The Original paper was published in Heredity 115: 396-404; advance online publication,

May 6, 2015; doi:10.1038/hdy.2015.36

Three hundred years of low non-paternity in a human population

Jaco M. Greeff* & J. Christoff Erasmus

Department of Genetics, University of Pretoria, Pretoria 0002, South Africa.

* e-mail; jaco.greeff@up.ac.za

Abstract

When cuckoldry is frequent we can expect fathers to withhold investment in offspring that may not be
theirs. Human paternal investment can be substantial and is in line with observations from tens of
thousands of conceptions that suggest that cuckoldry is rare in humans. The generality of this claim
seems to be in question as the rate of cuckoldry varies across populations and studies have mostly
been on Western populations. Two additional factors complicate our conclusions, 1) current estimates
of the rate of cuckoldry in humans may not reflect our past behaviour as adultery can be concealed by
the use of contraceptives; and 2) it is difficult to obtain samples that are random with respect to their
paternity certainty. Studies that combine genealogies with Y-chromosome haplotyping are able to
circumvent some of these problems by probing into humans’ historical behaviour. Here we use this
approach to investigate 1273 conceptions over a period of 330 years in 24 families of the Afrikaner
population in South Africa. We use haplotype frequency and diversity and coalescent simulations to
show that the male population did not undergo a severe bottleneck and that paternity exclusion rates
are high for this population. The rate of cuckoldry in this Western population was 0.9% (95%Cl 0.4 -
1.5%) and we argue that given the current data on historical populations we have to conclude that, at
least for Western human populations, cuckoldry rate is probably in the range of 1%.
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Introduction

Paternity certainty is an important parameter
that affects the evolution of paternal behaviour
(Trivers, 1972; Gaulin and Schlegel, 1980;
Buss, 1996; Goetz and Shackelford, 2009a)
and mating systems (Alexander et al., 1979;
Kokko and Jennions, 2008). Estimates of
cuckoldry in humans must be one of the most
accurate for any species with recent reviews
summarising data for more than 24,000
conceptions (Bellis et al., 2005; Anderson,
2006; Voracek et al., 2008). We use the term
conception throughout to indicate a conceived
child that was born live. Despite the enormous
sample size, early sentiments that there may
be no standard human cuckoldry rate
(MaciIntyre and Sooman, 1991) have been
echoed in subsequent studies where cuckoldry
has been shown to vary across cultures (Bellis
et al., 2005), time (Voracek et al., 2008) and
between families (Anderson, 2006; Scelza,
2011).

Perhaps the most important finding of
recent reviews of predominantly Western
populations is that cuckoldry is normally very
infrequent — in the range of 1.9% (Anderson,
2006) to 3.1% (Voracek et al., 2008). Five
subsequent studies on dissimilar populations
also gave very low estimates of 0.94% in
Germany (Wolf et al, 2012), 0.73% for
Afrikaners (Greeff et al., 2012), 1.3%-2.9% for
different Dogon religions (Strassmann et al.,
2012), 0.9% in Belgium (Larmuseau et al.,
2013), and 1.2% in ltaly (Boattini et al. 2015).
While this important parameter for human
populations may not be pinned down to a single
value, it is necessary to quantify the rate of
cuckoldry in a variety of human populations and
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sample sizes need to be large since small
samples can overestimate the non-paternity
rate (Voracek et al., 2008).

Several factors have been shown to
affect the rate of cuckoldry: cases where
paternity was contested have at least an order
of magnitude higher cuckoldry rate than
estimates based on organ donation (29.8%
versus 1.7%; Anderson, 2006). The former is
biased for low paternity certainty whereas the
latter may be enriched for men with high
paternity confidence and could be misleadingly
low (Anderson, 2006). Religious beliefs can
keep cuckoldry very low (Alexander et al.,
1979; <3% Strassmann et al., 2012). Even so,
the more secular modern Western populations
show a drop in cuckoldry of 0.8% per decade
(Voracek et al., 2008). Simmons et al. (2004)
and Voracek et al. (2008) argued that such a
drop can be the result of the use of modern
contraceptives, especially the pill that has been
introduced since the 1960s. If most modern-day
extramarital  affairs are concealed by
contraceptives, studies on extant populations
can give us a biased estimate of humans’
"natural” cuckoldry rate (Larmuseau et al.,
2013).

A number of studies have combined
deep-rooting genealogies with Y-chromosome
typing to estimate cuckoldry rates (Heyer et al.,
1997; Foster et al., 1998; Sykes and lIrven,
2000; Soodyall et al. 2003; Kayser et al., 2007;
Pollin et al., 2008; King and Jobling, 2009a;
Strassman et al., 2012; Greeff et al., 2012;
Larmuseau et al., 2013; Boattini et al., 2015).
The advantage of these studies is that most of
the conceptions occurred before the invention
of contraception and apart from the sampled
individuals, all the conceptions of earlier
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generations should be random with respect to
paternity certainty as most men already passed
away. When a social father is excluded as a
genetic father it may be due to cuckoldry or
adoption. Genetic studies can frequently not
distinguish between these alternatives and the
term non-paternity is used to incorporate both
these causes of a genetic mismatch between
father and offspring. Even so, these estimates
frequently give non-paternity rates below 1%
(Greeff et al., 2012). Cuckoldry by males
carrying the same Y-chromosome cannot be
detected in such historical studies (Foster et al.,
1998) and it needs to be confirmed that
haplotype diversity is high enough to allow high
exclusion rates of randomly drawn males.

C.C. De Villiers (1850-1887) worked on
the baptismal and wedding records of the
church archives to compile the complete
genealogy of the Afrikaner population from
1652 - 1806. This work was published
posthumously in 1893-94 as “Geslacht-register
der oude Kaapsche familien” (Genealogies of
old Cape families). These were improved and
corrected by Pama and published in three
volumes in 1966 as “Genealogies of Old South
African Families” and at this time it included the
genealogies of 2078 surnames and stretched
into 1820. Based on the research notes of
Heese (1971) and their own work the Human
Sciences Research Council (of South Africa)
and later the Genealogical Institute of South
Africa (GISA) updated this work in a 17 volume
series entitled “South African Genealogies”.
This work included more recent immigrants and
corrected previous mistakes and contained
genealogies for over 8,000 families on its more
than 10,000 A4 pages. This gargantuan task is
still continuing with new research extending
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families into the twentieth century and in 2014
GISA released the newest three of 23 CDs
entitled “South African Family Registers”
containing genealogies of 5,820 surnames
running from a — | in more than 657,000 lines of
text (www.gisa.org.za). Genealogies were thus
not restricted to a few rich families. Using this
advantage Greeff et al. (2012) showed with a
sample of 25 men representing 111
conceptions on a deep-rooting genealogy that
non-paternity in one Afrikaner family was about
0.9% (95% CI: 0.02% - 4.92%). This is a small
sample size to estimate such low frequencies
accurately with an upper 95% confidence limit
of almost 5% and this family may not reflect the
general  population.  Similar to  other
populations, contested paternities have a high
cuckoldry rate of 22% (du Toit et al., 1989).
Here we obtain a more accurate and
representative sample of non-paternity in the
Afrikaner population by investigating 1273
conceptions spread over twenty four families
over the last three hundred and thirty years.
While this population is at the southern tip of
Africa it has a typical Western culture. By using
deep-rooted pedigrees we can avoid biased
sampling and the effects of contraception.

Materials and Methods

Afrikaner population

The Afrikaner population is mostly of European
descent and began 360 years ago when Jan
van Riebeeck of the East Indian Company
founded a refreshment company at the Cape of
Good Hope (Giliomee, 2003). The European
component was roughly a third Dutch, a third
German and a third French (de Villiers and
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Pama, 1966; Heese, 1971; de Bruyn, 1976;
Greeff, 2007). The French were Huguenots that
fled France following the revocation of the Edict
of Nantes in 1685 and were therefore ardent
Protestants. The Dutch were also strongly
religious and the Company had weekly church
services. The German immigrants were mostly
unskilled and financially — marginalized
immigrants that worked as sailors or soldiers.
While the Afrikaner is a textbook example of a
founder effect (Ridley, 2004), at least 5000
male immigrants joined the population over the
first 200 years and claims of a founder effect
are simply not true for the Y-chromosome
(Table 1; Heese, 1971, see exclusion
probability calculations below).

Table 1 Population dynamics of male
Afrikaners for the first 240 years.

Time period  Immigrantsa Population sized
1657-1686 68 70

1687-1716 298 426.5
1717-1746 317 770.5
1747-1776 553 1789
1777-1806 758 3798
1807-1836 970 13008
1837-1866 2090 33493
1867-1896 86232

a We extracted the number of male immigrants that
came to the Cape in the first seven 30 year periods
(210 years from 1657-1866) from Heese (1971); b
We extracted the total adult male population size for
every year from 1657-1819 from Gouws (1981). We
used the average of the annual growth rate
between 1747 and 1819 (=1.032, SD = 0.024) to
extrapolate the population sizes between 1820 and
1866. The population size of each 30 year
generation was then taken as the average of the
15% and 16t years of that 30 year stretch.
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Ethics

Ethical clearance for this study was obtained
from the ethics committee of the Faculty of
Natural and Agricultural Sciences of the
University of Pretoria (EC11912-065). The aims
of the study were explained to all participants,
participation was voluntary and all participants
signed an informed consent form. They gave
the details of their parents and grandparents to
verify our genealogical information and to test
for close relatedness via maternal lines.

Sample selection

In addition to the three genealogies that have
been described (Greeff et al., 2012; Greeff and
Erasmus, 2013), we identified a further 20 old
families  that are  well  researched
genealogically. The criterion for inclusion was
simply that the family had to be well researched
up until modern day. Note that in order to be
inclusive the previously studied genealogies
were included here. With the help of
genealogists specialising on each surname we
selected descendants of deep-rooting branches
of each family (Figure 1), trying to balance the
sample for immigrants from the Netherlands (9
families, 503 conceptions), Germany (8
families, 504 conceptions), France (5 families,
210 conceptions) and Scandinavia (1 family, 56
conceptions; Supplementary Table 1). The men
were contacted and those who were willing to
participate were sent an Oragene saliva self-
collection kit (DNAgenotek, Canada) or came to
the laboratory to give a saliva sample. In
addition to the 25 Greeff (Greeff et al., 2012)
and 9 Botha (Greeff and Erasmus, 2013) males
mentioned above, we obtained a further 165
that could be linked to known genealogies.
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These 199 samples allowed us to study 1273
fertilizations. To quantify haplotype diversity
further, we sampled a further 65 unlinked men
from these selected surnames as well as
another 28 samples from 21 different
surnames.

HT2ES % # 14 = % % % % % % % % % % % % % % *
HT3[MD * * * * 17 % # % % % % % * % * * * * *
HT

ok % ok |7 % [0 % % ok ok ok ok ok ok ok ok ok K

HTSH17 % 14 % 17251011 % 14111020 % 17 * * YRlal

Figure 1 a) One example of the 24 genealogies
compiled in this study. Genotyped individuals
are indicated in larger rectangles, whereas
inferred haplotypes are the smaller squares.
Mutations are indicated by different patterns.
Open squares indicate stretches of patriline
where either mutations or non-paternities
occurred. b) The number of repeats at each of
17 loci for each variant observed in the
surname. Np is for non-paternity (Yes or No), *
indicates that the number of repeats are the
same as Haplotype 1 and Hg stands for
haplogroup.

Genotyping

Whole genome DNA was extracted from saliva
samples according to the manufacturers’
instructions (DNAgenotek, Canada). Seventeen

5|Page

Low non-paternity in a human population

y-chromosome STR loci (DYS19, DYS385 (a &
b), DYS389 (I & Il), DYS390, DYS391,
DYS391, DYS392, DYS393, DYS437, DYS438,
DYS439, DYS448, DYS456, DYS458, DYS635
and GATA-H4) were amplified with the
AmpFESTR® Yfiler™ kit (Applied Biosystems,
Foster City, USA) and length variation at each
locus was detected with a 3500xI Genetic
Analyser (Applied Biosystems, Foster City,
USA) at the Sequencing Facility of Natural and
Agricultural Sciences, University of Pretoria.
Final editing of STR loci length polymorphisms
were done with GeneMarker HID V2.2.0
(SoftGenetics,  http://www.softgenetics.com).
These 17 loci have been shown to be very
good to discern between unrelated European
men (Vermeulen et al. 2009). To quantify the
degree to which the molecular variation on the
Y-chromosome is explained by the country of
origin of each immigrant and by the surname of
the immigrant, we followed McEvoy and
Bradley (2006) and did an AMOVA (Arlequin
ver 3.5.1.2 (Excoffier et al., 2005)). We grouped
the descendants of each immigrant together in
a population. For four surnames we knew that
more than one immigrant came to the country
(Supplementary Table 1) and we treat them
separately here.

Inferring ancestral haplotypes

Given the importance of these 17 loci for
forensic work and their rigorous capture on the
YHRD data base, variation and mutation of
these seventeen loci are well understood. A
recent study by Goedbloed et al. (2009)
considered 1,730 DNA-confirmed father-son
transmissions at all of 17 loci, totalling 29,792
meiotic events and found 84 mutations in total
of which all were single step mutation except
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one two-step mutation. The number of repeat
losses was equal to the number of gains
(Goedbloed et al. 2009). In a larger meta-
analysis of 18 studies and their own Goedbloed
et al. (2009) considered a total of 135,212
meiotic transfers with most loci seeing more
than 10,000 transfers and here they observed
331 mutational events with repeat gains
outweighing losses although one has to be
heedful of the allele length as shorter alleles
are more likely to increase in length (Erasmus
and Greeff in prep). Ninety seven point three
percent of these mutations were single-step
mutations with just over 2% being multi-step
mutations. This set of microsatellites mutate at
an average rate of 0.0028 (Goedbloed et al.,
2009) suggesting that we should see roughly
61 mutations (= 1273 conceptions x17 loci x
0.0028 mutations per locus per fertilization)
over all our trees. The greater majority of these
(close to 99%) should also be single step
mutations (Goedbloed et al., 2009). To infer the
haplotypes of the founders we worked
backwards in time starting with our genotyped
individuals and inferred the minimum number of
mutations required that will result in the
observed genotypes (Figure 1). Most of the
time it was not possible to pinpoint mutations to
one specific conception, rather it can be
attributed to a stretch of patriline (Figure 1).
Here we will use these data to determine the
rate of non-paternity in the Afrikaner population.
Once the non-paternities are excluded we will
report on the mutation rates and nature of the
mutations elsewhere.

|dentification of non-paternity patrilines
The more generations an individual is removed
from a founder, the higher the chances that
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there will be mutations at one or a number of
STR loci. But where do we draw the line and
infer a non-paternity rather than several
mutations. Kayser and Sajantila (2001) showed
that for 15 of these 17 loci in 4,999 confirmed
conceptions, at most two loci mutated. Three or
more mutations were thus considered a non-
paternity rather than mutations that occurred in
one generation. On the other hand Goedbloed
et al. (2009) found one confirmed father-son
pair from 1,764 that had three mutations at
these loci and suggested that locus specific
mutation rates should be considered rather
than a simple more than three rule for instance.
In the present study we frequently deal with
longer stretches of patriline and we need to
obtain a yardstick for several generations. In
order to do so we did Monte Carlo forward
simulations of patrilines that vary in length from
1 to 10 and we used the locus specific mutation
rates given in Goedbloed et al. (2009; their
Table 2 that is mostly based on 10,000
conceptions excepting a few loci where
estimates are based on roughly 3,500
conceptions). In the simulations we assumed
that mutated loci got longer and shorter with
equal probability (Rolf et al., 2001; Goedbloed
et al., 2009). Seeing that the allele distributions
of these loci show no skewness on the YHRD
data base (Willuweit and Roewer, 2007)
considering tens of thousands of samples, it is
highly unlikely that lengthening of alleles
outweigh shortening at any of these loci. We
further assumed that mutations are normally
single steps but that at a rate of 1.2 per 100
they lengthen or shorten by two repeat units
(Goedbloed et al., 2009 based on 135,212
meiotic transfers). We ran a million simulations
for each patriline length, each time recording
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the number of mutations (Table 2). All
simulations and statistics were done in R (R
Development Core Team, 2010). We counted
loci that had two one-step mutations in the
same direction and those that had a single two-
step mutation as two mutations so that it is
comparable to our own data where we cannot
distinguish  between these two mutational
events. Even when a specific event occurs very
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infrequently, in a big study like this with 1273
conceptions one may expect to see rare
events. For this reason, we also calculated the
number of times we expect to see an event
given that the entire 1273 conceptions can
result in 141 stretches of nine fertilizations, 159
of eight etc. (Table 2).

Table 2 Percentage and number of patrilines of length equal to generation number that contain

zero, one, two, three and four or more mutations.

Number of Number of mutationsa 1273 = Number of mutations®

generations 0 1 2 3 >3 generations 0 1 2 3 >3
1 9549 436 014 0.00 0.00 1273 121555 5556 1.84 0.04 0.00
2 91.17 835 046 0.02 0.00 637 580.30 5316 291 012 0.00
3 87.04 1198 093 0.05 0.00 424 369.33 50.85 3.93 022 0.01
4 83.18 1518 152 0.0 0.01 318 264.73 4832 485 033 0.02
5 79.35 1825 220 0.8 0.01 255 202.02 4647 561 047 0.03
6 75.92 2084 294 028 0.02 212 161.07 4421 623 060 0.05
7 7247 2321 385 043 0.04 182 131.80 4221 7.00 0.78 0.07
8 69.21 2540 473 0.60 0.06 159 110.13 4042 753 095 0.10
9 66.11 2728 571 0.80 0.10 141 93.51 3859 807 114 0.14
10 6322 2890 6.69 105 0.14 127 80.48 36.79 852 133 0.17

aThe left hand side gives the expected percentage of patrilines of length equal to generation number that are
expected to have zero, one, two, three and four or more mutations; ® The right hand side gives the product of
these percentages/100 and (1273/generation number).

Based on Table 2 we excluded all
cases where 3 or more mutations occurred as
non-paternities. In the identified cases of non-
paternity we also counted the number of loci
where two- or more-step mutations were
required. All males that were excluded as
descendants from their paternal ancestor were
genotyped again to confirm that no laboratory
errors  occurred.  Haplogroups  generally
precedes the use of surnames (King and
Jobling, 2009b) and these were estimated for
each haplotype with the Whit Athey haplogroup
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predictor (Athey, 2005, 2006,
http:/fwww.hprg.com/hapest5/).

Exclusion probabilities

We know that the first two generations were
respectively founded by 68 and an additional
298 male immigrants (Table 1; Heese 1971)
and these relatively low numbers could
potentially result in low paternity exclusion
probabilities. ~ The  paternity  exclusion
probability/rate is the chance of excluding a
random male as a father based on DNA
evidence. Hence, if a few early immigrants had
many male descendants, these descendants,
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bearing the same surname, could cuckold each
other without leaving any Y-DNA trace because
their Y-haplotypes are identical by descent.
Alternatively, cuckoldry may go undetected if
the descendants of different immigrants carry
identical or very similar Y-haplotypes. We deal
with this potential pitfall below, but first we
consider the demographic exclusion rate per
se.

Note that the exclusion probability is in
essence the chance that two different samples
drawn at random from a specific generation of
a specific population are not identical by
descent. In other words, samples that have
identical haplotypes if they coalesce within the
Afrikaner population cannot be excluded. To
calculate this probability we ran backward
coalescent simulations for the first 240 years
(or eight generations) written in R (R
Development Core Team, 2010). We choose
this time interval because we have very good
demographic information for this period (Table
1; Heese, 1971; Gouws, 1981) which covers
the foundation years of the colony.
Furthermore, a founder effect resulting in one
male’s descendants becoming very dominant,
and subsequently resulting in low exclusion
rates, must occur early in the population’s
history.

We calculated an exclusion rate for
each generation as it can vary depending on
the population’s demography. For each
generation’s estimate we repeated the following
process 1 million times and calculated the
fraction of times haplotypes did not coalesce. A
male ancestor for each male was randomly
drawn from the population size given in Table 1
for the previous generation. Sampling male
ancestors from the previous generation
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continued until either the same male was drawn
(a coalescence event occurred) or when an
ancestor was an immigrant (coalescence within
the Afrikaner population was not possible).
Here we thus assume that all immigrants had a
unique haplotype and we will deal with this
caveat below. Typical of backward coalescence
simulations, the random sampling of males
ensures a Poisson distribution of offspring so
that some patrilines can grow while others go
extinct.

Now we will consider the chances that
two immigrants introduced identical or very
similar Y-haplotypes. First, the Y-filer kit is
known to distinguish very well between
unrelated European men (Vermeulen et al.,
2009). Yet, Larmuseau et al. (2014) sampled
from a tiny part of Europe (compared to where
Afrikaner progenitors originated from) and
found that in a sample of 1028 men, 98 pairs
had identical Y-haplotypes wusing the
AmplF1STR Yfiler. Below we incorporate their
measures of identity into our exclusion
probability. Second, we directly tested how
common Afrikaner haplotypes are in Europe
from the YHRD site (Willuweit and Roewer,
2007). The probability of sampling two identical
haplotypes given their European-specific
frequencies is simply Y. pZ, with the summation
being over all i haplotypes. The chance that two
randomly sampled haplotypes are not identical
IS one minus the summation and in turn it can
be multiplied with the demographic estimate to
obtain a corrected exclusion probability.

Third, we determined how different
haplotypes are from one another by making
pairwise comparisons between all haplotypes,
each time recording the number of loci that
differ and the number of mutational steps
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between haplotypes. We did it for a) the 26
founding haplotypes we inferred from our data
and b) for the 26 founders, plus identified non-
paternities plus the additional surnames we
sampled (60 in total).

Fourth, to get an appreciation for how
haplotype similarity and homoplasy may affect
exclusion probabilities we calculated the
chance that two haplotypes that differ by one
mutational step at each of n loci will mutate to
be identical over x generations. For loci that are
already the same and must not mutate, the
probability is given by (1 - )2, where pis the
locus specific mutation rate and the 2 in the
power is because the locus must not mutate in
both founder lineages. For lineages that have
to mutate to become similar the probability is
given by xu(1 - p)2<1. Note that only half the
mutations will bring differing loci closer to each
other, but at the same time, either of the
lineages could have a mutation cancelling out
the former effect. The probability is multiplied
by x because there are x occasions where the
mutation can occur. To obtain the probability
over all 17 loci the probabilities of each are
multiplied with one another.

Fifth, 33 of the 60 haplotypes fall in
haplogroup R1b (see Results) as can be
expected from a population founded by
European men (Wells et al., 2001). This means
that a random father may be harder to exclude
from R1b families than from the other less
frequent haplogroups. To determine if this is
the case we counted and compared the non-
paternity rates for R1b families and non-R1b
families.
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Results

Sample characteristics

The births of the 1273 boys were spaced out
over a period of 335 years from 1674 with a
mean at 1859 (Figure 2). Apart from the first
three and last two 30 year slots all periods had
more than 100 births (i.e. conceptions). Ninety
three percent of these births preceded 1960.

100 150
1 |

Frequency

50

o 4

[ T T T T T T 1
1650 1700 1750 1800 1850 1900 1950 2000

Date of birth

Figure 2 The date of birth of the 1273 boys
included in the study.

The mean generation time, i.e. the
father's age at the birth of his offspring was
32.92 years (N = 1273, SD = 8.18; Figure S1).
Eight fathers were older than 60 and seven
younger than 20. The age of fathers did not co-
vary with the child's date of birth (correlation
test: t = -1.4038, df = 1271, P = 0.1606, p= -
0.039).

Inferring haplotypes

We observed 129 unique haplotypes in the
study of which 69 were newly formed in the
population by mutations (Supplementary Table
2). Country of origin explained none of the
genetic variation whereas surname explained
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82.2% of the genetic variation. Only 18.8% of
the genetic variation was explained within
families due to mutations and non-paternities.
Males bearing the same surname normally had
the same haplotype (bar mutations) and males
with  different surnames had different
haplotypes. There was one exception where
one non-paternity case had an identical
haplotype to another surname.

Identification of excluded patrilines

While we expect to see zero, one and even two
mutations frequently in longer patrilines, three
mutations are very infrequent, even in the
longest patrilines (Table 2). Three or more
mutations were thus considered a non-
paternity. Based on this criterion we identified
11 non-paternity events in the 1273 father-to-
son transmissions (Table 3). The identification
of these eleven events is further strengthened
by the fact that all of these cases required at
least one, and frequently several multi-step
mutations to explain the observed allele lengths
(Table 3). The median non-paternity differed at
nine loci from its proposed family and required
a median of at least two multi-step mutations.
The estimated fraction of males excluded as
their fathers’ sons is thus 0.00864 (=11/1273)
with 95% CI ranging from 0.00432 - 0.01541
(we make corrections for the probability of
exclusion below). One family had two non-
paternities that may involve one couple. The
remaining families either had one or zero non-
paternities. It is possible that we may have
missed some non-paternities because some of
the non-paternity branches may have
witnessed more than one cuckoldry event.
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Table 3 Characteristics of the 11 identified
non-paternities.

Number of Number of Number of
generations  loci mutated loci with multi-
separating non- step
paternity from mutations
pedigree
6 3 1
7 4 1
1 5 2
8 8 1
4 9 1
6 9 3
7 11 2
6 13 4
6 13 6
7 13 6
6 15 3

However, if we take into account that the total
non-paternity branches sum to 64 father-to-son
transfers, i.e. 5% of the total study and
assuming a homogenous non-paternity rate of
0.00864 one expects to see only about 0.5
extra cuckoldries, then these branches can at
most hide one more non-paternity event giving
an estimate of 0.00942.

Exclusion probabilities

It is a misconception to assume that the male
population went through a bottleneck (Table 1).
Based on demography alone, the probability of
excluding a random male as the father was
99.8686% in the first generation where
cuckoldry was possible (Table 4). In
subsequent generations it rose slightly (Table
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4) presumably due to the addition of more
male immigrants (Table 1) and a small pox
epidemic in 1713 that killed an estimated 25%
of the population (Gouws, 1981).

Of the 98 male pairs that had identical Yfiler
haplotypes, 43 pairs were in fact related leaving
942 samples (=1028-(43x2)). Thus of the
443,211 possible pairs (=942x941/2), only 55
were identical. That is a probability of 1.240944
x 104 that two unrelated males (based on
genealogies going back to 1800) have an
identical haplotype with the Yfiler. Larmusseau
et al. (2014) give the frequency of one step
neighbours, which is much higher, but
unfortunately do not give the frequency of

Low non-paternity in a human population

related males in this sample, which would also
be much higher. Even so, with 519 one step
pairs out of 527,878 (=1028*1027/2) possible
pairs the probability of drawing two one step
neighbours is 9.831817 x 104 We can
combine either of these probabilities with our
demographic estimator by multiplying the
estimator with one minus the fraction (Table 4)
as that would be the chance that two sampled
males are not identical and can thus be
excluded. Note that even with the more
conservative estimate, exclusion probabilities
are still very close to 1 (Table 4).

Table 4 Exclusion probabilities for the first eight generations.

, Demographic  YHRD Brabant Brabant 1
Generation . o
frequencies® identicalc stepe

1657-1686 2

1687-1716  0.998686 0.998669 0.998562 0.997704
1717-1746  0.998704 0.998687 0.998580 0.997722
1747-1776  0.998769 0.998752 0.998645 0.997787
1777-1806  0.998864 0.998847 0.998740 0.997882
1807-1836  0.998836 0.998819 0.998712 0.997854
1837-1866  0.998801 0.998784 0.998677 0.997819
1867-1896  0.998809 0.998792 0.998685 0.997827

a Since one cannot cuckold yourself, the first generation does not have a cuckoldry estimate.
b Demographic estimate corrected for upper 95% Cl for our sampled haplotypes in Y p? , see text for detail.
¢ Demographic estimate corrected for localised European sample from the areas of Flanders (Belgium), North Brabant and Limburg (Netherlands), see text

for detail.

The  frequencies of  observed
haplotypes in Afrikaners varied between 0 and
8.97 x 10 in Europe with a mean of 6.78 x 10-
5, Conservatively using the upper 95% CI of the
haplotype frequency estimates (rather than the
estimates themselves) the chance of sampling
two identical haplotypes in the Afrikaner
population based on their European
frequencies is only 1.75 x 105. This correction
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is very small and all exclusion probabilities
remain very close to 1 (Table 4).

Eleven of the families we investigated
came from the first time period and 8 from the
second and the remaining four came later.
Therefore it is important to make this exclusion
correction. However, because the paternity
exclusion rate is so close to one (Table 4) and
the non-paternity rate is so low (smaller than
0.01) the corrections have a small effect. If we
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conservatively use an exclusion rate slightly
lower than all our estimates (Table 4), 0.9977,
to calculate the true non-paternity rate (Sasse
et al.,’s (1994) moment estimate) we obtain a
very low non-paternity rate of 0.00866 (95% ClI:
0.0043 - 0.0154). Note that even if our
exclusion probability was as low as 0.87 (as
compared to our 0.9977), we would still
conclude that the true non-paternity rate was
less than 1%.

Given that 82% of genetic variation is
explained by surnames it is clear that our
assumption that immigrants had unique
haplotypes is well supported. The haplotypes
were assigned to nine haplogroups with R1b
being the most frequent (33 out of 60).

Next we consider the possibility that
two immigrants had very similar haplotypes that
subsequently mutated so that the exclusion
probability is in fact less than we calculated.
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When we compared all the inferred founders to
each other they differed at 10 loci on average
with an average of 15 single step mutations
(Figure 3 a and b). Six of the 325 pairwise
comparisons had three mutational steps
between them and one had two mutational
steps. These similar haplotypes all belonged to
R1b. If we consider all 60 haplotypes identified
the average pair differed at 10 loci and an
average of 16 mutational steps (Figure 3 ¢ and
d). One of the 1770 (=0.00056) pairwise
comparisons was identical and this was the
previously mentioned non-paternity. Two
haplotypes differed by one mutational step from
each other (Table 5). In addition to the one two-
step difference seen between the founder
haplotypes three more were observed in this
comparison and we found 20 comparisons with
three step differences (Table 5).

300
|
|
120
]

250
1
100
|

150 200
| |
]

60
]

100
|
40

1 11 1 1T T 11
0 5 10 15 0 5 15 25
Loci Steps

Figure 3 Histograms from pairwise comparisons of the 26 founders (a and b) and all 60 haplotypes (c
and d). The number of loci that differ (a and ¢) and the number of steps (b and d) between each

pairwise comparison are given.
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Table 5 The chance that two haplotypes mutates to be identical over ten generations.

Number of

mutational steps Empirical occurrence2

Probability of mutating

Combined probability

to be the sameP of observinge
between haplotypes
1 6
. 1770 0.0108 1,000,000

4 7

2 1770 0.0003 10,000,000
20 9

3 1770 8.4x10° 100,000,000

% Obtained from 1770 pairwise comparisons; ® Using equation 1 with average mutation rate; °

the product of columns 2 and 3.

Working with the average mutation rate
of 0.002776, the chances that two haplotypes
differing by one mutational step mutate to be
identical over a period of ten generations is
0.0108, taking into account that this occurred in
only 1 out of 1770 comparisons it gives us a
combined probability of 6 in a million (Table 5).
We can work out similar probabilities for
haplotypes differing at two and three loci (Table
5). Note that we did not use the locus-specific
mutation rates as the loci affected differ
between comparisons. To include the seldom
observed similarity between haplotypes in the
exclusion probability we need to realise that we
have calculated the probability that someone
previously thought to be excluded because
immigrant haplotypes were unique can now not
be excluded because haplotypes mutated to be
similar. If we notice that the likelihood of this
observation decreases exponentially as there
are more mutational steps between immigrants
(Table 5) it is improbable that the right-hand
column of Table 5 will sum to more than 7 in a
million. Therefore the exclusion probability
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should be 0.998686 — 0.000007 = 0.998679
rather than 0.998686. This correction is thus
miniscule.

We observed 730 conceptions in R1b
families and 543 in non-R1b families. In the
former we identified 8 non-paternities whereas
the latter only had 3. Non-paternities were thus
in fact less frequent in non-R1b families than
R1b families, although not significantly so (Non-
paternity rates: R1b families = 0.011, non-R1b
families = 0.006; 2 = 0.533, df = 1, P = 0.466).
The inclusion of R1b families does not bias our
non-paternity estimate downwards.

Discussion

In this study of 1273 conceptions over a period
of 335 years we find a very low non-paternity
rate of below 1% and most probably not
exceeding 1.5%. Even with very low exclusion
rates of 0.87 (as compared to our 0.9977) we
still calculate a non-paternity rate of below 1%
per generation. Since we used deep-rooting
genealogies 92% of our investigated
conceptions were not from sampled males
themselves but from their ancestors. In this way
we, and other studies relying on pedigrees,
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have circumvented to a large degree the
problem of biased sampling with respect to
paternity certainty. Furthermore, 93% of our
studied conceptions predate the invention of
the pill and contraception could not have
concealed  extramarital ~ affairs.  This
combination of genealogies with genetic data
give us a novel understanding of human
historic behaviour (Foster et al., 1998; Sykes
and Irwen, 2000; Jobling, 2001; Soodyall et al.
2003; Kayser et al., 2007; Larmuseau et al.,
2013; Boattini et al., 2015).

Despite the fact that the Afrikaner
population is believed to have had a strong
founder effect (Ridley, 2004), it is certainly not
the case for the male population. As many as
5000 male immigrants were recorded (Table 1;
Heese 1971) leading to exclusion probabilities
in excess of 99.86% (Table 4). Incorporating
the probability that immigrants were not unique
based on European allele frequencies lead to a
small adjustment of the exclusion probability to
99.77%. Furthermore, we found a high
haplotype diversity between founders (Figure 3)
using the Y-filer kit that is very good at
discriminating between unrelated European
males (Vermeulen et al., 2009). The high
variation supports the observation that many
immigrants (Table 1; Heese, 1971) carrying
unique haplotypes (Figure 3) came to the
Cape. We further showed that in a few cases
where haplotypes were similar enough that
they could conceivably mutate to be the same
these were so infrequent and improbable that
the adjustment to the exclusion probability is in
the order of 7 x 10 (Table 5). Finally, the non-
paternity rate of R1b families was higher, rather
than lower, than non-R1b families, suggesting
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that we did not miss non-paternities in the more
frequent R1b families.

As more studies are reporting very low
non-paternity rates (Anderson, 2006; Voracek
et al., 2008; Strassmann et al., 2012; Wolf et
al., 2012; Larmuseau et al. 2013; Boattini et al.,
2015) in disparate human populations we may
need to conclude that the historical cuckoldry
rate of, at least Western, human populations
may well be very low — less than 3% and
frequently less than 1%. In support of such low
rates of non-paternity several studies
comparing surnames to Y-chromosome
haplotypes of substantially older populations
also gave very low rates of non-paternity: 1.3%
for Sykes in England (Sykes and Irven, 2000);
1.6% for O'Sullivan in Ireland (McEvoy and
Bradley, 2006); 1.49% in Iceland (Helgason et
al., 2003); 0.74% for the 5 most common
surnames in Oriente Columbia (Bedoya et al.,
2006); 1.28%-3.26% for 5 British surnames
(King and Jobling, 2009a); 0.91% in the Belgian
population (Larmuseau et al., 2013); 1.21% in
the Partecipanza of Italy (Boattini et al., 2015).
A further three studies using deep-rooting
genealogies also recorded an average rate of
below 1% (Greeff et al., 2012).

It is clear that there is no single human
mating strategy (Buss, 2007; Wlodarski et al.,
2015). This is perhaps chiefly due to an
asymmetry in the desires of the two sexes
(Trivers, 1972; Buss, 1989; Buss and Schmitt,
1993), but also due to the asymmetry in
information; namely that females can be certain
of their maternity, whereas males cannot be
sure of their paternity (Trivers, 1972; Goetz and
Shackelford, 2009a). As a result, the
quantification of non-paternity can give us
some information on the mating system, but
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does not define the mating system (Gomendio
et al., 1998). For instance, the low non-
paternity observed here and in other studies
may suggest high female partner fidelity in
humans, but it may also reflect low partner
fidelity in females combined with well-
developed anti-cuckoldry tactics of males. We
will consider these alternatives in turn.

Giliomee (2010) pointed out that in the
settlements’ early days women were more
likely to be churchgoing than men. The
Protestant religion is indeed still a corner stone
of the Afrikaner culture (Giliomee, 2003) and
the explicit prohibition of adultery in the Ten
Commandments may well be the best
explanation for the low rate of non-paternity in
this population and possibly others (Alexander
et al., 1979). In the Dogon, Christians had a
non-paternity rate of 2.9% (Strassmann et al.,
2012). But Christianity is still very new to the
Dogon and intertwined with traditional believes
which can explain its lower efficacy at reducing
cuckoldry (Strassmann et al., 2012). The slave
lodge at the Cape served as a brothel for an
hour every day (Giliomee and Mbenga, 2007;
Groenewald, 2007). Children born from these
premarital and potentially extra-marital “affairs”
of men would default to the slave population
(Groenewald, 2007). For many christenings of
slave-born children fathers are not recorded -
presumably because European men would not
own up to their paternity or because a multitude
of men may have been the father. Genetically
this can also be seen from the significant
European male contribution to the Cape
Coloured population while an European female
contribution is almost completely lacking (De
Wit et al., 2010; Quintana-Murci et al. 2010).
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Non-paternity rate of Afrikaners may thus tell us
more about women'’s chastity than men’s.

On the other hand, a multitude of pre-
and post-copulatory mechanisms exist to
reduce cuckoldry (Smith, 1984). To name but a
few. males’ universally observed sexual
jealousy (Daly et al. 1982), men’s higher
sexual interest in their partners following a
period of absence (Shackelford et al., 2002;
Starratt et al., 2007), the larger amount of
sperm transferred after a period of absence
(Baker and Bellis, 1993a), frequent
inseminations by the primary partner (Baker
and Bellis, 1993a; Goetz et al., 2007) and
forced in-pair copulations (Goetz and
Shackelford, 2006, 2009b). This diverse array
of male anti-cuckoldry practices that minimize
the effect of female infidelity and conception
risk strongly suggests that paternity uncertainty
has been a longstanding adaptive problem for
man (Buss, 1996; Shackelford et al., 2005).

The fact that questionnaire based
studies on females’ behaviour and perceptions
frequently calculate higher non-paternity rates
(Bellis and Baker, 1990; Koehler and Chisholm,
2007; Voracek et al., 2009; Scelza, 2011)
suggests that females may overestimate their
success in extra-marital affairs or at least
confuse extra-pair copulations with cuckoldry
(Simmons et al., 2004). Another factor that can
substantially reduce the effectiveness of extra-
pair copulations in humans is humans’
relatively low fecundability in combination with
concealed ovulation (Alexander and Noonan,
1979; Gomendio et al., 1998). This combination
of traits will reduce cuckoldry and allow the
steady partner high paternity confidence.

In line with expectations (Shackelford
and LeBlanc, 2001) our data suggest that
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cryptic female choice favouring extra-pair
partners is very limited and/or unsuccessful in
the Afrikaner population. Earlier studies
suggested a potential role for cryptic female
choice in humans (Smith, 1984; Baker and
Bellis, 1993hb), but we see very little support for
it here.

The non-paternity rate of around 1%
observed here and in many other studies of
Western populations is not enough to surpass
the paternity threshold to explain avuncular
societies (Greene, 1978) but it may be
sufficient (Parker, 1982) to explain considerable
selection on male behaviour, psychology,
physiology and morphology (Pound et al.,
2006; Shackelford et al., 2005).

The approach followed here cannot
detect cuckoldry by close male relatives (Foster
et al. 1998) and may thus be an underestimate.
However, it should be noted that the exclusion
rates are very close to one. It is possible that
sons that were the product of cuckoldry may
have been identified as such and subsequently
neglected so that they may have been less
likely to leave descendants and hence less
likely to be included in our study. While such
incidents would mean that our and other
pedigree based estimates of cuckoldry would
be too low it also implies that in these cases
men did not squander energy on cuckolded
offspring. Since the cost of being cuckolded
would not have been paid by such fathers it is
arguable whether these cases should be
included in an estimate of cuckoldry. On the
other hand the cost of a wrongful identification
of a cuckoldry event, especially given the
suggested anonymity of babies, would be high
(Pagel, 1997). Perhaps for this reason,
divorces based on cuckoldry were very
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infrequent with only three recorded in the first
50 years of the colony’s existence (de Wet,
1981; Greeff and Erasmus, 2013). It is also the
case that due to the low number of females at
the Cape in the early days, some men lived
together with former slaves or Khoikhoi women
(Groenewald, 2007). These couples were
dissuaded by law and were not allowed to
marry (Groenewald, 2007) and would have
been systematically excluded from the current
sample. On the other hand, unknown cases of
adoption will lead us to incorrectly infer a
cuckoldry event. Specifically in the Afrikaner
population teenage pregnancies out of wedlock
were sometimes concealed by the girl's mother
pretending to be pregnant and then raising her
grandchild as if it was hers. These so-called
grandparental adoptions (Larmuseau et al.,
2013) of boys will introduce a new Y lineage to
the surname and suggest a cuckoldry event
while none occurred. Given the very low
estimate of non-paternity in this study, we can
also conclude that the rate of clandestine
grandparental adoptions must also have been
very low.

The gene arginine vasopressin
receptor 1la (AVPR1a) has been shown to
affect happiness of men in monogamous
relationships. Given the Afrikaners’ founder
effect amongst women, one potential
explanation for their low non-paternity rate may
have been a very different allele frequency at
AVPRla compared to other populations.
However, we recently showed that its allele
frequency is virtually identical to other
European populations (Erasmus et al.,
submitted).

For Irish families only 20% of variation
was explained between families (McEvoy and
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Bradley, 2006) while this is 82% in the
Afrikaner population. Several factors can
explain this difference. Due to the Afrikaner
population being younger less time has elapsed
for mutations and cuckoldry to scramble the
genetic signal of the family name. In our study
we targeted families with single founders and in
three cases we knew more than one immigrant
came to South Africa bearing the same
surname and we treated them separately. In
the British Isles common surnames tend to
stem from many founding events and have
several haplotypes, whereas smaller surnames
are more likely to share a single haplotype
(King and Jobling, 2009a,b). While our sample
included the three most common Afrikaans
surnames they were all uniform with respect to
haplotypes. From records we knew they were
founded by single founders and the families’
sizes are a result of differential growth. These
preliminary findings strongly suggest that Y-
STR haplotypes can be used to infer a most
likely surname list for forensic purposes for the
Afrikaner population. More surnames will need
to be sampled to confirm the uniqueness of Y-
haplotypes of immigrants and to compile the
haplotype lists.

While the average male started
reproduction at an age of 27 years (Greeff and
Koberstein, unpublished data) the average
generation length was almost 33 years which is
very close to 33.38 years observed by Boattini
et al. (2015) for another historic population.
Given that average generation time is
frequently a pivotal assumption to models and
data analyses it is important to remember that
males’ reproductive period stretched over a
long time and that samples will include children
irrespective of their birth order.
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Currently, most, but not all studies on
cuckoldry rates have been on typical Western
populations. The most consistent finding is a
very low cuckoldry rate. Studies like ours that
look at historical data also indicate very low
cuckoldry rates. These findings suggest that
while selection on anti-cuckoldry tactics may be
ubiquitous, it is low, and low cuckoldry rates
may have coevolved with our high paternal
care (Geary, 2006).
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Supplementary Material for “Three hundred years of low non-paternity in a human population” by Jaco
M. Greeff & J. Christoff Erasmus

Supplementary Table 1 Genealogically linked families genotyped in this study. The origin and year of
arrival for each immigrant is given.

Origin Surname Arrival in Cape  Number of Total
fertilizations fertilizations

Dutch Family 1 1679 44

Family 2 1693 54

Greeff, Cornelis J.2 1856 (born) 5

Family 3 1666 56

Family 4 1669 165

Family 5 before 1681 16

Family 6 1683 (born) 36

Family 7 1699 62

Family 8 1661 65 503
German Family 9 1765 75

Botha, Friedrichb 1678 70

Family 10 before 1683 51

Greeff Matthias? 1680 103

Family 11 1713 62

Family 12 1765 14

Family 13 1663 24

Family 14 1688 105 504
French Family 15 1698 39

Family 16 1710 41

Family 17 1688 29

Family 18 1718 76

Family 19 1671 25 210
Scandinavia Family 20 1703 56 56
Total 1273

aFrom Greeff et al. (2012)

b From Greeff and Erasmus (2013). Due to well-known non-paternity in this family (Franken, 1926), we
counted Maria Kickers's first son as a non-paternity, but not her later sons as the married father seems
to have consented to adultery and all the sons used their biological father's surname (Greeff and
Erasmus, 2013). In our total tally of conceptions we excluded the first generation of this family so that
the denominator is 1273 rather than 1276.
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Supplementary Table 2 Unique haplotypes found in this study.
Please see separate Excel file for this table. These data are also available on Dryad.
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Supplementary Figure 1 A histogram of father's age at birth of their sons.

R code for calculating exclusion probabilities sampling back in time, as is done for
coalescence.

This is to use coalescence back in time given a set of population sizes and number of
immigrants for each time step. Note that there is an exclusion probability
for each generation and that coalescence can happen in any of the previous time steps.

gl <- 1000000 #number of iterations

trek <- 8 # generation where first two males are randomly drawn without replacement.

# Next follow the number of immigrants and the total population size in every interval, this
will be unique for each study

Immi<- ¢(68, 298, 317, 553, 758, 970, 2090, 0)

T <- (68,426, 770,1789, 3798,13008,33493,86232)

gen <- length(T)

¢ <- numeric(trek) # To remember in which generation two samples coalesce
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d1 <- 0 #number of simulations counted

while (d1<gl) {#starting the cycle

#drawing the first two samples

el <- trek
nl<- sort(sample(1:T[el],2,replace = FALSE)) #with replacement in the first sample only
if (n1[1] <= Immi[el]) {el <- 0} #If either of the samples is a new immigrant it cannot
coalesce
else {
el<-el-1

#now drawing deeper samples

while (e1 > 0) {
nl<- sort(sample(1:T[el],2,replace = TRUE))
if (n1[1] ==n1[2]) {
clel] <-c[el] +1
el <- 0}
else {
if (n1[1] <= Immi[el]){
el <- 0}
else {
el<-el-1}
}

}
}
dl<-dl+1

¥

# then the results of the simulation is given as follows:
# the exclusion probability:

1-sum(c)/d1

#The generation where coalescence occurred

C
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