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1 | INTRODUCTION

Jeanne Altmann23 |

Susan C. Alberts135

Abstract

Objectives: Interbirth intervals (IBls) are a key metric of female reproductive success; understand-
ing how they are regulated by environmental, social, and demographic factors can provide insight

into sources of variance in female fitness.

Materials and Methods: Using 36 years of reproductive data on 490 IBIs for 160 wild female
baboons, we identified sources of variance in the duration of IBls and of their component phases:
postpartum amenorrhea (PPA), sexual cycling, and pregnancy. We also examined how body fat and

fecal hormone concentrations varied during female IBls.

Results: We found that IBls tended to be shorter (reproduction was accelerated) when female
traits and environmental variables promoted energy acquisition, but with different specific effects
for different component phases of the IBI. We also found that females lost a substantial amount of
body fat during PPA, indicating that PPA imposes accumulating energetic costs as it progresses.
Prior to cycle resumption females began to regain body fat; body fat was stable across the cycling
phase and increased throughout most of pregnancy. However, body fat scores per se were not
associated with the duration of any of the component phases. Finally, we found that fecal gluco-
corticoid concentrations decreased as PPA progressed, suggesting a decline in energetic stress
over this phase. Fecal progestogen and estrogen concentrations changed over time during sexual
cycling; the direction of these changes depended on the phase of the sexual cycle (luteal versus
early or late follicular phases).

Discussion: Our study lends insight into the energetic constraints on female primate reproduction,
revealing how female environments, changes in body fat, and steroid hormone concentrations

relate to IBI duration and to reproductive readiness.
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must make a physiological “decision” about when to resume reproduc-

tion in the absence of specific seasonal cues. The timing of this physio-

After giving birth, most female mammals delay their next reproduction
in order to invest in their current offspring. In seasonal breeders,
females resume reproduction after a relatively fixed interval, triggered
by seasonal cues such as day length, plant secondary compounds, or

temperature (e.g., Bronson, 1985). In nonseasonal breeders, females

logical decision reflects the tradeoff between three energetic demands:
investment in the current offspring, investment in the next offspring,
and investment in maternal somatic maintenance and growth. The
resolution of this tradeoff is crucial for fitness: reproductive rate is a

major component of female reproductive success, and mistakes in
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timing may be costly. If a female resumes reproduction before she is
physiologically ready, she may endanger herself, her current offspring
(who may still need energy investment from her), or her next offspring
(see Stearns, 1989, 1992 for a discussion of such trade-offs). If she
waits longer to resume than optimal, her delay will reduce her fitness
relative to females that optimize their reproductive timing.

The interval between one birth and the next typically consists of
three phases in primates: postpartum amenorrhea (PPA, or lactational
amenorrhea), sexual cycling, and pregnancy. The most extensive
research on the transitions between these three phases has occurred in
humans. Early literature focused on energy status (the amount of
energy stored in the body) as a key predictor of the ability of women
to begin cycling and to conceive (e.g., Frisch, 1984; Frisch & McArthur,
1974). However, more recent evidence has failed to support a critical
role for energy status in these transitions, pointing instead to energy
balance (energy consumed minus energy expended) as a major determi-
nant of a woman'’s ability to resume cycling after PPA and to conceive
after resuming sexual cycling (Ellison, 2003, 2017; Lager & Ellison,
1990, 1996; Valeggia & Ellison, 2004, 2009; see also Thompson,
2013a for chimpanzees). Specifically, within a wide range of values for
energy status, it is the presence of a surplus of energy that allows
women to transition from amenorrhea to cycling, and from cycling to
pregnancy (Ellison, 2003, 2017). In other words, women are evolved to
initiate reproduction when they have surplus energy in their metabolic
budget, independent of how much energy they have stored in the form
of fat.

Variation in the duration of pregnancy, like the other phases of the
IBI, is sensitive to energy availability in humans, but in the opposite
direction to that seen for PPA and cycling: low energy availability is
associated with shorter pregnancies (e.g., Kline, Stein, & Susser, 1989).
Pregnancy is by far the least variable phase of the IBI, but pre-term
births have been associated with poor nutrition, poor body condition,
low weight gain during pregnancy, and low socio-economic status, all
likely indicators of energy restriction (reviewed in Wood, 1994). These
results reflect the fact that, in humans, labor and birth are initiated
when the fetus obtains insufficient energy to sustain growth (reviewed
in Ellison, 2003).

In nonhuman primates, studies of energy balance per se are rela-
tively rare. Rosetta et al. (Rosetta, Lee, & Garcia, 2011) noted that neg-
ative energy balance during PPA (measured via doubly labeled water)
may contribute to reproductive delays in low-ranking captive female
baboons. Thompson et al. (Thompson, Muller, & Wrangham, 2012)
showed that wild female chimpanzees resumed cycling only after sus-
tained periods of energy gain (measured via urinary C-peptides). How-
ever, while direct studies of energy balance are rare, a number of
studies have examined predictors of the duration of the interbirth
interval (IBl) or one of its three constituent phases (PPA, cycling, and
pregnancy) to gain indirect insight into the role of energetics in primate
female reproduction. For instance, studies have shown that high domi-
nance rank (typically associated with priority of access to resources) is
associated with shorter PPA phases in baboons (Johnson, 2003; Packer,
Collins, Sindimwo, & Goodall, 1995; Wasser, Norton, Kleindorfer, &
Rhine, 2004; Wasser, Norton, Rhine, Klein, & Kleindorfer, 1998), and

with shorter periods of cycling prior to conception in both baboons
and mandrills (Setchell & Wickings, 2004; Smuts & Nicolson, 1989).
Similarly, the greater food availability experienced by provisioned com-
pared to wild-feeding animals leads to shorter IBls in many primate
species (e.g., Lee, Brennan, Else, & Altmann, 1986; Rawlins & Kessler,
1986; Sugiyama & Ohsawa, 1982; reviewed in Asquith, 1989). Finally,
young female baboons, mandrills, and macaques who are still investing
in their own growth (i.e., who have never conceived or have conceived
for the first time) often experience more cycles prior to conception,
longer periods of PPA, and longer overall IBls, than multiparous females
(Hinde, 2009; Koyama, Takahata, Huffman, Norikoshi, & Suzuki, 1992;
Setchell, Lee, Wickings, & Dixson, 2002; Setchell & Wickings, 2004;
Wasser, Norton, Rhine, Klein, & Kleindorfer, 1998).

Variation in the duration of pregnancy has been relatively little
studied in nonhuman primates, perhaps because it is the least variable
phase of the IBI (Kiltie, 1982; Martin, 2007), and because the onset of
pregnancy can be difficult to detect in nonclinical settings. Gestation
length in semi-free ranging provisioned mandrills does not appear to be
predicted by rank, parity or offspring sex (Setchell et al, 2002),
although gestation length in captive olive baboons is predicted by dom-
inance rank, with low-ranking females having shorter gestation than
high-ranking females (Garcia, Lee, & Rosetta, 2006). In other settings,
gestation may be longer when nutritional conditions are poor (Riopelle
& Hale, 1975 for rhesus macaques; Borries, Koenig, & Winkler, 2001
for hanuman langurs; Bronson, 1989; Racey, 1981; Sadlier, 1969 in
other mammals). In wild female baboons in Amboseli, Kenya, pregnan-
cies were shorter when they ended in the wet season than when they
ended in the dry season, and females who spent progressively less time
feeding over the course of pregnancy had longer gestations than those
who spent progressively more time feeding (Silk, 1986). This result
again supports the idea that decreased energy intake leads to longer
gestations. This result contradicts observations in humans, in which
poor nutrition results in shorter pregnancies, suggesting that humans
may be different from other primates in this regard.

Studies that examine all three component phases of the IBI in a
single mammalian study system are limited, to our knowledge, to two
studies, both in baboons (Garcia et al., 2006; Smuts & Nicolson, 1989).
Baboons are relatively nonseasonally breeding primates that have vis-
ual indicators of the transition from PPA to sexual cycling and from
cycling to pregnancy. These indicators include highly visible sexual
swellings that increase in size during the follicular phase of the sexual
cycle and decrease in size during the luteal phase (Dixson, 1983; Ges-
quiere, Wango, Alberts, & Altmann, 2007; Gillman, 1942; Wildt, Doyle,
Stone, & Harrison, 1977), and a pregnancy sign that, along with the
cessation of sexual cycles, allows observers to pinpoint the transition
from cycling to pregnant (the paracallosal skin turns pink in pregnant
female baboons: Altmann, 1973; Beehner, Nguyen, Wango, Alberts, &
Altmann, 2006). These external indicators of reproductive state make it
possible to precisely measure the duration of each IBI phase in
baboons, and make them an ideal model for studying the duration of
the three component phases of the IBI.

Here, we seek to understand how female reproductive rates in

wild baboons living in the Amboseli ecosystem in southern Kenya are
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constrained or enhanced by environmental factors and individual traits
that affect energy intake and expenditure. Our analysis has three parts.
First, we analyze the duration of the IBI and its component phases, testing
the predictive power of seven variables thought to be linked to female
reproductive rates (see Table 1 for a description of these variables).

Second, we analyze estimates of female body fat that were col-
lected during all phases of female IBIs, to examine changes in body fat
during the three component phases of the IBI. Persistent decreases in
body fat over time indicate a consistent state of negative energy bal-
ance, while increases over time indicate consistent positive energy bal-
ance. Thus, we expect that body fat scores will decrease as PPA
progresses, as a consequence of the energetic cost of lactation and off-
spring transportation, and that body fat scores will increase with the
transition to cycling. We also predict an increase in fat scores during
pregnancy: pregnancy is associated with mass gain (including fetal
mass) in humans and a number of other mammals (Institute of Medi-
cine, 2009; Robinson, 1986), and also with increased resistance to lep-
tin and insulin (i.e., with increased appetite) in a range of mammals
(reviewed in Henson & Castracane, 2006). We further predict that,
because energy status per se (amount of energy stored in the body) is
expected to have a weaker influence on reproductive readiness than
energy balance (Ellison, 2003), a female’s absolute level of body fat will
be a poor predictor of her phase durations.

Third, we examine data on concentrations of steroid hormone
metabolites in fecal samples. Specifically, for the subset of IBIs for
which we have accompanying hormone data, we investigate whether
changes in fecal glucocorticoid (fGC), fecal estrogens (fE), or fecal pro-
gestogen (fP) concentrations precede cycling resumption and concep-
tion (steroid hormone profiles during pregnancy are described in
Altmann, Lynch, Nguyen, Alberts, & Gesquiere, 2004; Beehner et al.,
2006). We predict that as females approach both the transition from
PPA to cycling, and the transition from cycling to pregnancy, fGC con-
centrations will decrease, indicating the females’ more positive ener-
getic balance. We further predict that their fE concentrations will
increase as the females approach cycling resumption, an indication that
follicular development has resumed (McNeilly, 2001). Finally, we pre-
dict that both fE and fP will increase over the course of cycling as hor-

mone levels become adequate to sustain pregnancy (McNeilly, 2001).

2 | MATERIALS AND METHODS

2.1 | Study subjects and sample sizes

The subjects for all analyses were adult females that belonged to multi-
ple social groups of wild-feeding baboons in the Amboseli ecosystem,
in southern Kenya. This population consists of yellow baboons (Papio
cynocephalus) that experience some natural admixture with neighboring
populations of olive baboons (P. anubis) (Alberts & Altmann, 2001;
Charpentier et al., 2012; Tung, Charpentier, Garfield, Altmann, &
Alberts, 2008). These two species are similar enough that they are
sometimes considered subspecies rather than species (e.g., Jolly, 1993);
they show little evidence of ecological differentiation (Wango et al., in

press; Winder, 2015) and produce viable and fertile offspring with little
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or no evidence of hybrid dysgenesis (Ackermann, Rogers, & Cheverud,
2006, Tung et al., 2008). The majority of the population shows no
admixture, and all individuals (regardless of admixture) are included in
this analysis (Tung et al., 2008).

Individuals in this population are monitored on a near-daily basis;
reproductive, demographic, and behavioral data have been collected
for over four decades (Alberts & Altmann, 2012). All data collection
procedures adhered to the regulations of the Institutional Animal Care
and Use Committee of Duke, Princeton, and Notre Dame Universities,
and the laws of Kenya.

We conducted three separate analyses. In the first, we examined
the duration of IBIs and their component phases. For this analysis, we
used 36 years of data (collected between 1977 and 2012) on reproduc-
tive states, demographic events, dominance rank, and rainfall for 160
wild-feeding females. Specifically, we had a total of 490 IBIs for 160
females that fit our analysis criteria (see Data Analysis), with each
female contributing an average of 3 IBIs to the dataset (range: 1-10).

In the second analysis, we examined body fat scores collected
between 2008 and 2014. We had 345 body fat scores for 105 females
during 260 IBIs. Scores were collected during July, August, or Novem-
ber of each year, and the timing of the score within the IBI varied
across females. 183 fat scores were assessed during PPA, 70 during
cycling, and 92 during pregnancy. For any given phase of a given IBl,
females were usually assessed once, but in a few cases females were
assessed twice during a given PPA (n=11). For these 11 cases, an
average body fat score was calculated so that each female contributed
only one score for each PPA.

In our third analysis, we examined fGC, fE, and fP during PPA and
sexual cycling. For fGC and fE we had a total of 5,470 hormone sam-
ples collected between 2000 and 2014 for 138 females during 549
IBls. Of these samples, 4,150 fecal samples were collected during PPA,
and 1,320 were collected during cycling. Each female contributed fecal
samples from an average of 4 IBls (range: 1-11) with an average of 10
hormone samples per IBI (range: 1-55) and an average total number of
40 samples per female (range: 1-145). For fP, we had a smaller sample
size of 4,095 hormone samples collected between 2003 and 2014 for
130 females during 456 IBls; 2,922 were collected during PPA and
1,173 during cycling. Each female contributed samples from an average
of 3.5 IBIs (range 1-8), with an average of 9 (range 1-47) samples per
IBI, for an average total number of 32 (range 1-141) samples per
female. Note that the number of IBIs analyzed for hormone analysis is
larger than the number analyzed for the duration analysis because fecal
samples from incomplete IBls (but not incomplete phases of an IBI)

were included in the hormone analysis but not in the duration analysis.

2.2 | Female reproductive states
and the phases of the IBI

Baboons are one of 20 primate species that exhibit regular sexual skin
swellings and externally visible menstruation that closely reflect hormo-
nal variation during the sexual cycle (Dixson, 1983). During the follicu-
lar phase of the cycle, the sexual skin of the anogenital area begins to

swell as estrogen concentrations increase. The sexual skin reaches
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maximum turgescence at ovulation when estrogen concentrations peak
(Gesquiere, Wango, Alberts, & Altmann, 2007; Shaikh, Celaya, Gomexz,
& Shaikh, 1982; Wildt et al., 1977). Then, as estrogen decreases and
progesterone increases during the luteal phase of the cycle, the
female's sexual skin progressively deturgesces until becoming com-
pletely flat, and menstruation occurs in the absence of conception.
Pregnancy is relatively easy to detect in baboons: sexual cycling ceases
and the paracallosal skin begins to turn pink within a few weeks.
Female baboons, unlike some other primate species, do not experience
sexual swellings during pregnancy (Altmann, 1973; Beehner et al,
2006; Gilbert & Gillman, 1951).

We defined the IBI as the number of days between two successive
live births. An IBI is composed of three distinct phases. (1) The duration
of PPA is defined as the number of days from an infant’s birth to the
onset of swelling in the first sexual cycle following the infant’s birth; PPA
is often referred to as lactational amenorrhea. (2) The duration of sexual
cycling is defined as the number of days from the onset of swelling in the
first cycle after PPA to the onset of deturgescence during the conceptive
cycle. (3) The duration of pregnancy is defined as the number of days
from the first day of deturgescence during the conceptive cycle to the
birth of the infant. Thus, the transition from PPA to sexual cycling is
marked by the onset of regular sexual swellings, the transition from sex-
ual cycling to pregnancy is signaled by the cessation of sexual swellings
and the gradual pinkening of the paracallosal skin, and the transition from
pregnancy to PPA is signaled by the appearance of a dependent infant.

During each observation day, observers recorded the reproductive
state of every female in the social group (each social group was
observed 1-5 times per week during the 36-year period of observa-
tion). Specifically, observers recorded the following measures for each
female: (i) the sexual skin state (turgescent, deturgescent, or flat) and
size [on a scale of O (skin is flat) to 10 (very large swelling)]; (i) the pres-
ence or absence of external menstrual blood; and (iii) the color of the
paracallosal skin, which turns pink 3-4 weeks after conception (Alberts,
Altmann, Archie, & Tung, 2016; Altmann, 1973). Pregnancy date was
determined a posteriori as the first day of deturgescence of the last
sexual cycle before the birth of an infant. Together, these reproductive
data allowed us to assign a date each time a female gave birth, resumed

cycling after the birth, and conceived again.

2.3 | Female dominance rank, female age, parity,
group size, and infant sex

Birthdates for 132 of 160 subjects are known to within a few days,
and birthdates for the remaining 28 females are known to within a
year; birthdates of all offspring are known to within a few days. Infants
are sexed by visual inspection, usually within a few days of birth. These
procedures allow us to calculate female and offspring age precisely
(mean + SE for female age in this study: 10.38+.16 years; range is
5.03-20.25 years). We are also able to assign a maternal parity to each
birth, and a sex to virtually all live born infants. For this analysis, female
parity is scored as one (primiparous) or more than one (multiparous).
Primiparous mothers have not yet achieved full body size or the skills

required for efficient foraging during infant care. Consequently, in
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addition to primiparous mothers recovering more slowly than multipa-
rous mothers from the energetic demands of pregnancy, first-born
infants in several species of primates experience higher mortality than
later-born infants, and first-borns in Amboseli experience slower
growth than later-borns (Altmann & Alberts, 2005; Altmann, Altmann,
& Hausfater, 1988; Smuts & Nicolson, 1989). These effects attenuate
quickly after the first birth, so that the strongest effect of parity is gen-
erally seen when comparing primiparous to multiparous mothers (Alt-
mann & Alberts, 2005). Dominance ranks are assigned monthly for
each female by using observation of wins and losses in dyadic agonistic
encounters between females. A dominance matrix is created based on
these win/loss outcomes, and rank orderings are then assigned to mini-
mize entries below the diagonal (Hausfater, 1975). This method of rank
assignment has been extensively described in previous papers
(Hausfater, Altmann, & Altmann, 1982; Onyango, Gesquiere, Wango,
Alberts, & Altmann, 2008). The mean * SE for dominance rank in this
study was 9.32 = 0.28 with a range of 1-28.

A census is conducted every time an observer is with the group,
allowing us to determine the number and identity of all animals in the
group on each observation day; we used the number of adult females in
the group as a proxy for group size, as this measure is both correlated
with total group size and appears the most salient for female reproduc-
tive rates (Altmann & Alberts, 2003). For the purposes of these analy-
ses, we categorized groups as small (11.30 = 0.21 adult females; range
4-14 adult females), intermediate (17.94 + 0.13; range 15-20), or large
(24.52 = 0.25; range 21-31). These divisions reflect the bottom, middle,

and upper third of the distribution of group sizes, respectively.

2.4 | Rainfall

Rainfall data are collected daily with a rain gauge at the research field
camp, which is located 2-17 km away from the baboon study groups
(Altmann, Alberts, Altmann, & Roy, 2002; Gesquiere et al., 2008). The
Amboseli basin is a semiarid tropical habitat that is characterized by
low and highly seasonal rainfall. A predictable 5-month long dry season
from June through October is devoid of rain, and availability of food
and drinking water progressively declines during this season (Alberts
et al., 2005; Gesquiere et al., 2008). The long dry season is followed by
a seven-month wetter period in which rainfall is highly variable and
unpredictable from month to month. Rainfall is also highly variable
across years (mean = SE annual rainfall 340 =22 mm; range 141-
757 mm; Alberts et al., 2005; Altmann et al., 2002), and drought condi-
tions occur primarily when the normal dry season is unpredictably
extended at either end by failure of rains. For each IBI of each female,
we calculated average daily rainfall during each phase of the IBI.

2.5 | Habitat quality

In the late 1980’s and early 1990's the two original study groups, Alto’s
and Hook's, initiated a home-range shift as the fever trees (Acacia xan-
thophloea), an important refuge and food source for baboons, died off
in the central portions of their original home ranges. Both groups
moved 5-6 km west of their original home ranges, into a habitat that
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contained a higher density of fever trees as well as a diversity of other
food sources. These home range shifts resulted in significant behavioral
changes for animals in our study groups; after the move, the animals
spent more time resting and socializing, less time feeding, and exhibited
shorter daily travel distances (Alberts et al., 2005; Bronikowski &
Altmann, 1996). Females also experienced higher reproductive success
after these home range shifts, including higher infant survival, earlier
maturation, and shorter IBIs (Altmann & Alberts, 2003). To control for
these marked behavioral and reproductive changes in our analysis of
variance in IBls, we identified IBls as occurring in low-quality habitat if
they occurred before the home range shifts (offspring born in or before
1987 in Alto’s Group, in or before 1991 in Hook's Group), and as
occurring in high-quality habitat if they occurred after those shifts. All
current study groups are considered to reside in high quality habitat;

no baboon groups have returned to the original home range areas.

2.6 | Body fat scores

Female body fat scores have been assessed once yearly by a single
observer (S.C.A.) starting in 2008 by visual scoring of the degree of pro-
trusion of the ischial tuberosities (the sitz bones) and the iliac crests
(the edges of the ilium). Our approach is based on methods that corre-
late well with actual measures of body weight and body fat in primates
(e.g., Berman & Schwartz, 1988) and ungulates (e.g., Pollock, 1980;
Riney, 1960); general approach reviewed in Stevenson & Woods
(2006). We score each adult on the degree of protrusion of the ischial
tuberosities and the llliac crests, using binoculars from 5 to 7 m dis-
tance, using a 5-point scale: 5 = no protrusion, bones not visible under
the skin; 4 =slight protrusion with bone outlines just visible;
3 = marked protrusion with contours visible for at least one part of the
bone; 2 = excessive protrusion, with visible bone contours and ridges;
1 = emaciated. We calculated an average ‘fat score’ by averaging the

ilium and the ischium scores.

2.7 | Collection, preparation, and hormone
assay of fecal samples

Fecal sample collection, storage, and extraction were done as described
previously (Khan, Altmann, Isani, & Yu, 2002; Lynch, Khan, Altmann,
Njahira, & Rubenstein, 2003). In brief, immediately after collection of
freshly deposited fecal samples from known individuals, samples were
mixed and placed in 95% ethanol, and kept refrigerated until shipped
to University of Nairobi (every two weeks). In Nairobi, samples were
freeze-dried and sifted to remove plant matter. Samples were then
stored at —20°C until they were shipped to Princeton University,
where 0.2 g of fecal powder was extracted into 2 ml 90% methanol
using a multi-pulse vortexer for 30 minutes. Following extraction, sam-
ples were further purified using a HLB Oasis cartridge (Waters, Milford,
MA) and stored at —20°C.

The samples were then assayed for glucocorticoids (fGC), estrogen
(fE), and progestogens (fP) by radioimmunoassays (full laboratory proto-
cols available in Gesquiere et al., 2017). All samples were run in dupli-
cate, and the results are expressed as ng/g dry fecal matter. fGC

concentrations were determined using the Corticosterone kit (MP
Biomedicals, Costa Mesa, CA); the assay was previously validated
in yellow baboons (Khan et al., 2002; Lynch et al., 2003; Wasser,
Monfort, Southers, & Wildt, 1994) for parallelism, accuracy, and
precision of the assay (see also Wasser et al., 2000, for physiolog-
ical validation of the assay). The primary antibody cross-reacts
with major cortisol metabolites present in baboon feces (Wasser
et al., 2000). fE concentrations were assayed using the Total
Estrogen kit (MP Biomedicals, Costa Mesa, CA), a radioimmunoas-
say previously validated with our population (Khan et al., 2002;
Lynch et al., 2003; Wasser et al., 1994 for parallelism, accuracy,
and precision of the assay; see also Altmann et al., 2004; Beehner
et al.,, 2006; Gesquiere et al., 2005 for physiological validation of
the assay). According to the manufacturer, the primary antibody
cross-reacts 100% with E; and E,, 9% with estriol, 7% with
estradiol-17«, and 2.5% with equilin. fP concentrations were
assayed using the monoclonal antibody (Quidel clone no. 425)
produced by C. Munro against 4-pregnen-11-ol-3, 20-dione hemi-
succinate:bovine serum albumin (BSA). This antibody has been
used in a variety of animal species to monitor luteal function and
pregnancy in the field, notably in baboons (Wasser, Risler, &
Steiner, 1988; reviewed in Graham, Schwarzenberger, Mostl, Gal-
ama, & Savage, 2001). The primary antibody cross-reacts with
numerous progesterone metabolites (Graham et al., 2001). See
Supporting Information Material and Fig. S1 for a complete

description of the fP assay, including validation.

2.8 | Data analysis

2.8.1 | Predictors of the duration of the IBI
and its component phases

In our first analyses, we only included IBIs for which we had complete
data on all three component phases (PPA, sexual cycling, and preg-
nancy), only IBls that began and ended with live births, and only IBls
that opened with the birth of an infant that survived to at least one
year of age (females usually conceive within 1-3 months after the
death of their infant (Altmann & Alberts, 2003). We restricted our anal-
ysis to live births because fetal loss results in shortened pregnancies,
shortened PPA phases, and fewer cycles to the next conception.

We constructed four Linear Mixed Models (LMMs) using IBM
SPSS Statistics 22: one for the complete IBI and one for each of its
component phases (PPA, sexual cycling and pregnancy). In each LMM,
we modeled the duration of the reproductive phase in question as a
function of seven predictor variables (Table 1). In each model, year
(opening the IBI), and female identity nested within social group were
entered as random variables. These random variables were included to
control for variation in habitat quality and other environmental factors
not accounted for by our fixed effects, as well as to account for the
fact that different females contributed different numbers of IBIs to the
sample (range = 1-10; see Study Subjects and Sample Sizes). Of our
four response variables, only PPA was normally distributed. To
approach normality for the other three response variables, we carried
out a log transformation for IBI, a square-root transformation for the
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duration of sexual cycling, and a square-root transformation of the
reverse score for pregnancy duration. However, careful comparison of
models using transformed and untransformed data revealed that trans-
formation had no effect on the direction, relative magnitude, or statisti-
cal significance levels for any predictor variable in any of the LMMs,
with one exception. This exception was the effect of infant sex on
pregnancy duration, which showed a trend towards significance in the
nontransformed model (p =.097) and became marginally statistically
significantly (p =.048; Supporting Information Table S1) when preg-
nancy duration was transformed: females had slightly longer pregnancy
when they were gestating female infants. Because of the almost com-
plete correspondence between the analyses using transformed and
untransformed variables, we present the results of the models using
untransformed data here in the main text. This allows us to interpret
effects more clearly by reporting results in a standard unit of duration
(number of days) for all effects in all models. We present all the results
of the models using transformed variables in the Supporting Informa-
tion (Table S1).

We measured the duration of sexual cycling in two ways. In
our primary analyses we measured it as the number of days from
cycling resumption to conception (see “Female reproductive states
and the phases of the IBI” above). However, for completeness, we
also ran a second model that defined cycling duration as the num-
ber of cycles to conception; we did not transform this variable,
and included age as a quadratic term. This model yielded qualita-
tively similar results to the model of cycling duration measured in
number of days; thus, we retained the analysis of number of days
here, for better comparison with the other phases (See Supporting
Information Table S2 for results on the number of cycles to
conception).

Finally, primiparity (a binary variable) is dependent upon age (a
continuous variable), because primiparous females are invariably young
(age range 5.0-8.7 years, compared with an age range of 5.5-20.3
years for multiparous females). Consequently, we interpret any effect
of age in our model, after controlling for primiparity, as reflecting an

effect of age in multiparous females.

2.8.2 | Body fat scores during IBI component phases

To examine changes in body fat, we included 260 IBIs between 2008
and 2014 for which we had at least one body fat score assessed at
some point in the IBl. We assessed body fat in two ways with these
data. In the first, we examined how female body fat varied over the
three phases of the IBI, regardless of the duration of a given IBI. Specif-
ically, for each fat score, we retrospectively determined the reproduc-
tive phase of the female and the number of days she had been in that
phase when the fat score was assessed. We then determined the pro-
portion of her time-in-phase that had elapsed when the fat score was
assessed, by dividing the number of days the female had been in that
phase by the total duration of that phase. For example, if a female had
been in PPA for 100 days on the day the fat score was assessed, and
her PPA lasted a total duration of 200 days, then the proportion of
time-in-phase for that fat score was 0.5. In this analysis, we included

only fat scores collected during pregnancies that produced live births,
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and fat scores collected during PPAs for which the offspring survived
to at least one year.

In our second analysis of body fat, we explicitly asked how
the duration of the IBI related to the fatness of the female. We
used a LMM with female identity as a random factor to control
for the fact that each female contributed a variable number of
points (number of IBls per female ranged from 1 to 7, mean = 3).
Specifically, we expressed our data as residuals of locally
weighted regressions of fat score against time-in-phase (for
description of LOWESS regression see Cleveland & Devlin, 1988;
for similar analyses see Altmann & Alberts, 2005; Beehner et al.,
2006; Gesquiere et al., 2005). A negative residual indicated that
a female was relatively thin for her time-in-phase, while a posi-
tive value indicated that a female was relatively fat for her time-
in-phase. Eleven females had two fat score values for a given
PPA of a given IBI, and an average residual value was calculated
so that each female contributed only once to a given phase of an
IBl. The female fatness for time-in-phase was used as fixed
effect in our LMM to predict the duration of a given phase of
her IBI.

2.8.3 | Hormone profiles

For our third analysis, we included the subsets of IBIs between 2000
and 2014 for which we had fGC, fE, and fP data; we included only
pregnancies that produced live births, and PPAs for which the offspring
survived to at least one year. In this analysis we focused on the dura-
tion of PPA and cycling (see Beehner et al., 2006 for a detailed analysis
of hormone profiles during pregnancy). In these analyses, we did not
exclude fecal samples collected during IBls that were incomplete; how-
ever, in all cases, the phase of the IBI in which the sample was collected
was complete at the time of analysis, even if the entire IBI was still in
progress. We included only fecal samples from parous females to
exclude adolescent females from the analysis. For the PPA analysis, we
included only fecal samples collected after the first week of PPA, as
hormone levels usually still reflect pregnancy in the 1%t week following
birth (see Altmann et al., 2004).

To examine how fGC, fE, and fP concentrations changed during
PPA, we used LMMs with the log-transformed hormone concentra-
tions as response variables, and months relative to cycle resumption as
the predictor variable. To examine how hormone concentrations
changed during cycling, we broke down each sexual cycle into the
luteal phase (from the onset of deturgescence until the onset of men-
ses), the early follicular phase (first day of swelling until five days prior
to the onset of deturgescence) and late follicular phase (the five-day
window prior to the onset of deturgescence, corresponding to the
most probable time of ovulation). We constructed mixed linear models
with the log-transformed hormone concentrations as response varia-
bles, and number of cycles until conception as the predictor variable. In
all models, we entered female ID and a unique code for the specific IBI
as random variables in the model, because each female usually contrib-
uted multiple samples during IBls and multiple IBls to the data set (see

Study Subjects and Sample Sizes).
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Birth Full interbirth interval Birth
Infant 1 Mean + SD: 638 + 116 days Infant 2
l Range: 333-1084 days
CV: 18%
Postpartum amenorrhea (PPA) Cycling Pregnancy
Mean + SD: 322 £ 87 days 138 + 82 days 178 + 6 days
Range: 71-635 days 18-590 days 157-194 days
Coefficient of Variation: 27% 60% 3%

Resume Conception
cycling Infant 2

FIGURE 1 The duration of the IBI and its component phases in female Amboseli baboons; these values include only IBIs between two live

births in which the first offspring lived for at least one year

3 | RESULTS

3.1 | Duration of the IBI and its component phases

The duration of IBI following the birth of an infant that survived to one
year varied more than three-fold, from just under one year to almost
three years (Figure 1). Specifically, the mean IBI following the birth of a
surviving infant was 638 + 116 days (range 333-1,084 days). PPA after
the birth of a surviving infant was also highly variable, ranging from 71
to 635 days, with a mean of 322 days and a coefficient of variation of
27% (Figures 1 and 2a). The duration of sexual cycling was the most
variable of the three phases of the IBI, ranging from 18 to 590 days,
with a mean duration of 138 days and a coefficient of variation of
60%. However, the distribution of sexual cycling had a long right tail:
90% of the variation in sexual cycling duration fell between 18 and
244 days, indicating that a relatively small fraction of cycling durations
drives the high variation in this distribution (Figures 1 and 2b). Preg-
nancy duration was by far the least variable of the phases, with a mean
duration of 178 days (5.9 months), a range of 157-194 days, and a
coefficient of variation of 3% (Figures 1 and 2c).

As a rule, IBls were shorter (reproduction was accelerated) when
female traits and environmental variables promoted the ability of
females to devote more energy to reproduction (Tables 1-3). However,
the details of which effects significantly predicted interval lengths dif-

fered among the various phases of the IBI.

3.1.1 | Postpartum amenorrhea

The duration of PPA was predicted (significantly or near-significantly)
by 6 of the 7 variables in our model, all in the expected direction
(Tables 2 and 3). High-ranking females had shorter PPA periods than
low-ranking females (Fy 273 =19.678, p<.001); a difference of 10
ranks corresponded to a 33-day difference in PPA duration. Females in
smaller groups had shorter PPAs than females in medium- or large-size
groups (F2407 = 5.849, p = .003). Females who experienced better hab-
itat quality or higher rainfall experienced shorter PPAs than females

who experienced worse habitat quality or lower rainfall, although the

effect of habitat quality only trended towards significance when year
was entered in the model as a random factor (F1gs = 3.358, p = .070
and F; 375 = 14.556, p <.001, for habitat quality and rainfall, respec-
tively). An increase of 30 mm in the average monthly rainfall shortened
PPA duration by 26 days. Finally, primiparity affected PPA duration
when age was entered as a simple linear term, with females experienc-
ing longer PPAs following the birth of their first infant than after subse-
quent infants (F1 392 = 4.487, p=.035; Table 2). However, when age
was entered as a quadratic term, the effect of primiparity disappeared
(F1.390=0.777, p = .379; Table 3). Finally, mothers who had a female
infant had marginally shorter PPAs than mothers with a male infant
(F1,372 = 3.739, p=.054 when maternal age was entered as a linear
term in the model, Table 2; F; 365 = 4.092, p = .044 when maternal age
was entered as a quadratic term, Table 3).

3.1.2 | Sexual cycling

The duration of sexual cycling was insensitive to all the predictors in
our model with the exception of age and/or primiparity. Specifically,
when age was entered as a simple linear term in the model (Table 2
and Supporting Information Table S1A), primiparity was the only signifi-
cant predictor of the duration of sexual cycling: females that had just
experienced their first birth had longer periods of sexual cycling prior
to conception than multiparous females (Fy449 = 14.392, p <.001).
However, the model of sexual cycling with age as a quadratic term was
an equally robust model (Table 3 and Supporting Information Table
S1B), and indicated that both the youngest and oldest females experi-
enced longer periods of sexual cycling prior to conception than females
in their middle years; no other predictors were significant.

3.1.3 | Pregnancy

Rainfall, habitat quality, female age (when modeled as a quadratic term)
and infant sex all affected the duration of pregnancy (Tables 2 and 3).
Pregnancies were shorter for the youngest and the oldest females in
our dataset. Mothers with female infants had slightly longer pregnan-
cies than mothers with male infants, this effect was not significant
when age was modeled as a linear term (Table 2), but reached
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FIGURE 2 The observed distributions for (a) the duration of PPA,
(b) cycling, and (c) pregnancy in female Amboseli baboons

significance when age was entered as a quadratic term (Fy 417 = 4.288,
p =.039; Table 3). Females who experienced higher average daily rain-

fall experienced shorter pregnancies (F; 407 = 10.157, p=.002), such
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that an increase of 30 mm in the average monthly rainfall shortened

gestation by one day. The effects of habitat quality on pregnancy were
opposite to the effects of rainfall: better habitat quality was associated
with slightly longer pregnancies; Fy 126 = 6.549, p = .012).

3.1.4 | Total IBI

As with PPA, high ranking females had shorter IBls than low ranking
females (Fq240=16.309, p<.001): a difference of 10 ranks corre-
sponded to a 41 days difference in the total IBI duration. In addition,
females in smaller groups had shorter IBls than females in medium- or
large-size groups (F2292 = 5.670, p =.004), and females who experi-
enced better habitat quality had shorter IBls than females who experi-
enced poorer habitat quality (Fy g7 =5.213, p =.025). Finally, as with
the duration of sexual cycling, primiparity affected IBI duration when
age was entered as a simple linear term, with females experiencing lon-
ger IBIs following the birth of their first infant than after later infants
(F1.419 = 19.460, p <.001; Table 2). However, when age was entered
as a quadratic term, the model indicated that both the youngest and
oldest females experienced longer IBls than females in their middle
years, and the effect of primiparity declined to the level of a trend
(F1.416 = 2.966, p = .086; Table 3). Mothers with female infants had a
tendency to have shorter IBI than mothers with male infants, but this
effect did not quite reach statistical significance (Tables 2 and 3 and

Supporting Information Table S1).

3.2 | Female body fat scores

Females had relatively high fat scores immediately after giving birth, at
the start of PPA (mean fat score = 3.3; Figure 3). As PPA progressed,
fat scores progressively decreased to their lowest mean value of 2.1,
presumably because of the costs of lactation. In the month prior to
cycling resumption, female body fat started to increase, implicating
positive energy balance as key for this transition. Fat scores increased
just before the onset of cycling and then remained constant during
most of the cycling phase, for a mean fat score of 2.8 at conception.
During pregnancy, females continued to accumulate fat slowly, reach-
ing a maximum average fat score of 3.5. A slight decrease was
observed immediately before the infant’s birth (Figure 3).

As we predicted, female fat scores per se did not predict the dura-
tion of PPA, sexual cycling or pregnancy, even after the fat score values
were corrected for time-in-phase (PPA: t = —0.644, p = .520, N = 172;
cycling: t=—0.199, p =.842, N=70; pregnancy: t = 0.069, p =.945,
N=292).

3.3 | Physiological changes during PPA and sexual
cycling: Glucocorticoids, estrogens, and progestogens

We observed marked changes over time in fecal steroid hormone con-
centrations during PPA (Table 4 and Figure 4). As females approached
the resumption of sexual cycling, f{GC and fP concentrations progres-
sively declined (Fy4141 = 15.984, p<.001, and Fj2913=44.356,
p <.001, respectively). In contrast, fE did not change across the PPA
phase (F1 4116 = 0.376, p = .540).
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TABLE 2 Results of the LMMs showing the factors affecting duration of the IBI and its component phases, with age as a linear term?

Duration of: 1BI PPA Cycling Pregnancy
Fixed factors b Sig. b Sig. b Sig. b Sig.
Dominance rank 4.146 <0.001 3.371 <0.001 0.606 0414 0.003 0.952
Primiparity (Yes/No) —58.785 <0.001 —-18.815 0.035 —41.670 <0.001 1.323 0.085
Age —0.675 0.676 0.966 0.398 -1.574 0.212 —0.039 0.673
Group size® 0.004 0.003 0.405 0.615
Sm vs. Int 43.194 0.001 31.736 0.001 6.283 0.527 0.731 0.331
Smvs. Lg 40.871 0.009 22.938 0.048 14.633 0.184 0.429 0.627
Rainfall —29.525 0.144 —26.397 <0.001 0.482 0.884 —1.169 0.002
Habitat quality —45.116 0.025 —30.056 0.070 -12.391 0.350 2.864 0.012
(higher vs. lower)
Infant Sex —14.311 0.092 —10.883 0.054 —4.283 0.540 0.810 0.097
(female vs. male)
Random factors Variance Sig. Variance Sig. Variance Sig. Variance Sig.
Year 491.62 0.238 717.73 0.025 33.56 0.731 1.80 0.064
Sname (group) 4370.91 <0.001 3050.93 <0.001 1464.93 0.001 12.54 <0.001
Residual 6536.76 2655.82 4981.33 21.95

?data in bold indicate statistically significant effects; underlined data indicate marginally significant data.
bSignificance values are shown for the overall effect of group size, followed by effect size and significance values for small versus intermediate groups
and small versus large group.

Concentrations of both of the sex steroids (fP and fE) changed they approached conception) fP increased in the luteal phase, and
over the course of sexual cycling (Table 4 and Figure 4). As females decreased in both the early and late follicular phases (luteal phase:

approached the transition from sexual cycling to pregnancy (i.e., as F1344=5.216, p=.023; early follicular: F; 550 = 6.799, p =.009; late

TABLE 3 Results of the LMMs showing the factors affecting duration of the IBI and its component phases, with age as a quadratic term?®

Duration of: 1BI PPA Cycling Pregnancy
Fixed factors b Sig. b Sig. b Sig. b Sig.
Dominance rank 4.322 <0.001 3.410 <0.001 0.773 0.305 —-0.010 0.855
Primiparity (Yes/No) —28.305 0.086 -9.792 0.379 -17.273 0.204 —0.962 0.308
Age —27.211 0.002 —6.940 0.249 —22.894 0.002 1.986 <0.001
Age? 1.087 0.003 0.324 0.181 0.871 0.004 —0.083 <0.001
Group size® 0.007 0.004 0.388 0.522
Sm vs. Int 41.056 0.002 30.817 0.001 5.561 0.572 0.847 0.255
Smvs. Lg 38.073 0.015 21.670 0.062 14.672 0.180 0.589 0.503
Rainfall —31.611 0.116 —26.678 <0.001 0.705 0.827 -1.144 0.002
Habitat quality —44.746 0.028 —29.827 0.074 -12.419 0.351 2.874 0.012
(higher vs. lower)
Infant Sex —16.133 0.054 —11.351 0.044 —5.758 0.405 0.991 0.039
(female vs. male)
Random factors Variance Sig. Variance Sig. Variance Sig. Variance Sig.
Year 524.18 0.206 723.49 0.025 13.37 0.880 1.93 0.057
Sname (group) 1841.07 <0.001 3143.55 <0.001 1657.12 <0.001 13.11 <0.001
Residual 6189.20 2618.17 4797.14 20.77

?data in bold indicate statistically significant effects; underlined data indicate marginally significant data.
bSignificance values are shown for the overall effect of group size, followed by effect size and significance values for small versus intermediate groups
and small versus large group.
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tions corresponding to that phases of the IBI

follicular: F1 203 =8.456, p=.004). fE increased significantly in the
months prior to conception during the luteal phase, but not during the
follicular phase (luteal phase: F; 391 = 7.980, p = .005; Early Follicular:
F1455=1.986, p=.159; late follicular: F;150=0.019, p =.892). We
observed no changes in fGC during any phase of the sexual cycle as
females approached the transition from cycling to pregnancy (luteal
phase: F1 391 = 1.455, p = .228; early follicular: F1 445 = 0.006, p = .937;
late follicular: F1 211 = 0.513, p = .475; Table 4 and Figure 4).

4 | DISCUSSION

Female baboons show highly dynamic patterns in IBIl durations. In
doing so, they take advantage of their ability as non-seasonal breeders
to flexibly hasten or slow their reproductive rates in response to cur-
rent environmental conditions. IBls vary enormously over a continuous
range in our dataset, from less than a year to nearly three years, with a
mean of 1.75 years (Figure 1). The biological significance of this ability
to hasten or slow reproduction may lie partly in that it allows females
to slowly accumulate small advantages over many years, but it is more

likely that its significance is linked to the ability of females to achieve

WILEY®

occasional large gains by taking advantage of particularly good condi-
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tions (see also the discussion of female body fat scores, below).
Importantly, the flexibility to continuously adjust IBls is not avail-
able to seasonal breeders, including many primates (Janson & Verdolin,
2005). Rather than responding directly to energy balance, as baboons
appear to do, seasonal breeders must time their reproductive events
relatively precisely so that energetically costly phases of the reproduc-
tive cycle fall during the period of food abundance, or they suffer the
cost of reproductive failure (Brockman & van Schaik, 2005). This limits
the extent to which they can adjust reproductive rates, a limitation that
baboons and other non-seasonal breeders (including humans) have
escaped. Interestingly, baboons achieve non-seasonal breeding even in
challenging environments such as Amboseli, which is typified by very
low and highly variable rainfall, and highly seasonal plant productivity
(Alberts et al., 2005; Altmann et al., 2002). However, not all phases of
the IBI are equally adjustable, and only PPA is highly responsive to
environmental conditions. Below we discuss the extent to which each
IBI phase is flexible, and the variables that affect the duration of each.

4.1 | PPA is the IBI phase that is most
sensitive to the environment

PPA was both highly variable and highly responsive to the environ-
ment. The shortest PPA period following the birth of a surviving infant
was 71 days, and the longest was more than 9 times that, at 635 days
(Figure 1). The duration of PPA was sensitive not only to environmental
variables but also to female and infant traits in our models, in the
expected directions. Specifically, the duration of PPA was shorter when
groups were smaller, when rainfall was higher, and when females were
higher ranking or had a female infant. Known patterns of fecal gluco-
corticoid concentrations (fGC) strongly support the idea that at least
some of these effects are mediated by energy availability. For instance,
not only do females experience shorter PPA phases with higher rainfall
and higher dominance rank, they also experience lower fGC concentra-
tions in these contexts (Gesquiere et al., 2008 and unpublished data;
see also review in Beehner & Bergman, 2017). In addition, female fGC
concentrations are elevated in large groups (Markham, Gesquiere,
Alberts, & Altmann, 2015), consistent with our result that females have
longer PPAs and longer IBIs in large groups: females in larger groups

are subject to more intense food competition within their own group

TABLE 4 Changes in concentrations of fGC, fE and fP as a function of months prior to cycle resumption during PPA, and number of cycles

to conception during sexual cycling®

During PPA: Months to
resumption of cycling

During sexual cycling: Number of cycles to conception

Early Follicular Late Follicular Luteal
Hormones b Sig. b Sig. b Sig. b Sig.
fGC -3.12°3 <0.001 3.10°% 0.937 441 <3 0.475 7.22°3 0.228
fE 64354 0.540 6.553 0.159 —1.19°3 0.892 2.08°%2 0.005
fP —6.54°3 <0.001 —1.27°2 0.009 —2.26%2 0.004 1.77%2 0.023

data in bold indicate statistically significant effects
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than females in smaller groups. However, our results are not entirely
consistent with the recent observation in Amboseli that females in
small groups also have elevated fGC concentrations relative to females
in mid-sized group (Markham et al., 2015). This surprising result sug-
gests a pattern of reduced energy availability in the smallest as well as
the largest groups, which is not borne out by our finding that females
had shorter PPAs and IBIs at small group sizes than at both

intermediate and large group sizes (see also Altmann & Alberts, 2003;
Bulger & Hamilton, 1987; Packer et al., 1995). A possible explanation
for these discrepancies is that the high fGC concentrations found in
small groups are not the consequence of a decrease in energy availabil-
ity but result from psychological stress—caused by predation threat or
intergroup competition from larger groups. In support of this hypothe-
sis, Markham et al. (2015) found that females in the smallest groups
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spent less time spend foraging, an indication that food was available at
higher rates than for larger groups.

In general, these results are consistent with what has been re-
ported in other studies. For example, the duration of PPA is consider-
ably lengthened in years of low rainfall for olive baboons in Gombe
(Packer et al., 1995). In addition, low ranking mothers have longer PPAs
than high ranking mothers in several wild baboon populations (Cheney
et al, 2004; Johnson, 2003; Packer et al., 1995) but not in semi-
provisioned mandrills (Setchell & Wickings, 2004). Finally, several other
primate studies have reported the same pattern we observe, in which
mothers have longer IBls after producing sons than daughters, and this
is interpreted as a consequence of the higher energetic costs to pro-
duce sons who weigh more at birth and grow more rapidly than daugh-
ters (Bercovitch & Berard, 1993; Berman, 1988; Boesch, 1997;
McFarland Symington, 1987). However, overall, primate species and
populations appear highly variable in whether mothers exhibit sex-
biased investment or longer IBls with sons than daughters, and no clear
pattern emerges overall with regards to the effects of infant sex on
maternal IBI (reviewed in Brown, 2001).

Other primate studies have shown similar effects for one or two of
these predictors at a time (Table 1). Ours is the first study, to our
knowledge, to establish simultaneous independent effects of all these
predictors on all phases of the IBI. The relatively large sample size in
this study may contribute to our ability to detect all these effects simul-
taneously. Alternatively or in addition, each of these variables may pre-
dict food acquisition in a fairly direct way in Amboseli, while the
relationships may be indirect, or may be swamped by other effects, in
other populations. For example, Strum and Western (1982) found no
effect of rainfall on birth rate in Gilgil baboons, primarily because pat-
terns of land use by human livestock overrode the effects of rainfall on
food availability. This effect may depend upon the intensity of grazing
by livestock: Amboseli baboons experience competition with a full
complement of wild ungulates and Maasai livestock, but perhaps
involving less livestock than in the Gilgil study, because rainfall still pro-
duced a strong signal in our dataset. In addition, while Amboseli
baboons rely heavily on grass blades, seeds, and corms for nourish-
ment, they also employ a large range of other food types that ungulate
grazers and browsers cannot access, even during dry seasons (Alberts
et al.,, 2005; Altmann, 1998).

4.2 | Cycling duration is highly variable
with a long right tail

The duration of sexual cycling was the largest contributor to variation
in IBls, with a coefficient of variation of 60%: after females resumed
cycling, some conceived again in as little as 18 days (i.e., on their first
cycle) while others cycled for as long as 590 days (~18 cycles) before
conceiving. Importantly, however, the distribution of sexual cycles had
a long right tail —90% of the variation in sexual cycling duration fell
between the lowest value (18 days) and 244 days, which is less than
half the maximum. In other words, most females conceive within 6-8

cycles, and the high coefficient of variation in cycling duration is largely
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accounted for by the ~20% of IBls in which the female waits between
8 and 18 cycles to conceive.

Intriguingly, this highly variable phase of the IBI was not well-pre-
dicted by the seven variables in the model, and was apparently rela-
tively insensitive to energy availability. Indeed, of the seven variables,
only age (and possibly primiparity) predicted the duration of sexual
cycling prior to conception. The long right tail of the distribution of
cycling durations (Figure 2) may be important in understanding this
apparent lack of environmental predictors. Specifically, unusually long
periods of cycling (the upper 20% of the distribution that encompasses
waiting times of 8-18 cycles) may reflect specific constraints or condi-
tions that, if discovered and controlled for, would allow us to identify
environmental variation underlying the majority of IBls. Such an analy-
sis is currently planned with our dataset.

Congruent with previous analyses in this population, we found
that females in middle age conceived the most rapidly, while the
youngest and oldest females conceived after longer periods of cycling.
Similarly, the probability that an adult female baboon will conceive,
given that she is cycling, peaks at ~0.30, when she is between 11 and
18 years of age, after increasing from a low of ~0. 20 at age 6 years,
and decreasing to a similar low in her early 20s (Beehner, Onderdonk,
Alberts, & Altmann, 2006). Interestingly, the dependence of cycling
duration on age, combined with the increase in fE and fP concentra-
tions during the luteal phase as females approach conception, suggests
that follicle quality may play a role in predicting conception. A “high
quality” follicle will produce sufficient E and P to sustain pregnancy,
and follicle quality will vary with age, with younger and older females
having more follicles of lower quality.

Beehner et al. (2006) also identified an environmental variable,
drought, that predicted the probability of conception in Amboseli, but
only for female baboons living in large groups. Specifically, females in
large groups were less likely to conceive on a given cycle when that
cycle occurred after a dry period that was longer than the normal
Amboseli 5-month dry season. In contrast, we saw no effect of rainfall
on the duration of sexual cycling; in post-hoc analyses, we found no
interaction between group size and rainfall (data not shown). This dif-
ference between our studies may stem from both the exact variable
we analyzed (i.e., we modeled the duration of the sexual cycling phase
rather than the probability of conception given cycling) and the way we
constructed our predictor variables (average daily rainfall during the IBI
phase, rather than drought preceding the follicular phase of each cycle).

Primiparity was a significant predictor of the duration of sexual
cycling only when age was entered as a linear rather than a quadratic
term in the model: females cycled longer after the birth of their first
infant than after subsequent infants. Similar results have been reported
in chimpanzees (Deschner & Boesch, 2007; Robbins, Robbins, Gerald-
Steklis, & Steklis, 2006; Setchell & Wickings, 2004), and such a result
would presumably stem from the fact that younger, primiparous
females are still investing in their own growth and as a consequence
have reduced energy to put toward ovarian function (Robbins et al,
2006; Setchell & Wickings, 2004). However, the lack of an effect of
primiparity when age was entered as a quadratic term in the model
suggests that any lingering effects of the adolescent growth phase are
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gradually diminishing over several years, rather than marking a sharp
delineation between the period after the first birth and the period after
subsequent births, and that a similarly gradual increase in the period of

sexual cycling occurs as females age.

4.3 | Pregnancy is the least variable phase of the IBI
and the least influenced by our predictor variables

The durations of pregnancies that produced live births varied little,
with a mean of 178 = 6 days and a coefficient of variation of only 3%.
Our mean values are similar to those reported for other studies of
baboons (e.g., Albrecht, Aberdeen, & Pepe, 2000; Bentley-Condit &
Smith, 1997). The range of recorded gestations that produced a live
birth in our study was 157-194 days (5.2-6.4 months), and the middle
90% of gestations fell in the 20-day range between 168 and 187 days
(5.5-6.2 months). This pattern of relatively low variation in the duration
of pregnancies that produce live births is consistent across primate spe-
cies, and indeed, across mammals. Furthermore, the coefficient of vari-
ation in the parameter, at 3%, is identical to that reported, on average,
across a large number of mammal species (Jukic, Baird, Weinberg,
McConnaughey, & Wilcox 2013; Kiltie, 1982; Martin, 2007). This small
coefficient of variation implies a strong constraint on the duration of
pregnancy, and is consistent with the observation that the length of
gestation is an important predictor of infant survival, particularly in
humans, for which median gestation lengths are best for infant survival
(Gladstone, White, Kafulafula, Neilson, & van den Broek, 2011; Hilder,
Costeloe, Thilaganathan, 1998).

The duration of pregnancy was influenced by four variables in our
models: rainfall, habitat quality, maternal age, and infant sex. Some of
these effects were puzzling. For instance, shorter pregnancies for the
oldest and youngest females have not been reported before to our
knowledge, although longer pregnancies have been reported among
older females in some primates and other large mammals (e.g., Mys-
terud, Roed, Holand, Yoccoz, & Nieminen, 2009; Silk, Short, Roberts, &
Kusnitz, 1993; see also Clements, Clutton-Brock, Albon, Pemberton, &
Kruuk, 2011 on red deer, in which no effect of maternal age is seen).
The effects of rainfall and habitat quality were also somewhat puzzling:
higher rainfall (signaling better nutritional conditions) was associated
with shorter gestation, while better habitat quality (also signaling better
nutritional conditions) was associated with longer gestation. The latter
result is broadly consistent with the human literature, which reports
that gestations are shorter during periods of energetic stress (reviewed
in Ellison, 2003), while the former result is consistent with reports in
other mammals, including primates, in which gestations are longer
when nutritional intake is lower (Borries et al., 2001; Bronson, 1989;
Racey, 1981; Riopelle & Hale, 1975; Silk, 1986).

These conflicting results may be explained by the hypothesis that
parturition occurs when fetal energy demands surpass, or “cross over,”
the mother's ability to meet those demands (Ellison, 2001). Under this
hypothesis, a longer gestation could indicate either that infant growth
was slow (poor infant development) requiring additional gestation time,
or that maternal condition was good, allowing the mother to sustain

the cost of pregnancy for longer period of time. Our results are broadly

consistent with this crossover hypothesis: if lower quality habitats are
associated with generally poorer body condition, mothers might be
unable to meet the demands of their fetus, and gestation would be
shortened in lower quality habitats. If so, we would also expect to see
lower infant survival in lower quality habitats, and this prediction is
confirmed in Amboseli: the shift to better quality habitats in the late
1980's and early 1990’s was associated with a 38% increase in infant
survival (Altmann & Alberts, 2003). In contrast to persistent effects of
habitat quality, a relatively temporary decrease in rainfall (and therefore
food availability) during pregnancy may slow fetal development and
therefore increase pregnancy duration. In addition, shorter pregnancies
for females with male infants may result if males grow faster than
females during fetal development, as they do during the infant and
juvenile stages (Altmann & Alberts, 2005), resulting in an earlier meta-
bolic “crossover” for mother carrying males than females.

However, in general variation in gestation length was very small
relative to variation in other phases of the IBI, suggesting that its func-
tional significance for overall 1Bl length and hence reproductive rates
may be quite limited. For instance, our models estimate that gestation
would be shortened by just one day (0.5% of the average gestation
length) if the female experienced a 30 mm increase in the average
monthly rainfall (180 mm over the course of a 6-month gestation). A
30 mm change in rainfall is an extremely large difference that implies
very high total rainfall in the context of average annual rainfall in
Amboseli, which is 340 mm (see also Altmann et al. 2002). In general,
as noted by Borries et al. (2001) for langurs, environmentally driven
variation in gestation length will have little effect on the overall IBI, and
hence on reproductive rates. Thus, variation in gestation length will be
driven much more by its effects on infant and maternal survival and

energy balance than by its effects on reproductive rates.

4.4 | Female body fat scores

Our data on female body fat scores were strikingly consistent with the
hypothesis that a change from negative to positive energy balance pre-
cedes the transition from PPA to sexual cycling. Females lost body fat
throughout 90% of their PPA phase, indicating negative energy balance
during this phase. In the final 10% of the PPA, pooled across both short
and long PPAs, females gained body fat, indicating a shift back into
positive energy balance. This shift was followed by the onset of sexual
cycling, during which female body fat remained steady. Our observa-
tion is in agreement with results in both humans and chimpanzee indi-
cating that the resumption of cycling is preceded by a shift to positive
energy, detectable in humans as a gain in BMI (e.g., Valeggia & Ellison,
2004, 2009 for humans; Thompson et al., 2012 for chimpanzees). Our
observations of changes in body fat also lend strong support to our
interpretation of IBI phase durations, namely that the duration of PPA
is much more dependent upon energy availability than the durations of
sexual cycling and of pregnancy.

Specifically, the transition from cycling to pregnancy was not pre-
ceded by changes in body fat scores (i.e., by marked changes in energy
balance), suggesting that conception was relatively independent of a

female’s energy balance. However, this is in contrast with results
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obtained in female olive baboons, showing that body weight for cycling
females was inversely correlated with the duration of sexual cycling
prior to conception (Bercovitch, 1987). After the onset of pregnancy,
Amboseli females again began to gain body fat (Figure 3). This observa-
tion is consistent with observations in many human populations, but is
not universally observed in humans or other mammals, and depends
upon both nutrient availability and species-specific strategies for main-
taining pregnancies. For instance, a typical human pattern involves fat
gain during pregnancy (reviewed in Institute of Medicine, 2009; Robin-
son, 1986; Wade & Schneider, 1992), but the opposite pattern has also
been reported in extreme environmental conditions—Gambian women
during the ‘hungry season’ lose body fat during pregnancy (Lawrence,
Coward, Lawrence, Cole, & Whitehead, 1987). Fat gain during preg-
nancy is reported for a number of mammal species, but in others spe-
cies mothers lose fat during pregnancy, as they transfer fat stores to
the offspring (reviewed in Robinson, 1986; Wade & Schneider, 1992;
Widdowson, 1976). Near the end of pregnancy, Amboseli females
appear to experience a small dip in body condition: it is possible that
this dip coincides with the increasing demands of pregnancy at the end
of the third trimester when the energetic requirements of fetal brain
growth are very high (Ellison, 2003, see also Martin, 1996, 2007).

Our observation that female body fat scores per se did not predict
the duration of any phase of the IBI is also consistent with the energy
balance hypothesis, which posits that reproductive readiness in female
primates is strongly affected by whether females can gain more energy
than they are currently using, rather than by energy stored as body fat.
This reproductive tactic of using an increase in available energy to com-
mence reproduction, is linked to the concept of income breeding (mak-
ing reproductive decisions based on the rate of energy accumulation)
as distinct from capital breeding (making reproductive decisions based
on the amount of energy stored; Drent & Daan, 1980; see also
Jonsson, 1997; Stearns, 1992 for slightly different uses of these terms).
However, baboons, like other large primates, fail to conform to either
of these simple breeding strategies, and neither one is a useful descrip-
tion of their reproductive strategy, which relies on both income and
capital (Brockman & van Schaik, 2005; Thompson, 2013b). That is, the
very extended reproductive cycle of baboons, which often unfolds in a
highly unpredictable environment, has apparently selected for both
sensitivity to current energetic conditions and the ability to store
energy for offspring needs (Thompson, 2013b). The resumption of
cycling with positive energy balance allows female baboons to respond
quickly and flexibly to environmental windfalls, and poses some risks in
an unpredictable environment like Amboseli, as female baboons cannot
predict whether a positive energy balance is sustainable. If not, they
risk a failed pregnancy as documented when females conceive during
drought (Beehner et al., 2006). However, reproductive risks in baboons
appear concentrated in the early phases of a given reproductive event.
During pregnancy, females start accumulating fat by reducing their
basal metabolic rate, and increasing the time spent feeding as preg-
nancy progresses (Ellison, 2003; Silk, 1986). The resulting accumulation
of fat is a highly risk-averse strategy that allows pregnant and lactating
baboons to be extremely well-buffered against energy shortages and
achieve high infant survival as shown for humans (Ellison, 2003, 2017).
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To support both the rapid and flexible initiation of breeding and the
accumulation of fat during pregnancy, baboons pursue a highly suc-
cessful generalist foraging pattern that combines omnivory with great
feeding selectivity: baboons eat many different food types, and focus
on particular plant species and parts that allow them to maximize nutri-
ent intake (Alberts et al., 2005; Altmann, 1998; Byrne, Whiten, Henzi &
McCulloch, 1993; Hamilton, Buskirk, Buskirk, 1978; Norton Rhine,
Wynn, & Wynn, 1987; Whiten, Byrne, Barton, Waterman, & Henzi,
1991). This flexible feeding strategy may be crucial for reducing the
risks of initiating breeding in an unpredictable environment, and for
helping baboons to break free of the constraints of their highly sea-
sonal environment. A highly flexible feeding strategy characterizes our
own species as well. Indeed, the exigencies of the savannah environ-
ment, including unpredictable food resources, are often invoked as cen-
tral selective pressures that shaped the hominid lineage (see reviews in
Foley, 1987, 1993; Klein, 1999; Potts, 1996, 1998a, 1998b).

4.5 | Physiological changes during PPA and sexual
cycling: Glucocorticoids, estrogens, and progestogens

In periods of negative energy balance, when the body needs to mobi-
lize its own energy reserves, glucocorticoids are secreted. As expected,
fGC concentrations in Amboseli females were higher during the early
phase of the PPA when lactation demands were high, and progressively
declined in the months prior to the resumption of cycling, until they
reached levels similar to those observed during the cycling phase. This
result is highly congruent with our data on changes in body fat and
with our observation that the duration of PPA is sensitive to energy
availability. Taken as a whole, these results indicate that female
baboons, like humans and chimpanzees (Thompson et al, 2012;
Valeggia & Ellison, 2004, 2009) do not resume cycling until the rate at
which they are mobilizing their stored energy reserves drops to a suffi-
ciently low level. This transition depends on both maternal and infant
nutrition; here we have focused on maternal conditions, but this dual
dependency is a key feature of any mammalian system. For nonseaso-
nal breeders in particular, maternal flexibility to resume cycling depends
on the mother-infant pair achieving a sufficient aggregate energy
intake to free the mother for investment in the next offspring
(Lee, 1997).

We observed a marked decline in fP levels over the course of PPA
as females approached the resumption of cycling. The source of fP dur-
ing PPA is not clear in our study; progesterone is usually produced by
the corpus luteum during cycling, but during PPA, ovarian function has
not yet resumed yet. The most likely source of the fP levels that we
documented during PPA is the adrenal glands (Balfour, Comline &
Short, 1957). Once females resumed cycling, fP levels in the early and
late follicular phase of the menstrual cycle declined as females
approach conception. These results are consistent with the known con-
traceptive role of progestogens: when progestogens are elevated, fol-
licular development is prevented and ovulation is suppressed (Glasier,
2015; Mueck & Sitruk-Ware, 2011; Sitruk-Ware, 2006). Consequently,
elevated progesterone concentrations have been associated with fail-

ure to conceive in humans (Baird et al., 1999). However, in contrast to
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patterns of fP concentrations during PPA and the follicular phase of
the sexual cycle, we observed increases in both fE and fP during the
luteal phase of the sexual cycle as female baboons approach concep-
tion. This observation is consistent with the necessity for sufficient lev-
els of progesterone and estrogen in the luteal phase in order for
females to sustain pregnancy: in humans, low levels of estrogen and
progesterone are associated with several causes of infertility, including
failure to ovulate, luteal insufficiency, and subfecundity (reviewed in
Ellison, Panterbrick, Lipson, & Orourke, 1993; Vitzthum, Spielvogel, &
Thornburg, 2004).

5 | CONCLUSIONS

Like other nonseasonally breeding primates, wild female baboons are
sensitive to and constrained by the energetic demands of reproduction,
and can accelerate or delay the resumption of reproduction depending
on environmental conditions. Specifically, reproduction is accelerated
(IBls are shortened) when females have greater access to energy sour-
ces, and reproduction is slowed (IBls are lengthened) when females
experience energy restriction. PPA is by far the most sensitive of the
phases to environmental variation; in contrast, the duration of sexual
cycling is surprisingly insensitive to environmental variation but can be
quite variable and contributes significantly to overall variation in IBls;
understanding the biology underlying the variation in sexual cycling
duration is an important next step in explaining the evolution of pri-
mate reproduction. Variation in gestation length, while highly signifi-
cant for infant survival, represents a negligible contribution to overall
variation in reproductive rates. Changes in female body fat scores, par-
ticularly during PPA, were strikingly consistent with the energy balance
hypothesis, which posits that females are able to resume cycling only
when they are able to acquire more energy than they expend. This
observation points to baboons as able to take immediate advantage of
increases in available energy to resume reproduction, but as subse-
quently dependent upon storing energy to support pregnancy and lac-
tation. Our results from steroid hormone analyses support this
interpretation: fGC concentrations were initially high during PPA when
infant energy demands were high, and declined during PPA as female
energetic condition improved. Finally, changes in fPs, when examined
as a function of specific reproductive states, paint a clear picture of
changes in female fecundability. fP declined during PPA, and also
declined during sexual cycling when we examined data for the follicular
phase, consistent with the known contraceptive effects of fP. How-
ever, fP increased during sexual cycling when we examined data for
the luteal phase, consistent with the role of fP as an index of ovarian
function. As a whole, our study contributes to a growing understanding
of the ways in which variation in energy availability constrains and

enhances female primate reproductive rates.
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