interleukin-6, and 
immunoglobulin E (2–4)]. Infections, particularly respiratory infec-
tions, are responsible for roughly half of all Tsimane deaths, and life 
expectancy at birth was in the low 40s until the late 20th century, 
before increasing by over a decade by the turn of the century (5). 

Tsimane also exhibit endemic polyparasitism, including various 
helminths (6), and helminthic infection is associated with higher 
resting metabolism in this population (7). These conditions lead us 
to predict higher normal BT among Tsimane than residents of 
high-income countries. We also predict higher BT among infected 
than noninfected Tsimane. At the same time, the rapid pace of 
improvements in health and lifestyle over recent decades may be 
lowering BT, as reported in the United States (1). Health conditions 
have been changing throughout rural Bolivia, including the Tsimane 
territory, over the past two decades with improved public health 
infrastructure and access to markets. Government-sponsored vac-
cination campaigns and improved access to social security income 
and medical services (e.g., hospitals and pharmacies) are among some 
of the other changes accompanying epidemiological transition over 
the 16-year study period. The Tsimane setting thus presents a rare 
opportunity to test whether a rural tropical population shows higher 
BT than commonly reported in high-income countries, whether BT 
has declined over time, potentially due to improved conditions, and 
if so, whether BT decline over time is associated with a lower infec-
tious burden.

RESULTS
The Tsimane Health and Life History Project (THLHP) has been 
studying Tsimane health and lifestyle since 2002 with continuous 
biomedical surveillance (8). BT is measured as a routine part of clinical 
exams performed by project physicians in Tsimane villages roughly 
annually or every other year (n = 17,958 exams for 5481 individuals 
in 110 villages over 16 years; tables S1 to S3, and fig. S1). Following 
(1), our analysis focused on changes in “habitual” BT by excluding 
cases with extreme measurements (<35° or >39°C). During the ear-
liest study period from 2002 to 2006, unadjusted mean BTs for adult 
women and men were 37.02°C [95% confidence interval (CI): 36.98 
to 37.06] and 36.94°C (95% CI: 36.90 to 36.97), respectively (Fig. 1). 
By the latest study period from 2012 to 2018, BT dropped 0.45°C for 
women and 0.49°C for men (tables S2 and S4). To assess temporal 
changes, we model BT as a function of measurement date using 

1Department of Anthropology, University of California Santa Barbara, CA, USA. 2Tsimane 
Health and Life History Project, San Borja, Beni, Bolivia. 3Department of Anthropology, 
University of New Mexico, Albuquerque, NM, USA. 4Department of Medicine, 
Universidad de San Simón, Cochabamba, Bolivia. 5Economic Science Institute, 
Chapman University, Orange, CA, USA. 6Institute of Evolutionary Medicine, University 
of Zurich, Zurich, Switzerland. 7Institute for Advanced Study in Toulouse, Toulouse, 
France. 8School of Human Evolution and Social Change, Center for Evolution and 
Medicine, Arizona State University, Tempe, AZ, USA.
*Corresponding author. Email: gurven@anth.ucsb.edu
†These authors contributed equally to this work.

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 on O
ctober 28, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Gurven et al., Sci. Adv. 2020; 6 : eabc6599     28 October 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 8

multilevel models adjusting for age, sex, height, and weight and 
including random intercepts for individual, community, and attend-
ing physician (see Materials and Methods). The rate of BT decline 
in the baseline model is −0.55°C per decade (P < 0.001), with men 
showing a slightly steeper rate of decline than women (−0.60°C per 
decade, Pdate × sex < 0.01) (Table 1: model 1).

From this baseline model, we considered whether temporal 
changes in local ambient temperature and seasonality can explain 
Tsimane BT reductions (fig. S2). Wet season months (November–
April) and higher ambient daily temperature are both associated 
with higher BT but do not affect the magnitude of temporal BT de-
clines (Table 1: model 2). We next considered the role of clinical 
diagnoses [International Classification of Diseases, 10th revision 
(ICD-10) classifications] assigned by Bolivian physicians working 
on the THLHP. Respiratory and genitourinary infections—which 
represent two of the most common categories of infection among 
Tsimane—are associated with BT elevations of 0.075°C (95% CI: 
0.058 to 0.092; P < 0.001) and 0.025°C (95% CI: 0.008 to 0.043; 
P < 0.01), respectively, but the rate of BT decline remains unaltered 
in models adjusting for these and six other diagnosis categories 
(−0.54°C per decade, P < 0.001; Table 1: model 3; Fig. 2).

The magnitude of BT decline over time was robust to other model 
specifications (table S5), including nonlinearity in the pattern of BT 
decline, considering finer-grained seasonal effects (e.g., by month 
instead of wet versus dry season), and restricting the sample to 
adults age 40+ years (table S5). For a subset of individuals with 
available data on immune activation and anemic status (n = 3189 
individuals, 6719 observations), inclusion of ESR (a general indicator 
of inflammation), hemoglobin (Hb) (indicator of anemia), and 
leukocyte count (indicator of immune activation) accounts for 
additional variation in BT but does not affect the estimated rate of 
BT decline (table S5: model 6). Using standard cutoffs for elevated 
ESR, anemia, or leukocytosis does not affect results (table S6). Further 
restricting analysis to the 7% of adults who were diagnosed by THLHP 
physicians as “healthy” (i.e., were not assigned any ICD-10 diagno-
ses at the time of BT reading, n = 1056 individuals; n = 1188 ob-
servations) still results in a strong temporal BT decline (−0.45°C per 
decade, P < 0.0001) (table S5: model 5).

DISCUSSION
Tsimane BT hovered around 37.0°C in the early 2000s before 
declining to about 36.5°C in roughly two decades of rapid socio-
economic change. While German physician Carl Wunderlich popularized 
37.0°C as normal core BT for healthy adults in 1867, he considered 
the range to vary from 36.2° to 37.5°C. Normal variation in tympanic 
temperature has been cited as 35.4° to 37.8°C (9) and 35.76° to 37.52°C 
(10). Many have reported normothermic temperatures <37.0°C in 
studies throughout the 20th century (9, 11). This pattern may be 
especially common in tropical populations that tend to have de-
pressed resting metabolic rates (RMRs) (12). Protsiv et al. (1) 
showed a sustained decline of roughly −0.03°C per decade from the 
mid–19th century to the present in Americans, followed by a recent 
flattening or even increasing trend in BT (fig. S3C). Here, we show 
relatively high BT before 2006, followed by a decline of ~0.5°C per 
decade in the Bolivian Amazon, much steeper than that observed in 
the United States (fig. S3A).

BT reflects a combination of passive heat loss to the environ-
ment and physiological processes such as cellular metabolism, 
circadian rhythms, immune function, and disease state. The time 
period covered in our study encompasses many changes that could 
affect these processes, resulting in either an alteration in thermo-
regulatory set points or shifts in the common physiological state 
experienced by Tsimane over time. Just as U.S. life expectancy 
improved substantially over the period of observed BT decline 
(from ~39 to 76 years from 1860 to 2000), Tsimane life expectancy 
also improved, especially among adults, between early-mid and the 
late 20th century (from ~43 to 54 years), although it still lags far 
behind the life expectancy of high-income countries (5, 13). Modest 
reductions in normal BT have been linked to lower mortality both 
prospectively (14) and in experimental models (15). The present 
findings thus suggest that rapid declines in BT may reflect improved 
health, survivorship, and living conditions affecting thermoregulation 
among rural indigenous Bolivians over the past two decades.

As reported in (1), infection and inflammation are associated with 
elevated BT, and elevated core BT helps facilitate generation and 
differentiation of CD8+ cytotoxic T cells (16). According to model 3 
(Table 1), having a diagnosed respiratory infection, a +10 mm/hour 

Fig. 1. BT of adults (>15 years) by age, sex, and time period. Shown are unadjusted values smoothed with generalized additive models using a cubic spline. Time 
periods are divided as October 2002–June 2006 (n = 1269 observations, oral temperature), July 2006–July 2012 (n = 10,496, tympanic), and August 2013–December 2018 
(n = 6193, tympanic).
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Table 1. Mixed-effects models of BT. All models include random intercepts for individual ID, community ID, and physician ID. 

Dependent variable: BT

Model 1 Model 2 Model 3

Predictors Base Base + weather Base + weather + diseases

Height (cm) −0.001 −0.002 −0.001

(−0.003, 0.0004) (−0.003, 0.0001) (−0.003, 0.0001)

Weight (kg) 0.001 0.001* 0.001**

(−0.0001, 0.002) (0.0003, 0.002) (0.0005, 0.002)

Age (years) −0.003*** −0.003*** −0.003***

(−0.004, −0.003) (−0.004, −0.002) (−0.003, −0.002)

Sex (reference = female) 0.171* 0.139 0.142

(0.003, 0.339) (−0.025, 0.303) (−0.022, 0.305)

Male: age −0.001 −0.001 −0.001

(−0.002, 0.0002) (−0.002, 0.0002) (−0.001, 0.0002)

Date (years) −0.055*** −0.054*** −0.054***

(−0.061, −0.049) (−0.060, −0.049) (−0.060, −0.049)

Male: date −0.005** −0.005* −0.005*

(−0.010, −0.001) (−0.009, −0.001) (−0.009, −0.001)

Method (reference = “ear”) −0.050* −0.040* −0.046*

(−0.090, −0.010) (−0.080, −0.001) (−0.085, −0.007)

Season (reference = “dry”) 0.041*** 0.040***

(0.024, 0.058) (0.023, 0.057)

Average ambient temperature 0.029*** 0.029***

(°C) (0.027, 0.031) (0.027, 0.031)

Infectious/parasitic diseases −0.017

(Yes/no) (−0.034, 0.001)

Blood diseases −0.003

(Yes/no) (−0.031, 0.025)

Nervous system/sensory −0.016

(Yes/no) (−0.035, 0.003)

Respiratory system 0.075***

(Yes/no) (0.058, 0.092)

Digestive system −0.007

(Yes/no) (−0.021, 0.008)

Genitourinary system 0.025**

(Yes/no) (0.008, 0.043)

Skin/subcutaneous 0.038*

(Yes/no) (0.001, 0.075)

Musculoskeletal system −0.012

(Yes/no) (−0.026, 0.003)

Constant 39.412*** 38.574*** 38.533***

(39.069, 39.754) (38.235, 38.913) (38.192, 38.874)

Observations 16,830 16,830 16,830

R2 (marginal/conditional) 0.13/0.41 0.16/0.45 0.17/0.45

Log likelihood −9891.67 −9444.39 −9421.74

Akaike information criterion 19,809.35 18,918.77 18,889.48

 *P < 0.05.     **P < 0.01.     ***P < 0.001.
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elevation in ESR, and a +5000 cells/liter elevation in leukocyte count 
combined are associated with 0.14°C higher BT (table S5). Over the 
past two decades, Tsimane have had greater access to medical treat-
ment, including vaccines, aspirin, ibuprofen, and other nonsteroidal 
anti-inflammatory drugs. Greater access to treatment is consistent 
with lower systemic inflammation and immune activation over time, 
as evidenced by significantly decreased ESR (a general biomarker of 
inflammation) (Fig. 3A and table S7) and resting metabolism over 
the study period (Fig. 3C). Although respiratory illnesses have de-
clined over the 16-year study period, other infections and health 
problems are more variable and remain fairly prevalent (Fig. 3, G and H, 
and table S3). We speculate that duration and impact of illness on 
physiology may now be lower than in the past, partly due to greater 
access to medical treatment and improved condition. The elevation 
in BT from having a greater number of diagnoses across ICD-10 
categories is indeed lower in later study years (date × # conditions = 
−0.006, P < 0.0001; table S9). On the basis of this model, being diag-
nosed with two morbid conditions in 2002 is associated with 0.19°C 
higher BT than being diagnosed with the same conditions in 2018. 
A smaller effect in the same direction holds when focusing only on 
respiratory illness, the clinical category with the largest effect in 
Table 1 (0.06°C higher in 2002 than in 2018).

Despite the possibility that changing infection rates and reduced 
morbidity can explain some of the temporal decline in BT, several 
lines of evidence suggest that these changes alone are insufficient. 
First, explicit consideration of medical diagnoses and immune bio-
markers in our models helps explain overall variation in BT but 
does not diminish the effects of sustained temporal declines in 
Tsimane BTs. Second, Tsimane today show BTs as low as those re-
ported in high-income countries with low infectious burden, despite 
the fact that Tsimane still experience a comparatively high preva-
lence of illnesses (Fig. 3, F to H). Third, previous large-scale studies 
have failed to identify links between inflammation and BT; for 
example, a study of >240,000 observations on 35,488 U.K. adults 
found no clear relationship between BT and the inflammatory bio-
marker C-reactive protein (14).

These observations suggest that factors other than inflammation 
and immune activation are likely to influence BT. The greater ap-
plication of antibiotics, especially for villages near town with greater 
access to medical care, may also reduce the diversity of microbial 
populations living within individuals, including those in the gut. 

Given that microbial thermogenesis contributes to measurable dif-
ferences in core BT in other organisms (17), the increased applica-
tion of antibiotics may be lowering BT via both direct reductions of 
active infections and indirect reductions of heat produced by gut 
microbes (18, 19).

Changes in helminthic infection rates may also moderate the 
secular decline in BT. Helminths have anti-inflammatory and immune 
regulatory effects (20, 21), which could lower core BT. On the other 
hand, helminth infection has been shown to increase resting metabolism 
(7), which might otherwise raise core BT. The effects of helminths 
on human BT have rarely been explored [but see (22)]. While 
helminth infections are common and endemic among Tsimane (6), 
rates of infection, especially of hookworm, are variable over time 
(Fig. 3F). Helminth infection in our sample was not associated with 
BT ( = 0.003; 95% CI: −0.03 to 0.03), nor did its addition to model 
3 of Table 1 affect temporal BT decline. However, it is possible that 
the intensity of worm burden is lower now than in the past because 
of deworming campaigns and greater use of footwear; this is consist
ent with eosinophils comprising a smaller proportion of leukocytes 
over time (Fig. 3E).

Protsiv et al. (1) suggest that improved access over time to heating 
and cooling technology may help explain the U.S. temporal decline 
in BT. Controlled ambient temperature from heating and air condi-
tioning increases time spent in the thermoneutral zone, whereby 
lower energy expenditure (a proxy for BT) is required to support 
thermoregulation. Tsimane houses often lack walls, and air condi-
tioning and indoor heating have never existed in Tsimane villages, 
most of which still lack electricity; hence, Tsimane are less buffered 
against fluctuations in ambient temperature. The difference in mini-
mum and maximum daily temperatures declined by about −1.66°C 
(P < 0.0001; adjusting for a month) from 2002 to 2018 (fig. S2), con-
sistent with a narrower range in ambient temperature fluctuation 
over time. However, when added to model 3 of Table 1, higher daily 
ambient temperature range was associated with lower BT ( = 
−0.0027, P < 0.05), and adding ambient temperature range did not 
alter the magnitude of the temporal BT decline. We speculate that im-
proved access to warm clothing and blankets and more insulated housing 
over the past ~15 years may have reduced energy metabolism allocated 
to thermoregulation during the colder months. Consistent with this 
notion, we find that lower daily minimum ambient temperature is associ-
ated with higher BT in later study years (min ambient temp × year = 0.0009, 

Fig. 2. Predicted BT by study date. Shown for women (A) and men (B). Shaded region outlined by dashed line denotes 95% CI. Based on model 3 from Table 1. All co-
variates are set to population mean.
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P < 0.0001; interaction term added to model 3 of Table 1), although 
including this interaction term does not reduce the magnitude of 
the temporal BT decline.

Our models adjusted for village of residence as a random effect, 
because villages differ in their proximity to health services, available 
infrastructure (e.g., clean water from wells), and other amenities. 
However, some of this variation is captured by distance to the mar-
ket town of San Borja. Residents of more remote villages had 0.11° 
to 0.13°C higher BTs than residents located near town in early study 
years, but by 2014, there were no BT differences between near and 
distant villages (fig. S3). If BT is a valid aggregate proxy for general 
health, then this could suggest that over the past two decades, health 
conditions and possibly other amenities that we did not account for 
in our models have improved more in remote areas.

In addition to changing epidemiological conditions over time, 
other aspects of socioeconomic change are likely to be involved in 
temporal BT decline. Changes in BT over time may reflect increas-
ing body mass index (BMI) or body fat percentage. The relationship 

between body size or composition and BT is complex: Although some 
studies report an inverse association between obesity (BMI > 30) 
and BT [e.g., (23, 24)], other studies do not (25–27). Nonetheless, it 
has been suggested that lower core BT in obese subjects may reflect 
increased metabolic efficiency (28), and thus, obesity may be asso-
ciated with core BT via the energetic cost of thermogenesis. Such an 
effect could be important for the Tsimane, who have experienced 
rapid, recent changes in body mass and composition (29). Our 
models indicate that height and weight are largely unassociated 
with BT (Table 1), and alternative model specifications show that 
BMI and body fat percentage have minimal effect on the temporal 
trends observed despite evincing significant positive and negative 
relationships with BT, respectively (table S10). Although our findings 
do not link body size and composition to temporal trends in BT, the 
effects of body mass and composition deserve consideration in the 
clinical interpretation of BT.

Another possibility is that changes in physical activity over time have 
driven temporal reductions in BT. Habitual physical activity is associated 

Fig. 3. Secular trends in biomarkers and disease ecology for Tsimane adults (>15 years). Blue and red represent males and females, respectively, in (A) to (E). 
(A, D, and E) Predicted means (±95% CI) by sex across the study period from models of ESR (log-transformed), leukocyte count (WBC) (log-transformed), and eosinophils 
(% of WBC). (B) Physical activity, as average steps per day, from triaxial accelerometry (see Materials and Methods). (C) is RMR (kcal/day) based on indirect calorimetry 
(using Cosmed Fitmate MED). (F) Modeled prevalence of four helminth species, based on direct microscopy from fecal smears. (G and H) Per-year means of age-standardized 
prevalence by illness categories based on clinical ICD-10 diagnoses, separated by whether or not the category was a significant predictor of BT. All models adjust for age, 
sex, and season (shown “wet”) and include study community and individual ID random effects. Models in (A), (D), and (E) also adjust for age2, sex*age, and sex*age2. 
Model in (B) is a Bayesian generalized additive multilevel model using a thin-plate smoothing spline for date interacted with sex, adjusting for sex, age, age2, sex*age, 
season, and a community random effect. Model in (C) also adjusts for weight, height, ambient temperature, time of day of measurement, and time since last meal. Models 
in (F) are Bayesian generalized additive multilevel models fit separately by helminth species using a thin-plate smoothing spline for date, adjusting for age, season, and 
community and individual ID random effects. Model results for (A), (C), (D), and (E) are shown in table S7, and model results for (B) and (F) are shown in table S8.
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with increased basal metabolic rate (30), which, in turn, can increase core 
BT (28). Moderate or habitual levels of physical activity raise metabolic 
rate over prolonged periods of time (31), and BTs correlate positively with 
objectively measured physical activity (32, 33). Greater physical activity in 
an experimental mouse model led to elevated core BT not only during 
active periods but also during periods of inactivity (34). Reduced physical 
activity due to lifestyle changes may be particularly relevant for explaining 
the substantial reductions in BT between the National Health and Nutri-
tion Examination Survey (NHANES) and Strategies to Reduce Injuries 
and Develop Confidence in Elders (STRIDE) cohorts (1975–2017) report-
ed in (1). Among Americans, work- and transportation-related physical 
activity has declined, and inactivity has increased over this period (35, 36). 
For Tsimane, we hypothesized that a gradual transition away from a sub-
sistence economy due to increasing market access, particularly in villages 
near towns, could be responsible for recent decreases in physical activity, 
but we found little evidence to suggest that physical activity was decreasing 
in Tsimane, at least since 2013 (Fig. 3B). The role of habitual physical ac-
tivity on core BT remains an interesting candidate for further study.

A final possibility is changes in sleep duration over time. Reduced 
sleep duration can disrupt the circadian rhythm of thermoregulation, 
appetite, metabolism, and core BT. However, sleep behavior is un-
likely to explain temporal changes in BT among Tsimane or Americans. 
We have data on sleep behavior only for a restricted period, and 
although electricity now exists in a few villages (37), the overall mag-
nitude of temporal declines in sleep duration due to environmental 
or lifestyle changes is limited. Similarly, despite claims of secular 
declines in sleep duration in the United States due to changes in 
technology and lifestyle, reviews and meta-analyses of both self-
reports and actigraphy studies show little evidence of sustained de-
cline over the past 50+ years (38). Furthermore, modest decreases in 
sleep duration, even if they were to exist, likely have minimal im-
pact on BT. A recent experimental study showed that a large (50%) 
reduction in sleep duration (7 to 3.5 hours) over three nights led to 
a mean reduction of core BT of only 0.07°C (39).

Our study has several limitations. First, we did not use the same 
thermometer over the entire study period, although our results are 
conservative and robust to the type of thermometer used (Table 1 
and tables S5, S6, and S9 to S11). Second, our sample size is smaller 
during the earliest study years. Third, we did not account for preg-
nancy or lactation, although these also did not vary over the study 
period. Fourth, we did not account for hydration status of partici-
pants. Tsimane show nontrivial prevalence of hypohydration (40), 
which may lead to increased core BT, especially during physical 
activity (41). Hydration status would only affect the temporal trend 
of lower BT if hypohydration became less common over the study 
period. However, analysis of urine-specific gravity shows no consist
ent pattern of hypohydration between 2006 and 2014 (fig. S6). Last, 
we did not record time of day during BT assessments, and diurnal 
core BT can vary by up to 1°C within individuals over the course of 
a day (10). Clinical exams were performed consistently between 
7:00 a.m. and 5:00 p.m. over the entire study period, without any 
biased timing over the study period, and so, not adjusting for time 
of day is unlikely to directionally bias results. Greater attention to 
intraindividual changes in BT beyond time of day could further 
illuminate the effects we describe and help reduce confusion over 
clinical applications of BT for medical diagnostics (42). Despite the 
limitations, it is worth noting that the amount of variation explained 
in our main model [Table 1, model 3: marginal R2 = 0.17 (for fixed 
effects only) and conditional R2 = 0.45 (includes both fixed and random 

effects) (43)] exceeds the <10% explained in similar work in the 
United States and the United Kingdom (1, 14).

In conclusion, our findings support prior observations of declining 
BT in high-income countries coinciding with changing epidemio-
logical and socioeconomic conditions and with normal BTs currently 
below the long-cited 37.0°C guideline. Tsimane BT was closer to 
37.0°C during an early period of higher mortality and then dropped 
steeply in under two decades on a trajectory similar to that observed 
in the United States over two centuries. Our findings demonstrate 
both a wide variation of BT among adults and a broad suite of vari-
ables that influence BT in a pathogen-rich environmental context. 
While we were able to address several potential explanations of the 
secular trend, further study into the causes and implications of BT 
change over time remains an open avenue for human biology. The 
broad physiological changes that accompany lower core BT are evi-
dent beyond the context of urbanization and industrialization and 
include the rural tropics during a period of socioeconomic and epi-
demiological transition.

MATERIALS AND METHODS
Study population
The Tsimane are a natural fertility population of forager-horticulturalists 
in the Beni Department of lowland Bolivia (population, ~16,000). 
They inhabit 110+ villages ranging in size from 40 to 550 inhabitants. 
Their diet has remained largely traditional, with more than 90% of 
calories coming from horticulture (plantains, manioc, and rice), 
fishing, hunting, and gathering fruits (29, 44). More recently, increasing 
foods and additives from markets have entered the Tsimane diet, 
especially in communities closer to roads and towns (29). No villages 
have running water, and most villages lack electricity, plumbing, and 
public sanitation. Latrines and wells were constructed or repaired in 
a growing number of villages over the past decade, and limited elec-
tricity now exists in a handful of communities near town (45).

Tsimane Health and Life History Project
Since 2002, a mobile team of trained Bolivian physicians, laboratory 
technicians, and anthropologists has visited 18 to 90 villages per 
wave (each wave is 1 to 2 years) and conducted systematic clinical 
evaluations with no exclusion criteria. Certain clinical evaluation 
protocols were limited to adults aged 40+ years given the project’s 
focus on aging (8). As part of the evaluation, the team collected data 
for each participant on medical history, current symptoms and 
diagnoses (ICD-10), anthropometry, hematology, and health bio-
markers from fecal and urine analysis.

BT data (n = 17,958 observations) exist for 5481 Tsimane age 
15+ years measured from 2002 to 2018, covering birth years 
1914–2003 (fig. S1). An oral mercury thermometer was used from 
the beginning of the study until mid-2006, while tympanic Braun 
digital thermometers (Thermoscan 5) were used thereafter. As in 
Protsiv et al. (1), we eliminated extreme temperature values [i.e., <35°C 
(n = 41) and >39°C (n = 16)]. The final dataset including complete 
data contains 16,830 observations on 5370 individuals (tables S1 
and S2).

The use of an upper threshold of 39°C to eliminate cases of acute 
fever is arbitrary and greater than some standard clinical cutoffs 
(i.e., the American College of Critical Medicine and Infectious Disease 
Society classify fever as BT ≥38.3°C). To investigate the effect 
of different upper thresholds, we reran our analyses and that of 
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Protsiv et al. (1), removing any data ≥38°C (tables S11 and S12). 
This change did not affect the results of either study.

Other THLHP data reveal changes in environment and behavior 
over the two-decade study period (Fig. 3). Anthropometric indices 
include weight (kg) and body fat (%) as measured by bioelectric im-
pedance using a Tanita scale (BF series) and BMI (kg/m2). Height 
was measured using a portable Seca 213 stadiometer.

In-field blood analysis of fasting venous samples provided esti-
mates of ESR (Westergren method) and leukocyte [white blood cell 
(WBC)] count. WBC count is a biomarker of immune activation and 
possibly infection, while ESR is a nonspecific indicator of inflam-
mation (46). Leukocytosis was defined as WBC > 10.0 × 109 cells/
liter, and elevated ESR was defined as ESR > 20 mm/hour (ages 15 
to 44) or >30 mm/hour (ages 45+) (see table S6). Hb and WBC 
count were measured with the QBC Autoread Plus Dry Hematology 
System (Drucker Diagnostics, State College, PA).

Physical activity was measured as daily step count based on ~3-day 
samples using a waist-worn triaxial ActiGraph GT3X accelero
meter (47). Accelerometers were initialized using a participant’s 
ID, weight, age, sex, and a 30-Hz resampling rate using ActiGraph’s 
ActiLife software. Participants were instructed as to the proper po-
sitioning of the accelerometers on the right hip and asked to only 
remove the accelerometers before submersion in water (e.g., bathing in 
the river) and to reapply them directly after leaving the water. Raw 
data were downloaded and converted to 1-min epochs using ActiLife 
version 6.13.4. We used the “low-frequency” extension filter from 
ActiLife to convert raw accelerations to steps. Non-wear periods, 
considered any period of 60-min or longer with accelerometry counts 
at zero, were excluded. Only days with a minimum of 10 hours of 
detected wear time were included for analysis. Daily step counts 
were calculated as the average steps per minute over the valid wear 
time multiplied by 60 × 24 to get the average daily step count.

RMR was assessed with a Cosmed Fitmate MED indirect calo-
rimeter (7). RMR is modeled as a quadratic function of date using 
linear regression, adjusting for sex, age, weight, height, and ambient 
temperature. Some deviations from standard protocol were required 
given remote field conditions, thus requiring additional model ad-
justments, including time of day and time since last meal [see (7) for 
details].

Data analysis
We performed a series of multilevel regression models: Model 1 
includes height, weight, age, sex, date, and age*sex and age*date 
interactions, as well as a control for the type of thermometer used. 
Model 2 adds to model 1: season (wet = November to April versus 
dry) and average daily ambient temperature, downloaded from 
meteostat.net for the nearest weather station in San Borja, Beni, 
Bolivia (fig. S2). Model 3 adds to model 2 eight clinical categories 
based on THLHP physician diagnoses using International Classifi-
cation of Diseases (ICD-10) codes assigned to Clinical Classifications 
Software (CCS) categories (overall prevalence in descending order: 
musculoskeletal and connective tissue: 46.9%; digestive system: 
36.8%; infectious/parasites: 19.7%; respiratory system: 19.3%; geni-
tourinary system: 17.5%; nervous system and sensory: 14.4%; blood 
and blood-forming organs: 5.8%; skin: 3.1%). All models include 
individual ID, community ID, and physician ID as random intercept 
effects. Our modeling approach thus permits comparison of how 
climate and individual condition contribute to temporal differences 
in BT. The order in which different thermometers were used during 

the study period (oral mercury thermometer followed by tympanic 
digital) is conservative against any methodology-based expectation 
of declining BT over time as tympanic temperatures are sometimes 
reported to trend slightly (0.3° to 0.6°C) higher than oral tempera-
ture. However, a comparison of the methods in a rural tropical re-
gion found no significant differences between methods (48). Precision 
on the mercury and ear thermometers is approximately ±0.2°C. 
Nevertheless, we included a variable in models for type of instru-
ment used.

Additional models explore other indicators of infection or com-
promised health (table S5), changes in these indicators over time 
(table S7), and the effects of body composition (table S10). The sam-
ple sizes for these models vary based on missing data due to selec-
tive sampling by the THLHP (8). In general, our sampling scheme 
here focused on all adults age 40+ years and a stratified random 
sample of those age 15 to 39 years. Indicators include ESR, leukocyte 
count (WBC), and Hb. Elevated ESR indicates nonspecific, systemic 
inflammation, whereas elevated WBC suggests immune activation. 
Low Hb is an indicator of anemia status, which acts as an additional 
proxy of nutritional status and condition. For a smaller subset 
(n = 5821 observations on 2221 individuals), microscopy of eggs or 
larvae from fecal smears on wet mounts was conducted to identify 
the presence or absence of four intestinal helminth species: hook-
worm (Necator americanus), large roundworm (Ascaris lumbricoides), 
whipworm (Trichuris trichiura), and threadworm (Strongyloides 
stercoralis) [see (6) for methodological details]. Probability of 
species-specific infections was estimated using Bayesian generalized 
additive multilevel models with a binomial error distribution for 
the presence of each helminth species (coded as a binary variable) 
and a thin-plate smoothing spline for time, adjusting for age, season, 
and random effects for community ID and individual ID (using 
Stan via the brms package in R).

Ethics statement
All methods and procedures were approved and conducted in ac-
cordance with guidelines set by the Institutional Review Boards of 
University of California, Santa Barbara (#12–496) and University of 
New Mexico (#07-157 and #15-133). Informed consent was given 
by the Tsimane Government (Gran Consejo Tsimane), village lead-
ers, and all study participants directly.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc6599/DC1
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