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Abstract

Pathogens exert a profound and pervasive cost on various aspects of primate sociality and

reproduction. In olive baboons (Papio anubis) at Lake Manyara National Park, Tanzania, geni-

tal skin ulcers, caused by the bacterium Treponema pallidum subsp. pertenue, are associated

with increased female mating avoidance and altered male mating patterns at a pre-copulatory

and copulatory level. Beyond this, mating is also comprised of post-copulatory interactions

among sexual partners (i.e., copulation calls, darting [post-copulatory sprint away from the

male], and post-copulatory grooming). In baboons, female post-copulatory behavior is hypoth-

esized to incite male-male competition, promote subsequent copulations, and/or strengthen

the bonds between the mating pairs. Due to a higher reproductive burden (i.e. pregnancy, lac-

tation, infant rearing), females should avoid proceptive behavior after mating to decrease fur-

ther exposure to potential pathogens. To investigate whether the presence of genital skin

ulcers has an impact at the post-copulatory level, we analyzed 517 copulation events of 33

cycling females and 29 males with and without genital skin ulcers. The occurrence of female

post-copulatory behaviors was not altered by genital skin ulcerations in males. Similar to other

baboon populations, females in our study group were more likely to utter copulation calls after

an ejaculatory copulation. The likelihood of darting was higher after ejaculatory copulations

and with the presence of copulation calls. Post-copulatory grooming (i.e., occurring within 15

seconds after a copulation) was not frequently observed. Our results indicate that despite the

presence of conspicuous signs of disease, female post-copulatory behavior was not affected

by the genital health status of the males. This indicates that in our study group, infection cues

caused by T. pallidum subsp. pertenue play a major role before and during mating, but not

after mating. The post-copulatory behavior of females is most likely affected by physiological or

evolutionary constraints other than sexually transmitted infections.
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Introduction

An important fitness criterion in the mating context is the health status of the potential sexual

partner. Individuals should choose healthy partners, since mating with a sick individual may

not only have negative effects on the offspring (i.e. a poor health status can be an indication of

a poor immune system which would then be passed on to the offspring) but also on the health

and reproduction of the individual itself and the health of the offspring if the disease can be

transmitted [1,2]. The latter becomes particularly obvious if the disease is sexually transmitted.

Furthermore, poor health status can alter the individual´s attractiveness as a sexual partner, its

competitive ability, and performance in the mating context [3].

In baboons, copulations are usually defined by male mounting with intromission and pelvic

thrusts upon the female, which can culminate with ejaculation [4,5]. An ejaculatory mount is

usually identified by an ejaculation pause, where the male remains rigid upon the female for a

few seconds [4] and often a sperm plug is visible on the female’s external genitalia. During or

after copulation, females may utter copulation calls, which are typically low-frequency rhyth-

mic vocalizations [6]. Besides, female baboons often exhibit a characteristic post-coital sprint

over several meters away from the male, a post-copulatory withdraw-behavior called ‘darting’

[4,5,7–11]. Finally, pairs may engage in post-copulatory grooming (PCG), which can be initi-

ated either by the male or by the female [4].

Although post-copulatory behavior could play an important role in both female choice and

sperm competition [12], little is known about the function of post-copulatory behavior in non-

human primates. It has been suggested that the presence of these post-copulatory behaviors

might (i) incite male-male competition by attracting non mate-guarding (i.e., non-consorting)

males [13], (ii) encourage indirect sperm competition between males [14], (iii) increase the

probability of subsequent matings with the same male [15,16], or (iv) strengthen female-male

social relationships [17,18]. These hypotheses are, however, not mutually exclusive.

In Lake Manyara National Park (LMNP), Tanzania, olive baboons (Papio anubis) are

infected with the bacterium Treponema pallidum subsp. pertenue as serological and genetic

analyses indicated [19–22]. This bacterium also causes human yaws. In baboons, this infection

is associated with moderate to severe skin ulcers of the anogenital area and external genitalia

in both males and females (Fig 1). As observed in humans infected with T. pallidum, we

Fig 1. Genital skin ulcerations caused by Treponema pallidum subsp. pertenue. Olive baboon adult female (left) and adult male (right) at Lake Manyara

National Park, Tanzania.

https://doi.org/10.1371/journal.pone.0261894.g001
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assumed that baboons are mainly infectious when skin lesions or genital ulcers are present

[23].

Progressive scarification of the tissue can lead to a permanently open state of the vagina and

anus in females, while in males it is reported to cause phimosis (i.e. inability to retract the skin

covering the glans of the penis) or loss of the corpus penis [19]. The high frequency of

observed genital ulcerations in sexually mature individuals suggests that the pathogen is sexu-

ally transmitted [19,20,24].

The presence of genital skin ulcers in baboons causes changes in the copulatory behavior of

males and females [25]. Symptomatic males decrease the number of pelvic thrusts (which might

compromise the ability to ejaculate and sire offspring); while females avoid mating when they or

their potential sexual partners are genitally ulcerated [25]. An increase of sexual investment by

males towards proceptive females might lead to a higher likelihood of subsequent matings with

the same male [4], which in turn, leads to greater exposure to potential pathogens. Because T. pal-
lidum requires skin-to-skin contact to be transmitted, factors such as contact frequency and dura-

tion, are important features for transmission which occur during mating. Therefore, increasing

the rate of copulations (i.e. consecutive mating), due to proceptive behavior by the females, will

lead to higher exposure and consequently to a higher likelihood of infection. Thus, females should

not only avoid copulation with diseased males but also avoid showing any proceptive behavior,

such as copulation calls, darting, and post-copulatory grooming.

Materials and methods

This research adhered to the rules and regulations of the Tanzanian and German laws. The Ani-

mal Welfare and Ethics Committee of the German Primate Center approved the entire study

(document no. E11-18). This study was carried out in accordance with the Tanzania Wildlife

Research Institute’s Guidelines for Conducting Wildlife Research and with permission from Tan-

zania National Parks (TNP/HQ/C.10/13). Additional research permission was granted by the

Commission for Science and Technology in Tanzania (2016-115-NA-2014-228).

Study site and subjects

Fieldwork was conducted at LMNP, Northern Tanzania, during two field seasons (April to

December) in 2015 and 2016. Our baboon group was habituated within four months before

the data collection phase of the study to facilitate behavioral observations from a distance of

fewer than five meters. Our baboon study group consisted of approximately 170 individuals,

with 53 adult and subadult females, 35 adult and subadult males, and more than 70 immatures.

In our analyses, we included 33 cycling females and their 29 male partners, which could all be

individually identified. The genital health status (GHS) was visually assessed and all adult and

subadult individuals were classified as either genitally “ulcerated” or “non-ulcerated” using

macroscopic visual cues [19]. Genital ulcerations could range from small-medium ulcers to

severe mutilation of the outer genitalia (Fig 1). We defined age categories as published else-

where [26]. Briefly, adult females were characterized by full body size, while sub-adult females

were smaller and lacked elongated nipples (but were already cycling). Adult males were char-

acterized by their large body size and fully developed secondary sexual traits (elongated

canines and large shoulder mane), whereas subadult males were larger than adult females but

lacked these secondary sexual characteristics.

Behavioral data

We conducted focal follows from dawn to dusk, but distributed the focal periods among sev-

eral females with peak swellings per day (total 33 cycling females) [27]. To maximize the
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number of observed mating events, we focused on females in their peak estrus, denoted by

maximal tumescence and the bright pink color of their anogenital skin [28]. Due to the large

group size, several females were in peak estrus simultaneously. Therefore, focal observations

were performed opportunistically taking into account the proximity of the observer to the

respective female, the visibility and the easiness of the individuals (i.e. due to recent habitua-

tion to human observers, some individuals were still shy). Thus, when following a female with

an estrus swelling, we did not wait until remating occurred, but switched observations among

females several times a day. We collected 597 hours of observation data, with an average of

16.40 ± 10.02 hours (mean ± SD, range 1.50–39.00 hours) per focal female. We collected data

on the number of mating events, type of copulation, and the presence of copulation calls, dart-

ing behavior, and PCG (Table 1). Behavioral data were recorded in the field on a hand-held

Samsung Galaxy using Pendragon 5.1.2 software (Pendragon Software Corporation, USA).

Statistical analysis

We ran generalized linear mixed models (GLMM, [29]) to examine the post-copulatory behav-

ior of our baboon population. All models were performed in R v3.4.4 [30] with the lme4 pack-

age v 1.1–15 [31]. Maximum likelihood ratio tests were used to test the full model with fixed

factors against the null model (i.e. without fixed factors) [32]. Potential collinearity issues

using Variance Inflation factors [33,34] were checked but did not reveal any issues. Reported

p-values were based on tests of the individual fixed effects using a likelihood ratio test (R func-

tion drop1 with argument test set to “Chisq”; [35]). We included the GHS of both sexes as

fixed predictors and included male identity, female identity, and dyad identities as random fac-

tors. We also tested the interaction between GHS of males and females. Since this did not sig-

nificantly improve any model fit, we excluded it from all our final models for parsimony and a

more reliable interpretation of the main effects (the outcome of the models containing the

interaction can be found as supplementary material). In all models, we included the female

focal observation hours (log-transformed) as an offset term to control for observation effort

[36]. Data and r-codes of the models can be found at [37].

Model description

Model 1: Female copulation calls. The first model analyzed whether the occurrence of

copulation calls was affected by the male and female GHS, the type of copulation, or the

Table 1. Definition of behavioral variables.

Definition

Copulation/mating event male mounting an estrous female and performing pelvic thrusts (with intromission�)

with or without ejaculation

Type of copulation ejaculatory or non-ejaculatory: indicated by visible fresh sperm on the male’s penis or

by the sperm plug on the female’s genitalia after copulation

Pelvic thrusts number of male pelvic thrusts during copulation

Copulation call context-specific calls females utter during or at the end of a copulation

Darting rapid withdraw in which a female can run several meters away from the male after

copulation

Post-copulatory grooming

(PCG)

male/female grooms the mating partner 15 seconds after copulation occurred

�Except for severely ulcerated males that lack the corpus penis as intromission cannot occur.

https://doi.org/10.1371/journal.pone.0261894.t001
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number of pelvic thrusts. The response variable was the presence or absence of copulation calls

per mating event (1/0) with a binomial error structure and a logit link function.

Model 2: Female darting behavior. With the second model, we examined whether post-

copulatory darting was affected by the male and female GHS, type of copulation, and the

occurrence of copulation calls. The response variable was the presence or absence of darting

per mating event (1/0) with a binomial error structure and a logit link function.

Model 3: Occurrence of post-copulatory grooming (PCG). With the third model, we

investigated whether the occurrence of PCG was affected by the male and female GHS, the

presence of copulation calls, and the type of copulation. Here the response variable was the

presence or absence of PCG per mating event (1/0) with a binomial error structure and a logit

link function.

Model 4: Duration of post-copulatory grooming (PCG) by females. With this model,

we examined whether the duration of PCG (in seconds) by females on males was affected by

the presence of copulation calls and the type of copulation. The model assumed that the dura-

tion of PCG depended on the presence of copulation calls, type of copulation, and the male

and female GHS. The model was fitted using the glmmADMB package [38] with a negative

binomial error structure and a logit link function.

Results

The prevalence of ‘genital ulcerated’ individuals in our study group (determined visually)

remained relatively stable throughout the 18-months study period. Only three adult females

and three adult males switched from ‘non-ulcerated’ to ‘ulcerated’ between field seasons.

Therefore, at the end of the study, 44% (N = 23) of the 53 adult and subadult females and 47%

(N = 17) of the 35 adult and subadult males displayed genital ulcers. Among individuals that

participated in sexual interactions, genital ulcers were observed in 40% (N = 33) of the females

and 53% (N = 35) of the males. In total, we observed 517 copulations among 33 females and 29

males. Ninety-five percent of the copulations were between females and their respective con-

sort partners. In general, none of the post-copulatory behaviors led to an increase of the (re-)

mating frequency. The number of copulations per female per hour was not affected by the

occurrence and frequency of post-copulatory behaviors (Fig 2).

Evidence for ejaculation was found in 31.5% (N = 163) of the copulations. Females uttered

copulation calls in 25.5% (N = 132), darting occurred in 41.7% (N = 216) and PCG in 27.2%

(N = 141). The frequency of copulation calls and darting differed slightly between ejaculatory

to non-ejaculatory copulations (Fig 3).

In this study, males who lacked the corpus penis were still able to ejaculate. These males

would ejaculate towards the ground or against their legs as there was no way to direct the

sperm into the female´s genital tract. Nevertheless, two females in our study group uttered

copulation calls even when mating with males lacking the corpus penis, where intromission

was not observed (i.e., males solely performed pelvic thrusts). The likelihood of uttering copu-

lation calls increased with ejaculatory mating (p<0.001, Table 2), but was not affected by the

GHS of either males or females. Adding an interaction between the male and female GHS was

not a significant predictor for the likelihood of uttering copulation calls (p>0.05, S1 Table Sup-

plementary Material).

Darting occurred after 80% (N = 131) of the copulations with ejaculation, but only after

24% (N = 85) of the non-ejaculatory copulations. Darting was also more frequent when

females uttered copulation calls (94%, N = 81). The likelihood of darting was higher when

females gave copulation calls and when the male ejaculated (p<0.001, Table 3), but was not

affected by the GHS of either males or females. Adding an interaction between the male and
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female GHS was not a significant predictor for the likelihood of female darting (p>0.05,

S2 Table Supplementary Material).

Darting never led to the termination of a consortship as males kept track of the females,

even if the female covered distances of more than 10 meters. Moreover, darting also seems not

to increase the likelihood of a consort take-over, because consort take-overs occurred rarely in

our group (N = 7) in the 18-month study period. The occurrence of PCG was also not affected

by the GHS of either males or females and also not by the occurrence of copulation calls or by

Fig 3. Frequency of copulation calls and darting. Frequencies are divided between ejaculatory copulations (right; N = 163) and non-ejaculatory copulations

(left; N = 354). Total number of copulations (N = 517).

https://doi.org/10.1371/journal.pone.0261894.g003

Fig 2. Frequency of copulation per female per hour by frequency of PCB (post-copulatory behavior) per female per

copulation (blue circles represent individual females; r = -0.10; dashed lines = 95% confidence interval).

https://doi.org/10.1371/journal.pone.0261894.g002
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the type of copulation (Table 4). Adding an interaction between the male and female GHS was

not a significant predictor for the likelihood of performing PCG (p>0.05, S3 Table Supple-

mentary Material).

In most cases (72.8%, N = 376), no PCG occurred. When it occurred, males initiated PCG

more often than females regardless of the type of copulation (Table 5).

Similar to the occurrence of PCG, also the duration of PCG was not affected by the GHS of

either males or females (Table 6). However, the duration of PCG performed by males was lon-

ger when females uttered copulation calls (p = 0.019). The same effect was not found for PCG

initiated by females (Table 6). Adding an interaction between the GHS of males and females

was not a significant predictor for the duration of female PCG (p>0.05, S4 Table Supplemen-

tary Material).

Discussion

In contrast to our main prediction, infection cues do not lead to a decrease in the frequency

and duration of post-copulatory behaviors of females, and thus these behaviors cannot be

regarded as a further means to minimize copulation frequency with infected males. Instead,

our results show that, after a copulation, females behaved similarly to females of other baboon

populations. Their post-copulatory behavior was mainly affected by the type of copulation, i.e.,

whether an ejaculation occurred or not. As in other baboon populations, ejaculatory matings

lead to a higher frequency of copulation calls [4,10,15,16,18,39] but see [40], and female dart-

ing [16]. Copulation calls and darting are usually tightly linked and might facilitate bonding

with particular males, to reduce harassment and coercion by other males [8,41]. Regarding

post-copulatory grooming, quantitative studies are scarce for primates. In Barbary macaques,

this behavior occurs in half of the mating events [42–45]. In this species, males are more likely

to groom females after ejaculatory copulations, while females groom males more often after

Table 2. Female copulation call model. Binary GLMM evaluating if the likelihood of uttering a copulation call was affected by the male and female GHS, and the type of

copulation (ejaculatory vs non-ejaculatory).

Term Estimate SE CI lower CI upper z value P

Intercept -3.725 0.830 -5.639 -2.245 -4.490 -

Male GHS 0.057 0.803 -1.518 1.758 0.071 0.944

Female GHS 1.482 0.945 -0.347 3.553 1.569 0.117

Type of copulation 2.800 0.430 2.005 3.706 5.759 <0.001

Estimates, standard errors (SE), z-values, and 2.5% and 97.5% confidence intervals (CI) are shown for fixed effects. Intercept with a reference category is shown for

ulcerated individuals and ejaculatory events.

https://doi.org/10.1371/journal.pone.0261894.t002

Table 3. Female post-copulatory darting model. Binomial GLMM evaluating if the likelihood of female darting was influenced by the male and female GHS, presence of

copulation calls, and type of copulation (ejaculatory vs non-ejaculatory).

Term Estimate SE CI lower CI upper z value P

Intercept -1.468 0.503 -2.537 -0.497 -2.919 -

Male GHS -0.525 0.621 -1.714 0.770 -0.844 0.118

Female GHS 0.883 0.565 -0.242 2.092 1.563 0.398

Copulation call 2.408 0.480 1.502 3.402 5.017 <0.001

Type of copulation 2.500 0.380 1.781 3.277 6.586 <0.001

Estimates, standard errors (SE), z-values, and 2.5% and 97.5% confidence intervals (CI) are shown for fixed effects. Intercept with reference category is shown for

ulcerated individuals, presence of copulation calls, and ejaculatory events.

https://doi.org/10.1371/journal.pone.0261894.t003
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non-ejaculatory matings [45]. This contrasts with the results of our study, where PCG was not

observed in the majority of the cases, and, if it occurred, it was neither affected by the type of

copulation nor by the presence of copulation calls. It also did not increase the frequency of re-

mating (Fig 2).

In olive baboons, females have been described to run immediately from the mating partner

towards another male after copulation [7], leading to consort take-overs [8]. Such behavior

was not observed at LMNP as the darting female was usually followed by the mate-guarding

male, and consort take-overs were seldom observed. This might be due to the long-term bonds

observed between males and females in estrus, as females would frequently mate with the same

male during different cycling periods [25].

Regarding the function of PCB, we did not find support for hypotheses (i) ‘inciting male-

male competition by attracting non mate-guarding males’, (ii) encourage indirect sperm com-

petition between males, or (iii) increase the probability of subsequent matings with the same

male. Consort takeovers and copulations outside of consorts were very rare and PCB also did

not increase to probability of further copulations with respective consort partners. We there-

fore think, that PCB is used as a means to strengthen female-male social relationships (hypoth-

esis iv).

Treponema pallidum infection cues do not influence the occurrence and outcome of post-

copulatory behavior in our study females. We suggest that either the disease is too young in

evolutionary terms, and there was not enough time for species to evolve behavioral adapta-

tions, or the cost-benefit ratio in terms of fitness, by supporting the establishment and mainte-

nance of stable female-male bonds. In large groups with a high number of (unfamiliar) males,

risks of sexual coercion and infanticide might be particularly high [46] and thus, as pathogen

exposure might have already occurred during copulation, it could be more advantageous for

females to keep investing in reliable bonds with their mating partners. In our study, the lack of

post-copulatory behavioral avoidance, together with the long-term bonds observed between

individuals, could mean that females use post-copulatory behavior as a way to strengthen the

bonds with the current (long-term) mating partner.

Table 4. Post-copulatory grooming (PCG)-presence model. Binomial GLMM evaluating if the likelihood of PCG was affected by the male and female GHS, presence of

copulation calls, and type of copulation (ejaculatory vs. non-ejaculatory).

Term Estimate SE CI lower CI upper z value P

Intercept -1.278 0.257 -1.819 -0.770 -4.978 -

Male GHS 0.520 0.307 -0.125 1.130 1.695 0.090

Female GHS 0.017 0.377 -0.828 0.681 -0.045 0.964

Copulation call -0.070 0.319 -0.707 0.561 -0.220 0.826

Type of copulation -0.178 0.278 -0.739 0.362 -0.641 0.521

Estimates, standard errors (SE), z-values, and 2.5% and 97.5% confidence intervals (CI) are shown for fixed effects. Intercept with reference category is shown for

ulcerated individuals, presence of copulation calls, and ejaculatory events.

https://doi.org/10.1371/journal.pone.0261894.t004

Table 5. Frequency of post-copulatory grooming (PCG) initiation in relation to copulation type (number of cases in parentheses).

Copulations (512)� Ejaculatory 30.6% (159) Non-ejaculatory 68.2% (353)

No PCG 72.7% (376) 77.3% (123) 71.5% (253)

Male initiated 17.7% (92) 15.0% (24) 19.2% (68)

Female initiated 8.5% (44) 4.5% (12) 9.0% (32)

�Five copulations were excluded from the total (N = 517) as PCG could not be assessed properly.

https://doi.org/10.1371/journal.pone.0261894.t005
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In general, post-copulatory behavior is still poorly understood in nonhuman primates, even

more so in combination with infectious diseases. Therefore, we suggest that the post-copula-

tory behavior of our study females is most likely more impacted by physiological or evolution-

ary constraints other than sexually transmitted infections.
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