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Abstract

With their large body size and “slow” life histories, atelin primates are thought

to follow a risk‐averse breeding strategy, similar to capital breeders, in which

they accumulate energy reserves in anticipation of future reproductive events

such as gestation and lactation. However, given the paucity of longitudinal data

from wild populations, few studies to date have been able to compare the

timing of reproductive events (e.g., copulations, conceptions, and births) in

relation to shifting resource availability over multiple years. We examined the

reproductive patterns of two atelin species—white‐bellied spider monkeys

(Ateles belzebuth) and lowland woolly monkeys (Lagothrix lagotricha poeppigii)—

in relation to habitat‐wide estimates of fruit availability at the Tiputini Biodi-

versity Station (TBS) in Amazonian Ecuador. Our sample included 4 years of

data on births (N = 36) and copulations (N = 170) for Lagothrix, 10 years of data

on births (N = 35) and copulations (N = 74) for Ateles, and 7 years of data on ripe

fruit availability. Reproductive events were distinctly seasonal. For both spe-

cies, births were concentrated between May and September, a time period in

which ripe fruit was relatively scarce, while inferred conceptions occurred

between September and January, when ripe fruit availability was increasing and

maintained at high‐levels throughout the forest. Interannual variation in births

was relatively stable, except for in 2016 when twice as many infants were born

following a strong El Niño event that may have led to unusually high levels of

fruit productivity during the 2015 breeding season. Although copulations were

observed year‐round, an overwhelming majority (>90% for Lagothrix and >80%

for Ateles) took place between August and February when females were most

likely to conceive. Collectively, these data follow the reproductive patterns

observed in other atelin primates, and, as proposed by others, suggest that

atelins may follow a risk‐averse breeding strategy.
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1 | INTRODUCTION

Most wild populations of primates demonstrate some degree of

reproductive seasonality (Di Bitetti & Janson, 2000; Janson & Verdolin,

2005; Lancaster & Lee, 1965; Lindburg, 1987). The strength of

reproductive seasonality, that is, how clustered similar reproductive

events are in time, is often correlated with the level of intra‐annual
environmental fluctuation, most notably in rainfall and food availability

(Di Bitetti & Janson, 2000). This pattern arises, in part, because the

optimal timing of conceptions and births is likely to be dependent on the

balance between food availability and the energetic and nutritional

demands of mothers and infants during gestation, lactation, and weaning

(Crockett & Rudran, 1987; van Schaik & van Noordwijk, 1985).

The timing of reproductive events in relation to food availability has

been frequently characterized using the income‐capital breeding frame-

work (Brockman & van Schaik, 2005; Carnegie et al., 2011; Di Bitetti &

Janson, 2000; Janson & Verdolin, 2005, Lewis & Kappeler, 2005a, 2005b;

Richard et al., 2000). In its current form, the model can be viewed as a

continuum of solutions differentiated by the degree to which an organ-

ism relies on stored energy to finance reproductive costs (Jönsson, 1997;

Stephens et al., 2009). Marking the extreme ends of the continuum, an

“income” breeder is one that uses current food intake as a cue to initiate

reproductive events (mating, conception, and the onset of gestation),

whereas a “capital” breeder builds up and stores energy reserves to then

draw from during later phases of reproduction (e.g., maintenance of

pregnancy and lactation) (Stearns, 1992). Although few species are

purely income or capital breeders, testing predictions about the timing

and frequency of reproductive events in relation to seasonally fluctuating

resources may allow the classification of individuals as more re-

presentative of one strategy than the other (Brockman & van Schaik,

2005; Stephens et al., 2009).

Among nonhuman primates, income breeders, also known as

“classic” breeders, are generally smaller‐bodied species (e.g., those

<3 kg), with shorter life spans, that rely on high quality, seasonal re-

sources like fruits and insects. Their reproductive biology is predicted to

include: (1) a conception window heavily influenced by exogenous

factors, such as photoperiod or rainfall, (2) little to no fat accumulation

during pregnancy, (3) low prenatal mortality rates, and (4) little to no

interannual variation in birth rates, but (5) high interannual variation in

the rate of infant mortality (Brockman & van Schaik, 2005). Income

breeders generally reproduce once per year and often show a narrow

birth peak, with births timed just before or during peak food availability

(Brockman & van Schaik, 2005; Janson & Verdolin, 2005). In highly

seasonal environments, some income breeders, typically those >3 kg,

may conform to a strategy that improves maternal survival by timing

infant births to occur up to several months before peak food avail-

ability. This form of income breeding ensures that infants will be of an

appropriate size for weaning during peak food abundance and in turn

decrease maternal energy stress during the most energetically costly

part of reproduction (i.e., mid to late lactation; Altmann, 1980;

Brockman & van Schaik, 2005; Bronson, 1989; Janson & Verdolin,

2005). Thus, income breeding strategies are thought to (a) decrease

maternal energy stress during the most energetically costly part of

reproduction (Altmann, 1980; Brockman & van Schaik, 2005; Bronson,

1989; Janson & Verdolin, 2005) and/or (b) improve infant survival by

reducing the energetic stress that infants experience during weaning

(Altmann, 1980; Crockett & Rudran, 1987). In turn, infant survivorship

is expected to be higher for infants born during the birth window that

permits weaning to occur during periods of greatest food availability

compared with infants born outside of that window (Di Bitetti &

Janson, 2000).

For primates living in environments with unpredictable peaks in

food availability, or for those with relatively long interbirth intervals,

the timing of reproductive events may be dependent principally on

maternal body condition needed to support cycling and gestation

rather than on food availability at either the time of infant weaning

or of peak lactational stress for mothers. Such females have been

called “capital” breeders, as they seem to follow a strategy of accu-

mulating and storing energy reserves for future reproductive events

such as gestation and lactation (Stearns, 1992; van Schaik & van

Noordwijk, 1985). Although no primates seem to follow a capital

breeding strategy to the same extent as some other mammals, (e.g.,

pinnipeds, where females rely exclusively on their fat reserves to

sustain both the infant and the mother through weaning), a number

of large‐bodied species do exhibit a risk‐averse breeding strategy

(Emery Thompson, 2013) in which maternal body condition acts as a

cue that the mother will be able to afford the costs of both gestation

and lactation regardless of future food availability. As such, the re-

productive responses of primate capital breeders are predicted to

include: (1) a variable conception window that is cued endogenously

through individual condition thresholds or energy balance, (2) accu-

mulation of fat reserves throughout pregnancy, (3) high prenatal

mortality rates, (4) high interannual variation in birth rates, and (5)

low variation in infant mortality rates (Brockman & van Schaik,

2005). If capital breeders mate throughout the period of increasing

food availability but only conceive once their body condition reaches

an adequate threshold, then their births are predicted to occur after

the mean peak in food abundance by a period of time equal to the

delay in conception plus gestation length (Janson & Verdolin, 2005).

In an influential review of the timing of births in Neotropical

primates, Di Bitetti and Janson (2000) found that, across species,

births tend to occur before the peak in food availability. They argue

that, for small‐bodied species, this pattern would allow peak lactation

to occur during peak food availability, while for larger species, it

would allow weaning of offspring to occur before the start of the

next lean season. However, the atelins—spider monkeys (genus

Ateles), muriquis (genus Brachyteles), and woolly monkeys (genus

Lagothrix)—which are the largest (>7 kg) of the New World primates,

do not neatly conform to this pattern. Instead, despite living in cli-

matically different environments, atelins tend to give birth when

preferred resources, such as new leaves for muriquis (Brachyteles

arachnoides) and ripe fruits for woolly monkeys (Lagothrix spp.) and

spider monkeys (Ateles spp.), are relatively scarce (Nishimura, 2003).

Given their large body size and long period of infant dependency

(Table 1), it is unlikely that atelins would be strict income breeders,

but rather should fall towards the other end of the income‐capital
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breeding continuum, that is, unable to conceive and successfully

gestate until they reach an adequate body condition (Nishimura,

2003; Strier & Ziegler, 1997; Strier, 1996).

Observational data, coupled with physiological data, support the

notion that atelin primates may be capital breeders and follow a risk‐
averse breeding strategy. For example, although spider monkeys and

woolly monkeys are both observed to copulate year‐round, births are

reported to only occur during 8–9 months out of the year in spider

monkeys (reviewed in Shimooka et al., 2008) and during ~6 months out

of the year in woolly monkeys (Nishimura, 2003), and among muriquis

matings are rarely observed during the dry season, when preferred

resources are most scarce (Strier, 1996). Thus, if a female muriqui fails

to conceive by the end of the wet season, when preferred resources are

abundant, she will potentially experience a full year delay in re-

production, waiting until the next rainy season to recommence sexual

activity (Strier, 1996). Finally, most multiparous atelins exhibit several

months of ovarian cycling before conception is achieved, also suggest-

ing that maternal body condition may be critical for successful con-

ception (Campbell et al., 2001; Nishimura, 2003; Strier & Ziegler, 1997).

While the observations noted above support the view that atelin

reproductive strategies may be constrained by female body condi-

tion, few studies to date (e.g., Campbell & Gibson, 2008; Nishimura,

2003; Symington, 1987a) have explicitly examined whether and how

reproductive behavior and births are related to temporal variation in

resource availability at a given site over the long term. In this paper,

we aim to fill this gap by presenting long‐term data on the timing of

reproductive events for two sympatric atelin primates—white‐bellied
spider monkeys (Ateles belzebuth) and lowland woolly monkeys

(Lagothrix lagotricha poeppigii)—at the Tiputini Biodiversity Station

(TBS) in Amazonian Ecuador. Specifically, we present data on the

distribution of observed copulations, inferred months of conception,

births, and infant survivorship in both species over multiple years

and then examine how these are related to seasonal patterns of ripe

fruit availability, the preferred food source for both species. We also

compare the degree of reproductive seasonality observed at TBS to

that observed among atelin taxa at other sites.

If these two atelin primates are capital breeders, with conception

and maintenance of gestation conditional on the maternal state, we

would expect spider monkeys and woolly monkeys at TBS to exhibit

comparable reproductive timing given that they are feeding, primarily, on

very similar resources (see Dew, 2005). Specifically, under a capital

breeding model, we would predict that matings in both species would

become more common as fruit becomes more abundant and that con-

ception will occur when maternal body condition is adequate (most likely

during or right after the mean peak in fruit availability), with births fol-

lowing 7–7.5 months later. We would also expect to see high variation in

interannual birth rates, but low variation in infant mortality. Further-

more, previous comparisons of phenological patterns between TBS and

other field sites inhabited by similar taxa (e.g., Manu, Peru and La Ma-

carena, Colombia), suggest that fruit availability at TBS is less variable

across the annual cycle than in other lowland tropical forests (Di Fiore,

1997; Link, 2011). If so, this raises the possibility that spider monkeys

and woolly monkeys at TBS may be less constrained than other atelin

taxa living in more seasonal habitats, and, as such, may exhibit less re-

productive seasonality with a wider birth window compared with other

atelin populations (Di Bitetti & Janson, 2000; Janson & Verdolin, 2005).

2 | METHODS

2.1 | Ethics statement

This study complied with protocols approved by the institutional animal

care and use committee (IACUC) at the University of Texas at Austin,

adhered to Ecuadorian legal requirements, and adhered to the American

Society of Primatologists' Code of Best Practices in Field Primatology.

2.2 | Study site

Research was conducted at the TBS in the Yasuní Biosphere Reserve

of Ecuador. Adjacent to Yasuní National park (982,000 ha), TBS

TABLE 1 Weights and reproductive/life‐history parameters of wild Ateles belzebuth and Lagothrix lagotricha spp

Parameter Ateles Lagothrix

Adult female body weight (g) 8,744 ± 858 (N = 7)a 6,089 ± 574 (N = 7)a

Age of dispersal from natal group (years) 5.9 ± 0.4 (N = 13)b 6.0 ± 0.4 (N = 5)c

Age of first parturition (years) 8.8 ± 1 (N = 5)b 9.0 ± 0.8 (N = 4)c

Female cycle length (days) NAd 22.9 ± 2.7 (N = 8)e

Gestation length (days) 229 ± 3f 220 ± 5f

Interbirth interval (months) 44.2 ± 7.8 (N = 21)b 36.7 ± 6.7 (N = 6)a

aThis study.
bLink et al. (2018).
cLa Macarena, Colombia (Nishimura, 2003).
dData not available for A. belzebuth, but Campbell et al. (2001) estimates cycle length of 20–24 days for Ateles geoffroyi.
eAbondano unpublished data, calculated from ovulation events of 26 consecutive cycles across eight females at the Tiputini Biodiversity Station.
fHartwig (1996).
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encompasses ~650 ha of largely undisturbed primary moist tropical

rainforest with an annual rainfall of >2800mm (Blake et al., 2010; Di

Fiore et al., 2009). Although there is not a pronounced dry season,

rainfall can vary dramatically between months. March through July

are consistently the wettest months of the year with ≥250mm of rain

falling each month, while August and September tend to be drier, with

rainfall increasing again in October, peaking in November, then drying

off again for December and January (Snodderly et al., 2019). Still,

there is a considerable interannual variation that muddies this pattern

(Snodderly et al., 2019). Because of its location near the equator,

photoperiod is consistent throughout the year, although the timing of

sunrise may vary as much as 30min during a biannual cycle. Sunrise

occurs slightly earlier in May and November and slightly later in

February and August (Snodderly et al., 2019). The field site hosts an

intact predator community (Blake et al., 2012) as well as 10 different

species of nonhuman primates (Di Fiore et al., 2017).

2.3 | Subjects

Three groups of spider monkeys range at least partially within the

650 ha TBS trail system, and one of these groups (MQ‐1) has been

monitored regularly since August 2006, with only two periods of ob-

server absence exceeding 2 months (January 2007 through May 2007

and September 2015 through June 2016) between 2006 and 2017.

Over that time, MQ‐1 has ranged in size between 23 and 37 individuals,

with an average of 6 adult males and 10 adult females, and 11 im-

matures (Link et al., 2018). At least eight social groups of woolly

monkeys have been identified to range within the same study area.

Groups vary in size from 14 to 40 individuals, with a typical composition

including 2–5 adult males, 4–10 adult females, and 5 or more im-

matures. For this study, we relied on behavioral data collected on

several groups of woolly monkeys over a 4‐year period. Specifically,

data were collected on two groups (C and G) in 2013 and on four

groups (C, D, G, and P) between 2014 and 2016. All groups followed

during these study periods were habituated to observer presence, and

most group members could be recognized individually based on unique

facial markings, pigmentation of the anogenital region, and/or other

distinct features such as broken fingers and scars. Given that this was a

longitudinal study, we have had numerous observers assist in the data

collection of atelin behavior. To ensure interobserver reliability, data

were only included from observers with ≥2 months of training.

2.4 | Data collection

2.4.1 | Behavioral data

For both species, behavioral data were recorded using a combination

of instantaneous and continuous samples taken during the context of

focal animal follows (Altmann, 1974). With multiple observers in the

field and an opportunistic schedule of rotation among focal in-

dividuals, we ensured that all adults and subadults were sampled and

accounted for in group demography at least once per month. Contact

hours with Ateles averaged 148.5 ± 93.9 h per month, and contact

hours with Lagothrix averaged 324.4 ± 267.1 h per month. Observa-

tions of rare events such as copulations and solicitations between

nonfocal individuals were recorded ad libitum. Copulations were

defined as mounting behavior between male and female subjects in

which the observer could visibly confirm intromission, or, after dis-

mount, could visually confirm that ejaculate was present. In woolly

monkeys, copulations are frequently interrupted by juveniles, and, on

occasion, by harassing females (Di Fiore & Fleischer, 2005). There-

fore, copulations in which a male or female terminated copulation

due to harassment, but then immediately resumed copulating once a

harassing individual was chased away or reprimanded, were con-

sidered a single event.

2.4.2 | Birth and conception data

The presence of newborn infants in each of the focal groups of spider

and woolly monkeys was recorded opportunistically during group

follows. While several infant births could be assigned to an exact day,

the majority of infants born during the study were born outside of a

specific follow. In these cases, infant birth dates were assigned to the

midpoint of the month in which the infant was first seen, unless the

infant's appearance (i.e., hair color and size) suggested to an observer

familiar with the development process that they were born 1–2

months prior. Infant birth dates that could not be estimated in this

manner to within two months were not included in seasonality

analyses; by this criterion, we excluded eight woolly monkey infants

born in Lagothrix groups D and P between May and October of 2016,

a time period in which these two groups were not followed con-

sistently. Birth dates for some spider monkeys infants born early in

the study were further corroborated through videos and photos

collected from 1 to 2 camera traps monitoring a mineral lick in the

group's home range that was visited frequently (Galvis et al., 2014;

Link et al., 2011). The month of conception for each infant was then

estimated by subtracting the average gestation length, which has

been estimated to be between 7 and 7.5 months, or 229 ± 3 days in

spider monkeys and 220 ± 5 days in woolly monkeys (Hartwig, 1996),

from the infant's assigned birth month. Based on birth records and

estimated dates of conception, we scored each woolly and spider

monkey female as either “gestating” or “not gestating” during each

month and then calculated the total number of gestating females per

species per month.

2.4.3 | Fruit availability

Biweekly estimates of fruit availability at TBS have been collected

regularly since September 2006. Following methods outlined in

Stevenson (2004), we surveyed nearly 9 km of transects spread

throughout the TBS trail system. During each survey, we recorded all

trees whose crown overlapped the phenological transect and was
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bearing ripe fleshy fruit. Fruiting trees were marked with an identi-

fication tag and entered into our long‐term phenological database,

where upon first occurrence, we recorded the species (or morphos-

pecies), diameter at breast height (DBH), and distance of the trunk to

the center of the transect; for lianas, the DBH and distance to

transect of the main supporting trunk was measured. The basal

area ( )π, DBH

2

2
, was then calculated as a proxy index of ripe fruit

production for that tree or liana (Chapman et al., 1992; Stevenson,

2004) and the effective width of the phenological transects sampled

was calculated as the average distance from all fruiting trees to the

center of the transects. The area sampled during each monitoring

period—calculated as the effective transect width x total transect

length—was 5.25 ha. For trees and lianas that produced fruits in

more than one biweekly period, we assigned ripe fruit production

during each period to be a proportion of the tree's basal area fol-

lowing the coefficients of Pascal's triangle. For example, if a tree had

a basal area of 100 cm2 and produced fruit during four subsequent

monitoring periods, we would distribute our basal area index of ripe

fruit production among those four periods using Pascal's coefficients

of 1:3:3:1, resulting in scores of 12.5, 37.5, 37.5, and 12.5 cm2, for the

same respective periods. We chose this model because a weighted

distribution of fruit productivity determined by Pascal's triangle

showed the best fit to actual fruit productivity (as monitored using

fruit traps) at another diverse, lowland rainforest site at La Macar-

ena, Colombia (Stevenson, 2004). To estimate habitat‐wide fruit

availability for a given biweekly monitoring period, we summed these

portions of the basal area of each tree and liana producing ripe fruits

to obtain the total basal area of plants bearing ripe fleshy fruits that

period and divided that by the total area monitored (5.25 ha) to yield

an estimate of production per hectare.

We included in analyses of temporal variation in fruit availability

only those years of phenological monitoring that were missing data

from five or fewer biweekly surveys (N = 7, years: 2008, 2011–2016).

For these years, a small number of missing biweekly values (N = 10

out of 168 potential values, or 6% of data set) were imputed using

the package MICE (Multivariate Imputation via Chained Equations;

van Buuren & Groothuis‐Oudshoorn, 2011) in R version 3.6.1

(R Core Team, 2019). Five different imputed data sets were created

using predictive mean matching, and the average of these data sets

were used to represent a final data set of monthly mean basal area of

plants bearing ripe fruit per hectare.

2.5 | Data analysis

We used circular statistics to determine if annual fruit availability

and reproductive events for each species could be classified as

seasonal. Circular statistics are useful when the distribution of

data can be plotted along a circular scale such as compass di-

rections or time (e.g., months of the year, hours of the day, etc.).

For our study, we considered the total length of the circular

axis to be one year, with each month represented by 30°

(or 1/12th) of that axis. We then converted observations of

births, inferred conceptions, and total sum of fruit basal area per

hectare per month to a vector in which vector length, l, was equal

to the cumulative number of events observed that month and the

vector angle, a, was equal to the midpoint of that month's 30°

section (i.e., January = 15°, June = 165°, and December = 345°;

see Figure 1). The subsequent vectors were then compared with

those of a uniform distribution using Rayleigh's test of uniformity

(Batschelet, 1981). The resulting value is a mean vector length, r,

which ranges in values between 0 and 1.0, with 0 indicating an

equal distribution of events along the circular axis, and 1.0 in-

dicating an extremely high clustering of events where all events

occur during the same interval. Statistical analyses were exe-

cuted in the circular statistics program for Windows, Oriana v.4

(Kovach, 2011).

To better understand the seasonal distribution of observed co-

pulations, we calculated the frequency of copulations observed each

month as the number of copulations observed divided by the total

number of hours that observers followed focal groups that month,

and we express the frequency of copulations as the number of co-

pulations per 100 observer‐hours. We attempted to remove dupli-

cate observation hours in which multiple observers were following

the same subgroup (animals within a minimum distance threshold of

<30m for spider monkeys and <100m for woolly monkeys). How-

ever, this was not always possible for woolly monkeys as groups of

this species often range in a dispersed pattern, and observers could

be >100m from one another viewing different animals and yet still

be part of the same subgroup (Ellis & Di Fiore, 2019). In these cases,

we included both observers' hours in the denominator, which means

that calculated rates may somewhat underestimate actual copulation

rates in woolly monkeys.

To assess the relationship between fruit production and re-

productive events we used a series of generalized linear mixed‐
effects models (GLMMs). Models incorporating count data as the

response variable (e.g., number of births, number of conceptions,

and number of gestating females each month) were fit with a

Poisson error distribution and a log link function. For the model

evaluating copulation rates, the response variable was set as the

number of copulations in relation to the total number of ob-

servation hours collected during that month and was fit with a

binomial error distribution and a logit link function. Fruit avail-

ability was set as a fixed effect in all models. Given that our cal-

culations of fruit production are only a subsample of what is

available to the primates of TBS, we broadly categorized each

month as falling into a high or low period of fruit availability (i.e.,

above or below the overall average). Additionally, given the var-

iation in sampling from year to year (including change in observers

and number of groups studied), we chose to incorporate year as a

random effect in all models. Each model was fit with the glmer

function in the R package “lme4” (Bates et al., 2015). To determine

model significance, we compared each model to the null model

(containing random effects only) using log‐likelihood ratio tests

(LRT) calculated using the ANOVA function in R version 3.6.1

(R Core Team, 2019).
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3 | RESULTS

3.1 | Woolly monkeys

Between January 2013 and December 2016, 36 woolly monkeys

were born in our four focal groups. All woolly monkey infants with

assigned birth months (N = 31) were born between May and

September, with one exception, a male born in December of 2016

(Figure 1). The monthly distribution of woolly monkey births, collated

across years, differed significantly from a uniform distribution

(Rayleigh test: r = .636, Z = 12.542, p < .001). May had the highest

number of births followed by another small peak in September.

While there was little interannual variation in the number of

infant births between the years of 2013 and 2015, 2016 was an

exception, with twice as many infants born that year in comparison

to the previous 3 years (Table 2). During the 4 years of study, only

two woolly monkey infants disappeared before reaching 2 years of

age. One infant, born in September 2013, disappeared with his mo-

ther between January and March 2015; we do not know if this

disappearance represents a dispersal event or a fatality. A second

infant, born September 2014, was no longer seen after we found his

mother deceased of unknown causes in September of 2015.

We calculated the month of conception for each woolly monkey

infant by subtracting the mean gestation length of 220 days from the

assigned month of birth. All infants were conceived between Octo-

ber and February, except for the one infant born in December 2016,

which would have to have been conceived in May. October was the

month with the highest number of inferred conceptions, followed by

February.

Since January 2013, we have observed 170 woolly monkey co-

pulations (Table 3). Over 90% of these occurred between August and

February, with the frequency of copulations per 100 observation

hours peaking in November. Copulations were rarely observed be-

tween April and July.

For nine individually recognized woolly monkey females who gave

birth between the start of 2013 and end of 2016, the mean number of

months between parturition and the first recorded observation of

resumed sexual activity was 20.1 months (range: 13–27 months).

F IGURE 1 Circular plot showing the distribution (blue bars) and mean ± 1 SD (black line) of (a) woolly monkey births and (b) conceptions
from 2013 to 2016 (N = 31) and of (c) spider monkey births and (d) conceptions from 2006 to 2012 (N = 35) at the Tiputini Biodiversity Station
in Ecuador. The timing of births/conceptions across months is significantly different from a uniform distribution in both woolly monkeys
(Z = 13.308, p < .001) and spider monkeys (Z = 12.542, p < .001). For both species, the mean month for births in July and the mean month for
conceptions in November
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Mothers of male infants had significantly longer periods of postpartum

sexual inactivity (23.3 ± 5.7 mo, N = 4) compared with mothers of

female infants (17.6 ± 4.5 mo, N = 5; two‐sample t = 2.83, df = 7,

p < .05). With a small sample size, however, these results should be

taken with caution. For five of these females, we could also calculate

the length of time between the first observation of resumed sexual

activity and successful conception, which averaged 6.4 months, with a

range between 2 and 17 months (N = 5).

3.2 | Spider monkeys

Similar to woolly monkeys, the distribution of spider monkey births

across the annual cycle also differed significantly from a uniform

distribution (Rayleigh test: r = .617, Z = 13.308, p < .001). Since 2006,

over 65% of spider monkey births (N = 35) occurred between the

months of May and August, and no births were recorded between

January and March. Overall, June was the mean peak birth month for

spider monkeys.

On average, three infants were born into the Ateles MQ‐1 group

each year, but as with woolly monkeys, nearly twice as many infants

were born in 2016 (N = 7) than were seen in any other previous year

(range: 1–4 for years 2006–2015; Table 4). Six known infants (three

males and three females) have died or disappeared since 2006. All

were born between May and August, and a majority of them (N = 4)

were only a few weeks old when they vanished. In two cases, both

the mother and infant disappeared simultaneously. The death of one

male infant in August of 2010 was attributed to suspected

infanticide (Alvarez et al., 2015).

Counting back 229 days from the month of birth, we estimated

the month of conception for these same 35 infants. Most inferred

conceptions (over 65%) occurred between September and De-

cember, with the highest number found in October. No conceptions

occurred between May and July.

Due to the formation of consortships in spider monkeys, mating

behavior can be difficult to detect by observers (Campbell & Gibson,

2008). Thus, despite a much longer period of investigation and a

larger number of contact hours compared with the woolly monkeys,

we have only seen about a third as many copulations (N = 74;

Table 3). Although copulations were observed year‐round, a large

TABLE 2 Number of male and female
woolly monkeys born each year to four
different study groups (C, D, G, and P)

Group C Group D Group G Group P Group totals

Year Male Female Male Female Male Female Male Female Male Female

2013 1 1 1 2 1 4 2

2014 2 3 1 1 1 4 4

2015 1 1 1 2 1 4 2

2016 2 2 1 3 3 3 2 10 6

Total 4 2 4 3 8 4 6 5 22 14

TABLE 3 Total number of observation hours and the number of
observed copulations for each month in spider monkeys from 2007
to 2017 and in woolly monkeys from 2013 to 2016

Observed copulations

Ateles

Observed copulations

Lagothrix

Month

Contact

hours No.

No./

100 h

Contact

hours No.

No./

100 h

January 1475.5 4 0.271 1413.7 8 0.566

February 1795.6 11 0.613 1264.3 19 1.503

March 1285.5 4 0.311 812.3 3 0.369

April 1380.5 2 0.145 1142.9 0 0.000

May 1637.8 3 0.183 916.0 4 0.437

June 1462.7 1 0.068 1490.4 2 0.134

July 1735.9 2 0.115 2421.6 6 0.248

August 1598.6 10 0.626 1659.0 13 0.784

September 1308.6 7 0.535 805.5 25 3.104

October 1384.2 8 0.578 1237.0 24 1.940

November 1259.6 18 1.429 1045.6 50 4.782

December 774.6 4 0.516 1037.6 16 1.542

Total 17099.1 74 0.433 15246.0 170 1.115

TABLE 4 Number of male and female spider monkeys born each
year across 13 females in MQ‐1

Year No. of males No. of females No. of unknown

2006 1 2

2007 1 2

2008 1

2009 2 3

2010 1 2

2011 3

2012 3 1

2013 2

2014 2

2015 1 1

2016 4 3
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majority (over 80%) occurred between August and February. As for

woolly monkeys, November was the month with the greatest number

of copulations seen per 100 observation hours, and very few copu-

lations were observed between April and July.

Spider monkey females resumed sexual activity following par-

turition later than woolly monkey females. Excluding events in which

a previous infant died (N = 1) and instances where no copulations

were seen before conception (N = 1), spider monkey females took, on

average, 29.5 months after parturition to be observed to resume

mating (range: 17–37 months, N = 8 infants involving seven different

females). Given that these females all had female infants, we were

unable to test for significant differences in the length of postpartum

sexual inactivity between mothers of female infants compared with

mothers of male infants. Once a female resumed copulating, it then

took between 1 and 20 months for her to conceive (average: 7.8

months, N = 6). Interestingly, of the three females still present in the

group after the death or disappearance of their infant, two who lost

their offspring during the same month in which they were born were

able to conceive 1 and 3 months after parturition, respectively; a

third female, whose infant was between 3 and 9 months old when it

disappeared, conceived 16 months after parturition.

3.3 | Fruit availability

Monthly fruit availability did not follow a uniform distribution

(r = .163, Z = 5.416, p = .004). The highest estimates of fruit abun-

dance were typically observed between December through March

and the lowest estimates of fruit availability extended from May to

August (Figure 2). January was the mean month of peak fruit avail-

ability, with the highest estimates of fruit abundance, while May

often had the lowest estimates of fruit abundance.

3.4 | Reproductive events in relation to relative
fruit abundance

In both species, births were significantly more common during

periods of low fruit availability (woolly monkeys: β = 1.153,

Z = 2.536, p = .011, model fit LRT full vs. null: χ2 = 7.880, p = .005;

spider monkeys: β = 1.599, Z = 2.563, p = .010, model fit LRT full

vs. null: χ2 = 9.146, p = .002; Tables S1 and S2), with a threefold

and fivefold increase in the number of births expected for woolly

monkeys and spider monkeys, respectively, during months with

lower than average fruit availability compared with months with

higher than average fruit availability. For both species, the

number of births peaked in May and June when the abundance of

ripe fruit was rather scarce compared with other months of the

year (Figure 3). Spider monkeys are significantly less likely to be

gestating during periods of lower‐than‐average fruit availability

(β = −0.465, Z = −2.943, p = .003, model fit LRT full vs. null:

χ2 = 8.689, p = .003; Tables S1 and S2), with a 63% decrease in the

number of gestating females observed during periods of low fruit

availability. However, we found no significant relationship be-

tween high and low fruit availability and the number of woolly

monkeys gestating each month (β = −0.152, Z = −1.08, p = .277,

model fit LRT full vs. null: χ2 = 1.176, p = .278; Tables S1 and S2).

Although only one conception occurred for each species between

April and July, a period with very low fruit availability, our model

did not detect a significant relationship between high versus low

fruit availability and the number of conceptions observed for

either species (woolly monkeys: β = −0.198, Z = −0.525, p = .599,

model fit LRT full vs. null: χ2 = 0.275, p = .600; spider monkeys:

β = −0.810, Z = −1.728, p = .084, model fit LRT full vs. null:

χ2 = 3.157, p = .076; Tables S1 and S2). Finally, we found a sig-

nificant relationship between high versus low levels of fruit

F IGURE 2 Average monthly estimates of
fruit production (measured as the proportion
of the basal area (cm2/ha) of plants bearing
ripe fruits) at the Tiputini Biodiversity Station,
Ecuador over 7 years (2008, 2011–2016). The
solid line and error bars represent
mean ± 1 SD monthly production of ripe fruit.
Solid circles represent unusually high
estimates of ripe fruit availability observed
between August and November of 2015,
during an El Niño event
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availability and monthly copulation rates observed for each

species, although in different directions (woolly monkeys:

β = .370, Z = 2.018, p = .044, model fit LRT full vs. null: χ2 = 4.013,

p = .042; spider monkeys: β = −0.789, Z = −2.769, p = .005, model

fit LRT full vs. null: χ2 = 7.640, p = .006; Tables S1 and S2). In

woolly monkeys, copulations were 44% more likely to be ob-

served during periods of low fruit availability, while for spider

monkeys, the chances of observing copulations during low fruit

availability decreased by 45%. This discrepancy may be due to

interannual variation of fruit productivity and a relatively shorter

sampling period for woolly monkeys (4 years) compared with

spider monkeys (10 years).

3.5 | Degree of seasonality compared with atelins
at other field sites

Although our study site is located very near the equator and shows

less variation in fruit availability across seasons when compared with

other sites inhabited by atelin taxa, woolly monkeys and spider

monkeys at TBS showed slightly higher degrees of reproductive

seasonality, as measured by Rayleigh's test for uniformity (r), than

reported elsewhere (Table 5). Comparatively, both species in the

current study had very similar r values (in both food availability and

births) to those calculated for muriquis (Brachyteles) from Caratinga,

Brazil, a site located 19°50′S from the equator.

F IGURE 3 The number of woolly and spider monkey births and conceptions between January 2011 and December 2016 in relation to
average monthly estimates of fruit abundance (measured as the proportion of the basal area (cm2/ha) of plants bearing ripe fruits) at the
Tiputini Biodiversity Station, Ecuador. Significantly more births occurred during periods of low fruit availability (woolly monkeys: β = 1.153,
Z = 2.536, p = .011, model fit χ2 = 7.880, p = .005; spider monkeys: β = 1.599, Z = 2.563, p = .010, model fit χ2 = 9.146, p = .002). Despite few
conceptions occurring during the leanest part of the year (April–July), we found no effect of fruit availability on the number of conceptions
observed each month (woolly monkeys: β = −0.198, Z = −0.525, p = .599, model fit χ2 = 0.275, p = .600; spider monkeys: β = −0.810, Z = −1.728,
p = .084, model fit χ2 = 3.157, p = .076). The solid line and error bars represent mean ± 1 SE production of ripe fruit each month, the bars
represent the total number of reproductive events for each species, with spider monkeys shown in shaded bars, and woolly monkeys shown in
white bars. SE, standard error
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4 | DISCUSSION

Based on long‐term demographic, behavioral, and phenological data

on wild populations of woolly and spider monkeys at TBS, we found

that reproductive events of these two atelin primates were distinctly

seasonal. Births for both species were concentrated between the

months of May and September, a time period in which fruit avail-

ability at the site is, historically, at its lowest. In turn, most concep-

tions occurred between September and January, when fruit

availability tends to be increasing or is maintained at a high level

throughout the forest. The frequency of observed copulations also

increased during this period, suggesting that copulations most often

occur when females are more likely to conceive (between August and

February, for both species), although we should note that female

reproductive hormone profiles are necessary to more precisely

identify the timing of ovulation and conception. While some females

took just over a year to resume copulating postparturition, others

were not observed to copulate for more than 2 years after giving

birth, with the larger‐bodied spider monkeys taking ~8 months

longer to resume copulating than woolly monkeys. Once females

resumed sexual activity, woolly monkeys took, on average, more than

6 months—and spider monkeys nearly 8 months—to conceive.

4.1 | Are spider monkeys and woolly monkeys
capital breeders?

Without direct measures of female body condition and how that

changes (or not) seasonally, we cannot confidently classify the atelins of

TBS as capital breeders. However, some of our results do offer support

that spider monkeys and woolly monkeys follow a risk‐averse breeding

strategy. First, despite the variation in body size between spider mon-

keys and woolly monkeys, both species exhibited a clear clustering of

births during the same time interval (May to September), with the peak

number of births for each species each year usually falling in May and

June. Second, sexual activity was rarely observed between April and

July, a period in which fruit availability rapidly declines from peak levels.

As fruit slowly became more abundant, typically in August and

September, the number of copulations observed per month began to

increase. Conceptions did not coincide with or immediately follow the

mean annual peak in fruit availability. Instead, conceptions occurred as

fruit availability is increasing habitat‐wide, but before availability peaks,

often by a couple of months. This suggests that females are becoming

pregnant partway through a several month‐long period of generally

higher fruit abundance, with the potential to continue accumulating fat

stores throughout the early months of gestation. Indeed, woolly mon-

keys have been reported to undergo substantial seasonal variation in

weight gain, forming large fat deposits throughout the months of

greatest fruit availability (Peres, 1991, 1993). Moreover, in the Ecua-

dorian Amazon, indigenous hunters report that they prefer to hunt

woolly monkeys between May and August, during the “season of fat

monkeys,” when the monkeys are found pregnant and at their “fattest”

(i.e., more yellow fat is present and the meat is more palatable; Rival,

2005, p. 98). Such a seasonal pattern of weight gain has not been

reported for spider monkeys, but given that their diets are comparable

to woolly monkeys (e.g., Dew, 2005), spider monkeys could plausibly be

undergoing similar changes in body condition. Finally, along with in-

vestigating when conceptions do occur, we can also consider when they

do not occur (Symington, 1987a). Both spider monkeys and woolly

monkeys experience a period of nonconception between April and July,

when fruit production is rapidly declining and stays at low levels in the

forest for several months. This pattern of not conceiving when fruit

availability is at its lowest has been observed in several spider monkey

species and may reflect a decrease in female reproductive condition or

changes in ovarian cycling that reduce the chances of conception

(Campbell & Gibson, 2008; Symington, 1987a).

In this study, the number of births did not vary substantially be-

tween years, except in 2016, when both woolly and spider monkeys

experienced twice as many births as recorded in several preceding

years. Interestingly, this spike in births followed an exceptionally strong

El Niño event (Climate. gov, 2017), which may have created climatic

conditions favorable to fruit production (Wright et al., 1999). In 2015,

the abundance of ripe fruit increased in August, several months sooner

than seen in previous years and was maintained at exceptionally high

levels for several months (Figure 2). Such a prolonged period of fruit

productivity may have provided a greater opportunity for some females

TABLE 5 Seasonality in fruit availability and births as measured by Rayleigh's test of uniformity (r) among several atelin primates

Species Site Latitude r fruit r births No. births p References

Ateles belzebuth La Macarena, Colombia 2°40′N 0.489 0.491 6 NS Klein (1971)

A. belzebuth TBS, Ecuador 0°40′S 0.163 0.617 35 <.001 This study

Ateles geoffroyi BCI, Panamá 9°9′N 0.225 0.539 18 <.005 Milton (1981)

Ateles paniscus Manu, Perú 11°55′S 0.283 0.370 46 <.005 Symington (1987a,b)

Brachyteles arachnoides Caratinga, Brazil 19°50′S 0.211 0.629 57 <.001 Strier (1996), Strier et al. (2001)

Lagothrix lagotricha lugens La Macarena, Colombia 2°40′N 0.489 0.589 20 <.001 Nishimura et al. (1992)

Lagothrix lagotricha poeppigii TBS, Ecuador 0°40′S 0.163 0.636 31 <.001 This study

Note: Values of r range between 0 and 1.0, with 0 indicating an equal distribution of events, and 1.0 indicating an extremely high clustering of events

(Batschelet, 1981).
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to improve body condition before conception, making it more likely for

them to conceive and to lay down additional energy reserves during

early gestation. Indeed, some of the shortest interbirth intervals in both

species were observed following this period. For example, one woolly

monkey female that had given birth in June 2014 was able to conceive

for the next time ~10 months earlier than expected (February 2016),

reducing her interbirth interval to 27 months. At least two other woolly

monkey females who gave birth in 2014 likely achieved similarly re-

duced interbirth intervals; however, because these females belonged to

Lagothrix group D and the birth of their successive infants were not

recorded precisely, we can only crudely estimate that the interbirth

intervals of these two females were between 24 and 30 months. For

spider monkeys, two females who gave birth in 2013 and then again in

2016 had interbirth intervals of 37 and 38 months, respectively,

roughly 7 months earlier than the average interbirth interval observed

at our site over a 12‐year period (Link et al., 2018). Higher birth rates

and shorter interbirth intervals following periods of high fruit avail-

ability are not uncommon among primates that follow a capital

breeding pattern (e.g., Macaca fuscicularis [van Noordwijk & van Schaik,

1999; van Schaik & van Noordwijk, 1985] and Pongo pygmaeus [Knott,

1998, 2001]), suggesting that successful female reproduction may

indeed be tied to body condition.

In contrast to income breeders whose infant survival rates tend to

plummet when infants are born outside of the window for optimal food

conditions (e.g., Lemur catta [Gould et al., 2003], Eulemur rubriventer

[Tecot, 2010]), capital breeders do not depend on increased food avail-

ability during lactation for infant survival, but rather on their own ac-

cumulated energy reserves before and during pregnancy, resulting in

relatively low infant mortality. Following the expectations of a capital

breeding pattern (Brockman & van Schaik, 2005; Di Bitetti & Janson,

2000; Janson & Verdolin, 2005), the atelins of TBS experienced low

overall infant mortality. Only two of 36 woolly monkey infants dis-

appeared over the 4‐year period, and over the course of 10 years only six

of 35 spider monkey infants died or disappeared. In spider monkeys, the

two females who lost their infants within the first few weeks and re-

mained in the group were able to conceive between 1 and 3 months

later, while one female, whose infant disappeared after 3 months, had to

wait an entire year before she could conceive again. Such observations

may indicate that females who lose infants within the first few months

still retain enough energy reserves to successfully conceive and support

gestation, while females who lose infants after several months may have

depleted their energy reserves further than can be replenished either in

time to conceive or to successfully carry a pregnancy to term that year,

driving them to forego reproduction until the next breeding season.

Low infant mortality rates in capital breeders may be linked to

higher rates of prenatal mortality. Because capital breeders rely on

energy stores acquired during pregnancy to support lactation later on,

females who are unable to procure sufficient energy reserves to con-

tinue their current reproductive effort may be forced to abandon their

pregnancies in early to mid‐gestation (Brockman & van Schaik, 2005). In

captive primates, capital breeders are known to experience higher rates

of fetal loss in early pregnancy than other breeding patterns (Brockman

& van Schaik, 2005; Hendrickx & Nelson, 1971; Hendrie et al., 1996).

Although data on prenatal mortality are incredibly difficult to obtain for

wild populations, hormonal profiles of female spider monkeys in Pa-

nama showed that some females do experience spontaneous abortion

(Campbell et al., 2001), and, based on the examination of the re-

productive organs of wild‐caught female woolly monkeys (Lagothrix

poeppigii) in Peru, Bowler et al. (2014) were able to estimate that em-

bryo mortality may be as high as 33%.

For capital breeders, the degree of reproductive seasonality is often

reduced in captivity (Brockman & van Schaik, 2005). Because captive

animals are fed a relatively nutritious and consistent diet, their body

condition likely remains stable and above the minimum threshold ne-

cessary to successfully conceive and gestate, regardless of the time of

year. Woolly monkeys and spider monkeys in captivity certainly follow

this pattern, giving birth throughout the year when held in captivity

(Chapman & Chapman, 1990; Mooney & Lee, 1999), while this study and

others clearly show reproductive seasonality in the wild. Given that

seasonal variation in fruit production at TBS is less pronounced than at

other tropical sites located farther from the equator, one might expect

the degree of reproductive seasonality to be weaker in our atelin po-

pulations than at other field sites. However, this was not the case.

Contrary to expectations, woolly and spider monkeys at TBS were

characterized by somewhat higher degrees of reproductive seasonality

than reported elsewhere for their respective genera (Table 5). The rea-

son behind such a trend is not clear at this time, although it may be due

to the limited sample size (Janson & Verdolin, 2005). We look forward to

seeing if the pattern holds as more long‐term data accumulate.

4.2 | Resumption of reproductive activity

After giving birth, spider monkey females took an average of ~8 months

longer than woolly monkey females to resume copulating. This should

not be surprising given that spider monkey females are both larger than

woolly monkey females and exhibit longer periods of infant dependency.

During a 23‐month investigation of atelin juvenile development at TBS,

Schmitt (2009) documented significantly more nursing bouts per focal

sample between spider monkey females and their juvenile offspring than

between woolly monkey females and their juvenile offspring, perhaps

suggesting a longer period of milk dependency in spider monkeys. If the

period of lactation is indeed extended for spider monkeys, then spider

monkey females may take longer to recuperate lost energy reserves, and

correspondingly, may refrain longer from sexual activity, until their body

condition reaches a minimum critical threshold.

Among woolly monkeys, females who gave birth to a son took

nearly 6 months longer to resume copulating than females who gave

birth to a daughter. Such a pattern could indicate that male infants

place greater energetic demands on their mothers than female in-

fants, or it could represent a mother's differential investment in male

versus female offspring. Given that woolly monkeys are among the

most sexually dimorphic platyrrhine primates (with males being

25%–30% larger than females and with even greater dimorphism in

canine length: Di Fiore et al., 2014), differences in male and female

growth trajectories may lead to unequal energetic demands on the
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mother, whether through lactation effort and milk production or the

cost of transporting a heavier infant. Longer durations and greater

energetic costs of postnatal maternal care for sons compared with

daughters have been observed in a number of primates, including

spider monkeys (Chapman & Chapman, 1990; Symington, 1987b),

chimpanzees (Nishida et al., 2003), mountain gorillas (Eckardt et al.,

2016), and hanuman langurs (Ostner et al., 2005).

4.3 | Conclusions and future directions

At TBS, spider monkey and woolly monkey conceptions were tied to

periods of increasing fruit availability, allowing females to accumulate and

store energy reserves throughout gestation. As habitat wide fruit avail-

ability declined, so did the likelihood of conception and/or potentially the

ability to accrue enough energy capital to successfully carry a pregnancy

to term, as evidenced by the lack of births between November and

February, 7–7.5 months later. Coupled with low rates of infant mortality

and interannual variation in birth rates skewed by extreme fruiting

events, the woolly monkeys and spider monkeys of TBS appear to follow

a risk‐averse breeding strategy typical of capital breeders.

Finally, due to the “slow” life histories of atelin primates, im-

portant reproductive parameters, such as age of first reproduction

and interbirth intervals, can be extremely difficult to estimate in the

absence of long‐term data. We view this paper as a first step towards

providing some of these important data and towards understanding

the reproductive patterns of the atelin primates at TBS. Given that

female body condition likely plays an important role in atelin re-

production, we believe a productive area for future research will

involve regular, noninvasive tracking of female body condition, re-

productive function, and fecundity using physiological markers (e.g.,

fecal progesterone to monitor a female's reproductive state and

urinary c‐peptide to monitor body condition [reviewed in Behringer

& Deschner, 2017]), particularly in relation to fruit availability. It will

also be informative to investigate further the influence of infant sex

on maternal investment and energetic expenditure.
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