Genetic-genealogy approach reveals low rate of extra-pair paternity in historical Dutch populations
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Abstract

Objective: Evolutionary theory has shown that seeking out extra-pair paternity (EPP) can be a viable reproductive strategy for both sexes in pair-bonded species, also in humans. As yet, estimates of the contemporary or historical EPP rate in human population are still rare. In the present study, we estimated the historical EPP rate in the Dutch population over the last 400 years and compared the rate with those obtained for other human populations in order to determine the evolutionary, cultural and socio-demographic factors that influence human cuckoldry behaviour.
Methods: We estimated the historical EPP rate for the Dutch population via the ‘genealogical pair method’, in which the EPP rate is derived from Y-chromosome mismatches between pairs of individuals that, based on genealogical evidence, share a common paternal ancestor.
Results: Based on the analysis of 68 representative genealogical pairs, separated by a total of 1,013 fertilization events, we estimated that the historical EPP rate for the Dutch population over the last 400 years was 0.96% per generation (95% confidence interval 0.46% - 1.76%).
Conclusion: The Dutch EPP rate fits perfectly within the range reported for other contemporary and historical populations in Western Europe and was highly congruent with that estimated for neighbouring Flanders, despite the socio-economic and religious differences between both populations. The estimated low EPP rate challenges the ‘dual mating strategy hypothesis’ that states that women could obtain fitness benefits by securing investment from one man while cuckolding him in order to obtain good genes from an affair partner.
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Introduction
Human males invest more heavily in paternal care than in most other mammals, yet they can never be entirely certain that they are indeed the genetic father of the children they raise (Gray and Anderson, 2010). When the caring and social father is not the biological one, a so-called extra-pair paternity (EPP) event occurs. Estimation of the EPP rate within human populations is interesting from an evolutionary perspective, as it gives us critical insight into the factors that drive human mating and parenting behaviour (Larmuseau et al., 2016b). Indeed, evolutionary theory has shown that in many pair-bonded species, seeking out extra-pair copulations can be a viable reproductive strategy not just for males but also for females. Under these models, females would be selected to actively seek out EPCs as a way to obtain good genes for their offspring, as an insurance against male infertility or to obtain additional material resources and increased protection by the extra-pair mate (Kempenaers and Schlicht, 2010). In the context of human populations, the good genes hypothesis is often referred to as the ‘dual mating strategy hypothesis’, which posits that sexuality with a woman's regular partner functions to secure his continued investment, whereas sexuality with the affair partner is hypothesized to secure superior genes (Haselton and Gangestad, 2006; Larson et al., 2013; Thornhill and Gangestad, 2008). Whenever infidelity and extra-pair mating occurs, it would be expected to induce strong sexual conflict, as men that unknowingly end up raising another man’s child would pay all the costs while receiving none of the evolutionary benefits. 

After years of speculation and many false or highly biased claims of EPP frequencies in human populations, reliable data on contemporary populations have only become available over the last decade (Anderson, 2006; Gray and Anderson, 2010; Sasse et al., 1994; Wolf et al., 2012). These data were almost always by-products of medical studies and were unbiased in the sense that they collected their donors for purely medical reasons as opposed to in the context of cases of contested paternity (Gilding, 2005). Although influential scientific literature often still refer to human EPP rates being as high as 10-30% per child (Diamond, 1991; Pagel, 2012), meta-analyses of all the reliable and unbiased studies have shown that the overall mean EPP rate in contemporary industrialised populations (with largely monogamous marriage systems) is in fact just in the range of 0.5 to 2% (Anderson, 2006; Voracek et al., 2008). Critics, however, pointed out that these genetic studies only focus on contemporary populations and that data on EPP in such populations might be biased due to the common availability of highly reliable contraceptive methods (Gray and Anderson, 2010; Larmuseau et al., 2013b). Indeed, Voracek et al.  (2008) and Larmuseau et al. (2016c) have reported a slight decrease in EPP events in Northern America and Europe following the introduction of the birth control pill in the mid-1960s. To address this criticism, it became clear that estimates of EPP frequencies in historical human populations or small-scale non-industrialised societies would be required.

Recently, several genetic genealogical approaches were developed which enable researchers to estimate historical EPP rates in human populations over the past several hundred years (Larmuseau et al., 2016b). These methods are based on combining Y-chromosomal data to infer genetic patrilineages with genealogical and surname data, which reflect known historical presumed paternity (Larmuseau et al., 2013b). The absence of recombination between Y-chromosomal specific markers is unique and allows the identification of EPP events even after many generations have passed using a pedigree analysis (Calafell and Larmuseau, In press). In 2012, two independent genetic genealogical studies calculated the median past EPP rate over the last few centuries in a Western European population in Flanders (0.9%) (Larmuseau et al., 2013b) and in a traditional African population, namely the Dogon population in Mali (1.8%) (Strassmann et al., 2012). Since then, estimates of the historical EPP rate have also been made for other human populations in Italy (1.2%) (Boattini et al., 2015), South Africa (0.9%) (Greeff and Erasmus, 2015) and Spain (0.6-1.7%, taking into account the historical rate of surname adoption and matrilineal surname transmission of 0.9% per generation) (Solé-Morata et al., 2015). Surprisingly enough, the median historical EPP frequencies turned out to be in the same range as those of contemporary estimates (Larmuseau et al., 2016c). 

As yet, there is still only a limited number of populations for which the historical EPP rate has been estimated, even within Western Europe (Larmuseau et al., 2016b). Hence, additional population-wide studies are still required to obtain a more complete picture of human cuckoldry behaviour and the evolutionary, cultural and socio-demographic factors that influence it. One interesting Western European population that has long been on the bucket list of researchers studying historical EPP rates is the Dutch population, as there are extensive and high-quality databases of parish records and civil registries available for the Netherlands (Bloothooft and Schraagen, 2015), which make a genetic genealogical analysis to calculate the EPP rate possible. A comparison of the EPP rate in the Netherlands with that of neighbouring populations and Flanders is also interesting because even though the Dutch and Flemings are direct neighbours and speak the same language, both populations have been politically separated since the 16th century (with an exception of 15 years) and are socio-economically and culturally differentiated in several aspects (Beheydt, 2002; NIDI, 2003). Firstly, the Netherlands showed a delayed industrialisation compared to Belgium. Whereas Belgium – including Flanders – underwent a process of rapid industrialisation in the first half of the nineteenth century, causing it to emerge in the 1840s as the most industrialised country on the European continent, very little industrialisation could be observed in the Netherlands during that same period (Mokyr, 1974). Previously, it has been hypothesised that the Industrial Revolution resulted in changing attitudes towards sex, and increased the possibility of having affairs, extra-marital sex and marrying out of wedlock among others due to the larger population size, reduced social control and increased financial independence resulting from working out in the city (Anderson, 1980). Secondly, there are also some key differences between the Netherlands and Flanders with respect to religious observance. In particular, the North and West of the Netherlands are Calvinistic, which differs significantly from the situation in Flanders, where people were almost solidly Roman Catholic (NIDI, 2003). Given that Strassmann et al. (2012) showed strong differences in EPP rate between populations linked to differences in religious practice, we expected that this religious divide between the Netherlands and Flanders might also translate in differences in sexual morality and in EPP rates.

Therefore, the aim of this study was to estimate the median historical EPP rate in the Dutch population and to compare it with previous estimates made for other populations, including that of Flanders. In order to allow for a direct comparison with the Flemish results, we have used the same ‘genealogical pair’ method that had been developed in Larmuseau et al. (2013b). This method estimates the median EPP rate in a population for the last centuries based on the number of Y-chromosome mismatches between pairs of individuals that based on genealogical evidence should share a common paternal ancestor (Larmuseau et al., 2016b).

Materials & Methods
Sampling procedure
Samples were selected among the genetic genealogical projects organized by the KU Leuven and the Flemish genealogical society 'Familiekunde Vlaanderen'. For these projects the initial research aim was to analyse the Y-chromosomal variability within the different regions in the Benelux (Belgium, the Netherlands and Luxembourg) (Larmuseau et al., 2015; Larmuseau et al., 2012a; Larmuseau et al., 2011; Larmuseau et al., 2014a; Larmuseau et al., 2012b). Everyone who was interested to participate in this research could register. Advertisement for these projects were realised by television, radio, journals and newspapers. The patrilineal genealogy of each participant was obtained by archivists and (amateur) genealogists if this was not yet available in the family of the participant. Due to the availability of parish records and civil registry in the Benelux, there is no (socio-economic) barrier to obtain the genealogy of a family as long as the donor and its ancestors were legitimized by a father and as long as the original records were not lost (which is almost never the case) (van Drie and Needs, 2012). The minimum criterion for participation in these projects was that the oldest reported paternal ancestor lived in the Benelux before the year 1800, but this was mainly for the initial research aim to analyse the spatio-temporal pattern of Y-chromosomal variation in the Benelux and to avoid that close relatives (7th degree or lower) participate to the analysis for ethical reasons. Genealogies of all participants were checked using digital scans of the original parish records and the civil registry (www.wiewaswie.nl; www.familysearch.org). 

Samples were collected with written informed consent from the donors who gave permission for the DNA analysis, the storage of the samples and the scientific publication of their anonymised DNA results, even if an EPP event would be detected within their genealogy. Although we explained the possibility of finding an EPP event in the genealogy, none of the candidates declined their participation and they all asked for the results of a match or mismatch in the case that a relative was participating as well to the study. Even when a mismatch was communicated afterwards to the participants, we mostly received positive reactions of the participants, as for them this provided extra information on their family history. This genetic genealogical analysis was approved by the Medical Ethical Committee of KU Leuven (date of approval: 15/10/2013). 

All highly frequent surnames were covered in the database and a detailed inspection of the frequency of the social classes, based on the professions of the ancestors in the database, assured an unbiased representation of the historical population (NIDI, 2003).

All in-depth patrilineages of the DNA donors were entered in the genealogical software program Aldfaer version 4.2 (Stichting Aldfaer, 2013; www.aldfaer.net) after which pairs of male DNA donors with a common paternal ancestor were detected based on the legal genealogies. Pairs of participants were only included as genealogical pairs in our analysis if they were related in the seventh or higher degree, i.e. separated by more than six meioses, for ethical reasons (Larmuseau et al., 2016a). In addition, to restrict our analysis to the Netherlands, only couples of whom their genealogical most recent common ancestor (GMRCA) and all younger paternal ancestors were born within the current borders of the Netherlands were selected for further analysis. Finally, a DNA-donor could be involved in only one couple and the genealogical couples could not share any paternal ancestor younger than the GMRCA with each other, such that each meiosis in the analysis was analysed only once and all genealogical pairs could be considered independent.



Y chromosome genotyping
A buccal swab sample from each selected participant was collected for DNA extraction by using the Maxwell 16 System or the SwabSolutionTM kit (both Promega, Madison, WI, USA) followed by real-time PCR quantification (Quantifiler Human DNA kit, Applied Biosystems, Foster City, CA, USA). In total 38 Y-STR loci were analysed as described in previous studies (Larmuseau et al., 2012b; Larmuseau et al., 2013b). For samples in which some loci did not amplify, this process was repeated with alternative primer sets, thereby eliminating the possibility of technical errors or the occurrence of mutations in the standard primer binding sites. All haplotypes were submitted to Whit Athey’s Haplogroup Predictor (Athey, 2006) to obtain probabilities for the inferred haplogroups. Based on these results, the samples were assigned to specific Y-SNP assays to confirm the haplogroup and to assign the subhaplogroup using the extended Y-chromosomal phylogenetic tree which was previously applied for populations in the Low Countries (Larmuseau et al., 2015; Larmuseau et al., 2014b). A total of 17 multiplex systems with 120 Y-SNPs were used with SNaPshot mini-sequencing assays (Applied Biosystems) according to previously published protocols (Caratti et al., 2009; van Oven et al., 2011).


Estimation of the historical EPP rate based on the genealogical pair method
Subsequently, the historical EPP rate was estimated using the genealogical pair method, in which the EPP rate was estimated by testing whether for each pair, the genealogical most recent common (paternal) ancestor (GMRCA) was or was not also a biological most recent common ancestor (BMRCA), based on whether their Y-chromosomes matched or not (Larmuseau et al., 2013b). 

In order to infer whether the Y-chromosomes matched or not, we first compared the evolutionary lineages or subhaplogroups between the two individuals at the finest resolution of the used Y-chromosomal phylogenetic tree. Given that human Y-SNPs have a low mutation rate, approximately 2.0E-8, they can be treated as unique evolutionary polymorphisms (Bird, 2012). Male individuals who share the same Y-SNP also must share a common male lineal ancestor since the point of the SNP's first appearance. All Y-SNPs analyzed in this study are known to be polymorphic in the population (i.e. we did not use private or family-specific SNPs as they are also included in the minimal Y-chromosomal tree on www.phylotree.com/Y (van Oven et al., 2014)), non-recurrent and not located in the Y-SNP conversion hotspots on the Y chromosome (Van Geystelen et al., 2013). For donors assigned to the same subhaplogroup, we next compared the 38 Y-STR haplotypes of the two individuals with each other. Based on the calculated mean mutation rate for the 38 analysed Y-STRs using the individual mutation rates measured by Ballantyne et al. (2010), namely 5.91E-3 mutations per generation, it is highly unlikely that more than seven mutational differences on the 38 Y-STRs are present between patrilineal relatives in a genealogical timescale. Based on the formulae of Walsh (Walsh, 2001), seven mutations within the 38 Y-STRs would mean that the biological ancestor of both individuals lived between seven and 36 generations ago (95% credibility interval), i.e. between 1110 and 1835 if we use a generation span of 25 years or between 750 and 1765 if we use a generation span of 35 years. Moreover, the chosen limit of differentiated Y-STRs to declare relatives in a genealogical timeframe (even for the most shallow genealogies) is also supported by the substantial occurrence of a high resemblance in Y-STR haplotypes between males belonging to different subhaplogroups of the most frequent haplogroup R-M269 and therefore also between males belonging to the same subhaplogroup within R-M269 but without a GMRCA in historical time (Larmuseau et al., 2014a).

As input for our estimates of the historical EPP rate, each of the genealogical pairs in our dataset provided data on the number of fertilization events that separated the two individuals (N) as well as the presence or absence of a match between the GMRCA and BMRCA (i.e. whether the Y-chromosomes matched or not). Based on these data, we could estimate the EPP rate per generation as done earlier for the Flemish population in Larmuseau et al. (2013b). This was realised by modeling one fertilization event as a Bernoulli trial with random outcome “yes” (incidence of an EPP event, occurring with probability p) or “no” (occurring with probability 1-p). For a given couple, a binomial distribution B(N,p) described the probability distribution of the total number of EPP events that would be expected to occur out of the N fertilization events. In our analysis, we made the assumption that these N fertilization events could be treated as independent and that the probability p was identical across all generations in the timeframe that we conserved and across all genealogies. It is important to note that the expected binomial distribution B(N,p) in our case could be observed only as a censored binomial distribution. That is, if there was no Y-chromosome mismatch it was certain that no EPP event took place in any of the N fertilization events that separated a given genealogical pair, but if a mismatch did occur, we were only able to infer that at least one EPP event took place, but not exactly how many. To correct for the possibility of more than one EPP event having occurred in such cases, we initially estimated the EPP rate p assuming that just one EPP event would have occurred among the N fertilization events that separated any given genealogical pair with a mismatch. Based on this initial estimate of p, the number of EPP events was then adjusted for each genealogical couple included in the analysis and changed to the expected total number of EPP events that would be expected to occur between two DNA donors separated by N fertilization events, given the current estimate of p. An updated dataset then led to a new estimation of p, after which this procedure was repeated to iteratively refine the estimated probability p until convergence was observed. Finally, the 95% confidence interval of the mean extra-pair paternity rate p was estimated based on the expected confidence interval for a binomial proportion, but using a numerator for the binomial proportion to take into account the possibility of multiple EPP events within one genealogy (Larmuseau et al., 2016b). All aforementioned analyses were performed in Matlab (Mathworks, Natick, MA).


Results
In the entire genetic genealogical dataset of almost 3,000 DNA donors, 68 independent Dutch pairs of individuals with a GMRCA were observed based on their in-depth genealogies (see Table S1 in Supplementary Materials). The closest relationship between donors was in the seventh degree, meaning that there were seven fertilization events that separated both males. The most distant relationship between the selected donors was in the 38th degree, meaning that there were 38 fertilization events that separated them. All genealogical pairs combined comprised a total of 1,013 fertilization events. Hence, across all 68 analysed pairs, an average of 15 fertilization events separated both donors. The birth places of all ancestors of the 68 observed genealogical pairs were equally distributed across the Netherlands.

We determined the Y-STR and Y-SNP data of all 136 individuals and for nine of the 68 pairs there was a mismatch between the GMRCA and BMRCA according to the Y chromosome comparison. This was already inferred based on the fact that for all of these nine cases the assigned subhaplogroups of the individuals within each pair did not match with one another. For the remaining 59 couples, the GMCRCA was inferred to be the BMRCA as well, as the individuals within each couple were assigned to the same subhaplogroup at the highest phylogenetic resolution and their haplotypes revealed ≤7 Y-STR differences. Based on our genealogical pair analysis in Matlab, this observed number of mismatches resulted in an estimated per-generation EPP rate of 0.96% [95% confidence interval (C.I.) 0.46% - 1.76%].



Discussion
Based on the analysis of a representative sample of 68 genealogical pairs separated by a total of 1,013 fertilization events, we were able to estimate the prevalence of EPP in the Netherlands at 0.96% per generation [95% C.I.: 0.46% - 1.76%) over the last four centuries. This result is perfectly in line with the low rates of extra-pair paternity reported for other contemporary and historical Western European populations (Larmuseau et al., 2016b). The estimated frequency for the Dutch population is even highly congruent with the EPP rate that was previously estimated for Flanders, namely 0.91% [95% C.I.: 0.41% - 1.75%] (Larmuseau et al., 2013b), also using the ‘genealogical pair’ method. Hence, it appears that the different socio-economic history, namely a delayed industrialisation in the Netherlands in the 19th century compared to Flanders (Mokyr, 1974), nor the difference in religious observance and tolerance in the Netherlands versus Flanders (Beheydt, 2002; NIDI, 2003) had a significant effect on the overall historical EPP rate. In addition, our results suggest that there are no significant spatial differences in the mean EPP frequency on a wider geographical scale within Western Europe over the last ca. 400 years.



Cuckoldry is relatively rare in human Western societies
The low estimate we obtain of the EPP frequency in a historical Dutch population, for a time frame that was clearly placed much before the introduction of modern, reliable contraceptives, clearly challenges the applicability of the popular ‘dual mating strategy hypothesis’ as an explanation for female infidelity in human populations (Haselton and Gangestad, 2006; Larson et al., 2013; Thornhill and Gangestad, 2008). This hypothesis states that sexual intercourse with a woman’s regular partner functions to secure his continued investment, whereas intercourse with an affair partner would be an expression of ‘shopping around’ for good genes for their children (Larson et al., 2013). Both our data and those of others, which have all documented low rates of EPP rates, suggest that the dual mating strategy is not generally valid, either today or for any of the historical populations that have been looked at so far (Larmuseau et al., 2016b). Importantly, the estimated low rates of EPP contrast strongly with previous claims made by many behavioural scientists, who estimated human EPP rates in the range of 10 to 30% (Platek and Shackelford, 2006) based on indirect evidence, including the presence of anonymous baby faces (Pagel, 1997), behavioural estimates of extra-pair copulations (Bellis and Baker, 1990; Glass and Wright, 1992), ratings of emotional closeness among partners (Russell and Wells, 1987) and observed kin investments of matri- and patrilineal family members (Euler et al., 2001; Gaulin et al., 1997), which all appear highly unreliable.

There may be many reasons that could explain the relatively low incidence of EPP in contemporary and historical Western populations. These include the fear of attracting sexually transmitted diseases, the risk of spousal aggression and divorce, or reduced paternal investment by the social partner and his close relatives if the infidelity was discovered (Gray and Anderson, 2010). In this context, the (potential) genetic benefits of extra-pair children are unlikely to be offset by the (potential) costs of being caught, particularly in a long-lived species with heavy offspring dependence and parental investment. Alternatively, it could be that some of the anticonception techniques practised in historical times were in fact more effective than they are usually given credit for (Trussell, 2011; Vessey et al., 1982), or that the - human-specific - male anti-cuckoldry tactics may have played a role in limiting EPP as well (Gray and Anderson, 2010; Strassmann et al., 2012). Of course, we cannot exclude that in particular human populations the EPP is higher than 2%. For example, in some South-American cultures that believe in partible paternity (i.e. where several fathers are thought to have contributed genetically to any given child) (Walker et al., 2010), human societies in which men (and their relatives) are absent for long periods of time and where they provide little paternal investments (Scelza, 2011) or among populations with an extremely low-socioeconomic status (Cerda-Flores et al., 1999), much higher extra-pair paternity rates, of up to ca. 10%, have been reported. However, these situations appear rather exceptional and clearly are not the rule for most human populations (Larmuseau et al., 2016b). Nevertheless, (historical) EPP rates do not exist for hunter-gatherers or other small-scale societies except for the Dogon, so it is not yet possible to generalize to all non-Western human societies based on the current data.

Possible limitations of genetic genealogical approaches
Although our analysis clearly shows a low EPP rate in the historical Dutch population, we should note that genetic genealogical approaches could also suffer from a few possible caveats to estimate this frequency. First, it is the case that historically, EPP events could also have been the result of an unknown baby exchange or a hidden adoption, i.e. when an adopted child is not reported as such in the official church records or civil registry (Greeff and Erasmus, 2015; Larmuseau et al., 2013b). A specific type of hidden adoption is grandparental adoption, which occurred when a daughter got pregnant before a marriage or engagement and whereby the shame was hidden by pretending that the child was that of the girl’s parents (Vandenbroeke, 1986). Such hidden adoption, however, would merely cause a slight overestimation of historical EPP rates, and hence would definitely not challenge our main conclusion that the EPP rate was low. To overcome this limitation, the unknown baby exchange or the hidden adoption rate in the past can be estimated by mitochondrial comparison of relatives in a direct maternal line, with the exception for grandparent adoption (in this case, the mother and daughter would carry (almost) completely  identical mitochondrial variants).

A second possible caveat is that our genetic genealogical approach can only detect EPP events if the resulting extra-pair offspring actually reproduced. All cases of EPP where the child did not survive to adulthood or did not reproduce as an adult would therefore go undetected. Based on several examples in animals, it is at least conceivable that extra-pair offspring have a lower fitness than within-pair children (Kempenaers and Schlicht, 2010). In humans, it has been observed that emotional closeness, altruism, and paternal investment are positively related to facial resemblance (Lewis, 2011), and that such discriminative paternal investment is linked to the children’s health (Alvergne et al., 2009). This suggests that human EPP children might also have reduced fitness. To gauge how a reduced fitness of EPP children would influence our estimate of the historical EPP rate, further research with extended genealogies and several DNA donors within each family (Greeff et al., 2012) would be required. This would make it possible to pinpoint exactly where in the genealogy an EPP-event happened, and then to estimate the fitness of the specific individual that resulted from the EPP-event. Alternatively, one could also compare the mortality and fitness of illegitimate children which were or were not later legitimized after the wedding of the mother, of known adoptive children and of children born during wedlock, to estimate the mortality and fertility of EPP children.

Thirdly, as the Y-chromosome is nearly identical among close paternal relatives (Ballantyne et al., 2014), genetic genealogical approaches would be unable to identify EPP children which were fathered by a close paternal relative of the social father. Nonetheless, this specific type of EPP would, evolutionarily speaking, be less costly for the social father because of his close kinship with the biological father and the inclusive fitness benefits that would derive from helping to rear his children.

Future perspectives
Even though the available data suggest that the median historical EPP rate in Western human populations did not differ drastically between countries, substantial temporal and (micro-scale) spatial differences in EPP frequencies within these populations might still be expected. Several evolutionary and socio-demographic factors, for example, could be expected to have affected the temporal patterns in EPP frequency within Western Europe, especially between pre-industrial and modern times. Indeed, between these periods, several potential factors which could have influenced the incidence of cuckoldry changed, including the influence of the sexual morality of the Church (Laslett et al., 1980), the socio-economic environment provided by industrialisation (Shorter, 1971), and the knowledge about sexually transmitted diseases as well as of birth control methods (Van Bavel, 2007). In line with this, there are marked differences between pre-industrial and modern times in the frequencies of known illegitimacy within Western Europe (Laslett et al., 1980). From an evolutionary perspective, it could be expected that any benefits of EPP linked to increased genetic diversity of offspring would also be more beneficial under periods of drastic environmental change, like the one that occurred following the Industrial Revolution (Laland and Brown, 2011). Changes in fertility, as exemplified by the demographic transition in Western Europe since the 19th century (Van Bavel, 2007), would also be expected to have had an effect on the incidence of EPP events (Laland and Brown, 2011). Finally, in additional to temporal variation, spatial differences in EPP rates might also be expected among (Western) societies on a micro-geographical scale. For example, a higher EPP rate would be expected in urban rather than rural locations as populations in cities are characterised by migratory labour patterns and a tougher life history (Del Giudici et al., 2016; Gray and Anderson, 2010). 

In the future, more detailed analyses, whereby the estimated extra-pair paternity rate would be allowed to vary temporally or spatially, would enable one to study such questions, thereby allowing one to gain a full understanding of the evolutionary, cultural and socio-demographic factors that shape the variability in EPP rates across human societies. This research will be of high interest to evolutionary biologists and social scientists and will also have a broad societal impact and benefit an array of applications, including pedigree-based inferences in medicine, forensics, genealogy and historical demography, the formulation of epidemiological models for the spread of sexually transmitted diseases and derived applications in population genetics (Larmuseau et al., 2013a; Larmuseau et al., 2013b).
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