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While declining physical performance is an expected consequence of ageing,
human clinical research has placed increasing emphasis on physical frailty as
a predictor of death and disability in the elderly. We examined non-invasive
measures approximating frailty in a richly sampled longitudinal dataset on
wild chimpanzees. Using urinary creatinine to assess lean body mass, we
found moderate but significant declines in physical condition with age in
both sexes. While older chimpanzees spent less of their day in the trees
and feeding, they did not alter activity budgets with respect to travel or rest-
ing. There was little evidence that declining lean body mass had negative
consequences independent of age. Old chimpanzees with poor lean body
mass rested more often but did not otherwise differ in activity. Males, but
not females, in poor condition were more likely to exhibit respiratory illness.
Poor muscle mass was associated acutely with death in males, but it did not
predict future mortality in either sex. While there may be some reasons to
suspect biological differences in the susceptibility to frailty in chimpanzees
versus humans, our data are consistent with recent reports from humans
that lean, physically active individuals can successfully combat frailty.

This article is part of the theme issue ‘Evolution of the primate ageing
process’.

1. Introduction

In this study, we investigate how physical condition and performance are affected
by ageing in wild chimpanzees. Declining physical performance is a product of
the degenerative processes of ageing, owing to the accumulated consequences
of illness and injuries and decreased investment in somatic repair. Rather than
just a side effect of these other processes, physical ‘frailty” has itself emerged as
a clinically significant phenomenon in humans, predicting a variety of poor
health outcomes, including death [1,2]. Frailty has been defined as a loss of func-
tional homeostasis, or ‘the ability of an individual to withstand illness without
loss of function’ [3]. With advancing age, individuals experience a progressive
loss of physiological reserves necessary for routine somatic function and repair
[4]. Once this process is sufficiently advanced, frail individuals experience deficits
in performing the activities of daily living [5]. Diagnostic criteria vary, but the
frailty syndrome is typically defined by some combination of weight loss,
muscle weakness, reduced physical activity, slowness and/or exhaustion [6,7].
Sarcopenia, or loss of muscle mass and function [8], is often a contributor to frailty
but is also an independent predictor of death and disability [9].

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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While frailty is a significant health burden among the
elderly, it is far from ubiquitous, affecting approximately 10%
of people aged 65 years and over [10]. Risk factors include
low socio-economic status [11], inadequate physical activity
[12,13] and obesity [14]. Physical frailty is also strongly corre-
lated with inflammation [15]. Thus, it is not clear whether
physical frailty is a common feature of ageing in long-lived
species or a unique challenge of ageing in humans associated
with a greatly extended lifespan and/or unique lifestyle factors.

In closely related non-human primate species, there is
mixed evidence that physical frailty accumulates with age.
Among captive cercopithecines, age was not associated
with changes in body mass or activity, though older individ-
uals walked slower and climbed less [16]. However, ageing
wild baboons exhibited small but significant declines in
body mass index [17]. For chimpanzees, which are most clo-
sely related to humans and have maximum lifespans
exceeding 60 years [18], evidence is indirect. Wild chimpan-
zee skeletons exhibit limited evidence of degenerative joint
disease or arthritis, usually mild or secondary to trauma,
along with osteoporosis, skeletal trauma, and tooth wear,
all of which might contribute to frailty [19-22]. One study of
wild chimpanzees found moderate age-related declines in
male, but not female, body mass [23]. Unlike humans, non-
human primates do not receive substantial support from
group-mates if their physical condition compromises foraging.
To meet their nutritional needs, primates often need to travel
over long distances and climb high into the forest canopy.
Poor physical performance potentially compromises feeding
competition and increases vulnerability to attacks by predators
or conspecifics. Thus, it is plausible that long-term survival in a
frail condition is not possible in the wild. Remarkably little is
known about the natural causes of death in wild primates,
often because the dead are not able to be recovered for necropsy.
However, longitudinal data on the living can reveal how degen-
erative processes like frailty contribute to or predict mortality.

Here, we examine long-term data on wild chimpanzees to
determine how physical condition and function change with
age and whether this physical decline can be understood as an
increase in frailty, i.e. if declining physical condition has negative
effects on health, survival and activity. To examine changes in
condition, we analysed 21 years of longitudinal data on urinary
creatinine, a validated marker of lean body mass that has been
used to assess sarcopenia in humans [24,25]. Mortality rates in
this population accelerate between the ages of 30 and 35 years
[26]; thus we predicted that estimated lean body mass (ELBM)
would decline at approximately the same ages. To examine
age-related changes in physical performance equivalent to com-
ponents of human frailty indices (e.g. slowness, weakness,
reduced activity), we analysed 8.5 years of individual activity
budgets, predicting that older individuals would climb less
(i.e. spend less of the day in trees versus on the ground),
spend more time resting, and spend less time travelling and
feeding. Finally, to assess whether declining physical condition
contributes to a frailty-like syndrome, we tested the prediction
that individuals with low ELBM would be less active, experi-
ence higher rates of respiratory illness, and have higher
mortality. In Kanyawara, respiratory signs are the most readily
and frequently observed indicators of morbidity, increase in
frequency with age, and are the most common known
cause of adult death [27]. In humans, frailty increases both
the likelihood of respiratory illness and the likelihood of recov-
ery in elderly populations [28,29].

Data were collected from the Kanyawara community of wild
chimpanzees in the Kibale National Park, Uganda. The Kanya-
wara chimpanzees were first studied by Gilbert Isabirye-Basuta
from 1983 to 1985, and the long-term continuous study was
established by Richard Wrangham in 1987. Prior to 2009, all
data were collected during full-day group follows, comprising
15min scan samples of subgroup composition, chimpanzee
diet and ad libitum behavioural data. From August 2009, obser-
vers switched to daily follows of focal animals, recording the
same group-level data as before, in addition to scan samples of
focal activity state every minute. Urine sample collections
began in 1997. Clinical signs were recorded on a daily basis.
Our study focused on individuals aged 15 and over (sample
size information, electronic supplementary material, table S1).
Few individuals lived past age 55 (two females, one male), so
for all but the survival analyses, we capped ages at 55 years to
avoid overfitting. We excluded one individual who had lost
both feet as a result of wire snare injuries, as his ELBM was unu-
sually low, and his mobility was compromised.

Chimpanzees born into Kanyawara since 1983 have ages
known to at least the nearest year. Chimpanzees that were imma-
ture at first identification could also be aged with a low margin of
error (2-3 years), as could immigrant females, owing to a narrow
age range for natal dispersal [18]. Individuals that were adults at
the beginning of long-term observations were assigned ages
based on their physical features and the age/numbers of depen-
dent offspring [26]. This applied to 15 individuals in the urine
dataset and four for the focal activity budgets. Because their
exact ages are uncertain, we verified our analyses in a restricted
dataset excluding them (maximum age =45). This yielded minor
differences in some statistical outcomes (see electronic supplemen-
tary material), but confirmed the major findings of the full dataset.

ELBM was derived from a previously validated approach to
modifying the 24 h creatinine method [30] for use with spot
urine samples [31,32] (see electronic supplementary material).
Creatinine was assessed using the colorimetric Jaffe reaction,
while specific gravity was assessed using a hand-held refract-
ometer (Atago PAL-10S). These measures are highly correlated
estimates of urinary water content, but only creatinine is depen-
dent on muscle mass. Thus, the residual variation in creatinine
that is not explained by specific gravity provides a relative approxi-
mation of ELBM. Because overly dilute samples yield exceedingly
high residuals, we omitted 463 samples with specific gravity less
than 1.003. To obtain creatinine residuals for use in the analyses,
we calculated a global fit of creatinine against specific gravity
(minus 1) and its squared transformation (R®=0.832, p<
0.00001). Our final sample comprised 9802 urine samples from
30 adult females and 10 566 samples from 19 adult males.

Activity budgets were collected by trained Ugandan field staff
during focal follows between August 2009 and December 2017
(N =2758 focals of 35 chimpanzees, mean +s.d. duration=9.8 +
2.7 h per focal). A focal chimpanzee was usually selected at the
nesting site (i.e. upon waking), and if possible, followed by a
pair of observers for the entire day until it nested again. If a
focal was lost, another was selected as soon as possible. While
observers attempted to distribute focal observations as evenly
as possible over time, some subjects were located more fre-
quently than others. When possible, multiple observers
followed multiple focal individuals. Activity states and substrate
(tree or ground) were recorded to the nearest minute. We divided
time in each follow according to the following activity states: (a)



feeding: active selection or ingestion; (b) travelling: walking, run-
ning or climbing; (c) resting: no active behaviour; (d) other (not
analysed): including socializing and miscellaneous rare beha-
viours; (e) out of view. Minutes of feeding, travelling and
resting, as well as time spent in trees (versus on the ground)
were analysed per follow and were corrected for the total min-
utes in view of observers using an offset term.

To control for the effects of temporal changes in diet on
activity and ELBM, we calculated a measure of ripe fruit con-
sumption from 15 min group-level scan observations. This was
defined as the proportion of scans in which chimpanzees were
observed eating ripe fruit out of all observations of feeding and
was calculated for the two weeks prior to and including the
date of observation (i.e. urine sample or focal follow).

(c) Data analysis
To characterize age trends in ELBM and activity, we constructed
generalized additive mixed models (GAMM) using the mgcv::
gam package in R. Outcome measures were rescaled to positive,
non-zero values, as necessary, and fitted using the gamma distri-
bution and log link function. We ran an initiall GAMM to
determine the overall fit, controlling for sex, ripe fruit consumption
and random effects for chimpanzee identity and unique study
month. Next, we reran the models with separate smooths to age
by sex and, by re-specifying sex as an ordered factor, estimated
the difference between the smooths for males and females (.e.
age by sex interaction). We constrained fits to a relatively small -
value (5) to avoid overfitting and used gam.check to verify normal-
ity and an unbiased error distribution. Descriptive statistics are
provided for activity budgets as means of individual means for
chimpanzee with greater than or equal to 100 h of observation.
To evaluate whether deteriorating physical condition affects
chimpanzees’ health and daily activities, we examined whether
low ELBM predicted three types of response (activity, respiratory
signs and death). We calculated mean ELBM for each individual
in l-year intervals (chimpanzee-years) to ensure thorough
sampling of individuals in each interval. Chimpanzee-years with
fewer than 10 urine samples were omitted. Studies of humans fre-
quently define sarcopenia using a threshold of muscle mass >2
s.d. below the average for healthy, young adults of the same sex
[33]. Accordingly, we derived normative and threshold values
based on the distribution of individual means between the ages
15.00 and 29.99 years. The distribution of creatinine residuals
was too narrow for the 2 s.d. threshold to be useful; females, in par-
ticular, rarely dipped below this threshold (electronic
supplementary material, figure S1). Therefore, we applied a
threshold of 1.5 s.d. to capture a reasonable subset of data at the
low end of the distribution (6.5% of female chimpanzee-years,
20.5% of male chimpanzee-years), consistent with rates of sarcope-
nia defined in human studies [33]. Sarcopenia was coded as present
or absent (1/0), and because younger individuals sometimes met
the criteria, we examined interactions between sarcopenia and
age to determine whether poor body condition was specifically
detrimental for older chimpanzees. Full model specifications are
provided in the electronic supplementary material.

3. Results

(a) Lean body mass

As chimpanzees aged, their ELBM, as estimated by residual crea-
tinine excretion, declined significantly (table 1). Age smooths
were significantly different between the sexes (figure 1a,d).
In females, the effect of ageing was approximately linear. In
males, there was a small increase with age through the early
30s, after which ELBM sharply declined. By age 40, the average

male had lower ELBM than at any previous adult age. Mar-
ginal effects indicate a rate of decline in males approximately
twice that of females. While this analysis, which considers indi-
vidual random effects, showed clear and strong influences of
ageing within individuals, such effects were less apparent in
cross-section (figure 2). Males aged 1540 had similar ELBM
estimates, while the few males remaining over age 50 had
markedly lower values, in the range typical of females. While
poor ELBM was evident in some females in their 30s, the few
longer-lived individuals often registered in robust condition.
Taken together, these results indicate robust age changes
within longitudinal data on individuals that were masked in
the cross-sectional data.

(b) Activity

As chimpanzees aged, they spent less time in trees (figure 1b,e
and table 1). Males spent significantly less time in trees than
females overall; thus while the effect for females was approxi-
mately linear across adulthood, smooths for males reached a
minimum asymptote by age 40. However, there was no sig-
nificant difference in the effect of ageing between males
and females. Females over age 30 years spent 67.3% (+9.2
s.d.) of their time in the trees, compared with 70.9% (+8.5)
for younger females, a difference equating to 26 min in a
12h day. Males over age 30 years spent 41.4% (+4.9) of
their time in trees compared with 47.2% (+4.0) for younger
males, equating to a 42 min difference in a 12 h day.

Given that most chimpanzee foods are in the canopy,
spending less time in the trees may be expected to reduce
foraging. Indeed, when both sexes were considered together,
older chimpanzees spent significantly less time feeding over-
all than younger chimpanzees (table 1). However, neither the
age smooth for males nor that for females reached signifi-
cance (electronic supplementary material, figure S2). The
effect of age was stronger for time spent feeding on chim-
panzees’ preferred resource, ripe fruit, which is almost
exclusively located in the canopy (figure 1cf). Feeding on
ripe fruit declined moderately but significantly with age in
both females (29.0 +4.9% under 30 years versus 27.0 +3.0%
over 30 years) and males (27.5 +2.1% under 30 years versus
24.0 +3.8% over 30 years), with no significant difference in
the age effect between the sexes.

Contrary to the prediction that older chimpanzees are less
physically active, age had no effect on the amount of time
that chimpanzees spent travelling or resting (table 1; elec-
tronic supplementary material, figure S2).

() Does declining physical condition have detrimental
effects?

Since ageing was associated with simultaneous declines in
ELBM and some measures of activity, it would be reasonable
to predict a causal link between poor condition, impaired
mobility and shifting activity budgets. To evaluate this possi-
bility, we calculated annual averages for each chimpanzee on
each measure and used linear mixed models (LMMs) to exam-
ine whether sarcopenia, defined as ELBM >1.5 s.d. below the
mean of young adults, predicted activity measures indepen-
dently of age (electronic supplementary material, table S2).
Sarcopenia did not predict time spent travelling, time feeding
on ripe fruit, or time in trees. Resting was predicted by an inter-
action between sarcopenia and age (LMM, estimate =0.208,
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Table 1. Results of GAMM models for estimated lean body mass (ELBM) and activity budgets. The model was estimated controlling for sex (upper section), [}

then respecified to determine whether smooth functions differed by sex (lower section). edf, estimated degrees of freedom.

variable ELBM in trees
global fit adjusted R? 0318 0.569
SexM estimate 0.141 —0.424

t 126 —12.1

p <0.0001 <0.0001
age (smooth) edf 2.785 1.004

F 5.5 1.1

p 0.0006 0.0008
diet (smooth) edf 3.280 1.425

F 6.3 17

p 0.0002 0.12
chimpanzee (random) edf 34.424 23.062

F 33.1 6.4

p <0.0001 <0.0001
study month (random) edf 219.499 57.831

F 33.1 2.2

p <0.0001 <0.0001
fits by sex
females (smooth) edf 1.000 1.001

F 48 41

p 0.028 0.044
males (smooth) edf 2.981 1.535

F 6.2 5.0

p 0.0002 0.021
age X SexM (smooth) edf 4172 1.538

F 43 0.2

p 0.0005 0.733

t=2.6, p=0.011). Those in poor condition when young tended
to rest less than others, while those in poor condition when old
rested more than others (electronic supplementary material,
figure S3). The only other marginally significant effect was
for time feeding, but this was in the direction opposite to that
predicted: individuals with sarcopenia tended to feed more
often than others.

Next, we used generalized linear mixed models (GLMMs)
to assess whether monthly incidence of respiratory signs was
higher among chimpanzees whose ELBM fell below the sarco-
penia threshold in the previous year (model extended from
[27]). Our ELBM calculation did not include the month in
which respiratory signs were assessed to avoid confounding
effects of illness on condition. In males, sarcopenia led to a
65% increased likelihood of exhibiting respiratory signs
(GLMM, ;(2 =5.8, p=0.016, electronic supplementary material,
table S3). This relationship was not age-dependent (age x sar-
copenia interaction, z=-1.2, p=0.23). On the other hand,
sarcopenia did not significantly explain respiratory illness in
females, and the trend was in the direction opposite to that pre-
dicted (estimate = —1.215, x> = 3.7, p = 0.054).

Finally, we used time-varying Cox proportional hazards
models to assess whether sarcopenia predicted mortality in
the current year or 1 year in the future. Using the 1.5 s.d.

travel feed ripe fruit rest
0.347 0.589 0.374 0.543
0.140 —0.061 —0.086 0.007
27 =26 =31 0.2
0.007 0.008 0.002 0.823
2322 1.003 1.239 1.228
1.1 6.4 12.2 0.3
0.480 0.01 <0.0001 0.744
1.005 1.746 2.099 2.821
13.0 96 56.6 43
0.0003 <0.0001 <0.0001 0.008
22.574 19.589 12.738 20,946
53 26 19 37
<0.0001 <0.0001 <0.0001 <0.0001
68.411 75.787 34,944 71.838
25 47 15 38
<0.0001 <0.0001 <0.0001 <0.0001
2.666 1.005 1.01 1.075
19 27 54 0.1
0.134 0.100 0.019 0.885
1.002 1.015 1.027 1.005
0.1 35 1.2 0.2
0.732 0.062 0.0008 0.670
1.002 1.01 1.008 1.003
1.0 0.01 0.1 0.01
0.324 0.938 0.700 0912

threshold, sarcopenia did not predict mortality in the current
or following year, whether assessed for the combined sample
or for each sex separately (p > 0.10, electronic supplementary
material, table S4). A post hoc sensitivity analysis of alterna-
tive sarcopenia thresholds revealed that for males, mortality
in the current year was predicted only by ELBM >2 s.d.
below the healthy mean (electronic supplementary material,
figure 54, hazard ratio (HR) =2.5, p =0.036). Even with this
stricter threshold, sarcopenia did not predict mortality in
the following year. No threshold we examined could predict
mortality in females.

4. Discussion

Our study found a significant decline in physical condition
(ELBM) with ageing in wild chimpanzees, accompanied by
moderate changes in physical activity. These findings, like
those from baboons [17], suggest that, despite shorter lifespans
than humans, deteriorating physical function is a common
challenge of old age in wild primates. However, these effects
were small, and we found only limited evidence that chimpan-
zees experience physical frailty that is equivalent to the human
clinical syndrome. We predicted that older chimpanzees would

£0906L07 :SLE § 0S "y "supif “iyd  qisi/jeusnol/ba0°buiysiigndKianosiedol



(@) (b)
3 002 0.1
E| PN
=l 3
g 0 g 0
Q =
= >
=
q§ -0.02 £ o
3 k3]
= -0.04 2
[5) S
£ 3 0.2
006
20 30 40 50 20
age (years)
(d) (e)
3 -
§ 0 § 0.1
2 0,025 ER
g 2
£ -0.050 £
8 z -0l
S 0075 £
251 5}
£ 0.100 02
20 30 40 50 20

age (years)

30

age (years)

30

age (years)

(0)

0.1

effect (time eating ripe fruit)

40 50 20 30 40 50
age (years)

effect (time eating ripe fruit)

40 50 20 30 40 50
age (years)

Figure 1. Results of GAMMs for (a,d) ELBM (urinary creatinine residuals), (b,e) time spent in trees, and (¢f) time spent eating ripe fruit, showing marginal effects
(plus 95% confidence interval) for age, controlling for diet and random effects of sample month and individual identity. Females: red, top row; males: blue, bottom
row. For non-significant effects, see electronic supplementary material, figure S2. (Online version in colour.)

0.25
2 0.15 +
S ~ ] ++ *+ o
g + Iy +o.
235 + + ) ° ¢ °
27 005 4 o A ¢
2 8 [ ) A
% ) L4 + A A [ ]
2 £ A A 4 + L0
£ -0.05 A
EN- Al 4y 4] a1 .
£ 5 S 4 R
£8 i
27 015 A oadl 7\
A
-0.25
10 20 30 40 50 60

age (years)

Figure 2. Cross-sectional association between age and ELBM. Shown are
means =+ s.e. across individual means for each age for males (blue circles,
190 male-years) and females (red triangles, 186 female-years). Individuals
with fewer than 10 data points per age were omitted. (Online version in colour.)

be less active. These predictions were partially borne out.
Chimpanzees spent less time in trees and fed less as they
aged, though these effects were not specifically predicted by
low ELBM. Chimpanzees rested more with age, but only
when they exhibited sarcopenia. Ageing did not affect travel
time. Sarcopenia increased the likelihood of respiratory illness,
but only among males. This effect was not specific to older indi-
viduals, but as the prevalence of both respiratory signs and
sarcopenia increases with age, the association still indicates
higher risk as individuals age. Finally, sarcopenia did not
predict likelihood of dying 1 year in the future, though unu-
sually low ELBM characterized males in the year that they
died. The latter likely indicates that physical condition is
affected acutely by illness, but we have no evidence to support
the hypothesis that declining body condition might contribute
independently to mortality.

As the frailty syndrome in humans is defined by its ability
to predict adverse health outcomes, our data suggest that an
equivalent may not exist in wild chimpanzees. Our sarco-
penia threshold captured both young and old individuals,
and few individuals were chronically below this threshold.
Instead, chimpanzees experienced substantial fluctuations

in ELBM throughout life, perhaps owing to periods of illness
and poor food availability, but they appear to be resilient to
these insults over the long term. That being said, our data
clearly indicate that ageing is associated with increasing
physical constraints. These constraints are likely to require
accommodations to behavioural strategies and may contrib-
ute in small measure to health and fitness in ways other
than those assessed here.

Older chimpanzees were less likely to be in trees versus on
the ground and spent less time eating ripe fruit. Ageing might
affect weakness or fatigue in such a way that limits climbing
behaviour. This is suggested by our finding that older chim-
panzees with poor ELBM rested more than others.
Chimpanzees consume both arboreal resources (e.g. ripe
fruit, 68% of diet) and terrestrial resources (e.g. piths, 20%
[34]). The effect of ageing on ripe fruit feeding was stronger
than that for overall feeding, supporting the idea that climbing
may have been the key limitation on feeding. If so, this effect
was independent of physical condition, as the individuals
with the lowest ELBM did not climb or feed less often for
their age. On the other hand, even in human populations with
abundant food, intake declines with age because caloric require-
ments change, as do digestion and the mechanisms that regulate
satiety [35]. Thus, it is alternatively possible that chimpanzees
have less desire to feed as they age, and this might affect how
much time they spend in trees. Tooth wear and missing teeth
are common in older chimpanzees, so this may also constrain
feeding [21]. Since our data concern the time devoted to
feeding, rather than rate of intake, we can only infer that older
chimpanzees took in fewer calories than younger ones. Similarly,
while we observed no age differences in time spent travelling,
our results leave open the possibility that older chimpanzees
might travel less far and at a slower speed.

A number of interesting sex differences emerged from our
analysis, suggesting that females are less vulnerable to physical
ageing than males. On the one hand, age declines in ELBM and
activity (when they occurred) began at an early age in females
and were approximately linear across adulthood, while ELBM
did not begin to deteriorate in males until their mid-30s. On the



other hand, the magnitude of the decline was greater in males,
and males were more likely to meet threshold criteria for
sarcopenia. This finding is similar to analyses of body mass
in chimpanzees at Gombe, where males showed a significant
decline with age, while females did not [23]. Notably, the
decline in body mass among Gombe males began about 10
years before the decline in ELBM among Kanyawara chimpan-
zees. Such a difference in the rate of ageing may be expected, as
males at Gombe also experience a 10 year reduction in adult life
expectancy compared with Kanyawara chimpanzees [26,36].
Additionally, we found that only males showed an increase
in respiratory signs when in poor condition, and only males
showed any association, however weak, between condition
and mortality. Studies in humans tend to find higher rates of
frailty among women versus men, but sarcopenia is more fre-
quent in men, and both diagnoses more strongly predict
mortality in men [33,37,38]. Both chimpanzees and humans
exhibit sexual dimorphism in body size and muscle mass
during young adulthood. Increased risk of sarcopenia and
frailty in males may reflect the challenges of maintaining a
costly phenotype. Testosterone correlates positively with
ELBM for Kanyawara males [32]. Thus, frailty and sarcopenia
may be influenced by the declining testosterone in ageing
males [39,40]. Given the importance of aggressive physical
competition in chimpanzee males, declining muscle mass
and physical performance probably have broader repercus-
sions than those assessed here, likely contributing to age-
associated loss of status and mating success [41,42].
Differences in the risk and impact of physical frailty in chim-
panzees and humans may arise from several sources. One
possibility is that bipedalism and its attendant adaptations have
increased the stress on the musculoskeletal system in humans
[43]. Alternatively, it is possible that chimpanzees simply do not
live to an age at which their physical condition has depleted
enough to constrain mobility and survival. Healthy humans
do not begin to exhibit clinically recognized frailty until their
60s [10], an age reached by only a tiny fraction of wild chimpan-
zees [18]. Indeed, it is possible that impaired physical condition
is so detrimental to chimpanzees, who receive little in the way
of direct support from others, that frail individuals die too
quickly to be detectable in our data. The flatter age profile in
our cross-sectional models versus mixed-effects models for
ELBM suggests the influence of mortality selection [44], such
that those alive at the latest ages were those who were able to
maintain robust physical condition. However, our data do
not support the conclusion that the progressive losses of func-
tion and condition in normal ageing should be sufficient to
produce these selection effects. Instead, this heterogeneity
more plausibly results from broader variation in health,
which allows individuals to resist the long-term impacts of
injuries and disease on physical condition. It should also be
noted that wild chimpanzees can survive with severe physical
impairments. One male in our study community has survived
for more than a decade after the loss of both feet to wire snares.
The explanations above presume a species difference in
biology. However, there are reasons to suspect that humans
may not have been as vulnerable to frailty in our recent
evolutionary past. Like other aspects of human ageing, phys-
ical frailty has been examined almost exclusively within
industrialized populations, in which high rates of obesity
and sedentism are associated with chronic inflammation, a
known predictor of frailty [15]. These conditions differ starkly
from those experienced during most of human history, and

evidence is mounting that common diseases of ageing—coron- [ 6 |

ary artery disease [45], osteoarthritis [46,47], diabetes [48] and
Alzheimer’s disease [49,50]—have only very recently increased
in prevalence. Similarly, studies of small-scale societies
practising subsistence lifestyles report little evidence of sarco-
penia or a frailty syndrome, despite long adult lifespans and
relatively high burdens of nutritional stress and infectious
disease [51,52]. For example, Hadza foragers and Pokot pastor-
alists exhibit minor age-related changes in body mass and
physical activity, but elders maintain physical activity levels
above those of even young adults in developed nations
[51,53,54]. These anthropological data corroborate recent
clinical literature in suggesting that habitual physical activity
and avoidance of obesity are protective against frailty even
at late ages [12-14]. Our data on wild chimpanzees lend
further support to the idea that ageing of physical condition
and performance may occur without necessarily having
pathological consequences.

Our study was limited by several challenges of studying
an endangered species in the wild, including a relatively small
sample of individuals, reliance on age estimates for older
subjects, substitution of non-invasive measures to approximate
muscle mass and frailty, and the inability to obtain measures
on demand. This constrains our ability to make direct com-
parisons with humans that employ standardized frailty
instruments, though even these vary considerably between
studies. Owing to the long lifespan of chimpanzees relative to
our study period, we also cannot rule out the possibility that
cohort effects on ELBM or activity may have influenced the
observed age patterns. On the other hand, our study benefits
from its longitudinal nature, which offers unusually dense,
long-term sampling of individuals compared with typical
cross-sectional or cohort studies. Additionally, like studies of
humans in small-scale societies, studies of primates in the wild
are advantaged by revealing how individuals age in the face of
the natural subsistence habits and ecological stressors that
would have shaped the ageing process over evolutionary his-
tory. While it is likely that severely depleted physical condition
or performance is far more lethal in chimpanzees than in socially
supported humans, our data suggest that this is not a natural or
inevitable consequence of ageing.
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