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Figure S1 

 

 Legend Figure S1: 

Relationship between the number of males during conception and the strength of reproductive 

skew in chimpanzees and bonobos measured as A) Nonac’s B-index and B) the most successful 

sire’s share of reproduction. Filled dots indicate the values of 7-year periods across different 

chimpanzee groups; the thick spotted line indicates the model estimate for the relationship in 

chimpanzees and the thin spotted line indicates the 95% confidence intervals of the model 

predictions. The bonobo value is depicted as an open circle. 

 

Figure S2 



 

 

Legend figure S2: 

Relationship between the number of offspring and male dominance rank in one bonobo and the 

three chimpanzee groups for which data on female sexual swelling sizes at the probable time of 

conception were available. Open circles indicate expected values based on the priority-of-access 

model and horizontal lines indicate the 95% confidence intervals. Red circles represent the actual 

values based on paternity analysis. 

 



Supplemental Experimental Procedures 

Genetic and paternity analyses 

We considered as potential sires all males ≥ 9 years at the estimated month of conception. 

We calculated conception month by subtracting the mean gestation length of bonobos (230 days; 

[S1]) from the date the newborn was first seen. Paternity was assigned at 95% confidence levels 

in the likelihood-based CERVUS 3.0 parentage analyses program [S2] using 13 autosomal 

microsatellite loci genotyped from DNA derived from noninvasively collected feces, as recently 

described [S3]. Methods of genetic and paternity analyses for the five chimpanzee communities 

were similar and are described in the original publications: North group in Tai National Park, 

Ivory Coast, [S4]; Kasakela group in Gombe Stream National Park, Tanzania, [S5, S6]; Sonso 

group in Budongo Forest Reserve, Uganda, [S7, S8]; M group in Mahale Mountains National 

Park, Tanzania [S9]; Ngogo group in Kibale National Park, Uganda [S10–S12]. 

 

Measuring reproductive skew 

We compared skew in bonobos with that in chimpanzees using identical time periods 

(i.e., 7 years and 12 years) because the extent of reproductive skew can be strongly affected by 

the period over which it is calculated. For example, in a group of 5 males where each male 

monopolizes reproduction in any given year, reproductive skew will be complete when 

calculated 5 times on a yearly basis, but absent if calculated only once for the whole 5-year 

period. Comparing skew over multiple chimpanzee community time periods also reduces the 

possibility that the observed differences result from chance temporal effects. For example, the 

long-term, underlying skew distribution of two communities may be identical, but if one was 

sampled during a period where the same male held the alpha position and the other when the 



alpha male happened to change, the observed skew distributions would be very different. The 

alpha male did not change during the 7-year period in bonobos. However, reproductive skew was 

higher in bonobos than in the five chimpanzee 7-year periods where the alpha position also was 

constant (Table 1).   

We calculated two complementary, widely used measures of male reproductive skew. 

The Nonac’s binomial skew (B) considers the reproductive success of all candidate sires, and is 

the only such index that adjusts for differences among individuals in length of group 

membership. It is calculated as the difference between the observed and expected variance in 

paternity success, where the expected variance reflects a situation where every male has an equal 

probability of fathering any given offspring, which is calculated as the variance of the binomial 

distribution [S13]. The B-index thus not only reflects the underlying skew distribution, but also 

how likely the observed distribution was to have arisen by chance. Therefore, even when the 

underlying skew distributions are identical, more productive groups (i.e., more offspring 

paternities) and larger groups (i.e., more candidate sire males) will have higher B values than less 

productive and smaller groups, because the observed skew distributions are less likely to have 

resulted from random processes [S13]. Considering that both productivity and community size in 

bonobos were at the low end of the range of chimpanzees (Table 1), this lends support to our 

claim that the underlying skew distribution was indeed higher in bonobos than chimpanzees. 

Our second measure of skew, the most successful sire’s share of reproduction, is 

mathematically unrelated to differences between groups in productivity and size and is 

unaffected by the absence of unidentified/ungenotyped males who did not reproduce. However, 

it ignores variation in reproductive success among all but the most successful male.  



All calculations of reproductive skew for each community considered males ≥10 years as 

candidate sires. We excluded years 1995-2002 at Taï North because anthropogenic and other 

diseases and poaching reduced the number of candidate sire to 2-3 males, which is a 

demographic scenario that probably did not frequently occur in the long-term evolutionary 

history of chimpanzees. 

 

Reproductive skew and number of males 

 We ran two simple linear mixed models on the chimpanzee data to determine if bonobos 

had higher reproductive skew values than expected for a chimpanzee community with a similar 

number of males. Our two response variables were our two measures of reproductive skew, and 

our predictor variable was the average number of males ≥10 years alive in the community at the 

time of the conception. Random differences between communities may impact how the fixed 

effects influenced reproductive skew. To account for this, we incorporated the random slopes of 

fixed effects within communities in the model [S14]. The units of analysis were non-overlapping 

7-year time periods. We therefore extracted from each community all possible sets of 

consecutive but non-overlapping 7-year-periods. For example, for the Ngogo community there 

are six different sets of two non-overlapping 7-year time periods (1996-2002 and 2003-2009, 

1997-2003 and 2004-2010, 1998-2004 and 2005-2011, 1999-2005 and 2006-2012, 2000-2006 

and 2007-2013, 2001-2007 and 2008-2014), as well as one single 7-year time period not 

represented in the preceding list (2002-2008).  We ran each of our two models 392 times, which 

is the number of all possible combinations of these non-overlapping 7-year time periods across 

all chimpanzee groups, and averaged the results. 



We generated 95% confidence intervals for the predicted values of both measures of 

reproductive skew for a given a number of males in the community using a parametric bootstrap. 

More specifically, we first conducted 100 independent bootstraps of the model estimates from 

each combination of non-overlapping 7-year blocks. Secondly, based on each bootstrapped 

model’s estimates of the intercept, fixed effect and residual standard deviation, we generated a 

bootstrap of the response values. Finally, we examined where the observed reproductive skew 

value in bonobos fell in relation to the 95% confidence intervals for the predicted values in 

chimpanzees, which were generated from these 39,300 bootstrap responses (Figure S1).   

 

Male dominance ranks 

We determined bonobo male dominance rank during the month of conception using Elo-

ratings (15) of the outcomes of decided agonistic interactions [S16], which we converted into 

monthly ordinal rankings (r). Details for determining ordinal rankings in chimpanzees are 

described in the original publications (Tai North: [S4]; Sonso: [S8]; Kasakela: [S5]; Ngogo: 

[S12]). To account for the fact that the same ordinal rank (r) could have different meanings 

depending on male group size (e.g., a male with a rank of 5 is very low-ranking in a group of 5 

males, but very high-ranking in a group of 35 males), we calculated standardized dominance 

ranks (R) that accounted for the number of males aged ≥10 years in the community(nm) with the 

following formula: R =  (nm-r)/(nm-1) [S17].  

To compare the strength of the relationship between male dominance rank and 

reproductive success in chimpanzees and bonobos, we calculated 95% confidence intervals for 

the average standardized rank of sires through bootstrapping using the same procedure as 

described above for the most successful sire’s share of reproduction [S12]. Unlike our 

comparisons of reproductive skew, where we parsed the data into 7 year periods, here we used 



all of paternities in each community for which the corresponding dominance rank data were 

available (Bonobos: N = 13; Taï North = 13; Sonso = 13; Kasakela = 33; Ngogo = 109; M Group 

= 10).  

 

Estrous synchrony and departure from the priority-of-access model 

For each paternity we determined the number of maximally tumescent females present in 

the community on the estimated month of conception. For chimpanzees, these data were 

available from three communities: Taï North: [S4], Sonso: [S8], and Gombe: [S5]. In order to 

determine if alpha males sired significantly more offspring than expected under the predictions 

of the priority of access model, we generated 95% confidence intervals for the expected number 

of paternities for males of each ordinal dominance rank. For each offspring, we randomly 

assigned paternity to one of the males belonging to those ranks the priority-of-access model 

predicts will sire an offspring given the number of maximally tumescent females present in the 

community at the time of conception.  For example, if there were four maximally tumescent 

females, we randomly assigned the conception to one of the males ranked 1-4. We repeated this 

procedure 10,000 times to obtain a distribution from which we drew our 95% confidence 

intervals. If the observed number of offspring sired by males of a given rank was outside the 

95% confidence interval, this rank sired significantly more or significantly less offspring than 

expected by chance (Figure S2).  
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