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Abstract

Insufficient physical activity is a major risk factor for cardiometabolic disease (i.e.,

unhealthy weight gain, heart disease, and diabetes) in humans and may also

negatively affect health of primates in human care. Effects of physical activity on

energy expenditure and cardiometabolic health are virtually unstudied in nonhuman

primates. We investigated physical activity and metabolic markers in 15 adult ring‐

tailed lemurs (Lemur catta) and 11 Coquerel's sifakas (Propithecus coquereli) at the

Duke Lemur Center during a period of low activity in winter when the animals were

housed in buildings (with outdoor access) and a period of high activity when

individuals were free‐ranging in large, outdoor, forested enclosures. We compared

body mass, blood glucose, triglycerides, HDL‐ and LDL‐cholesterol, physical activity

via accelerometry, and total energy expenditure (TEE) via the doubly labeled water

method (in ring‐tailed lemurs only) between both conditions. Both species were

more active and had a lower body mass in summer. Ring‐tailed lemurs had a higher

TEE and lower triglyceride levels in summer, whereas sifaka had higher triglyceride

levels in summer. Individuals that increased their activity more, also lost more body

mass. Individuals that lost more body mass, also had a positive change in HDL‐

cholesterol (i.e., higher values in summer). Changes in activity were not associated

with changes in markers of metabolic health, body fat percentage and TEE (both

unadjusted and adjusted for body composition). Older age was associated with lower

activity in both species, and decreased glucose in ring‐tailed lemurs, but was

otherwise unrelated to metabolic markers and, for ring‐tailed lemurs, adjusted TEE.

Overall, body mass was lower during summer but the increase in physical activity did

not strongly influence metabolic health or TEE in these populations.
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1 | INTRODUCTION

Physical activity is central to both the evolved ecology and

cardiometabolic health of humans and nonhuman primates (Aune

et al., 2015; Lee et al., 2012; Schuler et al., 2013). Species' anatomy

and physiology evolve to anticipate a particular level of physical

activity. Consequently, species vary considerably in their activity level

and the energy cost of daily physical activity. When the physical

activity level differs from the species‐typical range, health can be

negatively affected. To date, this phenomenon has been studied most

thoroughly in humans. Humans evolved as hunter‐gatherers, with

physically demanding foraging strategies that involved hours of

moderate and vigorous physical activity each day (Pontzer et al., 2018;

Wood et al., 2021). The lack of regular and vigorous physical activity

in industrialized populations today is known to be a major risk factor

for cardiometabolic disease (i.e., unhealthy weight gain, heart disease,

and diabetes) and decreased longevity (Abdelaal et al., 2017; Aune

et al., 2015; Lee et al., 2012; Schuler et al., 2013).

The relationship between daily physical activity and cardiometa-

bolic health is not well studied in most other species, but it appears to

be important, at least in species with habitually active lifestyles. Ad

libitum fed laboratory rats with regular access to a running wheel

have a lower body mass, no kidney lesions and more favorable health

biomarkers compared to rats with little to no access to exercise

(Alessio et al., 2005). In zoo elephants (Loxodonta africana and Elephas

maximus), greater daily walking distance is associated with positive

health outcomes including a healthier body condition and improved

blood profiles (Meehan et al., 2016; Morfeld et al., 2016). Female

baboons (Papio cynocephalus) that forage on natural food sources and

travel long distances per day (8−10 km/day) have a lower body fat

percentage (2%) compared to females (23%) that forage on a garbage

dump and travel short distances (<4 km/day) (Altmann et al., 1993).

Male baboons from the social group that uses the garbage dump have

a reduced physical activity level, elevated cholesterol levels, and

some are considered obese and have developed insulin resistance

(Banks et al., 2003).

The findings of these previous studies are consistent with changes

associated with the metabolic syndrome that increase the risk of heart

disease in humans (McMillen & Robinson, 2005). Symptoms of the

metabolic syndrome in humans include high blood pressure, high blood

glucose, high plasma triglycerides, low HDL‐cholesterol, and high waist

circumference (The expert panel, 2001). Most of the studies

conducted on animals to date are cross‐sectional, but studies that

assess within‐individual changes in activity, cardiometabolic health and

total energy expenditure (TEE; kcal/day) are required to better

understand how changes in activity affect health and energy

expenditure, and which factors explain interindividual variation in the

response to an altered level of physical activity.

Activity level, TEE and body composition can change throughout an

individual's lifespan. An age‐related decline in physical activity has been

reported for humans, nonhuman primates and other mammals (Chusyd

et al., 2021; Holdgate et al., 2016; Ingram, 2000; Jänicke et al., 1986;

Pontzer et al., 2021; Sallis, 2000). Age‐related changes in TEE and body

composition are best studied in humans, where TEE and fat‐free mass

(FFM) decrease in adults older than 60 years (Elia et al., 2000;

Manini, 2010; Pontzer et al., 2021; Speakman & Westerterp, 2010). Fat

mass (FM) has been found to increase (Coin et al., 2008; Kyle et al., 2001)

and to decrease (Elia et al., 2000) with age in humans. Age‐related

changes in TEE and body composition have rarely been studied in

nonhuman animals and thus, are not well‐understood. Dog breeds differ

in age‐related changes in body composition, FM increases with age in a

large breed, but is unrelated to age in medium and small‐sized breeds

(Speakman et al., 2003). Common bottlenose dolphins (Tursiops

truncatus) show an age‐related decline in TEE and an increase in body

fat percentage (Rimbach et al., 2021), similar to patterns reported in

humans. Age‐related changes inTEE and body composition may thus be

species‐specific and data from additional species are needed to shed

light onto these patterns.

Obesity and cardiometabolic health are common concerns for

primates in human care (Clay et al., 2022; Cole et al., 2020; Mellor

et al., 2020; Pontzer, 2023; Terranova & Coffman, 1997). Due to their

close relatedness with humans, nonhuman primates may present a

relevant biological model to study the relationship between

cardiometabolic health, obesity and physical activity. Most research

on primate cardiometabolic health and obesity to date has focused on

a restricted number of genera, with bias towards macaques (Macaca

spp.) and baboons (Papio spp.) (Pontzer, 2023). Other primate taxa,

such as some lemur species, are commonly kept in zoos and research

facilities (Association of Zoos and Aquariums, 2023; Reimes

et al., 2021), and vary in their susceptibility to gain body mass in

captivity. For example, ring‐tailed lemurs (Lemur catta) are prone to

elevated body masses in captivity, while other species, such as

Coquerel's sifaka (Propithecus coquereli), are not (Mellor et al., 2020).

To assess whether increases in physical activity are associated with

changes in body mass and cardiometabolic health, we studied two

lemur species that differ in their susceptibility to body mass gains in

human care, the ring‐tailed lemur (L. catta) and Coquerel's sifaka (P.

coquereli). We measured physical activity, body mass, serum glucose

and lipids of 15 adult ring‐tailed lemurs and 11 adult Coquerel's

sifakas in two different conditions, once during winter (low daily

physical activity) and once during summer (high daily physical

activity). For 11 ring‐tailed lemurs, we also determined TEE and

body composition (body fat percentage and FFM) in both conditions.

The aims of this study were to (1) test whether increases in physical

activity are associated with changes in body mass, cardiometabolic

health, including serum glucose and lipids (HDL‐ and LDL‐cholesterol,

triglycerides), TEE and body fat percentage, and (2) to assess age‐

related changes in activity and metabolic phenotype in both lemur

species. We predicted that blood glucose, LDL‐cholesterol and

triglyceride levels would be lower and that HDL‐cholesterol would

be higher in the high activity condition compared to the low activity

condition. Further, we predicted body mass and body fat percentage

to be lower in the high activity condition, and we did not expect

changes in mass‐adjusted TEE. We expected that an increase in

activity would be associated with increased HDL‐cholesterol, and

decreased LDL‐cholesterol and triglyceride levels.
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2 | METHODS AND MATERIALS

2.1 | Study species and site

All subjects were housed at the Duke Lemur Center (DLC) in Durham,

North Carolina (N 35° 59′ 35″, W78° 57′ 38″). All animal use and

methods were approved by the Duke University Institutional Animal

Care and Use Committee (Protocol #: A244‐19‐11) and the DLC

Research Committee. The research also adhered to legal require-

ments and to the American Society of Primatologists Principles for

the Ethical Treatment of nonhuman Primates.

We collected data on 15 adult ring‐tailed lemurs (L. catta), seven

females and eight males (age range: 5.2–27.3 years) and 11 adult

Coquerel's sifakas (P. coquereli), five females and six males (age range:

3.1–17.0 years). Sample sizes were restricted by the number of

animals available at DLC, and their health and reproductive status.

Individuals were measured in two different conditions: a low activity

(winter: L. catta: February to March 2020; P. coquereli: January to

February 2021) and a high activity condition (summer: L. catta: July to

August 2020; P. coquereli: April to July 2021). In winter, animals were

kept indoors (room size: approximately 2.13m length × 2.29m width

× 3.05m height; one room per adult in the group), and were given

access to attached outdoor enclosures (4.27 m length × 2.29m width

× 3.05m height). In summer, a subset individuals acted as controls

(nonfree‐rangers; L. catta: N = 5; P. coquereli: N = 3) and were housed

in the same set‐up or outdoor‐only chain‐link silos (approximately

4.57m diameter × 5.49m height for the entire group) and the other

individuals (free‐rangers; L. catta: N = 11; P. coquereli: N = 8) were

free‐ranging in large forest enclosures that vary in size from 0.6 to

5.7 ha. Housing conditions were Continuous Full Contact (pair or

group), meaning that two or more animals are housed in one space,

enabling complete tactile interaction. Measurements of the control

individuals were collected at the same time of year as for the free‐

ranging individuals to control for the potential effect of seasonal

changes in metabolic phenotype that may obscure effects of physical

activity. For all measurements, individuals were housed in indoor or

outdoor enclosures for a minimum of 2 weeks before measurement.

In the wild, the majority of ring‐tailed lemurs disappear between

10 and 15 years of age and few individuals live beyond 15 years

(Bennett et al., 2016; Cuozzo & Sauther, 2004). The age range of

ring‐tailed lemurs included in this study was 5.2−27.4 years, and that

of Coquerel's sifaka was 3.1−17.3 years. At DLC, both species can

live past 30 years (L. catta: 32.7 years; P. coquereli: 30.6 years), but

ring‐tailed lemurs have a higher median longevity of individuals that

survived at least 30 days than Coquerel's sifaka (L. catta: 17.6 years;

P. coquereli: 10.0 years) (Zehr et al., 2014).

2.2 | TEE

We calculated total energy expenditure (TEE, kcal/day) using the

doubly labeled water (DLW) method (Lifson & McClintock, 1966;

Speakman, 1997). This method uses water (H2O) enriched in the safe,

stable, nonradioactive isotopes (2H, also called deuterium and 18O) to

track the production of CO2, which yields a precise and reliable

measure of energy expenditure. The dose of enriched water can be

administered either by drinking it or through injection. In this study,

subjects drank the dose. During the subsequent days, the hydrogen

isotope, 2H, is eliminated from the body via water (urine, sweat,

insensible water loss), whereas the oxygen isotope 18O is lost both

via water and via expired CO2. CO2 production can be calculated by

determining the difference between the elimination rates of the

hydrogen and oxygen isotopes. The DLW method is the gold

standard for measuring energy expenditure in free‐living (i.e., outside

of the lab) humans and nonhuman animals.

We determined TEE of 16 ring‐tailed lemurs during winter 2020.

Two ring‐tailed lemurs did not drink the full dose of DLW and thus,

their TEE could not be determined. Together with problems during

sample collection (e.g., individuals had to be locked inside due to a

hurricane warning or raccoons inside outdoor enclosures) and the

death of one female, this resulted in a reduced sample size of 11

individuals (eight free‐rangers (four females and four males) and three

nonfree‐rangers (one female and two males)) in summer (Table 1). We

successfully determined TEE of eight Coquerel's sifakas (six free‐

rangers and two nonfree‐rangers; four females and four males) during

winter 2021, and TEE of two sifakas (one female and one male; both

free‐rangers) during summer 2021. During summer 2021, sample size

of available sifaka for this study was reduced because the available

population of sifaka was lower (e.g., individuals were transported to

other facilities) and because we had access to fewer individuals due

to DLC logistic constraints (such as breeding attempts and

pregnancies). The largely reduced sample sizes for sifaka are mainly

due to problems with administering the DLW dose to individual sifaka

(i.e., they did not consume the DLW dose) and urine sample collection

(i.e., sufficient amounts of urine could not be collected). In addition,

one individual had to be taken into veterinary care and data collection

on this individual was aborted. Thus, no repeat measures of TEE were

successful for any sifaka.

Individuals ingested premeasured doses (L. catta: range: 6–9 g; P.

coquereli range: 9–14 g) of doubly labeled water (6% 2H2O, 10%

H2
18O) tailored to body mass to provide sufficient initial isotopic

enrichment (Speakman, 1997). Each individual provided one urine

sample (0.5–4mL) before dosing and another two samples postdose

ingestion. The first postdose ingestion was collected 24.6 ± 5.7 h

after dosing in ring‐tailed lemurs and 20.6 ± 4.6 h after dosing in

sifaka, and the last sample was collected 6–7 days post‐dose

ingestion. Samples were frozen (−20°C) and transported to Duke

University for isotopic analysis.

2.3 | Isotope analysis

Samples were filtered using carbon black and a 30 kilodalton

centrifuge concentrator (Vivaspin®). Enrichments of 2H and 18O

were determined using integrated cavity off‐axis spectroscopy

(ABB®). We used the slope‐intercept method to determine the
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dilution spaces ND and NO and the depletion rates kD and kO for 2H

and 18O, respectively (Berman et al., 2020; Pontzer, 2018;

Speakman, 1997). We calculated the production rate of CO2 from

the single pool model as recommended for animals of this size

(Speakman & Hambly, 2016; Speakman, 1997). Total body water

(TBW) was determined from isotope dilution as:

TBW= (NO/1.007 + ND/1.041)/2

The average isotope dilution space ratio was 1.048 ± 0.011

(mean ± standard deviation [SD]) for ring‐tailed lemurs and

1.076 ± 0.033 in sifaka. The rate of CO2 production (mol day−1)

was calculated following equation 7.17 (Speakman, 1997):

rCO = (N/2.078)*(kO − kD) − 0.0062*kD*N2

CO2 production was used to calculate total energy expenditure

(TEE, kcal/day) using the Weir equation (Weir, 1949)

TEE= 22.4rCO (1.1 + 3.9/FQ)2

where FQ is the food quotient, which reflects the macronutrient

content of the diet. We used a FQ = 0.9, and FFM was calculated

from TBW assuming a hydration coefficient of 73.2% for FFM.

We calculated an adjusted TEE for each ring‐tailed lemur based

on a multiple regression model with TEE as the dependent variable

and FFM and FM as independent variables. TEE, FFM, and FM were

ln‐transformed for this model, and we calculated FM by subtracting

FFM from body mass. Using the predicted TEE and residual TEE for

each measurement, we calculated adjusted TEE as

adjusted TEE= 100(1 + Residual TEE/Predicted TEE)

Accordingly, an adjusted TEE of 110% indicates that the

measured TEE that is 10% greater than predicted from body

composition variables and an adjusted TEE of 90% is 10% less than

predicted.

2.4 | Metabolic phenotype

DLC staff weighed each individual on the first and the last day of

each measurement period, and we used the average of both

measurements for all analyses. On the last day of each measurement

period, 1 mL of blood was drawn from the femoral vein by DLC

veterinary staff. The area of the blood draw was disinfected before

the blood draw. Blood was allowed to clot for 15−20min before

samples were centrifuged for 10min. Serum samples were stored at

−80°C, and serum glucose, HDL‐ and LDL‐cholesterol and triglycer-

ides were measured at the Duke Metabolic Phenotyping Institute.

2.5 | Daily physical activity

All individuals were fitted with a MotionWatch8® (CamNtech)

actigraphy data logger (weight: 7 g). Accelerometers were worn

around the neck on a light nylon collar, 24 h per day for the entirety

of each 1‐week measurement period. The MotionWatch 8® sensor

logs motion data using a built‐in tri‐axial accelerometer. The sensor

samples data at 50 Hz and accumulates data over a user‐defined

epoch, and assigns an integer value on a ratio scale. We calculated an

average activity level by dividing the sum of all activity values (of the

entire 1‐week period) by the number of sampling intervals.

2.6 | Statistical analyses

We used paired t‐tests to assess changes in body mass, activity,

blood glucose, HDL‐ and LDL‐cholesterol and triglyceride levels

between both study periods in both species, and to assess changes in

(unadjusted and adjusted) TEE, FFM and body fat percentage in ring‐

tailed lemurs only. We used Welch Two Sample t‐tests to assess

whether free‐rangers and nonfree‐rangers differed in body mass,

activity, blood parameters and (unadjusted and adjusted) TEE in

summer (individuals were not free‐ranging in winter). To meet

assumptions, namely normally distributed residuals, we log‐

transformed glucose, HDL‐cholesterol and FFM in ring‐tailed lemurs,

and in sifaka we log‐transformed glucose and used a Box‐Cox

transformation for body mass.

2.7 | Changes in activity and metabolic phenotype

We used Welch Two Sample t‐tests to assess whether individuals

that were free‐rangers in summer differed in the change of activity

and metabolic phenotype from individuals that did not free‐range in

summer. We used linear models to assess the relationship between

changes in physical activity and metabolic phenotype in both species

TABLE 1 Overview of sample sizes of measurements of
body mass, physical activity, metabolic phenotype (glucose,
HDL‐cholesterol, LDL‐cholesterol and triglycerides) and TEE in adult
ring‐tailed lemurs (Lemur catta) and adult Coquerel's sifakas
(Propithecus coquereli) per study period.

Species Period
Body
mass Activity

Blood
parameters TEE

Lemur catta Winter 16 16 16 16

Summer 15 15 15 12a

Propithecus

coquereli

Winter 13 13 13 8

Summer 14 14 14 2

Note: Sample size presented are total samples sizes obtained, including
individuals for which we could not collect data in both study periods.

Abbreviation: TEE, total energy expenditure.
aTEE of 11 individuals was measured previously in winter, but one female

died between both study periods and thus, we measured TEE of another
female in the same ranging condition.
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together. We calculated the change in a parameter by subtracting the

winter value from the summer value for the respective parameter.

We used the change in activity, glucose, LDL‐ and HDL‐cholesterol

and triglyceride level as response variable in both species, and

unadjusted TEE, adjusted TEE and body fat percentage as response

variables in ring‐tailed lemurs only. We included change in activity

(not in the activity model), change in mass (in %; not in the model

using adjusted TEE), species and sex as explanatory variables.

Because activity and other parameters can decline with age, we also

included age (at the first sampling period in winter) in the models. We

tested for two‐way interactions and removed nonsignificant interac-

tion terms. We tested if model assumptions were met using the

performance package (Lüdecke et al., 2021) and if required,

transformed data to reach normally distributed residuals.

2.8 | Age‐related changes

We used linear mixed models (LMMs) to assess age‐related changes

in activity, body mass and blood parameters. For these models, we

made use of all available data (33 measurements of ring‐tailed

lemurs and 27 measurements of sifaka). In mammals, body mass

increases with age until an asymptote is reached (Sebens, 1987;

West et al., 2001), and in many species a quadratic relationship

between age and body mass has been reported, where body mass

decreases again at old age (Nussey et al., 2011; Pépin et al., 1996;

Tafani et al., 2013). Because the relationships between age and

body mass, markers of metabolic health, body fat percentage and

adjusted TEE are likely nonlinear, we included age and its quadratic

term, activity (not in the models for activity, body mass, adjusted

TEE and body fat percentage), sex, season and species (not in

models for adjusted TEE and body fat percentage) as explanatory

variables and individual ID as random factor. We tested if model

assumptions were met using the performance package (Lüdecke

et al., 2021). To meet model assumptions, namely normally

distributed residuals, we log‐transformed activity, body mass,

HDL‐cholesterol, LDL‐cholesterol, triglycerides and blood glucose

before running models. We also removed one strong outlier of

blood glucose (>three SDs above mean) before running the model.

We tested for two‐way interactions and removed nonsignificant

interaction terms. LMMs for activity and triglycerides had a singular

fit. When comparing a model with and without the random factor

ID, there was no significant difference for triglycerides and activity,

and for both parameters, the linear model had a smaller AIC (Akaike

Information Criterion), and thus, we used a linear model for

triglycerides and activity.

3 | RESULTS

Both ring‐tailed lemurs and sifaka had a lower body mass and

were more active in summer compared to winter (Table 2;

Figure 1a,b and 2a,b). Ring‐tailed lemurs had lower triglyceride

levels in summer (Table 2 and Figure 1f), while sifaka had higher

triglyceride levels in summer (Table 2 and Figure 2c). Blood

glucose, HDL‐ and LDL‐cholesterol levels did not differ between

both periods in either species (Table 2; Figure 1 and Figure 2).

Unadjusted TEE (Table 2; Figure 1d) and adjusted TEE (Paired t

test: t = 5.0205, df = 10, p = 0.0005, Cohen's d = 1.51) of ring‐

tailed lemurs were higher in summer. FFM and body fat

percentage of ring‐tailed lemurs trended lower in the summer

but did not reach the p < 0.05 threshold for statistical significance

(Table 2 and Figure 1c,e).

In ring‐tailed lemurs, summer activity did not differ between

free‐rangers (N = 10) and nonfree‐rangers (N = 5), even when

excluding the oldest individual that was also the only individual

less active in summer (Welch Two Sample t‐test, all p > 0.22). Free‐

rangers and nonfree‐rangers also did not differ with regard to

HDL‐ and LDL‐cholesterol, glucose and triglyceride levels in

summer (Welch Two Sample t‐test, all p > 0.26). In summer,

adjusted TEE was higher in nonfree‐rangers (N = 3) compared to

free‐rangers (N = 8; Welch Two Sample t‐test: t = −3.517, df =

5.335, p = 0.015, Cohen's d = −2.19), even when excluding the

oldest and only individual less active in summer (t = −3.185, df =

5.248, p = 0.023, Cohen's d = −2.07). In Coquerel's sifakas, free‐

rangers (N = 8) and nonfree‐rangers (N = 3) did not differ in activity,

LDL‐cholesterol, glucose and triglyceride levels in summer (Welch

Two Sample t‐test, all p > 0.24). HDL‐cholesterol was higher in

nonfree‐rangers than in free‐rangers (t = −3.731, df = 8.997,

p = 0.005, Cohen's d = −2.00).

3.1 | Changes in activity and metabolic phenotype

There were no significant differences in the change of parameters

between free‐rangers and nonfree‐rangers in ring‐tailed lemurs

(Welch Two Sample t tests: all p > 0.22) or Coquerel's sifakas

(Welch Two Sample t tests: all p > 0.37). Individuals that increased

their activity more from winter to summer also lost more body

mass (LM: Estimate = −4.52, confidence interval [CI] = −8.69 to

−0.35, p = 0.035; Adjusted R2 = 0.15). Age at first measurement

did not explain the extent to which individuals changed their

activity (p = 0.35). Change in triglyceride level was not related to

change in activity (p = 0.79), change in mass (p = 0.42) or age

(p = 0.13). Change in triglyceride level was higher in male than in

female sifaka, but there was no sex difference in ring‐tailed

lemurs (LM: interaction sex × species: Estimate = 99.87,

CI = 23.98–175.76, p = 0.013; adjusted R2 = 0.59). Change in

HDL‐cholesterol was higher in males than in females (Estimate =

3.69, CI = 2.17–5.21, p < 0.001) and individuals that lost more

body mass, also had a positive change in HDL‐cholesterol (i.e.,

higher values in summer; Estimate = 0.17, CI = −0.32 to −0.03,

p = 0.023; adjusted R2 = 0.55; Figure 3). Changes in body fat

percentage, LDL‐cholesterol, glucose, unadjusted TEE and

adjusted TEE were not related to change in activity, sex, age or

changes in body mass (all p ≥ 0.11).
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3.2 | Age‐related changes

Activity decreased with age in both species (Table 3 and Figure 4a).

Body mass of ring‐tailed lemurs did not change significantly with age,

while body mass of sifaka increased with age (Table 3 and Figure 4b).

Blood glucose levels decreased with age in ring‐tailed lemurs (age:

Estimate = 0.04, CI = −0.00 to 0.08, p = 0.066; age2: Estimate = −0.00,

CI = −0.00 to −0.00, p = 0.014; conditional R2 = 0.39; Figure 4c).

Triglyceride level, HDL‐ and LDL‐cholesterol did not show age‐

related changes (Figure 4). In ring‐tailed lemurs, adjusted TEE (age:

Estimate = 0.00, CI = −0.03 to 0.03, p = 0.94; age2: Estimate = −0.00,

CI = −0.00 to 0.00, p = 0.66; conditional R2 = 0.86; Figure 4g) and

body fat percentage (age: Estimate = −0.10, CI = −1.44 to 1.24,

p = 0.879; age2: Estimate = −0.01, CI = −0.05 to 0.03, p = 0.642;

adjusted R2 = 0.23; Figure 4h) did not decrease with age.

4 | DISCUSSION

As expected, both lemur species showed a higher level of activity in

summer compared to winter. Individuals that showed larger increases

in activity from winter to summer also lost more body mass.

Individuals that lost more body mass, also had a positive change in

HDL‐cholesterol (i.e., higher values in summer). But changes in

activity were not associated with changes in markers of metabolic

health, suggesting that increases in physical activity are associated

with only few improvements in markers of cardiometabolic health in

both lemur species.

Both lemur species were more active in summer than in winter,

and this pattern was independent of ranging status. Individuals that

did not free‐range also showed an increased activity level in summer,

indicating that there might be a seasonal shift in activity level due to

external cues such as photoperiod or ambient temperature that

trigger changes in activity level independent of space available.

Photoperiod and temperature have previously been identified as cues

for adjustments in activity patterns in birds, mammals and primates

(Daan & Aschoff, 1975; Kavanau & Peters, 1976).

In contrast to our predictions, we found little evidence that

increases in physical activity were associated with improvements in

markers of cardiometabolic health in either lemur species. Individuals

that lost more body mass, also had a positive change in HDL‐

cholesterol (i.e., higher values in summer). However, change in activity

was not related to changes in triglyceride levels, LDL‐ and HDL‐

cholesterol or glucose of either species, and also not to changes in

body fat percentage, unadjusted TEE or adjusted TEE of ring‐tailed

lemurs. Similarly, in zoo elephants, distance walked was not correlated

with the amount of FM relative to body mass or blood glucose (E.

maximus) (Chusyd et al., 2021), or with body condition, health or

behavioral outcomes (E. maximus and L. africana) (Holdgate et al., 2016).

In contrast, another study found that increased walking exercise

(≥14 h/week) was associated with a decreased risk of obesity in zoo

(L. africana and E. maximus) elephants (Morfeld et al., 2016).

TABLE 2 Overview of average (±SD) activity, body mass, fat‐free mass (FFM), body fat percentage, unadjusted TEE and blood parameters
of adult ring‐tailed lemurs (Lemur catta) and Coquerel's sifakas (Propithecus coquereli) measured both in winter (low activity condition) and
summer (high activity condition).

Lemur catta N Winter Summer Paired t tests (d = Cohen's d)

Activity 15 232.5 ± 52.2 308.4 ± 52.5 t = 5.243, p = 0.0001, d = 1.35

Body mass (kg) 15 2.71 ± 0.31 2.47 ± 0.20 t = −3.886, p = 0.0017, d = −1.00

Blood glucose (mg/dL) 15 146.8 ± 66.4 129.8 ± 38.0 t = −1.945, p = 0.3605, d = −0.24

Triglycerides (mg/dL) 15 36.7 ± 14.2 27.5 ± 10.5 t = −2.432, p = 0.0290, d = −0.63

HDL‐cholesterol (mg/dL) 15 59.0 ± 17.4 63.7 ± 16.5 t = 1.370, p = 0.1921, d = 0.35

LDL‐cholesterol (mg/dL) 15 19.7 ± 6.6 17.8 ± 6.3 t = −1.710, p = 0.1094, d = −0.44

FFM (kg) 11 2.25 ± 0.19 2.14 ± 0.17 t = −1.837, p = 0.0961, d = −0.55

Body fat (%) 11 17.4 ± 6.6 12.0 ± 6.3 t = −1.986, p = 0.075, d = −0.60

Unadjusted TEE (kcal/d) 11 166.1 ± 15.7 176.7 ± 17.1 t = 3.366, p = 0.0072, d = 1.01

Propithecus coquereli

Activity 11 195.3 ± 55.0 263.4 ± 41.6 t = 3.675, p = 0.0043, d = 1.11

Body mass (kg) 11 4.00 ± 0.68 3.84 ± 0.65 t = −3.836, p = 0.0033, d = −1.16

Blood glucose (mg/dL) 11 120.8 ± 15.1 118.5 ± 13.1 t = −0.382, p = 0.7102, d = −0.12

Triglycerides (mg/dL) 11 104.9 ± 45.6 177.5 ± 63.4 t = 2.962, p = 0.0142, d = 0.89

HDL‐cholesterol (mg/dL) 11 129.8 ± 43.0 123.9± 40.1 t = −0.905, p = 0.3869, d = −0.27

LDL‐cholesterol (mg/dL) 11 22.2 ± 11.7 22.3 ± 9.3 t = 0.036, p = 0.9717, d = 0.01

Note: Differences in sample sizes stem from logistic and health issues, especially from problems occurring during administering of the DLW dose in sifaka.
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There are several possible explanations for the lack of

correspondence between physical activity and metabolic markers

in this study. First, it is possible that the methods used to measure

activity did not capture its most salient aspects. We used

accelerometry to calculate an average activity level for a week‐

long period. It could be that activity intensity, not average activity

level, more strongly influences blood profiles and cardiometabolic

health. Total or average daily activity is generally considered a

useful and reliable measure in human studies (Sjöros et al., 2020),

but the effect of total activity time vs the effect of activity

intensity on metabolic health is not well studied in animals.

Second, although ring‐tailed lemurs in this study had a larger

body mass than individuals in the wild, blood glucose and blood

lipid values fall within reference values for the species (Table 4).

F IGURE 1 Intraindividual changes in activity, body mass, body composition, total energy expenditure and metabolic health parameters from
winter (low activity condition; blue) to summer (high activity condition, orange) in ring‐tailed lemurs (Lemur catta). Individuals were more
active (a), had a lower body mass (b), higher unadjusted TEE (d) and lower triglyceride levels (f) in summer compared to winter. FFM (c) and body
fat percentage (e) showed a trend towards higher measurements in winter. Differences in blood glucose (g), HDL‐cholesterol (h) and
LDL‐cholesterol (i) between low activity and high activity conditions were not significant. Note the truncated y‐axis in (d). The half‐violin
plots represent kernel density plots, boxplots show median values as well as 1st and 3rd quartiles, points represent individual values and
repeated data points from the same individual are connected by gray lines (number of repeatedly measured individuals is presented). The species
picture was taken from Pixabay (https://pixabay.com/images/).
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Reference values from wild Coquerel's sifaka or other individuals

in human care are not available for comparison. Body mass of

sifaka included in this study (3.91 ± 0.61 kg) is well within the

range reported for species (3.7−4.3 kg) (DLC, 2023; Mittermeier

et al., 2013; Pontzer, 2023). None of study individuals in the low

activity condition were largely overweight or obese. Thus, it may

be that—at least in ring‐tailed lemurs—increases in activity level

from winter to summer did not lead to improvements of an

already “healthy” blood profile. But irrespective of why indivi-

duals are active, the simple act of being active may be beneficial,

as physical activity is known to improve health, independent of

loss of body or FM or changes in blood lipids (Di Blasio

et al., 2014).

Third, we found large between‐individual variation regarding

absolute changes and the direction of changes in metabolic

phenotype (Figure 1 and 2). In humans, cardiometabolic

responses to exercise can vary greatly between individuals.

Intervention studies have found that most individuals show

improved blood profiles (e.g., glucose and cholesterol), heart

rate, blood pressure, among other metabolic variables, in

response to weeks‐ or even months‐long exercise interventions

(Bonafiglia et al., 2016; Bouchard & Rankinen, 2001), but the

range of responses is varied and some individuals show no

improvement while others show declines (Bonafiglia et al., 2016;

Bouchard & Rankinen, 2001). The causes of this heterogeneity in

metabolic response to changes in exercise are an area of active

research (Bonafiglia et al., 2016; Marsh et al., 2020), and genetic

predisposition and genetic relatedness seem to be one factor for

the observed variation, at least in humans (Claude

Bouchard, 2019; Tremblay et al., 1997). The large between‐

individual variation in changes in metabolic phenotype together

with the restricted sample size of 26 individuals in this study may

account for the lack of relationships between increases in activity

and improved cardiometabolic health in the study populations.

Additional studies with larger sample sizes, potentially with

individuals living in different housing conditions (e.g., research

facilities, zoos) will show how generalizable the results of this

study are.

F IGURE 2 Intraindividual changes in activity, body mass and metabolic health parameters from winter (low activity condition; blue) to
summer (high activity condition; orange) in 11 adult Coquerel's sifakas (Propithecus coquereli). Individuals were more active (a), had a lower body
mass (b) and higher triglyceride levels (c) in summer compared to winter. Differences in blood glucose (d), HDL‐cholesterol (e) and
LDL‐cholesterol (f) between low activity and high activity condition were not significant. The half‐violin plots represent kernel density plots,
boxplots show median values as well as 1st and 3rd quartiles, points represent individual values and repeated data points from the same
individual are connected by gray lines. The species picture was taken from Pixabay (https://pixabay.com/images/).
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4.1 | Age‐related changes

We found an age‐related decline in activity in both lemur species.

Similar findings have been reported in a long‐lived bird, the

wandering Albatross (Diomedea exulans), Asian and African

elephants (E. maximus and L. africana) and humans (Chusyd

et al., 2021; Holdgate et al., 2016; Lecomte et al., 2010;

Wolff‐Hughes et al., 2015). Body mass and body condition

decline with age in some wild mammals (Altmann et al., 2010;

Hoffman et al., 2010; Nussey et al., 2011; Tafani et al., 2013),

whereas other species, such as naked‐mole rats (Heterocephalus

glaber), show no age‐related change in body mass (O'Connor

et al., 2002). In gray mouse lemurs (Microcebus murinus), an age‐

related decline in body mass occurs in captivity, but not in the

wild (Hämäläinen et al., 2014). We found that adult body mass did

not decline with age in ring‐tailed lemurs, similar to results from

wild and captive ring‐tailed lemurs (Clauss et al., 2021; Koyama

et al., 2008). Body fat percentage and adjusted TEE of ring‐tailed

lemurs did not change with age. Blood glucose levels decreased

with age in ring‐tailed lemurs in this study. In contrast, blood

glucose levels increase with age in rhesus macaques (Macaca

mulatta) (Mattison et al., 2012). We found no other age‐related

changes in LDL‐ and HDL‐cholesterol or triglycerides. Body mass

and triglycerides increased during ageing in laboratory

F IGURE 3 Changes in HDL‐cholesterol values in 15 adult
ring‐tailed lemurs (Lemur catta, indicated by points) and 11 adult
Coquerel's sifakas (Propithecus coquereli, indicated by triangles).
Larger decreases in body mass were associated with a higher
HDL‐cholesterol values in summer compared to winter (i.e.,
positive change in HDL‐cholesterol). Model estimates (lines) and
confidence bands (shaded areas) for the fitted values based on
standard errors computed from the covariance matrix of the
fitted regression coefficients are shown (purple indicates female
and orange indicates males).

TABLE 3 Results of a linear model to test for age‐related changes in activity level (left panel) and a linear mixed model to test for age‐
related changes in body mass (right panel) of adult ring‐tailed lemurs (Lemur catta; N = 33 measurements) and adult Coquerel's sifaka
(Propithecus coquereli; N = 27 measurements).

log (activity) log (body mass)

Estimate CI p Estimate CI p

(Intercept) 6.10 5.83–6.38 <0.001 (Intercept) 1.04 0.81–1.26 <0.001

Age −0.05 −0.09 to −0.01 0.008 Age −0.00 −0.04 to 0.03 0.885

Age2 0.00 −0.00 to 0.00 0.073 Age2 −0.00 −0.00 to 0.00 0.683

Sex [M] 0.00 −0.12 to 0.13 0.940 Sex [M] −0.05 −0.14 to 0.04 0.294

Season [Winter] −0.17 −0.29 to −0.06 0.003 Season [Winter] 0.07 0.04–0.10 <0.001

Species [P. coquereli] −0.30 −0.43 to −0.18 <0.001 Species [P. coquereli] 0.18 0.07–0.29 0.002

Age2 × species 0.00 0.00–0.00 0.001

Random Effects

σ2 0.003

ICC 0.789

NIndividuals 31 NIndividuals 31

Observations 60 Observations 60

R2 0.420 Marginal R2 0.721

Adjusted R2 0.366 Conditional R2 0.941

Note: The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects into account.

Abbreviations: σ2, variance of the random effect “individuals ID”; ICC, Intraclass coefficient of variation.
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populations of chimpanzees (Pan troglodytes), and these popula-

tions also showed age‐related decreases of total cholesterol,

HDL‐ and LDL‐cholesterol (Cole et al., 2020). Body mass

increased with age in sifaka, but they showed no other age‐

related change in markers of cardiometabolic health. These

results may be an important consideration for the management

of older sifaka in human care.

4.2 | Summary

Seasonal changes in the management and housing of captive

primates offer a potentially powerful approach for studying the

effects of physical activity. In the ring‐tailed lemur and sifaka

populations in this study daily physical activity increased during the

summer months, but these changes were not strongly related to

F IGURE 4 Age‐related changes in adult ring‐tailed lemurs (Lemur catta; N = 33 measurements) and adult Coquerel's sifakas (Propithecus
coquereli; N = 27 measurements). Activity level decreased with age in both species (a), body mass increased with age in sifaka but not in
ring‐tailed lemurs (b), blood glucose decreased with age in ring‐tailed lemurs, but not sifaka (c), and other markers of metabolic health did not
show age‐related changes (d−f). Adjusted TEE and body fat percentage of ring‐tailed lemurs (N = 28 measurements) showed no age‐related
changes (g, h). Black lines show quadratic regression lines and shading represents 95% confidence intervals (purple points indicate females and
orange triangles indicate males). Species pictures were taken from Pixabay (https://pixabay.com/images/).

10 of 14 | RIMBACH and PONTZER

 10982345, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajp.23564 by D

uke U
niversity Libraries, W

iley O
nline Library on [02/08/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://pixabay.com/images/


common biomarkers of metabolic health or total energy expenditure.

Increased physical activity was apparent for individuals housed

indoors as well as those in large outdoor enclosures, suggesting the

change in activity may owe more to seasonal environmental cues

than to enclosure size. Age‐related changes in body mass and activity

may be important considerations in the management of older

primates in human care.
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