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British history contains several periods of major cultural change. It remains controversial as to how much these
periods coincided with substantial immigration from continental Europe, even for those that occurred most recently.
In this study, we examine genetic data for evidence of male immigration at particular times into Central England
and North Wales. To do this, we used 12 biallelic polymorphisms and six microsatellite markers to define high-
resolution Y chromosome haplotypes in a sample of 313 males from seven towns located along an east-west transect
from East Anglia to North Wales. The Central English towns were genetically very similar, whereas the two North
Welsh towns differed significantly both from each other and from the Central English towns. When we compared
our data with an additional 177 samples collected in Friesland and Norway, we found that the Central English and
Frisian samples were statisticaly indistinguishable. Using novel population genetic models that incorporate both
mass migration and continuous gene flow, we conclude that these striking patterns are best explained by a substantial
migration of Anglo-Saxon Y chromosomes into Central England (contributing 50%—-100% to the gene pool at that

time) but not into North Wales.

Introduction

Following depopulation during the last glacial max-
imum and subsequent resettlement by hunter-gatherers
ca. 7000 B.c., the history of Britain has been marked by
a series of cultural transitions. These include the ap-
pearance of sedentary agricultural communities (the
Neolithic transition) (ca. 4000 B.c.), the arrival and
spread of Late Bronze-Iron Age and Celtic material cul-
ture (ca. 1000—100 B.c.), Roman occupation and influ-
ence (A.D. 43-410), the rise of Anglo-Saxon language
and culture (ca. A.D. 400-800), Viking invasions and
influence (ca. . 800—1000), and the Norman Conquest
(A.D. 1066) (Kearney 1989; Hunter and Ralson 1998;
Davies 1999).

The use of migration as an explanation for cultural
transitions has varied greatly over the past 100 years and
remains controversial (Clark 1966; Chapman 1997; Bur-
meister 2000; Shennan 2000). Before the 1960s, ar-
chaeological evidence for cultural change (such as
changes in pottery type) was often interpreted as prima
facie evidence for substantial immigration. The proces-
sual school or New Archaeology that emerged in the
1960s and 1970s rejected this view, arguing firstly that
the adoption of new cultures could occur through trade
or by the influx of a small ruling elite with minimal or
no impact on the gene pool (the *‘elite dominance”
model of Renfrew [1987]) and secondly that if no pos-
itive evidence for migration could be found then expla-
nations based on non—-migrationa internal forces were
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more parsimonious and therefore preferable (Adams
1968; Adams, Van Gerven, and Levy 1978). More re-
cently, this antimigrationist stance has been questioned
(Anthony 1990; Harke 1998) and migrational models
reconsidered (e.g., Chapman and Hamerow 1997; Bur-
meister 2000).

These changes in archaeological opinion have had
a particular impact on interpretations of cultural transi-
tions in Britain (Clark 1966). Because of its geograph-
ical location on the northwestern edge of Europe, mi-
grations and invasions from the continental mainland
were once considered to be the obvious explanation for
cultura transition (e.g., Hawkes and Hawkes 1942). To-
day, cultural changes before the Roman invasion, which
are for the most part lacking in historical records, are
no longer interpreted as automatically implying migra-
tion, and for these changes the role of migration remains
unresolved. For cultural transitions after the Roman in-
vasion, historical records argue against large migrations
coinciding with either Roman occupation or the Norman
Conquest, and the prevailing view is therefore that these
later events represent examples of elite dominance
(Kearney 1989; Davies 1999). Historical and archaeo-
logical research argue for some degree of Viking settle-
ment in both East Anglia and the Midlands in the 9th
century A.D. but against a substantial displacement of
the existing people during this period (Richards 2000).

Today, the most hotly debated of all the British
cultura transitions is the role of migration in the rela-
tively sudden and drastic change from Romano-Britain
to Anglo-Saxon Britain (Hamerow 1997; Burmeister
2000). This transition was once widely accepted as pro-
viding clear evidence for a mass migration from conti-
nental Europe and the near-compl ete replacement of the
indigenous population in England (Leeds 1954; Myres
1986). Stories of migration are included in the writings
of Gildas (ca. A.D. 540) and Bede (A.p. 731) and hinted
at in Anglo-Saxon sagas, such as Beowulf (Davies
1999). Archaeological evidence confirmed a rapid rise
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of continental culture in England (Esmonde-Cleary
1993) and suggested a contemporaneous desertion of
continental Germanic settlements. More recently, how-
ever, authors have questioned the evidence for large-
scale immigration (Crawford 1997; Hamerow 1997) and
continental emigration (Nasman 1988; Petersen 1991)
and emphasized the continuity of the Romano-British
population in England. The sudden change to an Anglo-
Saxon culture has been attributed instead to rapid ac-
culturation and indigenous developments, with only a
small number of Germanic immigrants (perhaps a male
military elite) settling in Britain (Arnold 1984; Hodges
1989; Higham 1992). The contribution of Anglo-Saxon
immigration to the modern English gene pool thus re-
mains uncertain.

Genetic data comprise an obvious source of infor-
mation to help resolve these issues. Previous studies ex-
amining biological variation in Britain have identified
various patterns of genetic variation. These include stud-
ies on blood groups (Bodmer 1993; Mascie-Taylor and
Lasker 1996), serum proteins and isoenzymes (Cart-
wright, Hargreaves, and Sunderland 1977; Mastana et
al. 1993), HLA genes (Papiha, Duggan Keen, and Rodg-
er 1985; Bodmer 1993), and multiple classical genetic
markers (Falsetti and Sokol 1993; Cavalli-Sforza, Men-
0zzi, and Piazza 1994; Mastana and Sokol 1998), as
well as on patterns of disease incidence, such as phe-
nylketonuria (Tyfield, Osborn, and Holton 1997), mul-
tiple sclerosis (Poser 1994), skin cancer (Long, Darke,
and Marks 1998), and haemochromatosis (Merrywesth-
er-Clarke et al. 1997). These data have been interpreted
as reflecting historical migrations and settlement pat-
terns, but formal testing of alternative migratory models
has not been attempted.

The non—recombining portion of the Y chromo-
some and the mitochondrial genome are useful sources
of data because they provide exceptionally detailed
high-resolution haplotypes, allowing fine definition of
the underlying gene genealogies. The Y chromosome,
which is much larger, is particularly useful because it
has many slowly mutating bialelic markers to help re-
solve genealogical clades as well as rapidly mutating
microsatellite markers to aid in the dating of very recent
events (Thomas et al. 1998; Kayser et a. 2001). The
extra information provided by these high-resolution hap-
lotypes facilitates the fitting of population genetic mod-
els. Although the resulting demographic inferences are
based on only a single locus, increasing the effects of
evolutionary variance derived from chance differences
in the genealogy, such systems are still useful because
they are the only ones that allow sex-specific demo-
graphic inferences to be made.

Previous studies of mtDNA and Y chromosome
variation across Europe have reported evidence of Pa-
leolithic and Neolithic expansions reflected in large-
scale clines (Torroni et al. 1998; Casalotti et al. 1999;
Hill, Jobling, and Bradley 2000; Malaspina et al. 2000;
Richards et al. 2000; Rosser et a. 2000; Semino et al.
2000; Simoni et a. 2000), but these studies did not con-
sider the effects of historical migrations on more local
patterns of genetic variation. Helgason et al. (2000) ex-
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amined Y chromosome and mtDNA variation in the
modern Icelandic population to assess the relative pro-
portions of Scandinavian and Celtic ancestry stemming
from historical migrations, whereas Wilson et al. (2001)
compared Y chromosome, X chromosome, and mtDNA
variation in eight population samples (including the
Llangefni, Norway, and Friesland samples reported
here) to investigate genetic changes associated with cul-
tural transitions in North Wales and Orkney, two areas
at the fringes of the British Isles. Through a comparison
of signature haplotypes, Wilson et a. (2001) found ev-
idence for Celtic male ancestry in the North Welsh and/
or both Celtic and Scandinavian (Viking) male ancestry
in the modern Orcadian population. Further comparisons
of these British samples with Basgue data suggested that
the male Celtic genetic component was Paleolithic in
origin, and therefore, that subsequent cultural transitions
in North Wales were not associated with substantia in-
coming male gene flow. However, the study of Wilson
et al. did not directly address the effects of cultural tran-
sitions in other areas of Britain.

This study is the first to analyze data from an east-
west transect across Central England and North Wales
to evaluate evidence of male population migration under
a wide range of flexible population genetic models.
Samples were collected in seven towns along this tran-
sect, and a combination of slowly evolving biallelic
markers (so-called Unique Event Polymorphisms or
UEPs) and rapidly evolving microsatellites on the Y
chromosome were typed to look for evidence of local
or small-scale genetic transitions. We compared the data
with samples from Friesland and Norway to look for
evidence of male immigration from the continent. In ad-
dition to comparing signature haplotypes among popu-
lation samples, we applied novel model-based methods
to make inferences about both the possible timing and
extent of male continental migration into Central
England.

Materials and Methods
Population Samples and Genotyping

Buccal swabs were collected from 313 malesin the
British towns of North Walsham, Fakenham, Bourne,
Southwell, Ashbourne, Abergele, and Llangefni (fig. 1).
These towns were selected because they lie approxi-
mately 50 km apart along an east-west transect of Brit-
ain and are long established market towns (mentioned
in the Domesday Book of A.p. 1086 with current pop-
ulations of 5,000—10,000) that are less likely to be in-
fluenced by recent migration than large cities (Pooley
and Turnbull 1998). We apply the labels ** East Anglia’
to the North Walsham and Fakenham samples, ‘“Mid-
lands” to the Bourne, Southwell, and Ashbourne sam-
ples, ““North Wales” to the Abergele and Llangefni sam-
ples, and ** Central England” to the combined Midlands
and East Anglia samples, athough these labels are for
convenience and only designate the general geographi-
cal area of these samples. Samples were acquired if both
the donor and the donor’s paternal grandfather were
born within 30 km of one of these market towns. For
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Fic. 1.—(a) Map of Britain and neighboring area. (b) Enlarge-
ment showing towns within Britain along east-west transect.

comparison, we aso collected DNA samples from 94
males in Friesland (northern Netherlands) and 83 males
in Norway, two nearby locations with different rolesin
Britain's immigration history. Friesland is thought to be
one of the source locations for Anglo-Saxon immigra-
tion both because of its geographical location and be-
cause Frisian is considered to be the closest extant lan-
guage to Old English (Nielsen 1985). Norway represents
one source of the Viking invaders. Samples were col-
lected anonymously, and informed consent was obtained
from all individuals before samples were taken.

Standard phenol-chloroform DNA extractions were
performed. Six microsatellites (DY S19, DY S388,
DY S390, DY S391, DY S392, DY S393) and 11 of the
biallelic UEP markers (92R7, M9, M13, M17, M20,
SRY +465, SRY4064, SRY 10831, sY81, Tat, YAP)
were typed and analyzed, as described by Thomas,
Bradman, and Flinn (1999). One additional UEP marker,
12f2, was typed, as described by Rosser et al. (2000).
Microsatellite repeat sizes were assigned according to
the nomenclature of Kayser et al. (1997). Haplogroups
were defined by the 12 UEP markers according to a
nomenclature modified from Rosser et al. (2000) and
Weale et al. (2001) and are presented in figure 2. The
correspondence between this nomenclature and that pro-
posed by the Y Chromosome Consortium (2002) is as
follows: hgl = P*(xR14d), hg2 = BR*(xDE,JR), hg3 =
Rlal, hg4 = DE*(XE), hg7 = A3b2, hg8 = E3a, hg9
= J, hgl6 = N3, hg20 = O2b, hg21 = E*(xE3a), hg26
= K*(xL,N3,02b,P), hg28 = L, hg29 = Rla*, hg37 =
Y*(xBR,A3b2).

Statistical and Population Genetic Analysis

We tested for significant population differentiation
using the Exact Test for Population Differentiation of
Raymond and Rousset (1995). Unbiased genetic diver-
sity, h, and its standard error were calculated using the
formulae given by Nei (1987, pp. 178-180). We quan-

FiG. 2—Y chromosome haplogroup network defined by the 11
UEP markers used in this study following a nomenclature modified
from Rosser et a. (2000) and Weale et a. (2001). The root has been
deduced by comparison with other great ape species (Underhill et al.
[2000]; P Underhill, personal communication for position of
SRY 10831). Shading indicates haplogroups observed in this study.

tified patterns of genetic differentiation using the genetic
distance measures F5r and Rgr estimated from analysis
of molecular variance (AMOVA) &« values (Reynolds,
Weir, and Cockerham 1983; Michalakis and Excoffier
1996). Confidence intervals for these statistics were con-
structed using bootstrap estimates of standard errors
based on resampling haplotypes according to observed
population frequencies. We visualized patterns of ge-
netic differentiation using principal coordinates analysis
performed on a similarity matrix calculated as 1 — Rg;.
Values along the main diagonal of the similarity matrix,
representing the similarity of each population sample to
itself, were calculated from the estimated genetic dis-
tance between two copies of the same population sample
(for dgr-based F5r and Rgr values, the resulting self-
similarity values simplify to n/(n — 1), where n is the
sample size).

We explored population genetic models that could
explain our data using two methods of inference. The
first method involved full-likelihood Bayesian inference
of genetic and demographic parameters under popula
tion splitting and growth using the BATWING program
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(URL: http://www.maths.abdn.ac.uk/~ijw), extended
from the Markov chain Monte Carlo (MCMC) algorithm
presented by Wilson and Balding (1998). Microsatellite
mutation likelihoods were calculated using an unbound-
ed symmetric stepwise mutation model. The priors cho-
sen for major BATWING parameters are summarized in
table 1. Locus-specific priors for the mutation rate per
generation were based on observed mutations for these
loci, as reported in Heyer et al. (1997), Bianchi et al.
(1998), and Kayser et a. (2000), combined with a stan-
dard exponential pre-prior. As a precautionary measure,
DY S388 was excluded from BATWING analysis (and
also from the Monte Carlo likelihood method described
later) because no published data on observed meioses
are available for this locus, and therefore, no direct ver-
ification exists of stepwise mutation behavior. Unique-
event mutations inferred from binary marker data were
used to condition the possible trees but otherwise did
not contribute to the likelihood. Population splitting was
modeled under strict fission with no subsequent back-
ground migration. Population growth was modeled as
an exponential from an initially constant effective pop-
ulation size. Weakly informative priors were given to
other parameters to aid in the convergence of the
MCMC process. The prior for initial effective popula-
tion size covers the values commonly assumed for the
global Y chromosome effective population size as well
as lower values to compensate for this being a regional
sample and for representing the effective size before
growth. The prior for population growth rate per gen-
eration is very flat and gives support to a very wide
range of possible values (extending beyond the 2.5%
and 97.5% quantiles) to reflect the uncertainty in relating
growth in effective population size to growth in real
(census) population size. All other parameters, such as
the start-of-growth date and the population split dates,
were given flat, uninformative priors.

BATWING suffers from the drawback that infer-
ence is based on a model of population differentiation
that involves population splitting only, with no subse-
quent migration. In contrast, the MIGRATE method of
Beerli and Felsenstein (2001) and the GENETREE
method of Bahlo and Griffiths (2000), both also based
on coalescent modeling, allow constant background mi-
gration but do not alow population splitting or mass
migration at a single point in time. Nielsen and Wakeley
(2001) have presented a coa escent-based MCMC infer-
ence method that alows both population splitting and
migration, but it is not suitable for microsatellite data
and does not allow for population growth or for addi-
tional mass migration events that may occur at specific
points in time. We therefore developed an alternative
inference method that allowed us to explore more flex-
ible models under a range of historical scenarios in-
volving both background and mass migration in the
presence of population splitting and growth. This meth-
od proceeds through Monte Carlo likelihood estimation
based on summary statistics describing genetic differ-
entiation. In what follows, we use the term background
migration to refer to continuous gene flow occurring in
each generation and mass migration to refer to a single

Table 1

Prior Distributions of Major BATWING Parameters and Posterior Values Based on a Splitting Model Between Central England and Friesland.

POSTERIOR QUANTILES

PRIOR QUANTILES

97.50%

50%

97.50% 2.50%

50%

2.50%

PrRIOR
Gamma(3
Gamma(5

PARAMETER

DY S19 mutation rate .
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0.029
47

125

371

38,960

0.703

7,903

1,0.0001)

1459)
929)
879)
878)
879)

01,1)
Uniform(0,TMRCA?)

Gamma(3
Gamma(2
Gamma(l
Gamma(l
Gamma(l

Initial effective population size
Time growth starts (in generations)

DY S393 mutation rate
Growthrate ................

DY S390 mutation rate
DY S391 mutation rate
DY S392 mutation rate

aTMRCA: time to most recent common ancestor.
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Table 2

Haplogroup Frequencies and Genetic Diversitiesin Seven British Towns, Friesland and Norway

NORTH WALES MIDLANDS EAST ANGLIA
Llangefni Abergele Ashbourne  Southwell Bourne Fakenham N. Walsham FRIESLAND ~ NORWAY
HapLogrouP  (n = 80) (n = 18) (n = 54) (n = 70) (n=12) (n = 53) (n = 26) (n=94) (n = 83)
hgl........... 0.888 0.556 0.648 0.643 0.667 0.566 0.577 0.553 0.265
hg2........... 0.038 0.056 0.222 0.186 0.333 0.415 0.308 0.340 0.446
hg3........... 0.013 — 0.037 0.057 — — 0.038 0.074 0.217
hg9........... 0.013 — 0.037 0.057 — — 0.038 0.011 0.024
hgl6.......... — — — — — — — — 0.036
hg2l.......... 0.038 0.389 0.056 0.057 — 0.019 0.038 0.021 0.012
hg26.......... 0.013 — — — — — — — —
Genetic 0.212 0.569 0.535 0.550 0.485 0.517 0.591 0.578 0.690
diversty, h .. (£0.0607) (*0.0707) (+0.0660) (*+0.0606)  (*+0.1059) (+0.0301) (*+0.0767) (*=0.0339) (=+0.0290)

Note.—Dash indicates haplogroup was not observed. Genetic diversities (based on haplogroup frequencies) are given =+ standard error.

large gene flow event. A program was written (available
from M.E.W.) to simulate the coalescent under growth
from an initially constant effective population size, al-
lowing a single split Tg generations ago of the parent
population into two descendent populations, A and B,
and subsequent background migration at a rate m, where
a proportion m migrates from population A to B and
simultaneously from B to A in each generation. A fur-
ther extension to the program allowed for a single uni-
directional migration event from B to A at a time Tg
generations ago, such that lineages in A immediately
after this event had a probability F of having just mi-
grated from B. Fina sample sizes in each population
were set to match those obtained in our study, and mi-
crosatellite repeat sizes in these samples were simulated
using the unbounded symmetric stepwise mutation mod-
el. Parameters for population growth and mutation rates
were set as fixed constants based on BATWING poste-
rior modal values and were validated firstly by checking
that the simulated within-population microsatellite var-
iances were similar to observed values and secondly
through comparison with BATWING results under sce-
narios involving no background migration. These pa
rameters were fixed as follows: initial effective popu-
lation size = 300; start of growth = 80 generations be-
fore present (BP); growth rate = 0.06; ratio of effective
sizes of population A to population B = 1:1; mutation
rates—DY S19 = 0.0023, DY S390 = 0.0030, DY S391
= 0.0012, DY S392 = 0.0011, DY S393 = 0.0012. The
sensitivity of inferences to the initial effective popula-
tion size was assessed by setting its value an order of
magnitude higher (to 3000). Inferences considered here
were little affected, and unaffected when (3.)? was used
as a summary statistic (see below).

Confidence intervals (95%) for the remaining pa-
rameters Tg, m, T, and F describing population differ-
entiation were estimated by setting constant values for
al but one of the parameters and finding the upper and
lower limits for the remaining parameter of interest. Pre-
set values for the split date T were chosen to reflect
one of the three scenarios: (1) Island model (Tg = ),
(2) Nedlithic (Tg = 240 generations BP or 6,000 years
BP assuming 25 years per generation), and (3) Anglo-
Saxon (Tg = 60 generations BP or 1,500 years BP as-
suming 25 years per generation). Preset values for the

background migration rate m were set at one of two
extremes. (1) an implausibly low value of m = 0O, and
(2) an implausibly high value of m = 0.1%. The latter
value is estimated from migration statistics to and from
the European Economic Area as a whole over the past
25 years (source: http://mww.homeoffice.gov.uk/rds/
index.htm). We regard this as a figure well in excess of
realistic values for continuous background migration
both because it is based on figures for the whole of
Europe (i.e., not just Friesland) and because we expect
background migration in recent times to be very high
as aresult of modern trends in communication and trav-
el. In models that included the parameters F and Tg, F
was always the parameter of interest and T was set
under an Anglo-Saxon scenario (Tg = 60).

Confidence limits (95%) for the parameter of in-
terest were found using Rgr as a summary statistic of
population differentiation, such that 2.5% of the simu-
lated Rgr values were equal to or more extreme than the
observed Rg; value when the parameter was set at one
of the two limits, based on 10,000 Monte Carlo itera-
tions of the coalescent simulation. Confidence limits
were determined to an accuracy of the least significant
digit stated. We also obtained confidence limits using
(3w.)? rather than Rs; as the summary statistic (Goldstein
et a. 1995) and found these to be similar although gen-
eraly wider than those obtained using Rg;r.

Results
Patterns of Genetic Differentiation

The UEP markers defined seven haplogroups (here-
after abbreviated to hg) (fig. 2 and table 2), whereas the
UEP plus microsatellite markers defined 150 haplotypes
(table 3). Hgl and hg2 predominate in the samples, with
hgl occurring at the highest frequencies in North Wales
and hg2 occurring at the highest frequenciesin East An-
glia, Friesland, and Norway. Hg2 is amost completely
absent from North Wales. Except for the high frequency
of hg21 in Abergele, the observed haplogroup frequen-
cies match their geographic distribution in Europe (Ros-
ser et al. 2000). The high frequency of hg21 in Abergele
may indicate high genetic isolation and drift in some
parts of North Wales, a hypothesis that is consistent both
with the tight clustering of Abergele haplotypes within
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Table 4
Genetic Distances and P-values

Llangefni  Abergele  Ashbourne Southwell Bourne Fakenham  N. Walsham  Friesland Norway
Llangefni .. .. 0.008* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
Abergele. .. .. 0.123 0.002* <0.001* 0.048* <0.001* <0.001* <0.001* 0.002*
Ashbourne ... 0.168 0.081 0.707 0.093 0.188 0.080 0.181 <0.001*
Southwell .... 0.126 0.063 —0.013 0.082 0.233 0.141 0.115 <0.001*
Bourne...... 0.202 0.082 —0.034 —0.031 0.117 0.061 0.172 0.237
Fakenham 0.234 0.112 —0.004 0.006 —0.030 0.032* 0.153 0.037*
N. Walsham 0.174 0.082 —0.024 —0.024 —0.052 —0.017 0.551 0.008*
Friedand. . ... 0.184 0.097 —0.001 0.004 —0.031 —0.007 -0.017 <0.001*
Norway. . .... 0.310 0.175 0.081 0.093 0.067 0.038 0.065 0.044

NoTte.—Upper right triangle reports P-values of pairwise exact tests for population differentiation (Raymond and Rousset 1995) based on UEP + microsatellite
haplotype frequencies. Asterisk indicates a significant value (P < 0.05). Lower left triangle reports AMOVA-based Rsr values (Michalakis and Excoffier 1996)
based on microsatellite haplotypes defined from six loci: DY S19, DY S388, DY S390, DY S391, DY S392, and DY S393.

this haplogroup and with the lower genetic diversity
found in Llangefni.

Several patterns emerge from analyses of genetic
distance and population differentiation (table 4 and fig.
3). Firstly, little genetic differentiation exists among the
Central English towns. The only significant difference
in haplotype frequencies occurs between the neighbor-
ing towns of Fakenham and North Walsham (P = 0.032
for individual pairwise comparison or P = 0.035 for
combined test of all English towns). Although more hgl
and fewer hg2 chromosomes were observed in the Mid-
lands than in East Anglia (table 2), Mantel tests on the
genetic versus geographic distance correlation and linear
regression on hgl and hg2 frequencies reveal no signif-
icant within-England clina patterns.

Secondly, in contrast to the Central English towns,
the two North Welsh towns show highly significant dif-
ferences, both from each other and from the five Central
English towns. Llangefni has a very high frequency of
hgl, tightly clustered around the modal haplotype (hap-
lotype #1 in table 3; haplotype 1.15 in Wilson et al.
2001) that has been found at high frequency in other
Atlantic populations, including Ireland (Hill, Jobling,
and Bradley 2000) and the Orkneys (Wilson et al. 2001).

0.4F
* Norway
02t ¢ Abergele
o™
Q
g
opFakenham o o sland
N.Walsh A.shbourne o
| N. as.am- Southwell Llangefni |
Bourne
-0.2
-0.2 0 0.2 0.4
PCO1

FiG. 3.—Principal coordinates plot of Rsr values reported in table
4. The first and second projections (PCO1 and PCO2) explain 59%
and 20% of the variation, respectively.

Both Llangefni and Abergele have very low frequencies
of hg2 and dispersed haplotypes within this haplogroup,
a pattern which is consistent with these haplotypes en-
tering the North Welsh populations through separate, in-
frequent admixture events.

Thirdly, no significant differences in haplotype fre-
guencies exist between Friesland and any of the Central
English towns. Comparisons between Norway and the
Central English towns, on the other hand, are all signif-
icant, apart from Bourne (P = 0.237), which may be
explained by the small number of samples collected
from this town (n = 12). Furthermore, bootstrap tests
on Rgr values revealed that the Central English (al five
towns combined) are significantly more closely related
to the Frisians than they are to the North Welsh (Llan-
gefni: P < 0.001; Abergele: P = 0.046) or to the Nor-
wegians (P = 0.005). Both Friesland and Norway are
significantly different from the North Welsh towns. Sim-
ilar results were obtained using F<r values based on hap-
logroup frequencies, but tests on Fsr values based on
haplotype frequencies were not significant because of
the large number of singletons at this level. Taken to-
gether, these results suggest considerable male-line com-
monality between Central England and Friesland.

Wilson et al. (2001) identified two haplotypes—(1)
2.47 (haplotype #60 in our table 3), and (2) 3.65 (hap-
lotype #107 in our table 3)—that proved useful in in-
ferring a Viking contribution to the Orcadian gene pool,
although they noted that it might not be possible to dis-
tinguish 2.47 from an Anglo-Saxon contribution in other
parts of Britain. We compared the frequencies found in
the Central English, Frisian, and Norwegian samples of
(1) the 2.47 and 3.65 haplotypes on their own, (2) these
two haplotypes plus their one-step mutational neighbors,
and (3) these two haplotypes plus their one-step net-
works (defined as all haplotypes within a sample con-
nected to the named haplotype by a series of one-step
mutations via observed intermediate haplotypes). As
suggested by the results in the previous paragraph, in
each case the frequency distribution in Central England
more closely matched that in Friesland than that in Nor-
way. Thus, neither of these two haplotypes provided any
positive evidence of a (Norwegian) Viking contribution
to the Central English gene pool that could not be ex-
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plained by a substantial contribution originating in
Friesland only.

Population Genetic Models

We explored various population genetic models
(see Materials and Methods) to evaluate whether or not
a large Anglo-Saxon migration event is needed to ex-
plain the extremely high Central English-Frisian affinity.
We started with a simple model of population fission
with no background migration. We found a 95% credible
interval for the split date using BATWING of 0—88 gen-
erations (0—2,200 years BP, assuming 25 years per gen-
eration), which corresponded well with the 95% confi-
dence interval from the Monte Carlo likelihood method
with no background migration (0—91 generations or 0—
2,275 years BP assuming 25 years per generation).

Next, we looked at the levels of background mi-
gration, operating continuously from generation to gen-
eration, needed to maintain the Central English-Frisian
genetic similarity under two other scenarios not involv-
ing Anglo-Saxon mass migration. Under an Island Mod-
el scenario (constant background migration between two
populations that split at Tg = %) the 95% confidence
interval for m, estimated from the Monte Carlo likeli-
hood method, is 0.3%-50% (where 50% indicates com-
plete panmixia and is a maximum value for m). The
same result (to the significant digit given) isfound under
a Neolithic mass migration scenario (population split
240 generations BP). We note that a figure of m = 0.3%
is three times higher than the figure we estimated as
representing an implausibly high value for m, well in
excess of realistic values, based on migration statistics
to and from the European Economic Area as a whole
over the past 25 years. If we set m at the implausibly
high value of 0.1%, the 95% confidence interval for a
Central English-Frisian split date is 0—97 generations
(0—2,425 years BP, assuming 25 years per generation).
The figure of 97 generations BP represents an extreme
upper limit for the migration event in this case both
because it is based on such an implausibly high value
for background migration and because it requires the
most severe mass migration event imaginable, namely a
100% replacement of the English Y chromosome pool.

Next, we assumed that an Anglo-Saxon migration
event did take place 60 generations ago (i.e., 1,500 years
BP assuming 25 years per generation) and asked how
big an event would be needed to explain the Central
English-Frisian genetic similarity. If the Central English
and Frisian populations were very different at the time
of the event, a larger mass migration would be needed.
We therefore started by assuming compl ete genetic iden-
tity of the two populations at the time of the Neolithic
(i.e.,, a Central English-Frisian population split 240 gen-
erations BP). Assuming no background migration, the
95% confidence interval of the proportion F of the Cen-
tral English population derived from an Anglo-Saxon
mass migration event is 65%—100%. If a background
migration rate since the Neolithic of m = 0.1% is al-
lowed, the 95% confidence interval for F widens to
50%—-100%. This result is unchanged if a 30-year gen-

eration time is assumed (i.e., an Anglo-Saxon migration
event 50 rather than 60 generations ago).

Discussion

Our results indicate the presence of a strong genetic
barrier between Central England and North Wales and
the virtual absence of a barrier between Central England
and Friesand. Any attempt to explain these results in
terms of demographic history and migration needs to
encompass both these findings satisfactorily. The Cen-
tral English-North Welsh barrier cannot be explained
purely as a simple isolation-by-distance phenomenon
because it contrasts strongly with the lack of evidence
for a cline among the five widely separated English
towns. Our findings are particularly striking, given the
high resolution and rapid mutation rate of the Y chro-
mosome haplotypes on which they are based. These al-
low genetic barriers, if they exist, to be clearly defined.

The best explanation for our findings is that the
Anglo-Saxon cultural transition in Central England co-
incided with a mass immigration from the continent.
Such an event would simultaneously explain both the
high Central English-Frisian affinity and the low Central
English-North Welsh affinity. If we use a rate of 0.1%,
as observed over the past 25 years, to represent an ex-
tremely high value for continuous background migration
between Central England and continental Europe, then
we estimate that an Anglo-Saxon immigration event af-
fecting 50%—-100% of the Central English male gene
pool at that time is required. We note, however, that our
data do not allow us to distinguish an event that simply
added to the indigenous Central English male gene pool
from one where indigenous males were displaced else-
where or one where indigenous males were reduced in
number. Furthermore, although our models assume a
single instantaneous migration event, we would also ex-
pect a more gradual process lasting several generations
but still resulting in the same degree of admixture (a
picture which may fit the historical data better [Harke
2002]) to produce very similar genetic patterns.

We accept that our data do not prove conclusively
that an Anglo-Saxon mass migration event took place.
If a background migration rate of 0.3% is alowed be-
tween Central England and Friesland, then the need for
a mass migration event disappears. However, we note
that this is an extremely high rate even by modern stan-
dards and would have to have been maintained contin-
uously over thousands of years. A background migration
rate of 0.3% would imply that one in six of today’s
Central English males descend from Frisians (or a pop-
ulation identical to Frisians) that emigrated to England
after the Anglo-Saxon period and that an equal propor-
tion of today’s Frisians descend from English in a like
manner. We also note that under a unidirectional gene
flow model involving immigration into Central England
only, the rate of background migration would then have
to double to be at least 0.6% on a continuous basis.

It is aso true that a mass migration event could
have occurred outside the Anglo-Saxon migration period
because the 95% confidence interval for a Central En-
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glish-Frisian split extends as far back as 425 B.c. (if one
allows a background migration rate of 0.1% and a gen-
eration time of 25 years). Archaeology and the testi-
mony of Caesar combine to suggest an immigration of
the Belgae, a Cdltic tribe from northern Gaul, into cen-
tral southern England (Hampshire and West Sussex) be-
tween 100 and 80 B.c. (Hawkes 1968; Cunliffe 1988,
pp. 147-149; Cunliffe 1991, pp. 108-110). Furthermore,
although Friesland lay outside the maximum extent of
the Roman Empire, small numbers of Frisian mercenar-
ies were recruited by the Romans and stationed as far
north as Hadrian's Wall (Breeze and Dobson 1978, pp.
139-140; Collingwood, Wright, and Tomlin 1995, p.
501). However, most historians would see these move-
ments, if they would acknowledge them at all, as pre-
ludes to post-Roman Anglo-Saxon migration, and it
would be odd indeed to deny the latter while at the same
time assigning an extremely large mass migration status
to the former.

Finally, we accept that our inferences are based on
population genetic analyses that assume a particular
model of microsatellite evolution under selective neu-
trality and growth and that departures from these as-
sumptions may influence our results. However, we note
that the accuracy of the mutation model is diminished
in importance by the small number of generations that
would alow new mutations to accumulate since Anglo-
Saxon times and also that any selective sweeps would
also have to have been very recent in order to have
influenced our conclusions greatly, especially because
the effects of such sweeps would partly be accommo-
dated by our model of exponential population growth.
In addition, the estimates provided by BATWING for
effective population sizes at the time of the Anglo-Sax-
on migration event are very small (table 1). Thus, a
large amount of error caused by drift is already allowed
for by our BATWING and Monte Carlo likelihood anal-
yses. We do not presume an exact correspondence be-
tween real and effective population size dynamics or
between the real population history of England, which
has seen many different changes in size, and our ssmple
model of exponential growth. However, we note that the
posterior mode of the effective population growth rate
per generation provided by BATWING (6.0%) almost
exactly matches the rea estimated population growth
rate averaged over the past 1,500 years (Hatcher 1977,
pp. 1348-1530; Wrigley and Schofield 1989, pp. 1541—
1871; Harke 2002), whereas our 95% credible interval
covers both the lower average growth rates of A.p. 500—
1750 (approximately 3% per 25 years, albeit with large
fluctuations) and the higher average growth rates of A.D.
1750-2000 (approximately 23% per 25 years).

Anglo-Saxon settlements and culture appeared
throughout England but, importantly, did not extend into
North Wales, where many of the original Celtic Britons
living in England are thought to have fled (Kearney
1989; Davies 1993, 1999). Conflict between the Welsh
and Anglo-Saxon kingdoms continued over a long pe-
riod. Offa’'s Dyke (an earthwork barrier 240 km long)
was constructed ca. A.D. 790 and provided a well-de-
fined boundary between England and Wales. The lin-
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guistic, cultural, and political separation of the two re-
gions lasted at least until A.D. 1282 when Edward | of
England defeated the Welsh King Llywelyn Il (Davies
1993). Our results suggest that this separation has also
restricted male-mediated gene flow between the two re-
gions over the past approximately 1500 years.

Comparisons of Central English and Norwegian
haplotypes reveal no evidence of distinctive common
signature haplotypes indicative of Viking origin, in con-
trast to Orcadian-Norwegian comparisons (Wilson et al.
2001). However, the Vikings who may have settled in
East Anglia and the Midlands are thought to have been
predominantly from Denmark, rather than Norway
(Richards 2000). Previously published data suggest that
the Danish have greater Y chromosome genetic affinity
with the English than with the Norwegians (Malaspina
et a. 2000; Rosser et a. 2000). However, the Danish-
German border is believed to be another source location
of the Anglo-Saxons (Kearney 1989; Davies 1999), so
any Danish Viking influence on the English gene pool
may prove difficult to distinguish from Anglo-Saxon in-
fluence. Further studies within Scandinavia and else-
where are needed to resolve this issue.

This study shows that the Welsh border was more
of agenetic barrier to Anglo-Saxon Y chromosome gene
flow than the North Sea. Remarkably, we find that the
resultant genetic differentiation is still discernible in the
present day. These resultsindicate that a political bound-
ary can be more important than a geophysical one in
population genetic structuring and that informative pat-
terns of genetic differentiation can be produced by mi-
gration events occurring within historical times.
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