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A Populationwide Coalescent Analysis of Icelandic Matrilineal and
Patrilineal Genealogies: Evidence for a Faster Evolutionary Rate of mtDNA
Lineages than Y Chromosomes
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Historical inferences from genetic data increasingly depend on assumptions about the genealogical process that
shapes the frequencies of alleles over time. Yet little is known about the structure of human genealogies over long
periods of time and how they depart from expectations of standard demographic models, such as that attributed
to Wright and Fisher. To obtain such information and to examine the recent evolutionary history of mtDNA and
Y-chromosome haplotypes in the Icelandic gene pool, we traced the matrilineal and patrilineal ancestry of all
131,060 Icelanders born after 1972 back to two cohorts of ancestors, one born between 1848 and 1892 and the
other between 1798 and 1742. This populationwide coalescent analysis of Icelandic genealogies revealed highly
positively skewed distributions of descendants to ancestors, with the vast majority of potential ancestors contributing
one or no descendants and a minority of ancestors contributing large numbers of descendants. The expansion and
loss of matrilines and patrilines has caused considerable fluctuation in the frequencies of mtDNA and Y-chromosome
haplotypes, despite a rapid population expansion in Iceland during the past 300 years. Contrary to a widespread
assumption, the rate of evolution caused by this lineage-sorting process was markedly faster in matrilines (mtDNA)
than in patrilines (Y chromosomes). The primary cause is a 10% shorter matrilineal generation interval. Variance
in the number of offspring produced within each generation was not an important differentiating factor. We observed
an intergenerational correlation in offspring number and in the length of generation intervals in the matrilineal and
patrilineal genealogies, which was stronger in matrilines and thus contributes to their faster evolutionary rate.

These findings may have implications for coalescent date estimates based on mtDNA and Y chromosomes.

Introduction

Whether estimating the age of the most recent common
ancestor or interpreting geographic patterns of genetic
variation, inference depends on assumptions about the
evolutionary process that gave rise to patterns of genetic
variation observed in contemporary populations. Ge-
netic drift is a key component of microevolution in a
population’s gene pool. Disregarding the effects of se-
lection, migration, and mutation, allele frequencies drift
randomly as a result of differential reproduction (and
gametic sampling in the case of diploid loci). The rate
of genetic drift over time (measured in years) is a func-
tion of the effective population size, which is primarily
dependent on three demographic factors: (i) the shape
and variance of the distribution of offspring to parents
in the population (Crow and Kimura 1970; Cavalli-
Sforza and Bodmer 1971), (i) the length of generation
intervals between parents and their offspring, and (i)
the existence of an intergenerational correlation in one
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or both of these aspects of reproductive behavior (Nei
and Murata 1966; Donnelly and Marjoram 1989). The
impact of these factors over time can be assessed by
studying the genealogies linking contemporary members
of a population back to successive generations of an-
cestors. The structures of such genealogies provide em-
pirical data about the magnitude of random allele fre-
quency changes expected to have occurred in a gene
pool. Since sufficiently extensive and deep genealogies
are rare, only a few such detailed empirical studies of
human microevolution have been undertaken, in a lim-
ited number of populations—such as the Saguenay from
Quebec (Heyer 1995; Austerlitz and Heyer 1998), Is-
landers of Tristan da Cuhna (Roberts and Bear 1980),
Utah Mormons (O’Brien et al. 1994), and the Aland
Islanders (O’Brien et al. 1994). Previous studies have
demonstrated that rates of drift vary both among pop-
ulations and at different periods within the same pop-
ulations (Skolnick et al. 1976; Roberts and Bear 1980;
O’Brien et al. 1994). The impact of different genealogical
structures on gene pools has also been partially explored
through simulation (O’Brien et al. 1994; Austerlitz and
Heyer 1998).

Populationwide analyses of real genealogies provide
important information for the application of coalescent
theory to human genetic data. Modeled genealogies lie
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at the heart of the coalescent approach, where they are
typically assumed to be produced by a Wright-Fisher
demographic model (Hudson 1990). It is recognized
that the assumptions of this demographic model are
violated in most naturally reproducing populations, for
reasons such as population-size fluctuation, intergen-
erational correlation in fertility, variance in the number
of offspring that exceeds the mean and differences in
the length of generation intervals. As a consequence, all
parameters estimated from genetic data using the coa-
lescent are scaled by factors that cause genealogies to
depart from the Wright-Fisher expectation (Nordborg
2001). The key to obtaining the true values of scaled
parameters lies in knowledge about how such factors
affect genealogies. Although departures from Wright-
Fisher demography are usually inferred directly from
genetic data, the most important source of information
are real genealogies. Such empirical information should
allow for more robust and accurate inferences based on
the coalescent approach to human molecular data.

The primary focus of this study was to explore the
rate of evolutionary change in matrilineal and patrilin-
eal genealogies from the entire Icelandic population over
a 300-year period and examine the relative impact of
the underlying demographic factors discussed above.
We concentrated on these genealogical pathways for
three main reasons. First, unlike diploid autosomal loci,
there is no uncertainty about transmission patterns due
to gametic sampling. Second, matrilineal and patrilineal
genealogies define the transmission of mtDNA and Y
chromosomes, respectively, which are among the most
widely used genetic markers in studies of human pop-
ulation history. Third, as matrilineal and patrilineal ge-
nealogical structures do not overlap, their comparison
can shed light on the genetic consequences of differences
in the reproductive behavior of males and females
(Charlesworth 2001). Thus, for example, it has been
assumed that the widespread practice of polygyny and
high variance in male reproductive success causes Y
chromosomes to drift at a faster rate than mtDNA line-
ages (Cavalli-Sforza and Bodmer 1971, Seielstad et al.
1998, Avise 2000). Accurate empirical knowledge about
the deep structure of genealogies along which alleles are
transmitted through time in populations, and the un-
derlying demographic factors that give rise to these ge-
nealogies, is crucial for the growing field of studies that
use approaches such as that of the coalescent to make
inferences about the genealogical relationships between
alleles or haplotypes.

Material and Methods

Genealogical Database and Selection of Cohorts

Matrilineal and patrilineal genealogies were extracted
from the deCODE Genetics genealogical database (not
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part of the Icelandic Healthcare Sector Database), which
includes all 280,000 living Icelanders and, when analyses
commenced (June 2002), recorded genealogical links for
just over 650,000 individuals (Gulcher and Stefansson
1998; GuOmundsson et al. 2000). Starting with a cohort
of all Icelanders born after 1972 (N = 131,060), we
used a genealogical coalescent approach to trace matri-
lines and patrilines back in time to two different cohorts
of ancestors born between 1698 and 1742 and between
1848 and 1892, respectively. Inevitably, the further back
in time lineages are traced, the greater the decay of ge-
nealogical information. Thus, the former ancestor co-
hort was selected to take advantage of genealogical
depth, whereas the latter cohort was selected to maxi-
mize population coverage. All analyses were performed
on an encrypted version of the genealogical database in
which birth dates are rounded to the nearest multiple of
5 (for example, the birth year 1700 stands for the range
1698-1702, and 1705 stands for the range 1703-1707).

Obviously, the lineages traced back to matrilineal and
patrilineal ancestors in the 1698-1742 or 1848-1892
cohorts represent only a part of the total number of
Icelanders that were actually born during these two pe-
riods. As not all of these Icelanders have yet been entered
into the genealogical database, historical census data
was used to provide estimates of the total numbers of
individuals who were born between 1698-1742 and
1848-1892, respectively, and who survived childhood.
The size of the 1698-1742 cohort taken as the 0-44
year age group from the 1703 Icelandic national census
(Jonsson and Magnasson 1997), which is by far the most
detailed source of demographic data on the Icelandic
population for this period. Historical census data (Jons-
son and Magntsson 1997) was used to estimate the
1848-1892 birth cohort size by summing the 15-19 year
age groups for the years 1867, 1872, 1877, 1882, 1887,
1892, 1897, 1902, and 1907.

Coalescent Lineage Tracing Approach

Members of the ancestor cohorts were linked to one
or more descendant born after 1972 through a genea-
logical coalescent structure as follows (see fig. 1). Ma-
trilines were only traced back from contemporary fe-
males and patrilines only from contemporary males.
Moving back in time, the number of matrilines or pa-
trilines decreases as a function of the number of coales-
cent events, which occur when two or more sisters are
traced to a single mother (a matrilineal coalescent event)
or two or more brothers are traced to a single father (a
patrilineal coalescent event). By the time we reach the
first year of each ancestral cohort (1698 or 1848), this
process defines groups of one or more contemporary
individuals, each of which is descended, through a co-
alescent genealogy, from a single matrilineal or patrilin-
eal ancestor. Such matrilineal and patrilineal coalescent
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Ancestor cohort

Figure 1 Coalescent structures of matrilineal and patrilineal genealogies. These were determined by tracing back in time from females
and males born after 1972 (grey circles). The black circles represent matrilineal or patrilineal ancestors who have descendants in the contemporary
cohort. The number of offspring who leave descendants in the contemporary cohort is shown next to the black circles. As we move back in
time, each coalescent event reduces the total number of matrilines or patrilines, until we are left with the single earliest ancestor in the ancestor
cohort. After the coalescent tracing procedure has ended, it emerges that this ancestor has eight descendants in the contemporary cohort. White
circles represent individuals with no descendants in the contemporary cohort. Such individuals are invisible to the coalescent approach. Coalescent
events are not recorded for these individuals, and they are not counted among the offspring attributed to their mother or father. Hence,
information is only stored about direct matrilineal and patrilineal ancestors of individuals in the contemporary cohort. Note that generation
intervals vary in length, with the result that three descendants from the contemporary cohort are linked to the ancestor through four generations,

whereas five such descendants are linked through five generations.

genealogies were reconstructed for all Icelanders born
after 1972, to explore the genealogical and demographic
processes that shaped the mtDNA and Y-chromosome
pools of the Icelandic population.

By definition, the coalescent approach adopted in this
study includes only individuals in the matrilineal and
patrilineal genealogies who either are members of or
have descendants in the contemporary cohort. Past in-
dividuals with no matrilineal or patrilineal descendants
in the contemporary cohort are excluded from our anal-
ysis. A coalescent approach was chosen for two primary
reasons. First, there is an inherent selective bias against
recording of genealogical data for individuals in the past
with no contemporary descendants, particularly for in-
dividuals that did not reproduce at all. As the degree of
selection bias against such individuals is impossible to
assess with any certainty, our knowledge about the na-
ture and quality of the data is arguably increased by
their exclusion. Second, in accordance with the general
philosophy of the coalescent, we argue that, to gain an
understanding of the evolutionary history of a contem-
porary population, it is sufficient to consider only the
ancestors of the population’s present members.

Evaluating Correlation in Reproductive Behavior within
Matrilineal and Patrilineal Coalescent Genealogies

A product-moment correlation coefficient was used to
estimate parent-offspring correlation in reproductive be-

havior in matrilines and patrilines. In the context of
matrilines this correlation can be divided into two sep-
arate factors: a correlation in offspring numbers (i.e.,
between the numbers of daughters linked to mothers and
their daughters) and a correlation in generation intervals
(i.e., between the two generation intervals separating
each female-mother-grandmother trio). Both forms of
correlation were estimated nonparametrically for Ice-
landic matrilineal and patrilineal genealogies.

A Stochastic Model to Evaluate the Impact of
Intergenerational Correlation in Reproductive Behavior

To establish the impact of an intergenerational cor-
relation in reproductive behavior on the structure of Ice-
landic matrilineal and patrilineal genealogies we devel-
oped a forward-in-time stochastic model that describes
the unfolding of matrilineal and patrilineal coalescent
genealogies traced backward in time. The stochastic
model describes the number of matrilineal or patrilineal
contemporary descendants that derive from a single an-
cestor born at a specific time in the past. The model
assumes that genealogies linking descendants to their
ancestor are generated by randomly selecting offspring
numbers and generation intervals from global distri-
butions. In other words, it is assumed that no kind of
correlation in reproductive behavior influences the for-
mation of the genealogies. In our application of the sto-
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chastic model, the global distributions of offspring num-
bers and generation intervals were extracted from the
real genealogies. On the basis of this stochastic model,
it is then possible to simulate genealogies and compare
the resultant distributions of descendants per ancestor
to distributions from the actual genealogies, by means
of a simple x* test. This approach enables us to verify
the existence and relative impact of a correlation in re-
productive behavior in the real genealogies. The sto-
chastic model is described in appendix A.

Results

Distribution of Descendants among Ancestors

Figure 2 shows the number of contemporary descen-
dants successfully traced to matrilineal and patrilineal
ancestors born between 1848 and 1892 (black slices) as
proportions of their respective cohorts in the Icelandic
population (see also table 1). These results demonstrate
even over a short timeframe of a few hundred years,
during which the size of the Icelandic population in-
creased almost fivefold, only a minority of potential an-
cestors actually contributed mtDNA or Y chromosomes
to the contemporary population. The vast majority of
contemporary females (58,832 or 91.7%) are descended
from only 22% (7,041) of the potential matrilineal an-
cestors born between 1848 and 1892, and most contem-
porary males (57,686 or 86.2%) are descended from
only 26% (8,275) of the potential patrilineal ancestors.
The results are even more striking for matrilines and
patrilines traced back to the 1698-1742 ancestor cohort.
Because of the decay of genealogical information as we
go further back in time, a greater proportion of the con-
temporary cohort could not be successfully traced back
to ancestors. However, 62% (39,615) of contemporary
females are descended from only 6.6% (1,356) of the
potential matrilineal ancestors born between 1698-1742
and 71% (47,335) of contemporary males are descended
from only 10.3% (1,859) of the potential patrilineal an-
cestors (see fig. 3 and table 1). The higher percentage of
patrilineal links to the 1698-1742 ancestor cohort re-
sults from a more comprehensive recording of paternity
in early Icelandic historical sources (a consequence of
male bias in most historical documents).

Note that of those lineages that reach dead ends before
1892, a sizeable proportion is likely to be matrilineally
or patrilineally descended from foreign nationals who
immigrated to Iceland during the past century and whose
ancestors are therefore typically not found in Icelandic
historical records. These individuals cannot be identified
in the encrypted version of the genealogical database
used for these analyses. However, estimates based on
census data (Jonsson and Magnisson 1997) and the
unencrypted genealogical database indicate that as many
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as 6,000 females and 5,500 males with ancestral ties
outside Iceland who were born after 1900 are included
in the genealogical database, many of whom are likely
to contribute to the matrilineal and patrilineal dead-ends
shown in figures 2 and 3.

More can be learned about the microevolutionary his-
tories of Icelandic matrilines and patrilines by examining
the distribution of descendants among ancestors. De-
scriptive statistics for these distributions, presented in
table 1, reveal notable differences between the genea-
logical pathways of mtDNA and Y chromosomes. Thus,
in the case of the 1848-1892 ancestor cohort, we start
with more contemporary females than contemporary
males but end with considerably fewer matrilineal an-
cestors than patrilineal ancestors. Accordingly, the mat-
rilineal ancestors have a greater average number of de-
scendants (8.36) than do the patrilineal ancestors (6.97).
As shown by the histograms in figure 4, the distribution
of descendants among ancestors is strongly positively
skewed for both matrilines and patrilines, but the mat-
rilineal distribution is more heavily skewed and exhibits
a greater variance.

The same pattern emerges from lineages traced back
to the 1698-1742 ancestor cohort, but with even more
striking differences (table 1; figs. 3 and 5). In this case,
matrilineal ancestors have, on average, 29.2 descen-
dants, whereas patrilineal ancestors have an average of
25.5 descendants. The variance for matrilines is almost
double that for patrilines, and the coefficient of variation
reveals the more uneven distribution of descendants
among matrilineal ancestors. An informative indicator
of the disparity observed between matrilines and patri-
lines is the 75% difference between the most prolific
matrilineal ancestor in the 1698-1742 cohort (392 de-
scendants) and that of the most prolific patrilineal an-
cestor (224 descendants). In fact, seven matrilineal an-
cestors contribute more descendants than the most
prolific patrilineal ancestor.

Because of the heavily skewed distribution of descen-
dants among ancestors a nonparametric test (x*) was used
to evaluate the statistical significance of the differences
observed for matrilines and patrilines. For this purpose
the number of descendants per ancestor was grouped into
10 categories for the 1848-1892 cohort (1-2, 3-4, 5-6,
7-8, 9-10, 11-12, 1316, 17-20, 21-30, and 31-max)
and 10 categories for the 1698-1742 cohort (1-5, 6-10,
11-15, 16-25, 26-35, 36-45, 46-60, 61-80, 81-125,
and 126-max). For both cohorts, the differences between
the matrilineal and patrilineal distributions were found to
be statistically significant (p <.001 for the 1848-1892
cohort and p = .014 for the 1698-1742 cohort).

On the basis of these results, it is possible to draw
two key conclusions. First, when lineages are traced back
the same number of years, it emerges that contemporary
Icelandic females are descended from fewer matrilineal
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Contributions of the 1848-1892 ancestors to the contemporary cohort. The areas of the circles on the left represent all Icelandic

females born between 1848 and 1892 (top) and after 1972 (bottom) who survived early childhood. The black slice in the bottom-left circle
represents the proportion of females born after 1972 who could be traced successfully to a matrilineal ancestor born between 1848 and 1892.
The black slice in the top-left circle represents these matrilineal ancestors as a proportion of the entire 1848-1892 cohort. The white slice in
the bottom-left circle represents the 5,318 contemporary females who could not be traced to matrilineal ancestors born between 1848 and
1892. The white slice in the top-left circle represents the 24,776 females born between 1848 and 1892 who either do not have matrilineal
descendants born after 1972 or could not be linked to matrilineal descendants in the genealogical database. The circles on the right present
equivalent information for males and patrilines. The parameter stands for the average number of generations between members of the ancestor

cohort and their descendants in the contemporary cohort.

ancestors than is the case for contemporary Icelandic
males and patrilineal ancestors. Thus, the effective pop-
ulation size is smaller for matrilines (mtDNA) than for
patrilines (Y chromosomes). Second, not only are fewer
matrilineal ancestors contributing more descendants on
average, the relative dispersion of descendants per an-
cestor is also greater for matrilineal ancestors than for
patrilineal ancestors. In short, matrilines are evolving at
a faster rate than patrilines.

Faster Generational Turnover in Matrilines

Table 2 presents information about the length of time
separating ancestors from their descendants both in gen-
erations and years. These results reveal an important
cause of the faster rate of matrilineal drift: over the same
period of time, a greater number of generations tend to
separate contemporary females from their matrilineal
ancestors than is the case for contemporary males and
their patrilineal ancestors. Thus, while an average of 4.3
generations have passed between female ancestors in the
1848-1892 cohort and their matrilineal descendants, an
average of only 3.8 generations have passed in patrilines.
For the 1698-1742 ancestor cohort matrilines have, on
average, evolved almost a whole generation longer than
patrilines. The underlying cause is a difference in the
average length of generation intervals (see table 2). Fig-
ure 6 shows the difference between average matrilineal
and patrilineal generation intervals, by birth year of
child, for the period 1698-2000.

The matrilineal and patrilineal generation intervals re-

ported in this study are similar to those published by
Tremblay and Vézina (2000), whose findings were based
on 100 French Canadian genealogies. The shorter mat-
rilineal generation interval observed in both studies can
be assumed to stem from the tendency of females to
reproduce earlier in life than males and from the ability
of males to continue reproducing to a later age than
females.

Reproductive Variance within Generations

As reflected in the concept of the variance effective
population size (Crow and Kimura 1970), reproductive
variance within generations is a prime determinant of
the rate of evolution due to random genetic drift. In the
context of our coalescent genealogies, reproductive var-
iance is measured as the variance in the number of
daughters attributed to mothers and sons attributed to
fathers. Note that, because of the nature of coalescent
tracing backward in time, these offspring distributions
differ from conventional offspring distributions in dem-
ographic surveys based on completed fertility. Specifi-
cally, only offspring belonging to the contemporary co-
hort or offspring with descendants in the contemporary
cohort are counted in the coalescent genealogies. The
difference becomes increasingly important the further
back in time we trace lineages of descent.

Descriptive statistics for the number of daughters per
mother and sons per father in the coalescent genealogies
are shown in table 3. For both ancestor cohorts, patri-
lines exhibit slightly higher averages and variances than
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Table 1
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Distribution of Descendants among Matrilineal and Patrilineal Ancestors

ANCESTOR COHORT

1848-1892 1698-1742
STATISTIC Matrilines (N = 7,041)  Patrilines (N = 8,275)  Matrilines (N = 1,356)  Patrilines (N = 1,859)
No. of descendants 58,832 57,686 39,615 47,335
Mean (SE) 8.36 (.101) 6.97 (.071) 29.21 (.969) 25.46 (.597)
Variance 71.7 41.75 1,274.31 661.79
Coefficient of variation 101.29 92.70 122.21 101.04
Skewness (SE) 2.54 (.029) 2.21 (.026) 3.84 (.066) 2.27 (.057)
Maximum 109 72 392 224

matrilines. However, the relative spread of the distri-
butions is almost identical when coefficients of variation
are examined. The same degree of similarity between
matrilines and patrilines is observed when the distri-
bution of offspring numbers is examined by year (data
not shown). On the basis of this evidence, we conclude
that reproductive variance within generations is unlikely
to be a key factor underlying the faster rate of evolution
in matrilines.

Intergenerational Correlation in Reproductive Behavior

As reflected by the previous two sections, an inter-
generational correlation in reproductive behavior can
have two separate elements. First, a correlation in the
number of offspring produced by individuals and the
number of offspring produced by their parents. Second,
a correlation in the generation intervals between each
individual-parent-grandparent trio. As far as we are
aware, this latter type of correlation has not been dis-
cussed previously in the literature. A positive correlation
in either case will have the effect of increasing the rate
of evolution in genealogies, speeding up the lineage-sort-
ing process and increasing the variance in the number
of descendants left by a given cohort of ancestors (see
Donnelly and Marjoram [1989] for a theoretical treat-
ment of intergenerational offspring correlation).

Table 4 reports the product-moment correlation for
the number of offspring and generation intervals in the
matrilineal and patrilineal genealogies. In all cases, a
relatively weak—Dbut highly significant—positive corre-
lation is observed. Two other noteworthy findings are
revealed. First, the correlation in reproductive behavior
is always stronger for lineages traced to the older
1698-1742 ancestor cohort. Second, matrilines exhibit
a slightly higher correlation than patrilines when results
for equivalent ancestor cohorts are compared.

Evaluating the Relative Impact of Intergenerational
Correlation in Reproductive Behavior on Evolutionary
Rates of Matrilines and Patrilines

Here, we compare expected distributions of descen-
dants per ancestor derived from simulations (see the

“Materials and Methods” section and appendix A) to
those obtained from the real genealogies. The simula-
tions make use of distributions of offspring numbers and
generation intervals from the real matrilineal and pat-
rilineal genealogies, but assume independence of these
distributions between generations—that is, an individ-
ual’s reproductive behavior is independent to that of his
or her father or mother. The relative impact of repro-
ductive correlation on the real genealogies should be
reflected in the degree of difference between the distri-
butions of descendants per ancestor in the real and sim-
ulated genealogies. Simulations were performed 5,000
times for each cohort of matrilineal and patrilineal
ancestors.

Tables 5 and 6 present the expected distributions of
descendants from the simulations and the observed dis-
tributions from the real genealogies for the 1848-1892
and 1698-1742 ancestor cohorts, respectively. A statis-
tical evaluation by means of a x” test reveals highly sig-
nificant differences between the distributions of des-
cendants per ancestor from the real and simulated
genealogies for all ancestor cohorts. In each case, an
excess of ancestors with few or many descendants, and
a deficit of ancestors with intermediate numbers of de-
scendants, is observed in the real genealogies. Accord-
ingly, the variance in the number of descendants per
ancestor is greater in the real genealogies than in the
simulated genealogies. For 5,000 simulations of three
out of four ancestor cohorts, we never observe a variance
greater than or equal to that obtained from the corre-
sponding real genealogies. Only in the case of the pat-
rilineal 1698-1742 cohort do we obtain a minority of
cases (139/5,000) where simulations yield greater vari-
ances than the real genealogies.

These differences between the simulated and real ge-
nealogies demonstrate the cumulative effect of intergen-
erational correlation in fertility on the real genealogies.
In accordance with the stronger matrilineal correlation
reported in table 4, this cumulative effect is greater in
matrilines. Furthermore, even though the reported cor-
relation between two consecutive generations is rela-
tively weak, the cumulative effects over many genera-
tions can be substantial—as demonstrated by the
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Matrilines Patrilines
N = 20,443 Ancestral cohort N =18,023
born 1698-1742 ~ _aa

N = 64,150

Figure 3

marked differences between the real and simulated ge-
nealogies across only 268 years that separate the
1698-1742 matrilineal ancestor cohort from its contem-
porary descendants (table 6).

It should be noted that a temporal autocorrelation of
offspring numbers and generation intervals was detected
in the simulated genealogies (see table 7). This temporal
autocorrelation is caused by sociohistorical changes in
reproductive behavior, namely the decline in generation
intervals (see fig. 6) and average offspring numbers (data
not shown) in Iceland during the past 300 years. As the
simulated genealogies are produced from the same series
of offspring and generation interval distributions as the
real genealogies, it follows that the correlation coeffi-
cients reported for the real genealogies (table 4) must
also be partially due to temporal autocorrelation (ob-
viously, no temporal autocorrelation was observed when
genealogies were simulated by use of fixed distributions
of offspring numbers and generation intervals for each
consecutive year).

In the case of temporal autocorrelation, an individ-
ual’s reproductive behavior is dependent not on that of
his or her parent per se but on the sociohistorical norms
governing reproduction at that particular point in time.
A temporal autocorrelation is therefore distinct from an
intergenerational correlation, where contemporaneous
individual differences in reproductive behavior are de-
pendent on parental differences in reproductive behavior
(this cannot occur in the simulated genealogies). Table
7 shows that the real genealogies exhibit a significantly

.
89.7%
\-\‘::A_;/”o

10.3%

Descendant cohort
born after 1972

N =66,910

Contributions of the 1698-1742 ancestors to the contemporary cohort (see legend for fig. 2)

greater intergenerational correlation in offspring num-
bers than the simulated genealogies, demonstrating the
existence of a true parent-offspring correlation (in ad-
dition to temporal autocorrelation) in the real geneal-
ogies. In contrast, the correlation observed for genera-
tion intervals in the real genealogies appears to be solely
caused by temporal autocorrelation. In fact, the simu-
lated genealogies tend to yield overestimated temporal
autocorrelation for generation intervals, a finding that
is likely to reflect the fact that the underlying stochastic
model does not take into account that parents with large
numbers of offspring tend to also exhibit a greater than
average variance in generation intervals (because repro-
duction takes place over a longer period of time).

Discussion

Rate and Pattern of Evolution in Matrilines and
Patrilines

The analysis of matrilineal and patrilineal genealogies
has revealed fine details of the demographic processes
that have shaped patterns of genetic diversity in the Ice-
landic mtDNA and Y-chromosome pools during the past
300 years. Tracing lineages back from all Icelanders born
after 1972 over the same period of time, we find rela-
tively fewer matrilineal ancestors than patrilineal ances-
tors. Accordingly, matrilineal ancestors contribute, on
average, a larger number of descendants than patrilineal
ancestors. Moreover, the variance in the number of de-
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Figure 4 Histograms of descendants per ancestor for matrilines and patrilines (1848-1892 ancestor cohort)

scendants is higher among matrilineal ancestors. In
short, matrilines appear to be evolving at a faster rate
than patrilines. These genealogical differences have a de-
cisive impact on the fate of mtDNA or Y-chromosome
haplotypes that were present in the ancestral cohorts, as
the faster rate of matrilineal drift will translate into a
faster evolutionary rate of mtDNA haplotypes. Hence,
mtDNA haplotypes have had both a greater probability
for rapid expansion in the Icelandic gene pool and a
greater probability to be lost. The key demographic fac-
tor underlying the faster rate of matrilineal drift in Ice-
land is the 10% shorter matrilineal generation interval.
A slightly higher matrilineal intergenerational correla-
tion in offspring numbers and generation intervals is also
a significant contributing factor. However, reproductive
variance within generations is almost identical for ma-
trilines and patrilines and therefore does not account for
the faster evolutionary rate of matrilines. These results
challenge the widespread assumption that Y chromo-
somes should exhibit a faster evolutionary rate because
of greater reproductive variance among males (Cavalli-
Sforza and Bodmer 1971; Seielstad et al. 1998; Avise
2000).

It is informative to compare the results from the Ice-
landic genealogies to expectations from a simple and
well-known model like the Wright-Fisher demographic
model. Simulating matrilineal or patrilineal genealogies
10,000 times under this model, with an effective pop-
ulation size of 1,000 individuals, we compare the ex-

pected number of generations of evolution needed to
obtain a variance and coefficient of variation of descen-
dants per ancestor greater than or equal to those ob-
served in the real genealogies (see table 1). In the case
of patrilines from the 1848-1892 and 1698-1742 an-
cestor cohorts, no less than 13 and 52 generations, re-
spectively, are needed to generate greater variances by
use of the Wright-Fisher model (the actual number of
patrilineal generations were 3.8 and 7.9, respectively).
For matrilines, 17 and 74 generations are needed, re-
spectively (the actual number of matrilineal generations
were 4.3 and 8.8, respectively). A comparison of coef-
ficients of variation reveals that the Wright-Fisher model
exceeded the 1848-1892 patrilineal ancestor cohort af-
ter 25 generations, but did not do so within the time of
100 generations in the case of the other ancestor cohorts.

Overall, then, our findings indicate a considerable ef-
fect of genetic drift on the matrilineal and patrilineal
genealogical pathways of mtDNA and Y-chromosome
haplotypes in Iceland during the past 300 years. This is
in spite of a rapid population expansion during this pe-
riod, which would be expected to yield less drift than
the constant population size Wright-Fisher demographic
model. We note that alleles at autosomal loci would also
be affected by such an accelerated rate of genetic drift,
and this may partially account for the unusual allele
frequencies observed in Iceland at loci such as PAH
(Guldberg et al. 1997) and BRCA2 (Barkardottir et al.
2001). In general, our results suggest that Icelanders will
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tend to carry a reduced number of alleles or haplotypes
at autosomal loci, relative to larger and less isolated
European populations, and that alleles and haplotypes
rare elsewhere may have expanded to polymorphic fre-
quencies in Icelanders.

We have identified two different forms of intergen-
erational correlation in reproductive behavior that have
influenced the structure of Icelandic matrilineal and pat-
rilineal genealogies. The first is a temporal autocorre-
lation, wherein the reproductive behavior of an individ-
ual is dependent on his or her year of birth. This can be
caused by historical demographic trends—for example,
a populationwide decline or increase in fertility over
time. The second is a parent-offspring correlation,
wherein an individual’s reproductive behavior is to some
extent dependent on that of his or her parent and con-
sistent with a parental environmental influence on the
reproductive behavior of offspring. A third type of in-
tergenerational correlation could be described as lineage
dependency, wherein there is a genetic influence of the
transmitted lineage on the reproductive behavior of its
bearer and where natural selection is in part responsible
for the rate of expansion or loss of these lineages. As
discussed below, we do not find evidence for lineage
dependency in Icelandic matrilines or patrilines, al-
though a weak effect cannot be ruled out. The dissection
of an overall intergenerational correlation of reproduc-
tive behavior into its underlying components can be
stated explicitly for coalescent genealogical data and we

Matrilines
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Table 2

Generation Intervals between the Contemporary and Ancestor
Cohorts

ANCESTOR COHORT

1848-1892 1698-1742
PARAMETER AND
STATISTIC Matrilines Patrilines Matrilines Patrilines
Total years:*
Mean 122.6 121.0 268.4 268.0
SD 13.0 13.8 14.8 14.1
N 58,832 57,686 39,615 47,335
No. of generations:*
Mean 4.27 3.80 8.8 7.9
SD .62 .60 .79 .80
N 58,832 57,686 39,615 47,335
Generation interval:’
Mean 28.12 31.13 28.72 31.93
SD 6.57 7.57 6.76 8.06
N 128,296 122,822 99,169 117,486

* Cases represent each contemporary descendant and his or her
ancestor.

> Cases represent each unique mother-daughter or father-son pair
in the matrilineal and patrilineal coalescent genealogies, respectively.

present the formulaic details for an intergenerational
correlation of offspring numbers in appendix B.

Potential Biases and Estimates of the Total Number of
Icelandic Matrilineal and Patrilineal Ancestors

We note that biases in the recording of genealogical
data are unlikely to underlie the differences observed in
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this study between the evolutionary rates of matrilines
and patrilines. First, the same kind of differences are
observed for lineages traced back to the 1698-1742 an-
cestor cohort (with more complete information about
patrilines) as in the case of lineages traced back to the
1848-1892 ancestor cohort (with slightly more com-
plete information about matrilines). Second, even with
29% and 38% of contemporary individuals unlinked to
patrilineal and matrilineal ancestors, respectively, in the
1698-1742 cohort, the number of linked individuals is
sufficiently large to make sizeable biases in the under-
lying demographic factors (i.e., offspring numbers, gen-
eration intervals, and reproductive correlation) very un-
likely. As false paternity is typically more common in
genealogical records than false maternity, this could rep-
resent another potential biasing factor in our analyses.
However, the direction of such a bias is not clear. If there
is a small set of true fathers that are responsible for a
large portion of false paternities, then the genealogical
data would tend to underestimate reproductive variance
within patrilines. A systematic bias in the opposite di-
rection could also be envisaged, leading to an overesti-
mate of patrilineal reproductive variance. Significantly,
if false paternities are attributable to a random set of
true fathers (arguably the most likely situation), then
patrilineal reproductive variance is overestimated in the
genealogical database, thereby increasing the true dif-
ference in evolutionary rates between matrilines and pa-
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Table 3

Distribution of Number of Offspring to Parents

ANCESTOR COHORT

1848-1892 1698-1742
STATISTIC Matrilines Patrilines Matrilines Patrilines
Mean 1.63 1.65 1.59 1.61
Variance .763 .785 727 752
Coefficient of variation  53.73 53.71 53.63 53.84
N* 76,505 73,411 60,910 72,010

* N = number of parents born prior to 1972.

trilines. The current rate of false paternities in Iceland
is relatively small, estimated at 1.49% per generation on
the basis of genotype data analyzed by deCODE Ge-
netics (this estimate includes laboratory handling error).

An issue related to the discussion of potential biases
in genealogical data is the question of whether it is pos-
sible to provide reasonable estimates for the total num-
ber of ancestors in the 1848-1892 and 1698-1742 co-
horts, effectively by approximating the number of
additional ancestors that would be required to account
for all those individuals in the contemporary cohort that
could not be traced to ancestors in these cohorts. This
problem is not at all straightforward, in that it touches
on possible biases in the way genealogical data has been
recorded in the genealogical database. Thus, it could be

2000

45
—=— Patrilines
—e— Matrilines
__ 403
2
© h"\
Q
:>. 35 - o f'jk'lﬂ \I“"m'_.lll
g ' “—I’.\
=
. T
°
Q
o
<
25 1
20 T T T T T
1700 1750 1800 1850 1900 1950
Birth year of individual
Figure 6 Changes in the average length of matrilineal and patrilineal generation intervals by birth year of offspring from 1698 to 2000.

Generation intervals are defined as the birth year of an offspring subtracted from the birth year of the parent.
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Table 4

Matrilineal and Patrilineal Parent-Offspring Product-Moment
Correlation in Reproductive Behavior

ANCESTOR COHORT

DEMOGRAPHIC 1848-1892 1698-1742
FACTOR AND
STATISTIC Matrilines Patrilines Matrilines Patrilines
No. of offspring:*
7 .058 .041 .079 .051
N 69,464 65,136 59,554 70,151
p 0 0 0 0
Generation interval:”
r° .046 .024 .071 .041
N 58354 51,180 57,941 67,827
P 0 0 0 0

* Defined as the number of offspring identified by the coalescent
tracing of matrilineal and patrilineal genealogies for each unique
mother-daughter or father-son pair. Only parent-offspring pairs born
prior to 1972 were included.

® Each female-mother-grandmother or male-father-grandfather trip-
let yields two generation intervals and the correlation between these
intervals for all such triplets are presented in these columns. Only
individual-parent-grandparent triplets where the individual was born
prior to 1972 were included.

¢ The product-moment correlation coefficient.

4 Statistical significance based on a test of whether 7 > 0.

that many presently unlinked contemporary individuals
will eventually be traced to existing ancestors—in which
case, the total number of ancestors will not increase,
leading to an increase in the average number of descen-
dants per ancestor. Alternatively, presently unlinked con-
temporary individuals may be primarily descended from
ancestors not yet identified—in which case, the total
number of ancestors will increase, leading to a decrease
in the average number of descendants per ancestor.

A comparison of the results presented here with those
of equivalent analyses (Helgason 2001), performed on
two years older version of the deCODE Genetics ge-
nealogical database is informative for this issue. In this
study an average of 24.3 contemporary females were
traced to matrilineal ancestors (23,936/985) and 22.3
males to patrilineal ancestors (35,233/1,579) in the
1698-1742 cohort. Equivalent figures for the 1848-
1892 ancestor cohort were 7.6 for matrilines (52,066/
6,873) and 6.4 for patrilines (51,472/8,068). A com-
parison of these figures with those from table 1 reveals
not only that there has been a substantial increase in the
overall number of contemporary individuals traced to
ancestors, but also that in each case the average number
of descendants per ancestor has increased. Accordingly,
it seems reasonable, perhaps even conservative, to ex-
trapolate the average number of descendants per ances-
tor reported in table 1 to the entire contemporary cohort,
with the result that all 64,150 contemporary females
could be descended from 7,677 (24.1%) matrilineal an-
cestors from the 1848-1892 cohort and only 2,196
(10.7%) ancestors from the 1698-1742 cohort. In com-
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parison, all 66,910 contemporary males could be de-
scended from 9,598 (30.3%) and 2,628 (14.6%) pat-
rilineal ancestors from the same ancestor cohorts,
respectively. This necessarily implies a smaller number
of matrilineal and patrilineal ancestors at the time Ice-
land was settled 1,100 years ago—perhaps only a few
hundred.

Genetic Evidence of Evolutionary Rates in Icelandic
mtDNA and Y-Chromosome Pools

Previous studies have noted that the frequency spectra
of mtDNA and Y-chromosome haplotypes in Icelanders
indicate genetic divergence from source populations of
Scandinavia and the British Isles caused by random ge-
netic drift (Helgason et al. 20004, 20006, 2001). The
following discussion is based on mtDNA haplotypes de-
fined by sequence variation between sites 16055-16390
in the first hypervariable segment of the control region
and Y-chromosome haplotypes defined by variation at
biallelic loci 92R7, M9, SRY-1532, YAP, TAT, and mi-
crosatellite loci DYS19, DYS390, DYS391, DYS392,
and DYS393 (Helgason et al. 20004, 20005, 2001). No
fewer than 29 of 117 Icelandic mtDNA haplotypes
(N = 467) have a frequency >1%, and 11 of these were
not found in samples from Scandinavia (N = 539) and
the British Isles (N = 749). In the case of Y-chromosome
haplotypes, there were 21 of 50 Icelandic haplotypes
with a frequency >1%, but only 3 were not found in
the same source populations (Iceland, N = 181; Scan-
dinavia, N = 233; and the British Isles, N = 283).
There were a total of 442 mtDNA haplotypes in samples
from Scandinavia or the British Isles, of which 18 have
a frequency >1% in one or both populations. Five of
these mtDNA haplotypes were not observed in the Ice-
landic sample. In the case of Y chromosomes, there were
a total of 127 haplotypes observed in the source pop-
ulations, of which 29 had a frequency of >1% in one
or both populations; 10 of these were not found in
Icelanders.

Thus, on the one hand, the genetic data indicate that
a greater number of initially rare mtDNA haplotypes
have drifted to high frequencies than is the case for Y
chromosomes. On the other hand, a similar proportion
of common mtDNA and Y-chromosome haplotypes ap-
pear to have either been lost from the Icelandic gene
pool or were not among the founding lineages. Using
mtDNA and Y-chromosome haplotypes from contem-
porary individuals (Helgason et al. 20004, 2000b; Sig-
urdardottir et al. 2000) along with the encrypted ge-
nealogies, we were able to determine many of the
haplotypes carried by matrilineal and patrilineal ances-
tors from the 1698-1742 cohort. Tables 8 and 9 show
the numbers of ancestors identified as carriers of the
most common Icelandic haplotypes.

In general, mtDNA or Y-chromosome haplotypes that
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Table 6

Observed Distributions of Descendants per Ancestor Compared with Simulation-
Based Expectations: 1698-1742°

MATRILINES PATRILINES
Expected  Observed  Expected  Observed
Value Value Value Value
Frequency by no. of descendants:
1-5 1466 1777 1672 .1840
6-10 1359 .1549 1503 .1495
11-15 1164 1165 1252 1221
16-25 1810 .1630 .1882 .1840
26-35 1271 1202 1257 A151
36-45 .0892 .0715 .0834 .0807
46-60 .0848 .0752 .0743 .0726
61-80 .0603 .0560 .0481 .0495
81-125 .0462 .0420 .0316 .0360
126-max .0123 .0229 .0059 .0065
Total no. of ancestors 6,780,000 1,356 9,295,000 1,859
X' p 0 0
Variance 795.86 1,274.31 586.42 661.79
Variance p° 0 .0278

* Coalescent genealogies were simulated 5,000 times from each set of ancestors.
" The proportion of times out of 5,000 simulations in which the variance of descen-
dants per ancestor in the simulated genealogies was at least as great as that in the

observed genealogical data.

are more frequent in Iceland than in either source pop-
ulation are likely to have been inherited from ancestors
that have, through the effects of random genetic drift,
contributed more than an average number of matrilineal
or patrilineal descendants to the contemporary Icelandic
gene pool. If we arbitrarily define potential expansion
haplotypes as those whose frequency in Iceland is at least
1% greater than in either source population, then it
emerges that matrilineal ancestors carrying such mtDNA
haplotypes contribute, on average, 61.3 descendants,
compared with an average of 55.7 descendants for all
ancestors assigned an mtDNA haplotype. Equivalent
numbers for patrilineal ancestors and Y-chromosome hap-
lotypes are 52.1 and 51.1 descendants, respectively. A
prime example of rapid lineage expansion in the Icelandic
gene pool is presented by the third most common mtDNA
haplotype (sequence motif 16126C, 16188T, 16257T,

selection. First, the ancestors who contribute the greatest
number of descendants have different haplotypes that
belong to a variety of different haplogroups (see tables
8 and 9). Second, the haplotypes carried by these an-
cestors are also carried by ancestors who contribute rel-
atively few descendants. Thus, we suggest that the in-
tergenerational correlation in fertility observed for both
matrilines and patrilines derives from the social trans-
mission of reproductive behavior (Skolnick et al. 1976;
Austerlitz and Heyer 1998), rather than from selection
based on the fitness of the haplotypes themselves.

Table 7

Intergenerational Correlation (r) of Reproductive Behavior in the
Simulated Genealogies®

ANCESTOR COHORT

16294T, 16296T). This haplotype has not yet been ob- FDEAT?)?{R:IZI;IC 1848-1892 1698-1742
Served, le1 the source pop ulations from Scandinavia and STATISTIC Matrilines Patrilines Matrilines Patrilines
the British Isles and, to date, has been encountered only o of ot

once in a database of >8,000 European mtDNA sequences (;\./Iganor SPHNg: 006 009 025 01
(in a German sgmple; see Pfeiffer et al. 1999).. According D 0044 0047 10043 10040
to our data, this lineage has undergone considerable ex- ph 0 0 0 0
pansion in the Icelandic gene pool during the past 300  Generation interval:

years, with 11 matrilineal ancestors born between 1698 ;\’gan r .ggfw 8(1)‘5‘7 ~8§27 -ggis
and 1742 contributing 803 female contemporary descen- o 957 047 908 954

dants (including 1 ancestor who contributed the maxi-
mum 392 matrilineal descendants).

Two lines of evidence support the conclusion that the
observed fluctuation of haplotype frequencies is pri-
marily due to random genetic drift, rather than positive

* Correlation coefficients were estimated using the same set of 5,000
simulations presented in tables 5 and 6.

" The proportion of times correlation coefficients, 7, from 5,000
simulations are at least as great as those estimated from the real ge-
nealogies (see table 4).
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Table 5
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Observed Distributions of Descendants per Ancestor Compared with Simulation-Based

Expectations: 1848-1892°

MATRILINES PATRILINES
Expected Observed Expected Observed
Value Value Value Value
Frequency by no. of descendants:
1-2 .1984 2284 2377 2492
3-4 .1808 .1907 2054 2098
5-6 .1439 1379 1539 1505
7-8 1118 .1024 1126 .1078
9-10 .0862 .0780 .0817 .0795
11-12 .0662 .0557 .0589 .0541
13-16 .0893 .0751 .0729 .0694
17-20 .0522 .0493 .0377 .0350
21-30 .0534 .0540 .0320 .0334
31-max .0178 .0285 .0072 .0114
Total no. of ancestors 35,205,000 7,041 41,375,000 8,275
X' p 0 0
Variance 54.77 71.70 36.91 41.75
Variance p° 0 0

* Coalescent genealogies were simulated 5,000 times from each set of ancestors.
" The proportion of times, in 5,000 simulations, in which the variance of descendants
per ancestor in the simulated genealogies was at least as great as that in the observed

genealogical data.

General Implications

A higher generational turnover in matrilines has im-
plications for our understanding of the differential im-
pact of the sexes on the recombinant reshuffling of chro-
mosomes as they are transmitted through genealogies.
Previous studies have reported higher rates of recom-
bination in chromosomes transmitted from females (Yu
et al. 2001; Kong et al. 2002). Consequently, a mutation
transmitted from an ancestor through a series of daugh-
ters passes through a greater number of meioses, and its
chromosomal background is subject to more numerous
recombination events per meiosis than is the case for the
same mutation passed on the same number of years
through a chain of sons. In other words, the power to
detect a particular mutation, either by linkage or by
association, will be greatest when the mutation has been
transmitted exclusively through a patrilineal genealogi-
cal path and will be smallest when the mutation has
been transmitted exclusively through a matrilineal ge-
nealogical path. Although the genealogical pathways of
particular chromosomal segments will typically be un-
known to researchers, we note that our findings lead to
a greater expected variance in the size of shared segments
surrounding mutations than would be predicted if there
were no differences between matrilineal and patrilineal
genealogies.

The generation interval is a crucial parameter used to
scale mutation-time age estimates of genetic variants into
years. One recent study estimated the age of the most
recent common ancestor (MRCA) of human mitochon-

dria (Mitochondrial Eve) as 171,500 years, on the basis
of a 20-year generation interval (Ingman et al. 2000).
Another study estimated the age of the MRCA of human
Y chromosomes as 59,000 years, on the basis of a 25-
year generation interval (Thomson et al. 2000). Most
empirical studies support the use of a longer generation
interval for Y chromosomes (Murdock and White 1969).
However, it is questionable whether 20 and 25 years are
appropriate intervals for matrilines and patrilines, re-
spectively. Genealogical estimates in this study and that
of Tremblay and Vézina (2000) indicate that 30 and 35
years may be more suitable. These estimates from ge-
nealogical data are broadly consistent with demographic
data from hunter-gatherer populations such as the
'Kung, whose females have an average age at first birth
of 20 years and average age at last birth of 31 years—
implying a matrilineal generation interval of about 25
years (Howell 2000). Husbands are typically 6-13 years
older than wives—implying a patrilineal generation in-
terval of 31-38 years. It is not known whether Kung
hunter-gatherers are representative of Paleolithic de-
mography that takes up most of the period from the
present and back to the MRCAs for mtDNA and Y
chromosomes. However, the fact that generation inter-
vals in such culturally different groups as the !Kung,
Icelanders, and French Canadians are greater than those
typically used to estimate the ages of MRCAs indicates
that the aforementioned ages of the MRCAs for mtDNA
and Y chromosomes could be underestimated by 25%—
50%. Given that the !Kung demographic data suggests
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Table 9
Y-Chromosome Haplotypes at >1% Frequency in Icelanders
FREQUENCY OF HAPLOTYPE ToTAL AVERAGE MAXIMUM
No. oF No. OF No. OF No. oF
Scotland ANCESTORS DESCENDANTS DESCENDANTS DESCENDANTS
and WITH WITH WITH WITH
Y-CHROMOSOME HAPLOTYPE HAPLOGROUP Iceland Ireland Scandinavia HAPLOTYPE  HAPLOTYPE HAPLOTYPE HAPLOTYPE

0010013111014 23 2 20.99 3.53 12.45 26 1278 49.15 191
11100131311 14 24 1 12.71 16.25 6.01 12 518 43.17 76
11000131111 1525 3 11.60 71 4.72 11 511 46.45 110
1110013121013 23 1 4.42 0 0 5 299 59.80 101
1110013131114 25 1 3.87 5.65 1.29 3 250 83.33 224
110001311 101525 3 3.31 .35 .86 3 110 36.67 53
110001311 111625 3 3.31 .35 1.72 2 138 69.00 80
1110013131014 24 1 3.31 13.78 3.00 3 144 48.00 69
1110013131114 23 1 3.31 6.01 2.15 3 92 30.67 35
0010013111014 22 2 2.21 1.41 11.16 3 193 64.33 125
111001312111323 1 2.21 0 .86 1 68 68.00 68
0010013111016 23 2 1.66 0 43 1 185 185.00 185
0010015121015 23 2 1.66 1.41 43 2 47 23.50 39
11100131411 1425 1 1.66 8.13 43 2 12 6.00 7
0010013111014 24 2 1.10 .00 1.72 2 73 36.50 42
1100013111016 25 3 1.10 .00 1.72 2 66 33.00 40
110001311 111524 3 1.10 .00 .86 1 36 36.00 36
1110013131013 24 1 1.10 0 0 1 40 40.00 40
1110013131014 23 1 1.10 3.89 1.72 1 12 12.00 12
11100131311 14 26 1 1.10 .35 43 1 121 121.00 121
111001313914 23 1 1.10 0 0 1 30 30.00 30

NOTE.—Y-chromosome haplotypes were defined by combining alleles at the loci 92R7, M9, SRY1532, TAT, YAP, DYS393,DYS392,DYS391,
DYS19, and DYS390 and were identified for a total, in the 1698-1742 cohort, of 106 patrilineal ancestors, who together account for 5,412
males in the contemporary cohort. Thus, patrilineal ancestors whose haplotypes could be identified had, on average, 51.06 descendants. The
haplotypes of each ancestor were determined on the basis of haplotypes from 1 to 11 descendants. It was then assumed that all descendants

carried the same haplotype as their ancestor.

that patrilineal generation intervals are generally under-
estimated more than those of matrilines, it follows that
estimates for the age of MRCA for Y chromosomes
will be underestimated to a greater extent than for
mtDNA.

Also significant for appropriate scaling of mutation-
time age estimates is the issue of parent-offspring cor-
related reproductive behavior, which was identified in
Icelandic matrilineal and patrilineal genealogies and may
be universal features of human demography (see also
Nei and Murata 1966; Austerlitz and Heyer 1998). Ob-
viously, if such correlations derive from differential fit-
ness attributable to mtDNA or Y-chromosome haplo-
types, then the correlated genealogical process is one of
natural selection. However, an equally plausible expla-
nation may be the cultural transmission of reproductive
behavior (Austerlitz and Heyer 1998) or the social in-
heritance of particular living conditions. In this case, the
correlated genealogical process is best described as en-
hanced genetic drift. A failure to take an intergenera-
tional correlation in fertility into account when scaling
mutation time into years will yield overestimates of the
time to the MRCA. Thus, for example, under the neutral
model it is generally assumed that the ages of mutations

are reflected by their frequencies. One consequence of
an intergenerational correlation in reproductive behav-
ior is that alleles can reach high frequencies at a much
faster rate than under the neutral model.

Thus, in the presence of intergenerational correlation,
application of the neutral model is likely to yield over-
estimates of the ages of mutations. As in the Icelandic
genealogies, both Nei and Murata (1966) and Austerlitz
and Heyer (1998) reported a higher matrilineal than
patrilineal correlation of fertility. Consequently, the ages
of mtDNA mutations may be subject to relatively more
overestimation than in the case of Y chromosomes. We
note that consideration of these demographic differences
between matrilines and patrilines would reduce the dis-
crepancy observed between the 171,500 years age of
“mitochondrial Eve” (Ingman et al. 2000) and the mere
59,000 years age of “Y-chromosome Adam” (Thomson
et al. 2000).

Of course, cross-cultural variability in demographic
factors—such as polygyny (which increases male repro-
ductive variance but also increases the age difference
between husbands and wives) or high male mortality
due to warfare—could counteract the effects of shorter
matrilineal generation intervals and stronger intergen-
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erational correlation. Accordingly, rates of matrilineal
and patrilineal evolution may vary between populations
and different periods in the history of the same popu-

1385

1998; Yu et al. 2001; Kong et al. 2002), underscore the
importance of paying more attention to the disparate
genetic legacy of the sexes.

lation. Further genealogical studies in other populations
are needed to determine the generality of our findings.
The potential evolutionary consequences of the differ-
ences observed between matrilines and patrilines in Ice-
land, along with reported cytogenetic sex differences in
mutation and recombination rates (Brinkmann et al.
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Appendix A

A Stochastic Model Describing the Number of Matrilineal or Patrilineal Descendants That Derive from a Single
Ancestor

Let 7 be the time between the birth of an ancestor and the starting time of the contemporary cohort, and let A7
be the time length of the contemporary cohort. For each ancestor, let N, be the number of descendants born in
the kth generation. Let H, be the number of descendants in the kth generation that are born before the end of the
contemporary cohort, that is, before time 7 + A7. Let Q, be the number of descendants in the kth generation that
are born in the contemporary cohort, that is, born between time 7 and Ar. Further, let N,; be the number of
offspring of the ith individual of the H, , individuals from the (k—1)th generation. The N, variables are assumed
to be independent and have the same distribution for a given generation k, but the distribution can vary between
generations.

Let T, be the generation time interval between the birth of a parent in the (k—1)th generation and that of a
daughter or son in the kth generation. Let p, be the probability that an individual in the kth generation is born
before time 7 + A7, given that his or her parent is born before time 7 + Ar, that is,

k=1

k
kaP(2T/-<T+AT| ]T;<T+AT), k=2,
pn

j=

andp, = P(T, < 7 + A7). Let 7, be the probability that an individual in the kth generation is born in the contemporary
cohort given that he or she is born before time 7 + A7, and that his or her parent is born before time 7 + Ar, that
is,

k k k-1
7 =P(T<ZT/<T+AT|ET/-<T+AT,2T/<T+AT), k=2,
j=1 =1 =1

and r, = P(r< T, <71+ A7| T, <7+ A7). The T, variables are assumed to be independent, but can have varying
distributions in different generations. The distribution of a sum of T, variables can be easily computed using
convolution when the distributions for the T, variables are independent, discrete, and finite.

The model can be stated as follows.

Hp—1

Nk = Zl N/e,i) Hk | Nk ~ (Nk)pk) 5

Oy | Hy ~ (Hy,rn)
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The number of descendants in the contemporary cohort, denoted by M, is then the sum

M=k2:1Qk.

Note that because the model generates coalescent genealogies N,; = 1. However, depending on A7 (the time length
of the contemporary cohort) it is possible for M = 0. This can occur when an individual born before the start of
the contemporary cohort only has children born after the end of the contemporary cohort. With the overall timespan
and A7 used in this study the probability of M = 0 is very small.

For the sake of simplicity and intelligibility the model makes use of distributions for N, ; and T, (estimated from
the real genealogies) for each successive generation, k, from a cohort of ancestors. Because of variation in the length
of generation intervals (T}), individuals separated from their ancestors by the same number of generations can have
very different birth years. Such temporal discordance is not problematic, providing that the distributions for N,
and T, are relatively stable over time. However, in cases where distributions for N, and T, change markedly over
time, the generation-time approach adopted in the stochastic model will result in a smoothing out of such temporal
demographic differences. While this does not affect the simulation of M and other random variables of the model,
it can artificially amplify or reduce the level of temporal autocorrelation in reproductive behavior caused by such
demographic trends.

The present study and previous work (Jonsson and Magnasson 1997) demonstrate that the reproductive behavior
of Icelanders has changed during the past 150 years. Hence, to obtain accurate assessments of temporal autocor-
relation in reproductive behavior, we chose to simulate coalescent genealogies on the basis of the stochastic model
using N,,; and T, distributions based on birth years of parents and their offspring, respectively (as opposed to the
number of generations from ancestors). For each iteration of the simulation, the model variables N,, H,, Q,, and
M were generated, and the intergenerational sample correlation for offspring numbers and generation intervals was
calculated for comparison with parameter estimates obtained from the real coalescent genealogies.

Appendix B

Calculation of Intergenerational Correlation of Offspring Numbers from the Parameters of the Stochastic Model

Let N, and N, denote the number of offspring of a parent and his or her offspring, respectively. The intergen-
erational correlation, denoted by p,,, is defined as the correlation between N, and N,—that is,

Cov(N,,N,)

= N,,N,)) = —————F—— .
Ppo COIT( P o) v“Var(Np)Var(No)

The means and the variances of N, and N, are assumed to be equal. Let I be a random variable denoting a coalescent
genealogy from a randomly selected ancestor. The index 7 denotes the ith such coalescent genealogy. Let u, and
o/ denote the overall mean and variance of N, and N, within the ith coalescent genealogy—that is, u, = E(N, |
I =i =EN,|I=1iandg’ = Var(N,|I = i) = Var(N, | I = i). The variance of N, (and N,) is

Var (N,) = Var{E(N, | I)} + E{Var (N, | I)} = Var(n,) + E(6}) = 0] + 05 ,

where g = Var () is the variance of the means of N, within coalescent genealogies and o = E(o7’) is the expected
value of the variances of the N, within coalescent genealogies. The covariance between N, and N, is

Cov(N,,N,) = Cov{E(N, |I),E(N, | I)} + E{Cov (N,,N, | I)} ,

where Cov{E(N, | I),E(N,|I)} = Cov(p,u,) = o, and E{Cov (N,,N, | I)} is the expected value of the intralineage
covariance within coalescent genealogies. Let K denote a randomly selected generation. Let Ny denote the number
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of offspring of a parent in the Kth generation. By splitting Cov (N,,N, | I) into an expectation over generations
within the Ith genealogy, we have

Cov (N,,N, | I) = E{Cov (N,Ng., | LK)} + Cov{E(Ny | LK),E(N., | I,K)}
= E(R[)O,I,K | I) + Cov (IJ’I,K)IU’I,K+1 | I) = Rpo,l + RM,I 5

where Rpo,1,1< = Cov (Ny,Ng,, | I,K), Rpo,l = E(Rpo,u( | I) and Ru,l = Cov (:u'l,KSI'LI,KJrl | I). Further, let Rpo = E(Rpo,l)3
and let R, = E(R,,). The term R, represents the direct parent-offspring covariance, and R, is an auto-covariance
in the means of N, and N, across generations. The expectation of Cov(N,,N,|I) becomes E(R,,, + R,,) =
R,, + R, and, finally,

oy = a; +2Rpo J; R,
g, t+ 0,
The term o, is expected to be zero if offspring numbers are independent of the lineage carried by parents (i.e., no
lineage dependence). Simulations based on the stochastic model (appendix A) necessarily yield o] = 0 and
R,, = 0, because the number of offspring attributed to each individual is independent of its parent and lineage.
The correlation that was observed in the simulations must therefore be due to temporal autocorrelation, that is
R,. Hence, the intergenerational correlation of offspring numbers in the stochastic model becomes p,, = R, /5.
The statistically significant excess of p,, in the real matrilineal and patrilineal genealogies demonstrates that, in

reality, o; > 0 and/or R, > 0.
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