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Orangutans (Pongo spp.) are reported to have extremely slow life histories, including the longest average
interbirth intervals of all mammals. Such slow life history can be viable only when unavoidable mortality
is kept low. Thus, orangutans' survivorship under natural conditions is expected to be extremely high.
Previous estimates of orangutan life history were based on captive individuals living under very different
circumstances or on small samples from wild populations. Here, we combine birth data from seven field

fefy ";’l‘?rfs" sites, each with demographic data collection for at least 10 years (range 12—43 years) on wild orangutans
F:ri " tl)?rf;y to better document their life history. Using strict criteria for data inclusion, we calculated infant survival,

interbirth intervals and female age at first reproduction, across species, subspecies and islands. We found
an average closed interbirth interval of 7.6 years, as well as consistently very high pre-weaning survival
for males and females. Female survival of 94% until age at first birth (at around age 15 years) was higher
than reported for any other mammal species under natural conditions. Similarly, annual survival among
parous females is very high, but longevity remains to be estimated. Current data suggest no major life
history differences between Sumatran and Bornean orangutans. The high offspring survival is remark-
able, noting that modern human populations seem to have reached the same level of survival only in the
20th century. The orangutans' slow life history illustrates what can be achieved if a hominoid bauplan is
exposed to low unavoidable mortality. Their high survival is likely due to their arboreal and non-
gregarious lifestyle, and has allowed them to maintain viable populations, despite living in low-
productivity habitats. However, their slow life history also implies that orangutans are highly vulner-
able to a catastrophic population crash in the face of drastic habitat change.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Primates, and in particular Hominoidea, are characterized by a
slow life history compared to other mammals (Stearns, 2000; van
Schaik and Isler, 2012). They usually produce single offspring that
mature slowly, have a late age at first reproduction (AFR) and a
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relatively long lifespan. All hominids basically show slow life his-
tories regardless of living conditions (Knott, 2001). Indeed, some
recent studies that compared the life histories of wild chimpanzees
and nomadic human foragers (e.g., Muller and Wrangham, 2014;
Blurton Jones, 2016; Wood et al., 2017) concluded that the differ-
ences were much smaller than previously estimated (Hill et al., 2001).

Such slow development and low reproductive rates are viable
only when the extrinsic risk of mortality is low throughout the
lifespan (Stearns, 2000). In general, pre-senescence, ‘unavoidable’
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mortality is mainly attributed to predation, starvation or disease.
However, at present, we can only tentatively link varying un-
avoidable mortality to variation in life histories among the extant
great apes (Knott, 2001). The observed faster life history of gorillas
compared to chimpanzees (Knott, 2001; Bronikowski et al., 2016a,
b) is correlated with folivory, although why (and even whether)
folivory generally speeds up life-history pace is still unclear (Janson
and van Schaik, 1993; Borries et al., 2013). One would expect
orangutans and chimpanzees to be most similar among the apes,
given their similar female body size as well as ecological similarity
as extractively foraging frugivores, even though they occupy
different geographic regions (Asia versus Africa). However, avail-
able evidence suggested that orangutans have slower life histories
than chimpanzees and indeed all other primates (Knott, 2001;
Wich et al., 2004, 2009a; Marshall et al., 2009b). In particular,
orangutans appeared to have extremely long IBIs (interbirth in-
tervals; e.g., Galdikas and Wood, 1990; Knott, 2001; Wich et al,,
2004). Even when provisioned with a steady, predictable food
supply and veterinary care, captive orangutan IBIs, at around 5.5
years (Anderson et al., 2008; Shumaker et al., 2008), tend to be
longer than among other apes (Knott, 2001). However, sample sizes
for orangutan life-history parameters under natural conditions
have remained small (Wich et al., 2004), and here we revisit this
preliminary conclusion based on a more extensive dataset.

Among the suggested reasons for this especially slow life his-
tory, low forest productivity may be most relevant (Knott, 2001,
2004). Compared to African forests, the fruit production in South-
east Asian forests is lower (Terborgh and van Schaik, 1987). Lower
productivity may translate into lower foraging yields, which in turn
may constrain reproduction and growth (Pontzer and Kamilar,
2009). Forest productivity is also less predictable in Southeast
Asia, with widely spaced periods of habitat-wide high peaks, so-
called ‘mast-fruiting’, and multi-year periods of variable duration
with very low fruit availability (Ashton et al., 1988; van Schaik and
Pfannes, 2005; Hanya et al., 2011). The latter may lead to periods of
severe scarcity (Knott, 1998), potentially resulting in increased
unavoidable mortality. On the other hand, it has been argued that
both very slow growth (Janson and van Schaik, 1993) and an
extended period of low maternal nutritional support buffer against
starvation of both mothers and ecologically less competent im-
matures (Janson and van Schaik, 1993; van Noordwijk et al., 2013).

The lower food availability in Asia than Africa has also been
suggested to impose a less gregarious life style on the Asian great
apes (van Schaik, 1999; Wich et al., 1999). In addition, orangutans
are much more arboreal than the African apes. Arboreality itself
may reduce predation risk, a major source of unavoidable mortality,
and therefore allow for an even slower life history, within both
primates and mammals in general (van Schaik and Deaner, 2003).
The combination of non-gregariousness and arboreality, in turn,
may largely protect orangutans against transmission of contagious
diseases, responsible for some immature deaths in chimpanzees
(Kuehl et al., 2008; Hassell et al., 2017) and orphaned orangutans in
rehabilitation centers (Galdikas and Ashbury, 2012; Kuze et al,,
2012). It also limits exposure to soil-dwelling parasites, especially
detrimental to younger animals, and transmission of primate and
human diseases that were implicated as causal factors in the lower
survival of orangutans at rescue centers (Mul et al., 2007; Foitova
et al., 2009). Finally, arboreality may impose an additional burden
on mothers who carry their offspring in the trees and need to
constantly protect them against falling (e.g., Pontzer and
Wrangham, 2004; Halsey et al., 2016), thus possibly further slow-
ing down a mother's reproductive rate (Knott, 2001, 2004). For
example, in human hunter-gatherers the cost of infant carrying is
suggested to delay a mother's investment in a subsequent child
(Blurton-Jones, 1986; Kramer, 1998).

To date, the net effect of all these potential factors on the Asian
great ape's actual life history remains unknown. The goal of this
paper is to present mostly new, very carefully vetted data on
orangutan life history, specifically immature survival and birth in-
tervals, and to explain the observed differences with the other
hominids, particularly chimpanzees. We combine data from seven
current long-term research sites with detailed demographic re-
cords (over at least 10 years) on regularly encountered females, for
two study populations of Sumatran orangutans (Pongo abelii:
Ketambe and Suaq Balimbing) and five Bornean populations (Pongo
pygmaeus wurmbii: Gunung Palung, Sabangau, Tuanan, and P. p.
morio: Danum Valley and Lower Kinabatangan). Despite many
years of investment, for each site the sample size for known birth
dates (within a month) remains small due to the inherent chal-
lenges of studying a non-gregarious wild primate. By combining
our data, we provide the best-available evidence for the orangu-
tans' extremely long IBIs on both islands as well as their extremely
low infant mortality compared with all other apes, including most
humans. Published data of smaller sample sizes suggested a
gradient from west to east of decreasing interbirth intervals, which
was interpreted to reflect higher mortality risks due to greater
periodic fruit scarcity in (east) Borneo compared to (northwestern)
Sumatra (e.g., Wich et al., 2004; van Schaik et al., 2009). Our larger
dataset allows us to test whether there are differences in wild
orangutan interbirth intervals, infant survival, and female age at
first birth and thus in their life history by (sub-) species and
geographical range.

2. Methods

We compiled data from the long-term orangutan field sites for
which regular observations over at least 10 years were available
(Fig. 1, Table 1). For P. abelii, long-term data are available from only
two sites west of the Alas river (a genetically distinct population:
Nater et al., 2013), in relatively productive forests (Marshall et al.,
2009a). For Bornean orangutans, data could be included only for
P. p. wurmbii from three locations and P. p. morio from two sites in
Sabah.

For each site we classified births (Table 2) as ‘known’ when the
birth date was known to within a month (based on sightings before
and after birth), ‘estimated’ when birth dates were assessed with a
margin of at most three months, ‘roughly estimated’ when birth
dates could be assigned with at least six months accuracy and ‘very
rough estimates’ when very young and dependent infants were
assessed by experienced field workers to be less than three years
old at first encounter. IBIs were classified as ‘known’ when both
birth dates were ‘known’, as ‘estimated’ when both were at least
‘estimated’, and as ‘roughly estimated’ when both were at least
rough estimates. No IBI was assigned if one of the birth dates was
unknown. Age at first reproduction was classified by the same
criteria. These criteria are stricter and more accurate than those
used in previous publications. Unless otherwise noted, analyses
were restricted to infants of known sex, to known, estimated and
roughly estimated values, and to fully wild individuals only. This
final criterion served to exclude some formerly re-introduced in-
dividuals and their descendants from analyses of the data on the
Ketambe population. Sex ratio among immatures was measured as
the proportion of males among the infants with at least a roughly
estimated birthdate. Offspring are referred to as dependent (‘in-
fant’) when they are still seen in nipple contact with the mother
multiple times per day, presumably receiving at least some milk,
and having the opportunity to do this at night by sharing the
mother's night nest (van Noordwijk and van Schaik, 2005; van
Noordwijk et al., 2013). Accordingly, we estimated final weaning
(end of lactation), which was not systematically monitored in all
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Figure 1. Location of study sites: Pongo abelii in 1. Suaq Balimbing and 2. Ketambe; P. pygmaeus wurmbii in 3. Gunung Palung, 4. Sebangau and 5. Tuanan; and P. p. morio in 6. Danum
Valley and 7. Lower Kinabatangan.

Table 1
Data collection period per field site.

Island Site Start data Last data Max. span of Coordinating researcher
study in months
Sumatra: Pongo abelii
P. abelii Ketambe - reintro, Aceh tenggara®/” 1972 June 2015 516 Sri Suci Utami Atmoko
Ketambe - wild, Aceh tenggara® 1972 June 2015 516 Sri Suci Utami Atmoko
Suaq Balimbing, Aceh selatan® Jan. 1994 Sept. 1999 277 Carel van Schaik;
Jul. 2007 Feb. 2017 Caroline Schuppli
Borneo: Pongo pygmaeus
P. p. wurmbii Gunung Palung, West Kalimantan® 1994 2003 252 Cheryl Knott
2008 June 2016 Cheryl Knott
Sabangau, Central Kalimantan 2003 May 2016 156 Helen Morrogh-Bernard
Tuanan, Central Kalimantan June 2003 Feb. 2017 164 Maria van Noordwijk
P. p. morio KOCP-Sukau 1998 Dec. 2016 221 Felicity Oram
Danum Valley, Sabah 2004 Dec. 2016 149 Noko Kuze

2 Monitoring interrupted for multiple years due to external circumstances.
b Data only included in SOM Table S2.

Table 2
Classification criteria for infant birth dates and maternal stage.

Infant birth date

Class Accuracy Criteria to assess birth date

known within 1 month mother known and observed before and after birth of offspring

estim. within 3 months mother known and observed before and after birth of offspring: “estimate”

rough estim. within 6 months mother known and observed before and after birth of offspring, or infant extremely young

very rough estim.

unknown

at first encounter of the mother: “rough estimate”
estimated age for dependent offspring born before first encounter of mother, but estimated

within 1 year

<3y old: “very rough estimate”

age & year guessed

estimated age for dependent offspring born before first encounter of mother, but estimated at least 3 y old

Maternal stage

Class Criteria to assess maternal stage

young first offspring and <21 years - thus if first infant lost pre-weaning and second one born when <21 years, still counted as young
multiparous >21 years and 2nd - 4th birth

old birth 5 or later and estimated >35 year
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populations or for all individuals, as the point in time when the
immature started to sleep in its own night nest.

2.1. Pre-weaning mortality

Death of a known dependent offspring was assumed when the
mother was seen for more than a full day without her unweaned
offspring, and the immature was not later found to be alive. We
measured the proportion of infants that survived at least until the
birth of the younger sibling, or at least until the first offspring was
completely weaned. However, in all known cases weaning pre-
ceded the birth of the next offspring. Thus our measure of pre-
weaning mortality is conservative.

2.2. Interbirth intervals

These were calculated between live births if the first of these
offspring survived at least to weaning. Right-censored IBIs (i.e.,
‘open’, unfinished intervals in which no new infant was born yet)
were calculated only when the current infant was alive at last
sighting of the mother, but she had not yet given birth to her next
offspring. The estimates ignore known or suspected pregnancy
failures. In several cases females showed positive results on stan-
dard (locally available) human pregnancy tests, but failed to give
birth to a healthy offspring. In the wild Ketambe population, two
actual miscarriages with bloody tissue discharge were witnessed
(Utami Atmoko pers. obs.). However, because it is impossible to
systematically include such cases in all but extremely closely
monitored populations, these data were not included in the ana-
lyses. Thus, as in other studies, we report IBls between known in-
fants only, and similarly, mortality rates for known infants only
(e.g., Muller and Wrangham, 2014). Such estimates thus ignore
potential perinatal mortality, which could have been missed since
individuals were rarely followed every day. When a previous infant
had died before weaning, we determined the interval until the next
birth after the death of the unweaned offspring.

2.3. Maternal stage

For each birth and subsequent birth interval, mothers were
classified (Table 2) based on their known reproductive histories and
assessments based on visible body condition by the researchers:
‘young’ (when they had been known as adolescents before the birth
of their first offspring and/or estimated to be <21 years old and thus
having at most 1 living offspring), ‘multiparous’ (>21 years and 2"4-
4™ birth), or ‘old’ (birth 5 or later and estimated >35 years). The
multiparous age class may include some older females whose older
offspring was not recognized as such, had died or had disappeared
from the study area. In particular, earlier male offspring of the older
mothers may be missed, since in both orangutan species male
offspring disperse before becoming reproductively active
(Morrogh-Bernard et al., 2011; Arora et al., 2012; Nietlisbach et al.,
2012; van Noordwijk et al.,, 2012). In addition, when no genetic
parentage analyses were available, some earlier daughters may also
not have been recognized as such and ignored in the reproductive
history of the mother. Likewise, daughters of peripheral females
who had settled outside the study area might have been missed.
We therefore consider the assignment of females to the ‘old’ class as
a minimum estimate.

2.4. Statistics
Since short intervals are more likely to be completed than longer

ones within the limited duration of a study, the average or median
value of completed IBIs and age at first reproduction would be

biased in favor of these shorter intervals. Therefore, we conducted
survival analyses on all data (including right-censored data). To
visualize IBIs, survivorship and age at first reproduction, we used
the ‘survival’ package (Therneau, 2015a) for R (version 3.3.0, R-Core
Team, 2016) to compute and plot Kaplan—Meier survival curves. To
assess the probability of an event occurring in each of these three
life-history parameters, we fitted Cox proportional hazard mixed-
effects models to our observations on each of them, using the
‘coxme’ package (Therneau, 2015b).

For age at first reproduction, our initial, very strict, data-quality
criteria left us with too few observations for even the simplest
model to converge. Therefore, we report simple summary statistics
for this life-history parameter in the Results section. For all
descriptive statistics we report averages and standard deviations.
IBI and survivorship could successfully be expressed as propor-
tional hazard functions of subspecies (P. abelii vs. P. p. wurmbii vs.
P. p. morio), infant sex, and maternal stage, while accounting for the
hierarchical structure of our data by incorporating individual
identity nested within study-site, nested within subspecies as
random effects in the Cox models. Overall model performance was
assessed by Likelihood Ratio Tests (LRT), comparing the fit of fully
parameterized models to their respective null models (intercept
and random structure only).

3. Results
3.1. Age at first reproduction

Age at first reproduction (AFR) was calculated only if both the
birth month of the female herself and the month in which she gave
birth to a viable offspring for the first time were estimated with an
accuracy of at least six months. Only four AFRs could be calculated
based on these criteria, yielding an average of 178.0 + 17.0 months
or 14.8 years (n = 3 for Sumatra, n = 1 for Borneo). If we also
included very rough estimates, including females whose own birth
year was estimated with a margin of >6 months (estimated when
they were small, dependent immatures at first encounter with the
mother — as was done in most of the previously published wild
cases) AFR ranged from 152 to 196 months with an average of
172.4 + 12.7 months (n = 13), with no apparent difference between
the islands (Sumatra 172.0 + 11.9, n = 5; Borneo 172.6 + 13.9,n = 8;
Welch's t-test: t 974 = 0.086, p = 0.933, r = 0.028).

A Kaplan—Meier survival analysis (Fig. 2) on all data from the
seven sites, including 41 censored female ages and the four known
AFRs, but excluding the very rough estimates, is consistent with a
median age of first reproduction at around 14.5 years. Because
sample size remains very small, no further statistics were calcu-
lated, but there was no clear difference between populations,
subspecies or species (Supplementary Online Material [SOM]
Table S1 for a Cox model fitted to the dataset based on less
restrictive criteria of inclusion, and overview in SOM Table S5).
Similarly, sample size is still too small to analyze possible other
effects such as maternal age on a daughter's AFR.

3.2. Offspring sex ratio

Even though in the past the smaller samples from some sites
seemed to indicate a biased sex ratio at birth, the current larger
sample does not show either an overall bias or a difference between
the islands. Among the 103 infants with known or closely estimated
birth dates, the sex ratio was slightly male-biased on both islands
(for Sumatra 13 f, 17 m, 1 unknown sex; n = 31; for Borneo 33 f,
36 m, 3 unknown; n = 72; Fischer exact tests on either the 2 x 3 or
2 x 2 contingency table — omitting the unknowns — are not sig-
nificant: p = 0.928 and p = 0.87, respectively). The sample sizes per
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Figure 2. Kaplan—Meier curves for age of first reproduction (AFR), n = 45 females (with birth date known within 6 months), including four females who gave birth for the first time
and 41 who had not given birth by the end of the study (right-censored values). The right—hand graph shows there are too few completed AFRs to detect an effect of maternal age

on her daughter's AFR.

site are still too small to test for any finer-grained geographic pat-
terns. Young and old mothers may have more male offspring, but
the differences were not significant (Fischer exact tests on either
the 2 x 3 or 2 x 2 contingency table NS).

3.3. Interbirth interval after surviving infant

For the interval between live births in which the first offspring
survives until weaning, the Kaplan—Meier curves and Cox propor-
tional hazards models (Fig. 3; Table 3) show no significant differ-
ences between the islands, or subspecies (see also SOM Table S4
values per site). The mean overall IBI based on completely known
intervals was 91.5 + 23.7 months or 7.6 + 2 years (n = 16), whereas
for the larger dataset, which includes estimated and roughly esti-
mated intervals, the mean was 93.7 + 21.4 months or 7.8 + 1.8 years
(n = 49). Three females estimated to be over 45 years old, who had
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successfully weaned their last offspring, apparently did not give
birth to a subsequent offspring for at least 132, 168 and 180 months
after the previous birth, respectively. None of the other open in-
tervals with a reliably estimated start date was longer than 80
months and thus were all still within the range of observed closed
intervals. The ‘tail’ in the Sumatran distribution of completed in-
tervals seems to be longer, with three outliers of 12 years or more,
suggesting exceptionally long IBIs could be more common there,
although we cannot completely rule out early infant loss during this
period. However, the average of the remaining Sumatran intervals
(89.5 + 12.6, n = 20) was very similar to the Bornean intervals
(89.4 + 13.4, n = 26; Welch's t-test: t4p24 = —0.017, p = 0.987,
r = 0.003). When the outliers are included the difference remains
insignificant (Wilcoxon rank-sum test: W = 340, p = 0.417,
r = —0.116), and median values for Sumatra and Borneo (90.0 and
89.5 months, respectively, based on 23 vs. 26 values) were almost
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Figure 3. Kaplan-Meier curves for interbirth intervals n = 99, with 49 completed intervals. a) Comparison between islands; b) Comparison between subspecies; ¢) Comparison of
interbirth intervals after surviving male or female offspring; d) Comparison between females of different maternal stage. Note: Excluded from calculations were two old females
without new offspring for >14 years since their last known one.
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Table 3

Interbirth interval between live births: the Cox proportional hazards model shows
no significant difference between subspecies (quadratic trend sequence abelii-
wurmbii-morio) despite the longer ‘tail’ for the Sumatran orangutan (P. abelii).
Similarly, there is no significant effect of infant sex. The (NS) quadratic trend for
maternal stage indicates that multiparous females tend to have shorter interbirth
intervals.

B se Hazard ratio (95% CI) z p

Subspecies

Linear trend -0320 076 0.726 (0.165—-3.192) -042 0.670

Quadratic trend -0.865 0.60 0.421(0.131-1.354) -1.45 0.150
Infant sex

Female — — - - -

Male 0.140 0.52 1.151(0.417-3.176) 0.27 0.790
Maternal stage

Linear trend -0.858 0.73 0.424(0.101-1.771) -1.18 0.240

Quadratic trend -0.890 049 0.411(0.158—-1.068) —-1.82 0.068

57 females from 7 sites, belonging to 3 subspecies 1 pirths = 99, N life-ife 1B1 = 49,
% et = 5.32,p = 0379

identical. The birth interval after raising an infant to weaning
seemed unaffected by offspring sex, but tended to be shorter for
multiparous mothers (NS: Table 3). In some sites, conceptions
appear more likely at the onset of irregularly spaced periods with
superabundant fruit, leading to clustered births (e.g., Gunung Pal-
ung: Knott, 1999, 2001; Knott et al., 2009; Danum Valley: Kuze et
al.,, unpublished data; Lower Kinabatangan: Oram, 2018). This
might lead to more extremely short or long intervals, but so far this
effect is not visible in the data.

3.4. Interval after infant death

There were only eight cases in total to estimate the interval after
the death of previous offspring until the birth of the next one
(within at least a few months), which yielded an average of
14.0 + 4.2 months. Thus mothers tended to need approximately half
a year to conceive again after the death of their previous, unweaned
offspring (see Fig. 4: assuming an 8-months gestation: Sodaro et al.,
2007). Because this interval was not affected by the age of the
offspring at the time of death (Borneo only: rs = —0.31, NS), time
needed to ‘recover’ did not appear to be affected by the duration of
their investment in the previous offspring or how close that
offspring was to weaning.

delay between death previous infant
and birth next infant

2
24
o
€ *
£ O S
>12 (=] o
© *
K *
©
0 T T T T T 1
0 12 24 36 48 60

offspring age at death in months

OSumatra @ Borneo

Figure 4. Interval between death of an unweaned offspring and the next birth, in
relation to the age at which the previous infant died. The linear trend for the Bornean
data is indicated by a dashed line.

3.5. Offspring survival

To estimate offspring survival, Kaplan—Meier survival analyses
were performed including all offspring with known, estimated and
roughly estimated birth dates and including those still alive at the
end date of the study, or for infants, the last verified sighting of the
mother (censored data). Fig. 5a shows the extremely high survi-
vorship of infants with known birth month: 91% (combined males
and females) survived to at least weaning age (see below) and even
until at least 10 years of age. No deaths were reported for offspring
between weaning and 15 years of age, although at least one juve-
nile, whose birth date could not be estimated reliably, died during
the early years of study in Danum Valley (Kanamori et al., 2012).
There was no statistically significant difference between Sumatra
and Borneo (all sites combined) in pre-weaning survival, but pre-
weaning survival in the two P. p. morio sites sampled in this
study may have been lower (Fig. 5b; Table 4, SOM Table S5: sub-
species difference). Overall there was a tendency for males to have
slightly lower survival (Fig. 5¢) up to age 10. Since males tend to
roam widely and eventually disperse, starting at c. 10—15 years of
age, the survival data beyond 10 years are more reliable for females.
In our combined sample, offspring of multiparous mothers have a
higher survivorship than those of young and old mothers (see
methods for maternal age class criteria; Fig. 5d). However, note that
survival up to 10 years for offspring of old mothers is still around
80%.

In most cases, the cause of death of an infant could not be
determined (SOM Table S2). However, one early infant death (7—10
days) in the Lower Kinabatangan (Oram et al., unpublished data)
was attributed to pulmonary edema. This infant had rapidly
weakened between the initial sighting at 1—3 days of age to the
second sighting at 6—9 days of age. This infant's experienced
mother (this was her 5th known offspring — the older ones were
genetically confirmed) seemed to be aware that something was not
right as she spent a lot of time inspecting and repositioning the
infant to try to help it nurse in ways she had not been observed
doing with previous offspring, milk was noted to repeatedly leak
out of the infant's mouth suggesting it could not swallow properly.
This female subsequently gave birth to a healthy infant the
following year.

In Danum Valley, a small but weaned immature (estimated >3
years old at first encounter — not included in current analyses) was
found severely wounded a week before she succumbed to wound
infection (Kanamori et al., 2012). This immature was already
ranging alone after the birth of a younger sibling. The fatal wounds
were consistent with an attack by a Sunda clouded leopard, Neofelis
diardi, although it had not succeeded in killing the immature
outright, despite the latter's relatively small size. Another apparent
predator attack in Tuanan resulted in fatal injury to the mother but
left the infant unharmed (SOM Table S2). In addition, in Kin-
abatangan two orangutan mothers, whose infants were playing
nearby, have been observed to mob and chase a clouded leopard
they had detected in the canopy (Ora unpublished data.). Male
infanticide was suspected in one infant loss in Gunung Palung
(Knott et al., unpublished data), but no other (suspected) cases have
been reported in the wild.

3.6. Comparative survival

Since ages of most adult females are not known, we cannot yet
construct a complete life table. However, in all sites adult female
deaths are very rare. For the Tuanan resident females (>15 years of
age), for instance, only two, both estimated to be >35 years old,
have disappeared (and were confirmed dead: Marzec et al., 2016) in
146 adult female years, for an average yearly mortality rate of <1.5%.
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Comparison of offspring of females of different maternal stage. 108 individuals from seven sites, belonging to three subspecies.

Table 4

Cox proportional hazards model of offspring survival. The subspecies quadratic
trend is based on sequence abelii-wurmbii-morio, suggesting somewhat higher
survival for wurmbii than either abelii or morio. Similarly, offspring of multiparous
females have higher survival than either young or old mothers. No significant dif-
ference between males and female infants in survivorship.

B se Hazard ratio (95% CI) z p

Subspecies

Linear trend 1.101 0.61  3.006 (0.910—9.930) 1.81  0.071

Quadratic trend  1.198  0.60 3.314(1.018—10.785) 1.99  0.047
Infant sex

Female — — — — —

Male 1384 0.77 3.990(0.853—18.648) 1.76  0.079
Maternal stage

Linear trend 0.031 053  1.031(0.364—2.920) 0.06  0.950

Quadratic trend 1.796  0.70  6.027 (1.520—23.905) 2.56  0.011

108 individuals from 7 sites, belonging to 3 subspecies nindividuals = 108, Ndeatns = 10,
%2kt = 1421, p = 0.014

Our data from the seven sites do allow for a comparison of fe-
male survival from birth up to 15—18 years of age with data on
captive orangutans (Wich et al, 2009a), wild chimpanzees
(Kanyawara: Muller and Wrangham, 2014; Ngogo: Wood et al.,
2017), wild gorillas (Bronikowski et al., 2016b), and traditional
human societies (Hadza: Blurton-Jones, 2016; combined survival
up to 15 years in 13 small-scale human societies: Walker et al.,
2006) (Fig. 6; Table 5). We also added the female survival data of
the current human female population of Switzerland (Human Life-
Table Database, http://www.lifetable.de; see also SOM Table S3).
Actually, the Swiss girls fall within the 95%-CI of wild orangutan
females, so although survival of the former is higher, this difference
is not statistically significant given the uncertainty around our es-
timate for wild orangutans. To broaden the perspective, we also
included the survival data for female Amboseli elephants (Lee et al.,
2011), which have a similarly slow life history, with IBIs (4—5 years)
in the same range as chimpanzees (Moss and Lee, 2011). Even
though early elephant survival rates are higher than all

chimpanzees and hunter-gatherer populations (Fig. 6), they still
have lower immature survival values than wild orangutans in our
sample.

4. Discussion
4.1. Orangutan life history

Despite several decades of field research, only a few orangutan
females are known from birth to their AFR. The average AFR of 14.8
years for the four known cases is only half a year higher than when
an additional nine females, with (mostly very roughly) estimated
ages, are included: 14.3 years. Thus, earlier estimates of AFR at
14—15 years of age (Knott, 2001) were confirmed in our combined
dataset. Studies covering at least 20 consecutive years will be

Table 5
Orangutan female life-table (0—18 years).

Age (years) Enter Censored Dead At Risk Qx Px Ix

0-1 52 1 1 51 0.0196 0.9804 1.0000
1-2 50 3 1 47 0.0213 0.9787 0.9804
2-3 46 6 1 40 0.0250 0.9750 0.9595
3—4 39 5 1 34 0.0294 09706 0.9355
4-5 33 3 0 30 0.0000 1.0000 0.9080
5-6 30 6 0 24 0.0000 1.0000 0.9080
6—7 24 0 0 24 0.0000 1.0000 0.9080
7-8 24 4 0 20 0.0000 1.0000 0.9080
8—9 20 1 0 19 0.0000 1.0000 0.9080
9-10 19 6 0 13 0.0000 1.0000 0.9080
10-11 13 4 0 9 0.0000 1.0000 0.9080
11-12 9 3 0 6 0.0000 1.0000 0.9080
12—-13 6 1 0 5 0.0000 1.0000 0.9080
13-14 5 2 0 3 0.0000 1.0000 0.9080
14-15 3 0 0 3 0.0000 1.0000 0.9080
15-16 3 1 0 2 0.0000 1.0000 0.9080
16—17 2 1 0 1 0.0000 1.0000 0.9080
17-18 1 1 0 0 0.0000 1.0000 0.9080
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Figure 6. Comparative survival until 18 years among female great apes and modern
human populations. The box plot with median (bar) and mean (x ) values at 15 years is
based on the average survivorship in 13 small-scale societies taken from Walker et al.
(2006). The orangutan curve is surrounded by its confidence limits.

Sources: orangutan (wild) - this study; orangutan (captive) — Wich et al., 2009a; Swiss
population-Schweizerische Bundesamt fiir Statistik, 2017; Hadza — Blurton-Jones,
2016; Ngogo chimpanzees - Wood et al., 2017; Kanyawara chimpanzees — Muller
and Wrangham, 2014; gorilla — Bronikowski et al.,, 2016a, b.

needed to test whether there are systematic differences between
populations, or what conditions affect relatively early or late AFRs.

Our dataset on IBIs with a median of 7.5 years confirms the long
mean interbirth interval reported based on earlier, smaller samples
(Galdikas and Wood, 1990; Knott, 2001; Wich et al., 2004). Preg-
nancy failure affects IBIs, and we recorded multiple cases of sus-
pected pregnancy, based on human pregnancy tests and/or labial
swelling (which appear within weeks of conception: Sodaro et al.,
2007). For example, in 20% (three of 15) of the suspected preg-
nancies in Tuanan, the female was later seen before the expected
due date but no longer pregnant and receiving renewed male
sexual interest. In addition, two miscarriages of bloody tissue
without the shape of a full-term infant were witnessed in Ketambe,
and in most other sites pregnancy failure was suspected at least
once. Early pregnancy loss is a common phenomenon in humans as
well (10—20% after the first month of gestation: Avalos et al., 2012)
and often related to fetal abnormalities. The frequency in orangu-
tans appears to be in the same range, but early fetal loss and later
miscarriage are hard to document under field conditions. There is
little indication that pregnancy failures were due to poor condition
(cf. Brockman and van Schaik, 2005). For example, in Tuanan, all
three females known to be pregnant before the onset of the long
period of Kalimantan-wide haze due to fires in 2015, subsequently
gave birth to healthy infants.

Interbirth interval estimates are systematically overestimated
when early infant mortality is missed. Since many females in this
dataset were seen irregularly and certainly not on a monthly basis,
this possibility must be examined. Reassuringly, among the known
births the calculated mortality during the first three months was
very low (only two in 66 known births and O in 38 births with
estimated birth dates and 1-3 months of age), suggesting early
mortality is quite low, and thus our estimates are largely unbiased.
Hassell et al. (2017) found that in wild mountain gorillas early in-
fant mortality attributable to fetal and developmental problems is
around 10% of all mortality up to 3.5 years. However, even if we
assume a similar value for early mortality in orangutans, i.e., if we
had missed an extra 10% of early infant mortality in our field data
because observations were intermittent, the infant survival rate
would still be considerably higher in the orangutan sample than
reported for any other apes or pre-industrial human populations.

In our compilation of data on life history parameters we found
not only a very high infant survival rate (94% for female and 87% for
male infants up to weaning), but we also did not record any mor-
tality among females known since weaning until AFR across all
sites, and only one instance in the larger sample of known in-
dividuals. Similarly, males have high survival rates during their
early post-weaning years, after which their disappearance from the
study sites may be due to dispersal rather than death. We did not
find evidence for increased mortality around or following weaning
(as in some chimpanzee populations: Hill et al., 2001), suggesting
offspring have sufficient ecological competence at the time of
weaning (van Noordwijk and van Schaik, 2005; Schuppli et al.,
2016).

Earlier studies suggested (west-) Sumatran orangutans (P. abelii)
have an even slower life history than the Bornean orangutans
(P. pygmaeus), with the population of P. p. morio having the fastest
life history (Wich et al., 2004; van Schaik et al., 2009). In our larger
dataset, although still small compared to other primate species, we
found no evidence for systematic differences in interbirth intervals
between the study populations. This was true for all other life
history parameters as well, with the possible exception of slightly
higher infant mortality in P. p morio. This lack of life history dif-
ferences between Sumatran and Bornean orangutans was also re-
ported in studies of captive orangutans that either found no inter-
island difference in IBI, AFR or infant mortality (Cocks, 2007b; b;
Anderson et al., 2008; Wich et al., 2009a) or the opposite of the
early wild data (Anderson et al., 2008).

Adult female life tables cannot be constructed yet, but available
evidence (Wich et al., 2004; Marshall et al., 2009b; Tuanan data)
suggests adult female yearly mortality rate during most of the
lifespan is <2%. Longevity remains unknown, but is likely to be
more than 50 years, although very old females appear to range less
widely and become more solitary, at least at Tuanan (van Noord-
wijk et al., unpublished data). Indeed, we found that middle-aged
(multiparous) females tended to have shorter interbirth intervals
and had higher infant survival than either primiparous or old fe-
males. This pattern mirrors that found in many other species (van
Noordwijk and van Schaik, 1999; Lee et al., 2016; Bronikowski
et al.,, 2016a).

In sum, current evidence suggests an age at first reproduction of
nearly 15 years, infant survival until weaning of around 90% and a
mean IBI of around 7.6 years for all wild orangutans. Clearly, more
detailed comparisons at the population level are warranted, but we
should not expect these taxon-level averages to change much in the
future.

4.2. Causes of mortality

All unweaned offspring that disappeared were assumed dead,
but the cause was usually not established (SOM Table S2) because
bodies were rarely found. In most cases, the infant looked healthy
when last sighted shortly before disappearance. Since mothers
usually conceived again within half a year from when their pre-
weaned offspring had died, malnourishment or poor maternal
condition was an unlikely cause in most cases reported here. Res-
piratory or other contagious diseases are often associated with both
infant and adult mortality in the more gregarious and terrestrial
chimpanzees (Kuehl et al., 2008; Wood et al., 2017) and gorillas
(Hassell et al., 2017), but there is no evidence for this in wild
orangutans.

Predation, though rare, is not absent (see SOM Table S2). The
observed case of mobbing of a clouded leopard in Kinabatangan
(Oram, unpublished data) was very similar to witnessed mobbing
by other arboreal primates (e.g., gibbons and langurs: Wilcox et al.,
2016). This suggests that clouded leopards are an important threat
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for immatures; indeed, they are known to kill orangutans in rescue
sites (Rijksen, 1978; Phillipps and Phillipps, 2016). Even though
male infanticide is a frequent cause of early death in chimpanzees
and gorillas (overview in Palombit, 2012; Hassell et al., 2017), we
know of only one suspected case of infanticide in wild orangutans
(Knott et al., unpublished data) and one known case in captivity
(Mallinson, 1984). Although it is generally assumed that male
orangutans, especially in Borneo will not consistently benefit from
infanticide (Beaudrot et al., 2009; van Schaik, 2016), females were
found to conceive within six months after the loss of their infant on
average (Fig. 4), so males might derive a fitness benefit from killing
infants.

Unlike in chimpanzees and gorillas (Hassell et al., 2017; Wood
et al., 2017), by elimination, we suggest that the most likely cause
of death for pre-weaning orangutans may well be accidents, such as
falls from the canopy either during social interactions, solitary play
or travel. Although such falls were frequently observed, we do not
have hard evidence so far on fatal outcomes. Similarly, in our
comparison with the species with the next lowest infant mortality,
African elephants, ‘accidents’ are recorded as a major cause of death
of young calves, in addition to mortality due to poor nutrition and
predation (Moss and Lee, 2011), whereas disease does not seem to
play a major role. In this long-lived species, living in matrilineal
herds, the protection provided by maternal relatives contributes to
the calves' early high survival.

In conclusion, wild orangutans appear to have largely elimi-
nated contagious disease and starvation, and strongly reduced
predation and, probably, infanticide as causes of immature mor-
tality, leaving accidents as the most common, albeit still rare, cause.

4.3. Plasticity versus maladaptation

Studies of reproductive ecology suggest that in primates,
including humans and chimpanzees, higher energy availability
leads to earlier AFR and shorter IBIs (Ellison et al., 1993; Knott,
2001; Emery Thompson, 2013). Orangutans likewise speed up
growth and reproduction when food is more reliably available
(Knott et al., 2009). Provisioned rehabilitant orangutans on both
islands are reported to give birth several years earlier than wild
ones (Galdikas and Ashbury, 2012; Kuze et al., 2012). Mothers in
captivity tend to have IBIs two years shorter (Cocks, 2007a; b;
Anderson et al.,, 2008) than the median IBI of 7.5 years (this
study) found for wild orangutans, even when the previous offspring
was housed continuously with its mother (Shumaker et al., 2008).
Both earlier AFR and shorter IBIs suggest a strong effect of physical
condition and health, and possibly social (and management) con-
ditions, on these reproductive parameters (Knott, 2001). This sug-
gests high plasticity in the rate of development and reproduction in
orangutans.

Among mothers in rehabilitation centers, infant mortality (at
18—61%) was found to be much higher than in the wild, which was
attributed to poor mothering skills, increased rates of disease
transmission in high-density release sites with fixed feeding loca-
tions (Kuze et al., 2012), and high parasite prevalence accompa-
nying high use of the ground around the feeding sites (Foitova et al.,
2009). However, infant mortality rate in zoo-housed orangutans is
similarly high (Cocks, 2007b). Thus, despite nutritional advantages,
veterinary care and freedom from predation in captivity and rescue
centers, infant mortality is much lower in the wild (Fig. 6).

Although mean survivorship has generally increased signifi-
cantly for orangutans in captivity since 1965, and some individuals
are known to be over 50 years old, median survival of captive-born
maternally raised Sumatran (P. abelii) females was calculated to be
only 24.6 years (based on international studbook data since 1986:
Wich et al., 2009b). In another comprehensive captive study, the

age at last reproduction was found to be 41 years (Shumaker et al.,
2008). To date, good longevity and life time reproductive records of
wild orangutans are still scarce, but in all populations under long-
term observation in this study, females in their mid-to-late 30s are
well documented and at least some females are known to be
reproducing well into their mid-to-late 40s.

The discrepancy between reproductive parameters, such as AFR
and IBI, under natural vs. ‘human-enhanced’ conditions suggests a
shift in resource allocation when an individual grows up without
experiencing scarcity. However, there are indications that plasticity
allowing accelerated maturation (early AFR) and increased repro-
ductive rate (shorter IBIs) involves a life-history tradeoff. The
relatively high infant mortality reported in rescue centers and zoos
holds especially for second-generation primiparous mothers with
very early AFR (<12 years old) (Cocks, 2007b; Galdikas and
Ashbury, 2012). Moreover, zoo-housed females with shorter IBIs
tend to die at a younger age (Cocks, 2007b). All this suggests that
the observed response to superabundant food conditions is actually
maladaptive. Apparently, such conditions are so far outside the
natural range in extent and duration that natural selection did not
need to cap the open-ended response to improved conditions.
Similar negative consequences of deviations from the average life
history pattern have also been reported for other long-lived species
with slow life history (e.g., red deer: Nussey et al., 2006, elephants:
Hayward et al., 2014; and humans: King, 2003; Hayward et al.,
2015). This finding has obvious and important implications for
captive management.

4.4. Orangutans and chimpanzees compared

The new results on both orangutans and chimpanzees (Muller
and Wrangham, 2014; Wood et al., 2017) suggest similar life-
history variables, but with a consistent difference: orangutans are
slower. Orangutan IBIs are longer (7.5 years versus 5—6 years:
Watts, 2012), indicating higher reproductive effort. AFR is later at
14.8 years, especially when compared with the chimpanzee fe-
males that breed in their natal community (c. 13.5 years; Walker
et al.,, 2018). Although this is not the modal situation in chimpan-
zees, it is actually the more meaningful comparison of growth and
development with the female-philopatric orangutan because de-
lays due to dispersal do not reflect unconstrained energetic allo-
cation. Finally, the very high adult female survival in orangutans
(this study, see also Wich et al., 2004) relative to most chimpanzee
populations (Muller and Wrangham, 2014; Wood et al., 2017) is
consistent with delayed senescence in orangutans. Thus, orangu-
tans are simply slower than chimpanzees.

This slowdown in orangutan life history is consistent with the
rarity of observed disease or predation in wild populations, since it
suggests that conservative growth, development and reproduction
could actually pay off in improved survival. The very conservative
reproductive investment may reflect the need to deal with fluctu-
ating food abundance (Knott, 2001), including multiple periods of
food scarcity during the years of extended lactational effort (van
Noordwijk et al., 2013). The arboreal lifestyle limits opportunities
for fat storage to buffer fluctuations in food intake (Heldstab et al.,
2017), which further contributes to the risk of maternal energy
depletion in orangutans (Knott, 2001; Knott et al., 2009). The
slowdown also enables the hypometabolism found in orangutans
(Pontzer et al., 2016). The extreme conservatism in growth may
explain the remarkable near-absence of any starvation-induced
mortality, even during extended periods with extremely low food
abundance. If conceptions are more likely during increasing fruit
abundance, one may expect a strong influence of food scarcity on
maternal condition and thus infant survival. Yet, mortality rates
were equally low at sites that experience irregular mast-fruiting
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and sites with less extreme variation and higher fruit abundance,
e.g., Suaq Balimbing. In addition, even during the extended period
of fruit scarcity in Tuanan following the fires and Kalimantan-wide
severe haze for c. three months in 2015 (unpublished data), no
known immatures were lost and three infants born during the
post-haze scarcity period all survived at least their first year of life.

Overall, then, the chimpanzee is the faster ape because it is more
terrestrial and more gregarious. The orangutan's extreme arbor-
eality and low gregariousness protects it from the threats of pre-
dation and spread of contagious diseases that affect the more
terrestrial hominids. Because terrestriality is obviously a derived
trait in great apes, given its morphology adapted to below-branch
arboreal locomotion (Thorpe and Crompton, 2006), the orangutan
may actually reflect the ancestral great ape state. This speculation is
supported by the remarkably slow life history of the relatively very
small, but exclusively arboreal gibbons, with IBIs of c. 3.5 years and
an AFR of 11 years (Reichard and Barelli, 2008), in the gorilla range.

4.5. Implications for human evolution

Orangutan life history illustrates how the basic hominoid bau-
plan can give rise to extremely slow life histories when conditions
enable very low unavoidable mortality. Paradoxically, low habitat
productivity may have enforced a near-solitary lifestyle, which in
combination with arboreality, allows orangutans to largely avoid
both predation and contagious diseases. In contrast, most likely,
modern humans only reached similar or higher survival probabil-
ities than female orangutans in the 20th century (SOM Table S3).
Even though pre-contact hunter gatherer populations may have
suffered much lower mortality due to disease (Gurven and Kaplan,
2007), all current populations represented in Fig. 6 fall outside the
confidence limits for orangutans from c. six months of age onward.

Although ape longevity remains only crudely estimated, we can
now see why humans differ from the basic hominoid pattern. First,
extensive allomaternal care allowed for shortened IBIs (Knott,
2001; Robson et al., 2006; Kramer and Ellison, 2010; van Schaik,
2016). Second, weaponry and cooperative defense reduced un-
avoidable mortality due to predation, despite a fully terrestrial
lifestyle, allowing longevity to be maximized (Isler and van Schaik,
2012). Third, very low densities (Kelly, 2013) ensured low mortality
due to infectious disease (Black, 1975). Finally, development slowed
down due to the strong increase in brain size and the resulting
competition for energy during development (Isler and van Schaik,
2012; Kuzawa et al., 2014).

4.6. Concluding remarks

Before getting overly optimistic about the orangutans' ability to
survive in low-productivity forest thanks to their extremely slow
life history, it should be remembered that our long-term study sites
are situated in some of the best remaining larger forest areas,
despite a selective logging history in some sites, and border areas
with increasing disturbance for most sites. Orangutans living in
smaller remnant forest patches are unlikely to achieve these high
survival rates found in larger and rather undisturbed forests. Their
exceptionally slow life history leaves orangutans vulnerable to
unfettered anthropogenic change (such as hunting and habitat loss
due to land conversion; Marshall et al., 2009b), which may affect
health and infant and maternal survival. Such effects could result in
catastrophic population crashes, but the ability of adults to endure
periods of starvation (perhaps especially in Borneo: Vogel et al.,
2012) may mean these crashes are not numerically visible until it
is too late.

The data presented here are still modest, especially with respect
to longevity. The big differences in reproductive timing between

wild and captive orangutans illustrate that it is important to collect
long-term data on natural populations to gain an understanding of
their life history (Borries et al., 2013). This should further increase
our motivation to protect and enable healthy populations of great
apes to survive in their natural habitats.

Declarations of interest
None.
Funding

For major funding at Ketambe, Suaq Balimbing, and Tuanan we
thank NWO/WOTRO, WCS, L.S.B. Leakey Foundation, A.H. Schultz
Stiftung, University of Zurich, Utrecht University, Paneco, Swiss
National Science Foundation (S74103-0301; S74103-1101) and
Philadelphia Zoo. Research at Gunung Palung was supported by
grants to CDK from the National Science Foundation, (BCS-
1638823BCS, BCS-0936199, 9414388); the National Geographic
Society; the L.S.B. Leakey Foundation; the Wenner Gren Founda-
tion; the US Fish and Wildlife Service (F15AP00812, F12AP00369,
98210-8-G661); Conservation, Food and Health Foundation; Disney
Wildlife Conservation Fund; and Nacey Maggioncalda Foundation,
all in the United States. For work in Danum Valley NK thanks Japan
Society for the Promotion of Science Core-to-Core Program,
A.Advanced Research Networks “Tropical Biodiversity Conserva-
tion” Wildlife Research Center, Kyoto University, the Leading
Graduate Program in Primatology and Wildlife Science, JSPS
Research Fellowships for Young Scientists, Japan (21-634, 25-
40012, 29-40025). FO thanks long-term support to HUTAN—KOCP
by Arcus Foundation; zoos of Zooparc de Beauval, la Palmyre,
Chester, Woodland Park, Houston, Cleveland, Columbus, Phoenix,
Saint Louis, Basel, Apenheul, Hogle, and Oregon Metroparks; As-
sociation of Zoos and Aquariums Great Ape Taxon Advisory Group;
Australian Project; Synchronicity Earth; United States Fish and
Wildlife Service; World Land Trust; Waterloo Foundation; and
other partners. HM-B thanks support for Sabangau from Wildlife
Conservation Society (WCS), the US Fish and Wildlife Service Great
Ape Conservation Fund, Borneo Nature Foundation, Primate Con-
servation Inc., the L.S.B. Leakey Foundation and Arcus.

Acknowledgements

For allowing long-term research efforts in multiple locations,
granting permissions to many subsequent local and foreign stu-
dents and researchers, we're very grateful to the government
agencies in Indonesia (in particular LIPI, RISTEKDIKTI, Ministry of
the Interior, Ministry of Environment and Forestry, KPH, BKSDA,
Gunung Leuser NP, Gunung Palung NP, Sabangau NP), and in
Malaysia (Economic Planning Unit, Sabah Biodiversity Center,
Danum Valley Management Committee, Sabah Wildlife Depart-
ment). We thank local NGOs and universities for their sponsorship
and long-term collaboration: Universitas Nasional (UNAS), Uni-
versitas Tanjungpura (UNTAN), Universitas Palangkaraya (UNPAR,
in particular former rektor Napa ]. Awat) and the late Dr. Suwido
Limin, Director of CIMTROP (Centre of International Co-operation in
Management of Tropical Peatlands), Universiti Malaysia Sabah, the
Gunung Palung Orangutan Conservation Program/Yayasan Palung,
the Eijkman Institute for Molecular Biology, the Center for Research
and Development in Biology (PPPB), Paneco/YEL, BOSFoundation,
BOS-Mawas Conservation program, BNF, Borneo Nature Tours SDN,
BHD.

We are indebted to our many colleagues as well as many field
managers, all field assistants and students who contributed their
dedication and observations over many decades. In particular we



48 M.A. van Noordwijk et al. / Journal of Human Evolution 125 (2018) 38—49

thank Tatang M. Setia, Abu Hanifah Lubis, Fitriah Basalamah, Serge
Wich, Erin Vogel, Lynda Dunkel, Brigitte Spillmann, Anna Marzec,
Julia Kunz, Ellen Meulman, Amy Scott, Katherine Scott, Tri Wahyu
Susanto, Mark Harrison, Rebecca Armson, Jennifer Brousseau,
Sophie Kirlin, Tomoko Kanamori, Saika Yamazaki, Renata Men-
donca, Hamisah Elahan, Rusiman Rukimin, Adul Rajak Sharon, Azli
Etin, Herman Suali, Waslee Maharan, Mohd. Daisah Kapar, Harti-
man Abd. Rahman and Mohd. Faisal Asmara for assistance with
compiling these data. Finally we thank Anne Russon, Alison Ash-
bury, Matt Novak, and Erin Vogel for discussion, and the anony-
mous reviewers for their helpful feedback.

Supplementary Online Material

Supplementary online material related to this article can be
found at https://doi.org/10.1016/j.jhevol.2018.09.004.

References

Anderson, H.B., Emery Thompson, M., Knott, C.D., Perkins, L., 2008. Fertility and
mortality patterns of captive Bornean and Sumatran orangutans: is there a
species difference in life history? Journal of Human Evolution 54, 34—42.

Arora, N., van Noordwijk, M.A., Ackermann, C., Willems, E.P, Nater, A,
Greminger, M., Nietlisbach, P., Dunkel, L.P,, Utami Atmoko, S.S., Pamungkas, J.,
Perwitasari-Farajallah, D., van Schaik, C.P., Kriitzen, M., 2012. Parentage-based
pedigree reconstruction reveals female matrilineal clusters and male-biased
dispersal in nongregarious Asian great apes, the Bornean orang-utans (Pongo
pygmaeus). Molecular Ecology 21, 3352—3362.

Ashton, P.S., Givnish, TJ., Appanah, S., 1988. Staggered flowering in the Dipter-
ocarpaceae: new insights into floral induction and the evolution of mast
fruiting in the aseasonal tropics. American Naturalist 132, 44—66.

Avalos, L.A., Galindo, C,, Li, D.-K., 2012. A systematic review to calculate background
miscarriage rates using life table analysis. Birth Defects Research (Part A) 94,
417—-423.

Beaudrot, L.H., Kahlenberg, S.M., Marshall, A.J., 2009. Why male orangutans do not
kill infants. Behavioral Ecology and Sociobiology 63, 1549—1562.

Black, F.L., 1975. Infectious disease in primitive societies. Science 187, 515—518.

Blurton Jones, N., 1986. Bushman birth spacing: A test for optimal interbirth in-
tervals. Ethology and Sociobiology 7, 91—105.

Blurton Jones, N., 2016. Demography and Evolutionary Ecology of Hadza Hunter-
Gatherers. Cambridge University Press, Cambridge.

Borries, C., Gordon, A.D., Koenig, A., 2013. Beware of primate life history data: A plea
for data standards and a repository. PLOS ONE 8, e67200.

Brockman, D.K., van Schaik, C.P., 2005. Seasonality and reproductive function. In:
Brockman, D.K., van Schaik, C.P. (Eds.), Seasonality in Primates: Studies of Living
and Extinct Human and Non-Human Primates. Cambridge University Press,
Cambridge, pp. 269—305.

Bronikowski, A.M., Cords, M., Alberts, S.C., Altmann, J., Brockman, D.K.,
Fedigan, L.M., Pusey, A., Stoinski, T., Strier, K.B., Morris, W.F,, 2016a. Female and
male life tables for seven wild primate species. Scientific Data 3, 160006.

Bronikowski, A.M., Cords, M., Alberts, S.C, Altmann, J., Brockman, D.K,
Fedigan, L.M., Pusey, A., Stoinski, T., Strier, K.B., Morris, W.E,, 2016b. Data from:
Female and male life tables for seven wild primate species. Dryad Digital Re-
pository. https://doi.org/10.5061/dryad.v28t5.

Cocks, L., 2007a. Factors affecting mortality, fertility, and well-being in relation to
species differences in captive orangutans. International Journal of Primatology
28, 421-428.

Cocks, L., 2007b. Factors Influencing the well-being and longevity of captive female
orangutans. International Journal of Primatology 28, 429—440.

Ellison, P., Panter-Brick, C., Lipson, S., O'Rourke, M., 1993. The ecological context of
human ovarian function. Human Reproduction 8, 2248.

Emery Thompson, M., 2013. Reproductive ecology of female chimpanzees. Amer-
ican Journal of Primatology 75, 222—237.

Foitova, ., Huffman, M.A., Wisnu, N., Olsansky, M., 2009. Parasites and their impacts
on orangutan health. In: Wich, S.A., Utami Atmoko, S.S., Mitra Setia, T., van
Schaik, C.P. (Eds.), Orangutans: Geographic Variation in Behavioral Ecology and
Conservation. Oxford University Press, Oxford, pp. 157—169.

Galdikas, B.M.E,, Ashbury, A.M., 2012. Reproductive parameters of female orangu-
tans (Pongo pygmaeus wurmbii) 1971—2011, a 40-year study at Tanjung Puting
National Park, Central Kalimantan, Indonesia. Primates 54, 61—-72.

Galdikas, B.M.F,, Wood, J.W., 1990. Birth spacing patterns in humans and apes.
American Journal of Physical Anthropology 83, 185—191.

Gurven, M., Kaplan, H., 2007. Longevity among hunter-gatherers: A cross-cultural
examination. Population and Development Review 33, 320—365.

Halsey, L.G., Coward, S.R.L,, Thorpe, S.K.S., 2016. Bridging the gap: parkour athletes
provide new insights into locomotion energetics of arboreal apes. Biology
Letters 12. https://doi.org/10.1098/rsbl.2016.0608.

Hanya, G., Stevenson, P., van Noordwijk, M., Te Wong, S., Kanamori, T., Kuze, N.,
Aiba, S., Chapman, C.A., van Schaik, C.,, 2011. Seasonality in fruit availability

affects frugivorous primate biomass and species richness. Ecography 34,
1009-1017.

Hassell, ].M., Zimmerman, D., Cranfield, M.R,, Gilardi, K., Mudakikwa, A., Ramer, J.,
Nyirakaragire, E., Lowenstine, LJ., 2017. Morbidity and mortality in infant
mountain gorillas (Gorilla beringei beringei): A 46-year retrospective review.
American Journal of Primatology. https://doi.org/10.1002/ajp.22686.

Hayward, A.D., Mar, K.U., Lahdenperd, M., Lummaa, V., 2014. Early reproductive
investment, senescence and lifetime reproductive success in female Asian el-
ephants. Journal of Evolutionary Biology 27, 772—783.

Hayward, A.D., Nenko, I., Lummaa, V., 2015. Early life reproduction in associated
with increased mortality but enhanced lifetime reproductive success in pre-
industrial humans. Proceedings of the Royal Society B: Biological Sciences
828, 20143053.

Heldstab, S.A., van Schaik, C.P, Isler, K., 2017. Getting fat or getting help? How fe-
male mammals cope with energetic constraints on reproduction. Frontiers in
Zoology 14, 29.

Hill, K., Boesch, C., Goodall, ], Pusey, A., Williams, J., Wrangham, R., 2001. Mortality
rates among wild chimpanzees. Journal of Human Evolution 40, 437—450.
Isler, K., van Schaik, C.P., 2012. How our ancestors broke through the gray ceiling:
comparative evidence for cooperative breeding in early Homo. Current An-

thropology 53, S453—S465.

Janson, CH.,, van Schaik, C.P., 1993. Ecological risk aversion in juvenile primates:
slow and steady wins the race. In: Pereira, M.E., Fairbanks, L.A. (Eds.), Juvenile
Primates. Life History, Development, and Behavior. Oxford University Press,
New York, pp. 57—74.

Kanamori, T., Kuze, N., Bernard, H., Malim, T.P., Kohshim, S., 2012. Fatality of a wild
Bornean orangutan (Pongo pygmaeus morio): behavior and death of a wounded
juvenile in Danum Valley, North Borneo. Primates 53, 221—-226.

Kelly, R.L.,, 2013. The Lifeways of Hunter-Gatherers. The Foraging Spectrum. Cam-
bridge University Press, Cambridge.

King, J.C., 2003. The risk of maternal nutritional depletion and poor outcomes in-
creases in early or closely spaced pregnancies. Journal of Nutrition 133,
17325—1736S.

Knott, C.D., 1998. Changes in orangutan caloric intake, energy balance, and ketones
in response to fluctuating fruit availability. International Journal of Primatology
19, 1061-1079.

Knott, C., 1999. Orangutan behavior and ecology. In: Dolhinow, P., Fuentes, A. (Eds.),
The Nonhuman Primates. Mayfield Publishing Company, Mountain View, CA,
pp. 50-57.

Knott, C.D., 2001. Female reproductive ecology of the apes. In: Ellison, P.T. (Ed.),
Reproductive Ecology and Human Evolution. Aldine De Gruyter, New York,
pp. 429—463.

Knott, C.D., 2004. Orangutans: the largest canopy dwellers. In: Lowman, M.D.,
Rinker, H.B. (Eds.), Forest Canopies. Academic Press, San Diego, pp. 322—324.

Knott, C.D., Emery Thompson, M., Wich, S.A., 2009. The ecology of female repro-
duction in wild orangutans. In: Wich, S.A., Utami Atmoko, S.S., Mitra Setia, T.,
van Schaik, C.P. (Eds.), Orangutans: Geographic Variation in Behavioral Ecology
and Conservation. Oxford University Press, Oxford, pp. 171—188.

Kramer, P.A., 1998. The costs of human locomotion: maternal investment in child
transport. American Journal of Physical Anthropology 107, 71-85.

Kramer, K.L,, Ellison, P.T,, 2010. Pooled energy budgets: resituating human energy
allocation trade-offs. Evolutionary Anthropology 19, 136—147.

Kuehl, H.S., Elzner, C., Moebius, Y., Boesch, C., Walsh, P.D., 2008. The price of play:
Self-organized infant mortality cycles in chimpanzees. PLOS One 3, e2440.
Kuzawa, CW., Chugani, H.T.,, Grossman, LI, Lipovich, L, Muzik, O., Hof, PR,
Wildman, D.E., Sherwood, C.C., Leonard, W.R,, Lange, N., 2014. Metabolic costs
and evolutionary implications of human brain development. Proceedings of the

National Academy of Sciences USA 111, 13010—13015.

Kuze, N., Dellatore, D., Banes, G.L., Pratje, P.,, Tajima, T., Russon, A.E., 2012. Factors
affecting reproduction in rehabilitant female orangutans: young age at first
birth and short inter-birth interval. Primates 53, 181—192.

Lee, P.C., Fishlock, V., Webber, C.E., Moss, C.J., 2016. The reproductive advantages of a
long life: longevity and senescence in wild female African elephants. Behavioral
Ecology and Sociobiology 70, 337—345.

Lee, P.C., Lindsay, W.K., Moss, CJ., 2011. Ecological patterns of variability in de-
mographic rates. In: Moss, CJ., Croze, H., Lee, P.C. (Eds.), The Amboseli Ele-
phants. Long-Term Perspective on a Long-Lived Mammal. The University of
Chicago Press, Chicago, pp. 74—88.

Mallinson, J., 1984. Breeding of great apes at the Jersey Wildlife Preservation Trust
and a look into the future. Zoo Biology 3, 1-11.

Marshall, AJ., Ancrenaz, M. Brearley, F.Q., Frederiksson, G.B., Ghaffar, N.,
Heydon, M., Husson, SJ., Leighton, M., McConkey, K.R., Morrogh-Bernard, H.C.,
Proctor, J., van Schaik, C.P,, Yeager, C.P., Wich, S.A., 2009a. The effects of forest
phenology and floristics on populations of Bornean and Sumatran orangutans.
In: Wich, S.A, Utami Atmoko, S.S., Mitra Setia, T, van Schaik, C.P. (Eds.),
Orangutans: Geographic Variation in Behavioral Ecology and Conservation.
Oxford University Press, Oxford, pp. 97—117.

Marshall, AJ., Lacy, R., Ancrenaz, M., Byers, O., Husson, S.J., Leighton, M., Meijaard, E.,
Rosen, N., Singleton, L., Stephens, S., Traylor-Holzer, K., Utami Atmoko, S.S., van
Schaik, C.P., Wich, S.A., 2009b. Orangutan population biology, life history, and
conservation. In: Wich, S.A., Utami Atmoko, S.S., Mitra Setia, T., van Schaik, C.P.
(Eds.), Orangutans: Geographic Variation in Behavioral Ecology and Conserva-
tion. Oxford University Press, Oxford, pp. 311-326.

Marzec, M.A.,, Kunz, J.A., Falkner, S., Utami Atmoko, S.S., Alavi, S.E., Moldawer, A.M.,
Vogel, E.R., Schuppli, C., van Schaik, C.P.,, van Noordwijk, M.A., 2016. The dark



M.A. van Noordwijk et al. / Journal of Human Evolution 125 (2018) 38—49 49

side of the red ape: male-mediated lethal female competition in Bornean
orangutans. Behavioral Ecology and Sociobiology 70, 459—466.

Morrogh-Bernard, H.C., Morf, N., Chivers, D ., Kriitzen, M., 2011. Dispersal patterns
of orang-utans (Pongo spp.) in a Bornean peat-swamp forest. International
Journal of Primatology 32, 362—376.

Moss, CJ., Lee, P.C., 2011. Female reproductive strategies: individual life histories. In:
Moss, CJ., Croze, H., Lee, P.C. (Eds.), The Amboseli Elephants: A Long-Term
Perspective on a Long-Lived Mammal. University of Chicago Press, Chicago,
pp. 187—-204.

Mul, LE, Paembonan, W., Singleton, 1., Wich, S.A., van Bolhuis, H.G., 2007. Intestinal
parasites of free-ranging, semicaptive, and captive Pongo abelii in Sumatra,
Indonesia. International Journal of Primatology 28, 407—420.

Muller, M.N., Wrangham, R.W., 2014. Mortality rates among Kanyawara chimpan-
zees. Journal of Human Evolution 66, 107—114.

Nater, A., Arora, N., Greminger, M.P,, van Schaik, C.P, Singleton, 1., Wich, S.A.,
Fredriksson, G., Perwitasari-Farajallah, D., Pamungkas, J., Kriitzen, M., 2013.
Marked population structure and recent migration in the critically endangered
Sumatran orangutan (Pongo abelii). Journal of Heredity 104, 2—13.

Nietlisbach, P., Arora, N., Nater, A., Goossens, B., van Schaik, C.P, Kriitzen, M., 2012.
Heavily male-biased long-distance dispersal of orang-utans (genus: Pongo), as
revealed by Y-chromosomal and mitochondrial genetic markers. Molecular
Ecology 21, 3173—3186.

Nussey, D.H., Kruuk, L.E.B., Donald, A., Fowlie, M., Clutton-Brock, T.H., 2006. The rate
of senescence in maternal performance increases with early-life fecundity in
red deer. Ecology Letters 9, 1342—1350.

Oram, F, 2018. Abundance, behavioural and feeding ecology of wild orangutans
(Pongo pygmaeus morio) in the fragmented forests of the Kinabatangan flood-
plain. Ph.D. Dissertation, Universiti Malaysia Sabah.

Palombit, R.A., 2012. Infanticide: male strategies and female counterstrategies. In:
Mitani, J.C., Call, ], Kappeler, P.M., Palombit, R.A,, Silk, ].B. (Eds.), The Evolution
of Primate Societies. Chicago University Press, Chicago, pp. 432—468.

Phillipps, Q., Phillipps, K., 2016. Phillipps’ Field Guide to the Mammals of Borneo
and Their Ecology: Sabah, Sarawak, Brunei, and Kalimantan. Princeton Field
Guides, Princeton NJ.

Pontzer, H., Kamilar, ].M., 2009. Great ranging associated with greater reproductive
investment in mammals. Proceedings of the National Academy of Sciences USA
106, 192—196.

Pontzer, H., Wrangham, R.W., 2004. Climbing and the daily energy cost of loco-
motion in wild chimpanzees: implications for hominoid locomotor evolution.
Journal of Human Evolution 46, 315—333.

Pontzer, H., Brown, M.H., Raichlen, D.A., Dunsworth, H., Hare, B., Walker, K., Luke, A.,
Dugas, LR., Durazo-Arvizu, R., Schoeller, D., Plange-Rhule, ]., Bovet, P,
Forrester, T.E., Lambert, E.V., Emery Thompson, M., Shumaker, RW., Ross, S.R.,
2016. Metabolic acceleration and the evolution of human brain size and life
history. Nature 533, 390—392.

R-Core Team, 2016. R: A language and environment for statistical computing, 3.3.0.
R Foundation for Statistical Computing, Vienna.

Reichard, U.H., Barelli, C., 2008. Life history and reproductive strategies of Khao Yai
Hylobates lar: Implications for social evolution in apes. International Journal of
Primatology 29, 823—844.

Rijksen, H.D., 1978. A Fieldstudy on Sumatran Orang Utans (Pongo pygmaeus abelii
Lesson 1827). H. Veenman & Zonen, B.V., Wageningen.

Robson, S.L.,, van Schaik, C.P., Hawkes, K., 2006. The derived features of human life
history. In: Hawkes, K., Paine, R.R. (Eds.), The Evolution of Human Life History.
School of American Research Press, Santa Fe, pp. 17—44.

Schuppli, C., Forss, S.LE, Meulman, E.J.M., Zweifel, N., Lee, K.C., Rukmana, E.,
Vogel, E.R., van Noordwijk, M.A., van Schaik, C.P., 2016. Development of foraging
skills in two orangutan populations: needing to learn or needing to grow?
Frontiers in Zoology 13, 43.

Shumaker, R.W., Wich, S.A., Perkins, L., 2008. Reproductive life history traits of fe-
male orangtuan (Pongo spp.). In: Atsalis, S., Margulis, S.W., Hof, P.R. (Eds.),
Primate Reproductive Aging. Karger, Basel, pp. 147—161.

Sodaro, C., Frank, E., Nacey, A., Czekala, N., 2007. Orangutan development, repro-
duction and birth management. In: Sodaro, C. (Ed.), Orangutan Species Survival
Plan Husbandry Manual. Chicago Zoological Society, Chicago, pp. 76—109.

Stearns, S.C., 2000. Life history evolution: successes, limitations, and prospects.
Naturwissenschaften 87, 476—486.

Terborgh, J., van Schaik, C.P.,, 1987. Convergence vs. non-convergence in primate
communities. In: Gee, J.H.R,, Giller, P.S. (Eds.), Organization of Communities:
Past and Present. Blackwell Scientific Publications, Oxford, pp. 205—226.

Therneau, T.M., 2015a. A package for survival analysis in S, version 2.38. https://
CRAN.R-project.org/package=survival.

Therneau, T.M., 2015b. coxme: Mixed Effects Cox Models, version 2.2-5. https://
CRAN.R-project.org/package=coxme.

Thorpe, S.K.S., Crompton, R.H., 2006. Orangutan positional behavior and the nature
of arboreal locomotion in Hominoidea. American Journal of Physical Anthro-
pology 131, 384—401.

van Noordwijk, M.A., van Schaik, C.P,, 1999. The effects of dominance rank and
group size on female lifetime reproductive success in wild long-tailed ma-
caques. Macaca fascicularis. Primates 40, 105—130.

van Noordwijk, M.A., van Schaik, C.P.,, 2005. Development of ecological competence
in Sumatran orangutans. American Journal of Physical Anthropology 127,
79-94.

van Noordwijk, M.A., Arora, N., Willems, E.P, Dunkel, LP, Amda, RN,
Mardianah, N., Ackermann, C., Kriitzen, M., van Schaik, C.P., 2012. Female
philopatry and its social benefits among Bornean orangutans. Behavioral
Ecology and Sociobiology 66, 823—834.

van Noordwijk, M.A., Willems, E.P., Utami Atmoko, S.S., Kuzawa, C.W., van Schaik, C.P.,
2013. Multi-year lactation and its consequences in Bornean orangutans (Pongo
pygmaeus wurmbii). Behavioral Ecology and Sociobiology 67, 805—814.

van Schaik, C.P, 1999. The socioecology of fission-fusion sociality in orangutans.
Primates 40, 73—90.

van Schaik, C.P, 2016. The Primate Origins of Human Nature. John Wiley & Sons,
Hoboken, N.J.

van Schaik, C.P., Deaner, R.O., 2003. Life history and cognitive evolution in primates.
In: de Waal, EB.M., Tyack, P.L. (Eds.), Animal Social Complexity. Harvard Uni-
versity Press, Cambridge, MA, pp. 5—25.

van Schaik, C.P, Isler, K., 2012. Life-history evolution in primates. In: Mitani, ].C.,
Call, J., Kappeler, P.M., Palombit, R.A., Silk, J.B. (Eds.), The Evolution of Primate
Societies. University of Chicago Press, Chicago and London, pp. 220—244.

van Schaik, C.P., Pfannes, K.R., 2005. Tropical climates and phenology: a primate
perspective. In: Brockman, D.K,, van Schaik, C.P. (Eds.), Seasonality in Primates:
Studies of Living and Extinct Human and Non-Human Primates. Cambridge
University Press, Cambridge, pp. 23—54.

van Schaik, C.P., Marshall, AJ., Wich, S.A., 2009. Geographic variation in orangutan
behavior and biology. In: Wich, S.A., Utami Atmoko, S.S., Mitra Setia, T., van
Schaik, C.P. (Eds.), Orangutans: Geographic Variation in Behavioral Ecology and
Conservation. Oxford University Press, Oxford, pp. 351—361.

Vogel, E.R., Knott, C.D., Crowley, B.E., Blakely, M.D., Larsen, M.D., Dominy, N.J., 2012.
Bornean orangutans on the brink of protein bankruptcy. Biology Letters 8,
333-336.

Walker, K.K., Walker, C.S., Goodall, J., Pusey, A.E., 2018. Maturation is prolonged and
variable in female chimpanzees. Journal of Human Evolution 114, 131—-140.
Walker, R., Gurven, M., Hill, K., Migliano, A.B., Chagnon, N., De Souza, R., Djurovic, G.,
Hames, R, Hurtado, M., Kaplan, H. Kramer, K, Oliver, W]., Valeggia, C.,
Yamauchi, T., 2006. Growth rates and life histories in twenty-two small-scale

societies. American Journal of Human Biology 18, 295—311.

Watts, D.P.,, 2012. The apes: Taxonomy, biogeography, life histories, and behavioral
ecology. In: Mitani, ].C., Call, ]., Kappeler, P.M., Palombit, R.A., Silk, ].B. (Eds.), The
Evolution of Primate Societies. University of Chicago Press, Chicago and London,
pp. 113—147.

Wich, S.A,, Sterck, E.H.M., Utami, S.S., 1999. Are orang-utan females as solitary as
chimpanzee females? Folia Primatologica 70, 23—28.

Wich, S.A., Utami-Atmoko, S.S., Mitra Setia, T., Rijksen, H.D., Schurmann, C., van
Hooff, ].A.R.A.M., van Schaik, C.P., 2004. Life history of wild Sumatran orangu-
tans (Pongo abelii). Journal of Human Evolution 47, 385—398.

Wich, S.A., de Vries, H., Ancrenaz, M., Perkins, L., Shumaker, RW., Suzuki, A., van
Schaik, C.P,, 2009a. Orangutan life history variation. In: Wich, S.A., Utami
Atmoko, S.S., Mitra Setia, T., van Schaik, C.P. (Eds.), Orangutans: Geographic
Variation in Behavioral Ecology and Conservation. Oxford University Press,
Oxford, pp. 65—75.

Wich, S.A., Shumaker, RW., Perkins, L., de Vries, H., 2009b. Captive and wild
orangutan (Pongo sp.) survivorship: A comparison and the influence of man-
agement. American Journal of Primatology 71, 680—686.

Wilcox, C.H., Supiansyah, Abdul Azis, K., Zainuddin, J., Rahman, Cheyne, S.M., 2016.
Predator mobbing and interspecies cooperation: an interaction between gib-
bons, langurs and a clouded leopard. Asian Primates Journal 6, 20—26.

Wood, B.M., Watts, D.P., Mitani, J.C., Langergraber, K.E., 2017. Favorable ecological
circumstances promote life expectancy in chimpanzees similar to that of hu-
man hunter-gatherers. Journal of Human Evolution 105, 41-56.



