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Summary 
 Genealogical common ancestry in a subdivided population is investigated by simulation.  
Reciprocal exchange of a single migrant per generation is sufficient to ensure that the time to 
most recent common ancestor (MRCA) for the entire population is only about 1.27 log2N 
generations, where N is total population size and there are two equal-sized subpopulations.  This 
is only about 20% longer than the case for a single panmictic population of size N.  The time to 
most recent identical ancestry (MRIA) is about 2.8 log2N generations when single migrants are 
exchanged per generation; an increase of about 34% over the expectation for a random-mating 
total population.  A metric of quantitative ancestry and a simple population-genetic model of 
allele frequency change under migration yield essentially identical results; and illustrate that 
recent genealogical common ancestry is compatible with persistent genetic differentiation 
between subpopulations, provided that migration rates are low. 
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1.  Introduction 
 Models of human migration patterns and genealogical ancestry suggest that all humans 
alive today share common ancestors who lived no more than a few thousand years ago (Rohde et 
al. 2004).  This somewhat surprising conclusion seems paradoxical given the obvious physical 
differences among many “races” and geographically separated populations.  The purpose of this 
paper is to resolve the paradox — that is, to demonstrate that recent population-wide common 
ancestry can be compatible with apparent genetic differences between subpopulations or groups.  
The main approach is through simulation of genealogies when there is migration between two 
subpopulations.  In addition, I will consider a simple population-genetic model of allele 
frequency change under migration. 
 The previous two papers in this series (Service 2017a, b) considered genealogical 
ancestry in random-mating populations.  Random mating is an unrealistic assumption for most 
plant and animal species.  A common type of non-random mating arises from geographic 
dispersion: most mating occurs between individuals born within the same locality or region.  In 
addition to geography, there are many other causes of non-random mating in humans.  These 
include race, ethnicity, religion, and social class, to name a few.  Barriers to random mating result 
in structured populations, or populations that consist of two or more genetically differentiated 
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subpopulations or groups.  In this paper, I will consider a population that consists of two 
subpopulations that may exchange a limited number of “migrants” in each generation.  
Subpopulations may be thought of as geographically separated groups, and migration would, 
therefore, mean physical movement of individuals.  However, an equivalent analysis would 
allow the two subpopulations to occupy the same location; but would restrict intermarriage 
between them.  That might describe a situation in which two religious groups live together, but 
marriage is mostly between people of the same religion.  In the text that follows, I will use 
migration and intermarriage as synonymous terms. 
 The principal questions to be answered are: how does population structure affect the time 
to most recent common ancestor (MRCA) for the entire population; how does population 
structure affect the time to most recent identical ancestry (MRIA) for the entire population; how 
are the times to MRCA and MRIA affected by the rate of migration between subpopulations; 
how do population structure and intermarriage rate affect quantitative genealogical ancestry; and 
what is the relationship between quantitative genealogical ancestry and population-genetic 
parameters such as allele frequencies?  The reference for comparison is a random-mating 
population, for which the time to MRCA is approximately log2N generations, and the time to 
MRIA is about twice that (Chang 1999, Service 2017a). 
  
2.  Materials and Methods 
 The simulation procedure is the same as in the preceding paper (Service 2017b), with the 
exception that the total population is divided into two subpopulations of equal size.  Total 
population size, N, is constant, and generations are non-overlapping.  Mating is random within 
subpopulations.  Migration rate is defined as the proportion of migrants entering a subpopulation 
per generation.  For example, if subpopulation size is 500, 1% migration rate means that five 
individuals in a subpopulation are new immigrants in each generation.  If the migration rate is 
0.1%, then one individual is an immigrant every other generation.  Migrants are produced as 
“excess” individuals in their source subpopulation.  They replace randomly chosen individuals in 
the destination subpopulation, and become part of the pool of reproductive adults in the next 
generation.   They have the same probability of reproducing as natives — about 86.5%. 1

 Migration takes place at the “end” of a generation.  That is, after reproduction and after 
analysis of common ancestry in the newly reproduced generation.  Thus migrants are not 
included in determination of time to MRCA or other metrics.  However, if they reproduce in the 
next generation, their offspring will be included in analysis 

 2.1.  Metrics of Qualitative Common Ancestry. 
 The two principal metrics of qualitative common ancestry are the MRCA and MRIA 
times for the entire population.  “Times” meaning the number of generations backwards from the 
current generation.  As a population moves forward through time, the MRCA and MRIA 

  Resident individuals in the destination subpopulation were replaced by immigrants one at a time.  The 1

code did not guarantee that a randomly chosen resident was not an immigrant who had just entered the 
subpopulation.  Thus, the true immigration rate may be slightly less than the nominal rate.  However, the 
effect is likely to be negligible, except perhaps when the immigration rate is high.  It is obviously not a 
concern if the number of immigrants per generation is ≤ 1.
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generations also move forward, and the MRCA and MRIA times fluctuate (narrowly) about their 
mean values.  The outputs of each replicate simulation are the mean MRCA and MRIA times, 
usually over a span of 50 generations.  The data reported in Tables 1 and 2 are means over 100 
replicates.  Additional metrics of qualitative ancestry are the times to most recent common 
ancestor for random pairs of individuals.  This was done for pairs sampled from the same 
subpopulation (MRCA2same) and from different subpopulations (MRCA2diff).  The number of 
pairs sampled was the subpopulation size or the total population size, respectively.  Simulations 
were done for total population sizes of 200 and 2,000.  Migration was symmetric, and began with 
generation 1.  In order to facilitate comparisons, replicate simulations were also performed for 
panmictic (random mating) populations of the same total size: 200 and 2,000 individuals. 

 2.2.  Metrics of Quantitative Ancestry 
 The number of times that a given ancestor appears in the genealogy of an individual is a 
measure of quantitative ancestry (Service 2017b).  Because the number of genealogical ancestors 
doubles with each additional generation in the past, the total number of (not necessarily different) 
ancestors can easily exceed the past population size.  At 12 generations previously, the number of 
ancestors of each individual is 212 = 4,096.  Given that the largest population size simulated in 
the present paper is 2,000, it is clear that at least some 12th generation ancestors must occur 
multiple times in the genealogy of a given individual.  The absolute or proportional number of 
times an ancestor appears in a genealogy is a measure of quantitative ancestry.  Quantitative 
ancestry is always with reference to a base generation.  That is, we determine the frequency of 
each base generation ancestor in current genealogies.  Base generation members who had no 
offspring obviously have zero representation in the genealogies of the current population. 
 The metric reported here is the asymmetry of subpopulation quantitative ancestry.  In the 
case of two subpopulations with no exchange of migrants, the asymmetry would be maximal: 
100% of the quantitative ancestry of each individual would be attributable to base generation 
members who lived in the same subpopulation.  However, with migration, some portion of 
quantitative ancestry will be attributable to base generation members who lived in the other 
subpopulation.  The metric of quantitative asymmetry, therefore, is simply 100(Psame – Pdiff): 
where Psame is the summed proportional representation of base generation members who lived in 
the native subpopulation of the current individual in question; and Pdiff is the summed 
proportional representation of base generation members who lived in the other subpopulation.  
The metric is calculated for each individual in each generation, and averaged over individuals 
within subpopulations.  Asymmetry may be different for each subpopulation, and the numbers 
reported in the Results are the averages of the two subpopulations.  The maximum value of 
asymmetry is 100.  Asymmetry equals zero when Psame = Pdiff.  Negative values are permissible, 
and do occur.  The simulations for assessing asymmetry used a total population size N = 2,000, 
divided into two equal subpopulations.  Simulations were run for 60 generations, with migration 
beginning after reproduction in the tenth generation.  Migration rates were equal.  There were 
fifty replicate simulations for each migration rate; which varied from 0.001 to 0.10 per 
subpopulation per generation.  Generation 1 served as the base generation. 

 2.3.  Allele Frequency Dynamics with Migration 
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 Suppose that in the absence of migration two subpopulations are “fixed” for alternative 
alleles at a locus.  That is, let the frequency of A and a be 1.0 and 0, respectively, in 
subpopulation 1, and 0 and 1.0 in subpopulation 2.  Migration between the two subpopulations 
will tend to equalize allele frequencies because, initially at least, migrants from subpopulation 1 
will introduce A alleles into subpopulation 2 (serving to increase the frequency of A in 
subpopulation 2); and migrants from subpopulation 2 will introduce a alleles into subpopulation 
1 (serving to decrease the frequency of A in subpopulation 1).  A detailed explanation of the 
model is provided in the Appendix.  Model results for any number of generations of migration 
are obtained easily enough by recursion using a spreadsheet application.  In order to facilitate 
comparison with the results for quantitative ancestry, migration was started after generation 10, 
and continued through generation 60.  The metric of interest was the difference in frequency of 
allele A between subpopulations (x 100).   Before migration, this was 100(1 - 0) = 100.  It is zero 2

when allele frequencies are the same in both subpopulations.  This is the analog of quantitative 
ancestry asymmetry (Sec. 2.2). 

3.  Results 
 3.1.  Migration Rate and Time to MRCA and MRIA. 
 Low levels of migration are sufficient to ensure that MRCA and MRIA times remain 
relatively short.  With two subpopulations of 1,000 individuals each, and a reciprocal migration 
rate of 0.1% per generation (1 migrant per generation per subpopulation), the time to MRCA 
increases by only 16.5% relative to a panmictic (random mating) total population of 2,000, an 
increase of about two generations (Table 1).  The time to MRIA increases by about 35.5%, or 8 
generations.  With a reciprocal migration rate of 10% per generation, the subdivided population 
is essentially indistinguishable from a single panmictic population.  Simulation results for total 
population sizes of 2,000 and 200 are summarized in Tables 1 and 2, respectively. 
 Comparable levels of migration are less effective when subpopulation (and total 
population) size is smaller.  For example, when subpopulation size is only 100 and the migration 
rate is 0.1%, the time to MRCA is about 88% greater than for a panmictic total population (Table 
2).  Comparison of the results shown in Tables 1 and 2 suggests that the absolute number of 
migrants is at least as important as the migration rate in affecting times to MRCA and MRIA.  
When the subpopulation size is 100 and the migration rate is 0.001, only 1 migrant enters a 
subpopulation every 10 generations.  On the other hand, when multiple individuals enter a 
subpopulation, there is a high likelihood that at least one of them will eventually become a 
member of an identical ancestry cohort.  Every individual has about an 80% chance of becoming 
a common ancestor of the future population (Service 2017a, and Tables 1 and 2 of this paper).  
That is true of migrants as well as natives.  If, say, five migrants enter a subpopulation, the 
probability that none of them will become a common ancestor of the entire population is only 
0.25 = 0.00032; or, the probability that at least one of them will become a future common 
ancestor is 0.99968.  Immigrants bring with them their entire genealogies, which must 

  Results would be the same if we focused instead on allele a.  For purposes of the analysis, it is not 2

even necessary to have two biochemically different alleles.  We are simply using A and a as labels to 
designate the subpopulation of origin of all the gene copies in the population.
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necessarily include many individuals from their native subpopulations.  Once an immigrant 
reproduces, its “foreign” genealogy is introduced into the destination subpopulation, where with 
high probability, it will spread.  If there are five immigrants entering a subpopulation every 
generation, it is not difficult to see that they will be quite effective in keeping the times to 
MRCA and MRIA close to those expected for an unstructured population.  For example, compare 
the results for migration rate 0.005 (Table1) and migration rate 0.05 (Table 2): both correspond 
the reciprocal exchange of five individuals between subpopulations each generation. 

 3.2.  Quantitative Ancestry 
 With a migration rate of 10%, asymmetry of quantitative ancestry declines very quickly: 
it falls to approximately zero by less than 30 generations after migration begins (Fig. 1).  On the 
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Table 1.  Effect of migration rate on time to common ancestry with two subpopulations.  Total 
population size, N = 2,000.* 

Immigration Rate (per subpopulation per generation) Random-
mating Total 
Population0.001 0.005 0.01 0.05 0.10

Number of 
immigrants 
per 
subpopulation 
per 
generation

1 5 10 50 100 —

Mean MRCA 
time (gen)

13.89
(1.27 log2N)

12.98
(1.18 log2N)

12.74
(1.16 log2N)

11.98
(1.09 log2N)

11.90
(1.09 log2N)

11.77
(1.09 log2N)

Mean MRCA 
size 
(individuals)

2.24 3.60 5.20 6.19 21.11 28.20

Mean MRIA 
time (gen)

30.83
(2.81 log2N)

27.08
(2.47 log2N)

25.64
(2.34 log2N)

23.14
(2.11 log2N)

22.64
(2.06 log2N)

22.75
(2.07 log2N)

Mean MRIA 
cohort size 
(individuals)

1594
(0.80 N)

1594
(0.80 N)

1595
(0.80 N)

1594
(0.80 N)

1595
(0.80 N)

1594
(0.80 N)

Mean time 
between IA 
cohorts (gen)

2.35 2.05 2.02 2.02 2.03 2.12

Mean 
MRCA2same 
time (gen)

4.89
(0.45 log2N)

4.93
(0.45 log2N)

4.97
(0.45 log2N)

5.17
(0.47 log2N)

5.29
(0.48 log2N)

5.37
(0.49 log2N)

Mean 
MRCA2diff 
time (gen)

9.39
(0.86 log2N)

7.64
(0.70 log2N)

7.00
(0.64 log2N)

5.83
(0.53 log2N)

5.53
(0.50 log2N) —

* Equal subpopulation sizes, equal migration rates.  Means of 100 replicates of 50 generations each.
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other hand, strong asymmetry persists for a long time when the migration rate is only 0.1%: it is 
still about 90% after 50 generations of migration.  The striking result shown in Fig. 1 is that 
identical genealogical ancestry does not preclude a high degree of quantitative genealogical 
asymmetry.  Again considering the case of m = 0.001, generation 22 was the first to have an 
MRCA (on average).  The MRCA size was slightly more than two individuals, who lived in 
generation 7 (on average).  The first generation to be descended from a group of identical 
ancestors was generation 31 (on average), and the IA cohort lived within a generation or so of the 
beginning of the simulation (i.e., well before migration began).  At generation 31, quantitative 
asymmetry was still greater than 95%.  To the extent that quantitative genealogy is correlated 
with the genetic contribution of ancestors, it would appear that common genealogical ancestry is 

�6

Table 2.  Effect of migration rate on time to common ancestry with two subpopulations.  Total 
population size, N = 200.* 

Immigration Rate (per subpopulation per generation) Random-
mating Total 
Population0.001 0.005 0.01 0.05 0.10

Number of 
immigrants 
per 
subpopulation 
per 
generation

0.1 0.5 1 5 10 —

Mean MRCA 
time (gen)

15.02
(1.96 log2N)

10.40
(1.36 log2N)

9.72
(1.27 log2N)

8.72
(1.14 log2N)

8.32
(1.09 log2N)

8.00
(1.05 log2N)

Mean MRCA 
size 
(individuals)

2.45 2.11 2.30 4.42 5.80 3.88

Mean MRIA 
time (gen)

29.57 †
(3.87 log2N)

22.74
(2.97 log2N)

20.85
(2.73 log2N)

17.52
(2.29 log2N)

16.58
(2.17 log2N)

16.21
(2.12 log2N)

Mean MRIA 
cohort size 
(individuals)

159
(0.80 N)

160
(0.80 N)

160
(0.80 N)

160
(0.80 N)

160
(0.80 N)

160
(0.80 N)

Mean time 
between IA 
cohorts (gen)

10.70 ‡ 2.87 2.32 2.11 2.02 2.11

Mean 
MRCA2same 
time (gen)

3.24
(0.42 log2N)

3.34
(0.44 log2N)

3.36
(0.44 log2N)

3.51
(0.46 log2N)

3.62
(0.47 log2N)

3.75
(0.49 log2N)

Mean 
MRCA2diff 
time (gen)

11.17
(1.46 log2N)

7.01
(0.92 log2N)

6.02
(0.79 log2N)

4.55
(0.60 log2N)

4.11
(0.54 log2N) —

* Equal subpopulation sizes, equal migration rates.  Means of 100 replicates of 50 generations each.
† An MRIA cohort did not occur in six of 100 replicates by generation 50.
‡ Based on 92 replicates with more than one MRIA cohort.
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compatible with high levels of genetic differentiation.  This point will be considered in greater 
detail in the next section. 

 3.3.  Allele Frequency Dynamics with Migration 
 The results for allele frequency asymmetry (Fig. 2) are essentially identical to the results 
for quantitative ancestry asymmetry (Fig. 1).  Thus, differences in quantitative ancestry between 
subpopulations are a measure of allele frequency differences between subpopulations (for the 
case where subpopulations are initially fixed for different alleles).  This simple population-

�7

0

20

40

60

80

100

0 10 20 30 40 50 60

m = 0.001
m = 0.005
m = 0.010
m = 0.050
m = 0.100
MRCA Gen
MRIA Gen

Q
ua

nt
ita

tiv
e 

As
ym

m
et

ry

Generation

Fig. 1.  Asymmetry of quantitative ancestry.  Total population size, N = 2,000.  Two subpopulations each 
of size 1,000.  Migration rate, m, is the proportion of individuals in a population who are migrants in 
each generation.  Migration begins after 10 generations.  Each line is the average of 50 replicates.  
Triangles indicate the first generation to have a population wide common ancestor (CA).  Circles 
represent the first generation to have a population-wide identical ancestor (IA) cohort.
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genetic model indicates that large genetic differences between subpopulations are compatible 
with relatively recent common ancestry.  3

4.  Discussion 
 There are two principal results.  First, even modest amounts of migration are sufficient to 
ensure that population-wide common ancestry will be relatively recent (Tables 1 and 2).  Second, 
recent common ancestry does not preclude strong asymmetry between subpopulations in 
quantitative ancestry or allele frequencies (Figs. 1 and 2).  As a corollary of the second result, 
quantitative ancestry is a measure of the degree of introgression of genes via migration.  In the 
special case where subpopulations are considered to be initially “fixed” for different alleles, 
quantitative ancestry is also a measure of subpopulation allele frequency. 

  It should be noted that there are some subtle differences between the genealogical simulation (Fig. 1) 3

and the population-genetic model of allele frequency change (Fig. 2).  In particular, the latter is 
deterministic.  That is, there are no sampling effects due to finite population size.  Furthermore, it is 
assumed that all immigrants reproduce successfully.

�8

0

20

40

60

80

100

0 10 20 30 40 50 60

m = 0.001
m = 0.005
m = 0.010
m = 0.050
m = 0.100

Al
le

le
 F

re
qu

en
cy

 A
sy

m
m

et
ry

Generation

Fig. 2.  Asymmetry of allele frequencies.  Two subpopulations initially fixed for different alleles.  
Migration rate, m, is the proportion of individuals in a population who are migrants in each generation.  
Migration begins after 10 generations.
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 To introduce this paper, I described a paradox: namely that recent common ancestry can 
coexist with strong population structure.  The paradox has been “resolved” by reference to a 
simulation model and to a simple algebraic model of migration.  This resolution may seem less 
than satisfactory.  Perhaps a verbal argument can be more illuminating.  When a migrant moves 
from one subpopulation to the other, it carries two copies (at most) of any particular gene.  Those 
two copies will have negligible effect on allele frequencies in the destination subpopulation.  
However, that migrant also brings its entire past genealogy, which, depending on subpopulation 
size and the number of past generations, can consist of thousand or tens of thousands of 
individuals.  If that migrant reproduces, its entire genealogy becomes part of the collective 
ancestry of the destination subpopulation and is likely to spread completely throughout that 
subpopulation in later generations.  In fact, a one-time reciprocal exchange of single individuals 
between subpopulations is sufficient to ensure population wide common ancestry and identical 
ancestry, provided that both migrants reproduce.  Even a one-time, one-way migration event is 
enough to produce population-wide common ancestry (although not identical ancestry).  In 
contrast, a one-time reciprocal exchange of single individuals will have a vanishingly small 
effect on allele frequencies. 
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Appendix 

Allele Frequency Change Under Reciprocal Migration Between Two Subpopulations 

Let the frequency of allele A subpopulations 1 and 2 in generation t be p1(t) and p2(t), respectively.  
Let m be the migration rate between subpopulations, as a proportion of alleles introduced into 
each subpopulation in each generation.  Then, the frequency of A in subpopulation 1 at 
generation (t + 1) is: 

Similarly, the frequency of A in subpopulation 2 at generation (t + 1) is: 

At time t = 0, let p1(0) = 1.0 and p2(0) = 0.  If m = 0.01, then p1(1) = 0.99 and p2(1) = 0.01.  Allele 
frequencies after additional generations of migration are obtained by recursion.
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p2(t+1) = mp1(t) + (1−m)p2(t)

p1(t+1) = (1−m)p1(t) +mp2(t)
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