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Abstract

Genes and languages both maintain signatures of human history. The evolution of genetics and
of culture both have features that can track population movements and demographic history.
Further, cultural traits may themselves impact these movements and demography.  In
particular, while speaking a different language appears to act as a barrier to gene flow, it is not
clear whether more subtle dialect-level linguistic differences within a language can influence
mating preferences and thus affect genetic population structure. We examine the strength of
cultural barriers and of association within England using the spatial similarities between rates
of linguistic and genetic change. We find that genes and dialect markers have similar spatial
distributions at all geographic scales, though these similarities are more pronounced at larger
scales. This covariation, in the absence of geographic barriers to coordinate linguistic and
genetic differentiation, suggests that some cultural boundaries have maintained genetic
population structure in England.
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Introduction

For as long as evolution has been studied, people have worked to understand the relationship
between biological traits and socially learned behaviors (1–4). There are striking similarities
between genetics and culture, both of which spread and change as groups of people move
across the world. When people move into a region, their genes and culture can begin diverging
from their previous population and mixing with those of nearby populations (5). The spatial
patterns that form can mirror these demographic histories (6). Unlike vertically transmitted
genetic traits, cultural traits are often inherited from people other than parents, so the
transmission of cultural and biological traits can deviate at the scale of individuals (7).
However, if similar individuals preferentially interact with one another – a tendency termed
homophily – the population becomes structured and this structure limits the transmission of
traits (8–10). These assortative interactions may be caused by genetics, as among many
animals to limit interspecific mating, but humans in particular can learn to bias their
interactions in complex and subtle ways, making homophily a partly learned behavior (11–13).
When culture creates barriers to contact and interaction, it potentially drives the maintenance
or the creation of covariation between genes and culture at relatively small scales. In this way,
humans learn behaviors and preferences that act as cultural barriers to gene flow, altering the
course of evolution.

Previous studies have investigated the distribution and the causes of this gene-culture
covariation. In some cases, the evolution of cultural traits provides the selective pressures that
drive genetic variation. For example, the consumption of unfermented dairy products (14) and
of high-starch diets (15) altered the selective pressures on genes related to metabolism. Other
traits do not affect fitness directly, but can be used as markers that drive cultural homophily.
One such trait is the specific languages or dialects a person speaks, since languages contain
clues about the history of populations (16–20) and have been found to co-vary with genetic
variation on a worldwide scale (16, 21). Finer-scale analyses have found this linguistic-genetic
covariation in smaller regions as well, including the Caucasus (22, 23), the Levant (24), the
Amazon (25), and Africa (26, 27). Other studies have directly compared the rates of linguistic
and genetic change, as these are expected to be highest near geographic or behavioral
boundaries to human interaction (28). These borders between languages and regions with
lower rates of gene flow have been found to co-localize throughout Europe (28), and even
within countries (29).

However, these studies that observed evidence of gene-language covariation have not been
able to analyze its causes. They tended to compare people speaking different languages, and
few used quantitative measures of language variation (22, 28, 29). These limits were due, in
part, to the limited availability of quantitative data describing cultural variation and the low
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spatial resolution of available genetic data. These limits only allow the comparison of genes
and language at the scale of ethnic groups and large regions, where the effects of population
movement and cultural homophily cannot be disentangled. Therefore, the impact and spatial
extent of these forces has not been thoroughly studied at smaller scales, such as within a
geographic region where individuals generally speak the same language.

To clarify these causes of gene-language covariation, we present a joint analysis of genes and
language in England. We use fine-scale linguistic and genetic data to measure the intensity,
scale, and location of covariation. To compare genetics and language, we made use of two
separate sets of data: the Survey of English Dialects (SED) (30) and the People of the British
Isles (PoBI) project (31). Each dataset has a high geographic density, has been used previously
to study the history of the region, and independently captures spatially meaningful linguistic
and genetic variation (31–33). Leslie et al. (31) used the PoBI dataset to generate genetic
similarities and clustered individuals into groups based on these similarities; these clusters
retain evidence of population movements within the British Isles and from different parts of
mainland Europe.

By using these genetic and language data in concert, we measure the relationship between
genes and culture that formed over thousands of years in Great Britain. Comparing the rates of
linguistic and genetic change throughout England, we find similarities between their spatial
distribution at all scales of analysis, suggesting that subtle cultural boundaries could reinforce
genetic population structure.

Results

We quantified linguistic variation by measuring the rates of change of all phonetic features in a
region (Fig. 1). Regions in which many features are changing suggest a border between
dialects and potentially a difference in the underlying cultural identities associated with these
dialects. We observed patterns of linguistic variation similar to those found in other analyses of
the SED (30, 34). We found the high rates of language change near the boundaries of several
dialect areas, namely in Northern England near the Scottish Border, the southern Welsh
Marches, and between the West Country and the rest of South England.
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Fig. 1 Linguistic rates of
change in England. For each
location with linguistic data,
estimated the linguistic rates of
change by using the mean
linguistic distance between that
location and those within 100
km of it, adjusted for the
distances to those locations.

We used fineSTRUCTURE to group 1,667 individuals from England into six geographically
distinct hierarchical clusters. These were very similar to those clusters found in England by
Leslie et al. (31). However, which individuals are assigned to each cluster vary between these
two studies because of the stochastic nature of fineSTRUCTURE. Of the six clusters we found,
one was dominant in South England and the Midlands, containing nearly half of all sampled
individuals. Other clusters were found near the Welsh Marches, Scottish Marches, Cornwall,
Northern England (centered on Yorkshire), and Somerset.
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Fig. 2 Relationship between rates of genetic
and linguistic rates of change. We measured
whether regions with high rates of genetic
change, particularly cluster boundaries, had
higher rates of linguistic change, representing
dialectal and other cultural boundaries. For
between-cluster boundaries (double-sided
arrows), a significant gene-language
relationship is shown by a dark arrow and a
non-significant relationship is shown by a light
arrow. We draw a dotted ellipse in the cluster
that represents much of the Midlands and
South England, where there is a significant
correlation between the spatial distributions of
genes (of individuals in that cluster) and
language (in the region where the cluster is
found). No other clusters have this relationship
(see Table 1). In this figure, the hierarchical
clustering was set to K=6.
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Table 1 Genetic-linguistic covariation within clusters. For each cluster identified at K=6
hierarchical clusters, we compared genetic and linguistic rates of change using linear
regression. The only cluster in which genetic and linguistic rates of change were significantly
correlated encompassed most of South and Central England (represented in red in Fig. 2). All
of the individuals in the Cornwall genetic cluster were in a single locale, so we could not
compare their rates of genetic change. Bold values are those significant after Bonferroni
correction. We include the number of individuals in each cluster (N).

Cluster (N) P-value Cluster (N) P-value

Scottish Marches (295) 1 Somerset (82) 0.977

Cornwall (82)
NA

South and Central
England (836)

3.14×10−11

Welsh Marches (86)
3.66×10−2

Yorkshire and NW
England (286)

5.91×10−2
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Table 2 Genetic-linguistic covariation between clusters. For each set of adjacent clusters at
K=6 hierarchical clusters, we measured whether their cluster boundary was found in regions
with high linguistic rates of change using Mann-Whitney U tests. We also include the number
of locations used for the tests. Bold values indicate those significant after Bonferroni correction.

Cluster 1 Cluster 2 N1, N2 U-value P-value

Somerset Cornwall 24, 7 131.0 0.99

Somerset Welsh Marches 62, 15 185.0 1.6×10−4

Yorkshire Scottish Marches 82, 48 1531.0 1.76×10−2

South/Central England Scottish Marches 213, 66 4724.0 3×10−5

South/Central England Yorkshire 208, 64 4581.0 8×10−5

Yorkshire Welsh Marches 126, 29 2471.0 0.999

South/Central England Welsh Marches 221, 62 3356.0 0.00

South/Central England Somerset 240, 25 1368.0 0.00

We find that for most pairs of adjacent or overlapping clusters, their boundary lies in a region
with higher linguistic rates of change than the core of these clusters (Fig. 2 and Table 2).
Notably, regions with long-lasting cultural differences – Welsh and Scottish borders – both
have co-occurring genetic and linguistic boundaries. Between the clusters in these regions and
those in the interior of England, the colocalization of genetic and cultural barriers is also
consistently strong (Fig. 2).

We find some covariation of language and genetics between clusters within the interior of
England, farther from the borders and in regions that have been historically English, as
opposed to Scottish or Welsh. Near both Yorkshire and the West Country, we find an
association between cluster boundaries and linguistic rates of change. We do not find such an
association in Cornwall, which is unexpected given the region’s ethnic, dialectical, and genetic
distinctiveness. However, the region’s unique dialect patterns are most prominent in the
western-most end of the county, whereas our genetic data has at most a county-scale
resolution.

In addition to the association between language and genetic cluster boundaries, we measured
whether genetics within relatively well-mixed clusters co-varies with language. For each level
of hierarchical clustering, we compared the rates of linguistic and genetic change within the
boundaries of each cluster (Fig. 2, Table 1). We find that for a single cluster, there is a spatial
relationship between genetic and linguistic variation that was not captured through our
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hierarchical clustering. For this cluster, made up of most individuals in the Midlands to East
England, the spatial distribution of genetic rates of change is correlated with those of
linguistics (Fig. 2). In this region, a similar pattern is found at all scales of the hierarchical
clustering (Fig. S1-S5), pointing to spatially heterogeneous genetic variation that is not
captured by the clustering.

Discussion

Independently of one another, our analyses of genetic and linguistic data identify geographic
patterns also found in previous studies. We measured the spatial distribution for rates of
language change – the rates being greater at boundaries between dialects – throughout
England, including near various cultural boundaries (30, 34). We found high rates of language
change at the borders of England and between previously identified dialect clusters,
suggesting that our measure is a good proxy for cultural variation. Our genetic analysis also
identifies spatial patterns similar to those found previously. These patterns of genetic clusters
reflect waves of migration to Great Britain and of later movements of people (31). This
includes up to eight clusters ranging in size from 82 to 836 individuals; these clusters spanned
regions as small as a single county (Cornwall) to large enough to encompass most of the
Midlands and South England. Attempting to cluster this genetic data into more than six
clusters with fineSTRUCTURE did not reveal more geographic population structure (Fig. S5).

We find that linguistic and genetic variation parallel one another throughout much of England.
The boundaries of genetic clusters almost always appear in regions with high rates of cultural
change. This correspondence between genetic boundaries – which are associated with both
historical migrations and distributions of ethnicities – and linguistic boundaries – associated
with dialect and other cultural differences – demonstrate that language and genetics have
similar geographic patterns in England. These gene-language patterns at the the
English-Welsh and the English-Scottish borders support previous studies that identify the
covariation of culture and genetics at ethnic boundaries (22, 24, 26–29). We find that, in
addition to more prominent cultural borders, this covariation extends to less dramatic
distinctions, including those between South East and South West England and between North
and South England. These clusters are not only geographically significant, but also maintain
variation associated with various admixture events from mainland Europe, including the
Anglo-Saxons, Danes, and Normans (31). These results suggest that cultural distinctions have
influenced how people move and behave by maintaining genetic boundaries; however, these
results cannot fully distinguish between the influence of cultural homophily  and that of other
demographic events, both of which may have contributed to the existing patterns of genes and
language.
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To find evidence of cultural barriers to gene flow, we also analyzed the genetic variation
existing within genetic clusters, rather than considering only their boundaries. We tested
whether regions with higher rates of language change within the bounds of a single cluster
corresponded to higher rates of genetic change within that cluster. We find that genetic
differences do not appear to covary with rates of language change within any of the smaller
clusters, but do so in the largest cluster, which encompasses much of the Midlands and South
England. Despite this cluster appearing relatively well-mixed (it cannot be divided into more
geographically meaningful clusters) higher rates of genetic change coincide with dialect
boundaries. These data suggest that dialect boundaries – or related cultural differences –
contribute to genetic differentiation in that region. The lack of major geographic boundaries in
Central and South England imply that the population should be relatively well-mixed;
however, the varied history of the Midlands and South England (31) and existing covariation
between genes and language within this region strongly suggest that cultural boundaries have
limited gene flow here.

These results demonstrate that genes and culture in England have close relationships at two
scales: at long-standing cultural borders and in a large region with few geographic barriers..
The relationship between clusters may be the product of large movements in the past. The
longevity of these geographically significant distinctions, however, suggests that culture had a
role in maintaining this variation. In addition to common genetic and linguistic boundaries
between clusters, their colocalization within them is evidence of culture influencing population
structure. For genetic variation within clusters to covary with culture, either a third force (such
as geography) limited their diffusion, or cultural differences contributed to the formation of
groups. Given the many roads and navigable rivers in the Midlands and South England (35),
the covariation of genes and culture in the region favors cultural homophily as the primary
barrier to gene flow.

Our analysis of the interplay between genetics and culture has a greater spatial resolution and
more quantitative data than those of others (23, 27–29), but we are still limited by the
resolution of our data and our use of separate sets of data. Our genetic data was restricted to
spatial resolutions as fine as counties, which prevented the comparison of genetics to
intra-county linguistic variation. Since we used separate genetic and linguistic datasets, we
could only comment on processes that formed patterns over many generations, rather than a
direct analysis of assortative mating based on language or cultural homophily, which could be
possible with linguistic information from a set of genotyped individuals. However, previous
work has identified widespread endogamous and geographically restricted marriages in
England (36). Such homophily likely had profound effects on both the cultural and genetic
landscapes (37–39). Given the movement and cultural change that has occurred since the
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Industrial Revolution, these results are more informative about our human past than predictive
of culture-based homophily today. Nevertheless, we suggest that cultural distinctions have
shaped the population structure of individuals within England. Our analysis reveals a cultural
process that has had consequences on both genetic and cultural diversity. Similar processes
may have taken place around the world, molding families, ideas, and the history of peoples.

Methods

Processing linguistic data

Linguistic data was collected by the Survey of English Dialects (SED) (30), which gathered
word choice and pronunciation in England, the Isle of Man, and parts of Wales. The SED,
conducted in the 1950’s, prioritized people who were elderly, from rural areas, and who had
agricultural backgrounds. This survey took place across 313 locales, of which we excluded two
on the Isle of Man.

We selected and digitized 225 binary elements that describe whether a particular sound is
present in each word, expanding our previous digitized SED data of 45 elements (32). For
example, an element may be whether “hammer” is pronounced with or without an initial [h]
sound.

We took these 225 binary elements and combined those that were relevant into 55 categories
representing the frequencies of specific linguistic features, such as the presence of
syllable-initial [h] (the mean occurrence of syllable-initial [h] in hammer, halter, harvest, etc.). If
a linguistic feature contained multiple binary elements, each of the 311 localities was assigned
a frequency of occurrence for that feature; if a linguistic feature was represented by only a
single element, the data were binary for that category.

Processing genetic data

We used genetic data collected for the People of the British Isles (PoBI) project, which included
the genotyping of people from the British Isles. These people were mostly from rural
backgrounds and all had grandparents born within 80 km of one another; these grandparents
had a mean birth year of 1885 (s.d.=18yrs.). The genetic data consists of over 500,000 single
nucleotide polymorphisms (SNPs) for each of 2,039 people, after quality control. Each of these
individuals was placed into one of 36 locations in Great Britain and Northern Ireland to protect
their anonymity, and 29 of these are in England. Previous work by Leslie et al. found that these
individuals could be placed into 17 geographically cohesive clusters based on their genetics.

We replicated the quality control, phasing, and clustering procedure from Leslie et al. Since our
linguistic data was limited to England, we used a subset of 1,667 individuals by keeping those
whose grandparents were born in England. This differs from the data used by Leslie et al., as
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they included all 2,039 individuals with grandparents from England, Wales, Scotland, and
Northern Ireland (31).

After these filters, we used fineSTRUCTURE to hierarchically cluster these individuals into
geographically cohesive groups based on genetics. Beginning with two clusters, we increased
the number of clusters until we found six such clusters; past that point, new clusters lost
geographic cohesiveness. These six clusters correspond to the six English clusters found by
Leslie et al. within England.

Gene-language processing

Since the genetic and linguistic datasets include information from different individuals, we
conducted our analyses based on the geographic sampling locations of the individuals in each
dataset. We assigned each of the 311 locales with linguistic data to one of the 29 county-sized
regions with genetic data. Each locale of these 311 locations was treated as including
individuals with genetic gata from that region.

We found the Euclidean distance between the linguistic features for all pairs of locations
within 100 km of one another. We then found the average rate of linguistic change at that
location by averaging the linguistic distances to that location, weighed by the inverse of spatial
distances to that location.

To find genetic distances, we used the output produced by fineSTRUCTURE, termed a genetic
copying matrix, which represents the total recombination map distance of haplotypes donated
from one individual to another, according to fineSTRUCTURE’s model (40). Distances between
copying vectors have been used previously to find the genetic distances between groups of
individuals (31). We used this method to calculate distances between each pair for individuals,
which we used to find the mean distance between clusters and between regions with genetic
data. We did this for every pair of adjacent genetic clusters from fineSTRUCTURE, and within
every cluster found in more than one location. For every set of clusters being compared, for
each pair of locales within 100 km of one another, we found the mean genetic distance
between individuals from different clusters (or within the same cluster for within-cluster
comparisons) and from the genetic regions associated with those locales. We found rates of
genetic change at each location using genetic distances, identically to rates of linguistic
change.

We repeated the steps to calculate genetic rates of change another 500 times, randomizing the
order of the genetic relatedness matrix each time. We used these rates of change on permuted
data to standardize the rates of genetic change to make them comparable and to decrease
sampling biases.
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To compare the genetic and linguistic rates of change, we used two methods. Within clusters,
we measured whether a positive relationship existed via linear regression of the linguistic and
genetic rates of change. This was done for each cluster with individuals spanning multiple
sampling locations. To measure the overlap of genetic cluster boundaries and dialect
boundaries, we used the Mann-Whitney U test. Specifically, we tested whether linguistic rates
of change were greater at cluster boundaries than they were in other regions in which the
clusters appeared.
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