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‘Language shift’ is the process whereby members of a community in which more than one language
is spoken abandon their original vernacular language in favour of another. The historical shifts to
English by Celtic language speakers of Britain and Ireland are particularly well-studied examples
for which good census data exist for the most recent 100–120 years in many areas where Celtic
languages were once the prevailing vernaculars. We model the dynamics of language shift as a com-
petition process in which the numbers of speakers of each language (both monolingual and
bilingual) vary as a function both of internal recruitment (as the net outcome of birth, death,
immigration and emigration rates of native speakers), and of gains and losses owing to language
shift. We examine two models: a basic model in which bilingualism is simply the transitional
state for households moving between alternative monolingual states, and a diglossia model in
which there is an additional demand for the endangered language as the preferred medium of
communication in some restricted sociolinguistic domain, superimposed on the basic shift
dynamics. Fitting our models to census data, we successfully reproduce the demographic trajec-
tories of both languages over the past century. We estimate the rates of recruitment of new
Scottish Gaelic speakers that would be required each year (for instance, through school education)
to counteract the ‘natural wastage’ as households with one or more Gaelic speakers fail to transmit
the language to the next generation informally, for different rates of loss during informal
intergenerational transmission.

Keywords: language competition; Celtic; Gaelic; Welsh; reaction–diffusion;
intergenerational transmission
1. INTRODUCTION
‘Language shift’ is the process whereby members of a
community in which more than one language is
spoken abandon their original vernacular language in
favour of another. Membership of a community
defined by its language selectively facilitates and inhi-
bits interaction, enables entry into social contracts
and cooperative exchange and gives access to a reser-
voir of accumulated and linguistically encoded
knowledge. In cases of language contact, therefore,
people are inevitably confronted with difficult choices
about which language they wish or need to speak.
The major driver of language shift is the decision to
abandon a more local or less prestigious language,
typically because the target of the shift is a language
seen as more modern, useful or giving access to
greater social mobility and economic opportunities
(McMahon 1994; Mufwene 2001; Brenzinger 2006).
In the modern era, nation states, globalization and
selective migration (Boyd & Richerson 2009) have
been potent forces of language standardization and
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of minority language endangerment or extinction.
The expected scale of global loss of contemporary
linguistic diversity over the next 50–100 years is
immense (Krauss 1992; Nettle & Romaine 1999).

The basis of the phylogenetic explanation in histori-
cal linguistics is that human populations have in the
past undergone expansions, with the mechanism of
expansion being local population increase, fissioning
and spatial relocation of some fraction of that popu-
lation. Subsequent divergence from a common
linguistic root is driven by the natural tendency of
languages to diversify under the combined effects of
inherited mutation and isolation by distance, with
the diversification accelerated by physical barriers to
interaction and by effective population size-related
sampling effects (drift). If the fissioning is kin-
structured, with sub-populations splitting off who
already share idiosyncratic linguistic features by virtue
of membership of the same part of the larger interaction
network (for instance, because of kinship ties), then
these effects will be accelerated (Croft 2003).

There is a substantial body of recent scientific litera-
ture on the large-scale correlations between genetic
and linguistic variation, much of it influenced by the
integrative approach of Cavalli-Sforza and his collab-
orators who see the two systems as coevolving as a
result of population expansion and splitting, geo-
graphical isolation and parental transmission (the
This journal is q 2010 The Royal Society
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Figure 1. Percentages of Gaelic speakers (mono- and bilingual) in Scotland in successive census years, 1891–2001. Data for
civil parishes: 1891–1971 from Withers (1984, pp. 227–234); 1981 from Withers (1988, p. 40); 1991–2001 from General
Register Office for Scotland (2005, table 3). Red, 75–100% Gaelic speaking; orange, 50–74.9% Gaelic speaking; yellow,
25–49.9% Gaelic speaking; white, less than 25% Gaelic speaking.
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latter being the sole mechanism of genetic inheritance
and, they would argue, the predominant mechanism of
linguistic inheritance in small-scale societies; e.g.
Cavalli-Sforza et al. 1988, 1992). In prehistoric
archaeology, such demographic interpretations of
cultural macroevolution are familiar from the much-
debated farming/language dispersal hypothesis for
the spatial spread and diversification of languages
such as those of the Bantu, Austronesian or
Indo-European groups (Diamond & Bellwood 2003).

However, accepting a role for the dispersal of its
speakers in the initial spread of these major linguistic
groupings does not preclude contact-induced language
change and recruitment into the speaker population by
language shift, either at the time of initial spread or
subsequently. In fact, Campbell (2006, p. 2) suggests
that empirically, in terms of the likelihood of finding
complete gene–language congruence in language con-
tact situations, ‘All of the following are attested (‘no’
here means ‘little or no’):

(1) no linguistic admixture—no genetic admixture
(2) no linguistic admixture—genetic admixture
(3) linguistic admixture—no genetic admixture
(4) linguistic admixture—genetic admixture

where much work in language–gene correlation has
tended to privilege (1) [. . .], linguists expect (1)
least, with (4) perhaps the most common.’

In this paper, we focus on the social processes
underlying Campbell’s scenarios (2) and (4) to frame
the following questions: when does branch pruning
on a linguistic phylogeny (language death) reflect
local population extinction, and when does it reflect
a purely cultural extinction process with the descen-
dants of its speakers simply transferring to a different
branch of the language tree (language shift)?
Thomason (2001; cf. McMahon & McMahon 2005,
pp. 78–79) has suggested that the effects of language
contact can be arranged on a continuum from
Phil. Trans. R. Soc. B (2010)
contact-induced language change (which may involve
just non-basic vocabulary elements, or basic vocabu-
lary and structural features, depending on the level
of contact and of bilingual interaction), to extreme
language mixture (involving pidgins, creoles and
mixed languages; cf. Mufwene 2008), to language
death, with people abandoning one language outright
and shifting to adopt another. Tree-building methods
attempt to reconstruct the aspects of similarity and
divergence that are due to conservative transmission
with mutation-based modification. However, the phy-
logenetic approach ignores the important role of
selective cultural migration (or shifting between
branches) in determining the extinction rates of
different branches of such trees.

In this paper, we will describe our recent work on
language competition and language shift using the
example of the recent history of Britain’s major
Celtic languages. We emphasize the extreme lack of
congruence between genetic and linguistic trees that
results from language shift, and stress that the frequent
shift of individuals between branches of a linguistic
tree is not only a contemporary phenomenon (for
discussion, see Steele & Kandler 2010).

The historical shifts to English by Celtic language
speakers of Britain and Ireland are particularly well-
studied examples of language competition for which
good census data exist for the most recent 100–120
years in many areas where Celtic languages were
once the prevailing vernaculars (see figure 1 for a visu-
alization of the Scottish Gaelic census data). Some of
the earliest fieldwork on language death was done in
communities where Scottish Gaelic was endangered
or dying out (MacKinnon 1977; Dorian 1981). The
last monolingual speakers of Cornish died in the late
seventeenth century, although their language survived
locally among Cornish–English bilinguals until the
end of the nineteenth century. On the Isle of Man,
the last native speaker bilingual in Manx died in the
1970s. Following the extinction of these informal
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Figure 2. Frequencies of the three sub-populations in the four Scottish Highland counties for the time period 1891–2010.

Empirical data (solid lines) and predictions of model (5.1) under the assumptions c31 ¼ c32 and c13 ¼ c12 (dotted lines) and
c31 = c32 and c13 = c12 (dashed lines) of the frequencies of Gaelic (black), bilingual (light grey) and English (grey) speakers
in (a) Argyll, (b) Inverness, (c) Ross and Cromarty and (d) Sutherland over time.
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within-household transmission pathways, Cornish and
Manx are now subjects of local revival efforts to bring
these languages back into the community via schools,
print and broadcast media, the arts and traditional
community events. In Scotland and Wales, the original
Gaelic- and Welsh-speaking populations were more
numerous and the pattern of decline has been more
influenced by local geographical factors. During the
twentieth century, Welsh remained widely spoken,
and even in 1961 it was still possible to traverse
Wales from north to south without leaving a parish
in which 80 per cent or more of the residents spoke
Welsh (Aitchison & Carter 1985). This is despite
long-term pressures for Anglicization owing to inter-
ventions such as the Act of Union of 1536, which
incorporated Wales into the realm of the English mon-
arch and included a stipulation that ‘no Person or
Persons that use the Welsh Speech or Language shall
have or enjoy any Manor Office or Fees within the
Realm of England, Wales or Other the King’s Domin-
ion’ (Bowen 1908), and much later, promotion of the
use of English in schools to eradicate Welsh from the
industrial heartlands after rural–urban migration had
created self-contained Welsh-speaking communities
in the coalfields (Commissioners of Inquiry into the
State of Education in Wales 1847). However, in the
last 50 years, monolingual Welsh speakers declined
towards extinction (in 1981 there were 21 283 Welsh
Phil. Trans. R. Soc. B (2010)
monolinguals recorded in the official census, 0.8% of
the total population), and a vigorous programme of
Welsh language revitalization since the 1970s has
been targeted at creating the conditions for stable
bilingualism1 (Jones 1993).

In Scotland, by late mediaeval times, Gaelic was the
main language of the Highlands and western islands,
with Scots (descended from the Old Northumbrian
dialect of Old English) and English prevailing in the
Lowlands. This division appears to have been
reinforced by a contrast between these two regions in
their social structure, marriage and migration patterns
(with the clan system predominating in the High-
lands): the subsequent breakdown of the
geographical ‘niche’ for Scottish Gaelic is closely
linked to the political and economic dominance of
actors to the south, and their interference with the
Highlands’ political and economic systems. Drastic
demographic changes (the eighteenth–nineteenth cen-
tury ‘Highland clearances’) and the associated
establishment of English as the language of education
and advancement were associated with increasing rates
of Gaelic-to-English language shift (Murdoch 1996).
The late stages of this shift process can be recon-
structed from census records. Figure 2 (solid lines)
shows the change in the proportions of monolingual
English and Gaelic speakers and bilinguals for the
counties of Argyll, Inverness, Ross and Cromarty
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and Sutherland during the time period 1891–1971.
These four counties are seen as the ‘core land’ of the
Gaelic language (‘Gaidhealtachd’): in 1891, 73 per
cent of all Scotland’s Gaelic speakers were located
among the 8 per cent of Scotland’s population that
lived in these ‘Highland Counties’, covering the main-
land Highlands and the Western Isles. By 2001,
economic adversity in Highland areas, the ‘pull’
factor of economic opportunity in urban, industrial
areas and Gaelic revivalism in the Lowlands have pro-
duced a substantial Gaelic presence in the Lowlands,
with only 52 per cent of all Gaelic speakers resident
in the wider Gaidhealtachd (where only 6.5% of Scot-
land’s population now live), and 48 per cent residing
in the rest of Scotland (figure 1). The absolute num-
bers of Gaelic speakers in Scotland have however
declined through this period, from about 250 000 in
the 1891 census of Scotland to about 65 000 in the
most recent (2001) census. Of these, the majority
were always bilingual in Gaelic and English, with the
last census record of Gaelic monolinguals finding
fewer than 1000 still alive in 1961. Recent revitaliza-
tion efforts have included the establishing of Gaelic-
medium pre-school and primary school units
(MacKinnon 1993) and the development of Gaelic-
medium broadcasting (Murdoch 1996). In 2005, the
Gaelic Language (Scotland) Act was passed by the
Scottish Parliament, providing a planning framework
for a number of additional shift-reversal measures,
while Comhairle nan Eilean Siar, the Western Isles
Council, has adopted Gaelic as its primary language.
2. MATHEMATICAL MODELS OF
LANGUAGE SHIFT
(a) Basic model

We model the dynamics of language shift as a compe-
tition process in which the numbers of speakers of each
language vary as a function both of internal recruit-
ment (as the net outcome of birth, death,
immigration and emigration rates of native speakers),
and of gains and losses owing to language shift. Math-
ematical work on language shift dynamics2 has been
stimulated by Abrams & Strogatz (2003), who pro-
posed a simple two-language competition model in
which the outcome (extinction of one or other
language) is determined by the strength of innate
attraction to the higher status language and by the
initial conditions (with preferential attachment—the
nonlinear effect of initial concentrations on shift
rates—capable of driving the higher status language
to extinction when its speakers are rare). Our own
basic model is very different. In addition to the
status-related shift term, we model the changing sizes
of speaker sub-populations as the balance of births
and deaths, and of immigration and emigration, and
we model a bilingual transition state.3 There is no pro-
cess of preferential attachment—absolute rates of shift
are a simple linear function of sub-population sizes. In
our basic model of the shift process, the variables u1,
u3 and u2 represent the sizes of the two monolingual
and the bilingual sub-populations and the parameter
cij represents the strength of the innate attraction
of language i to speakers currently situated in
Phil. Trans. R. Soc. B (2010)
sub-population j (for a graphical representation of the
shift process, see electronic supplementary material,
figure S2a). Each sub-population also recruits
internally by reproduction, spatial dispersal and
long-distance migration, which is modelled as a
reaction–diffusion process with logistic growth to a car-
rying capacity K and (in spatially explicit formulations)
with diffusion of speakers between adjacent locations
(§5). This model of language shift leads inevitably to
the extinction of one or other monolingual sub-popu-
lation, followed by the extinction of the language itself
in the bilingual community. In the absence of the bilin-
gual transition state, extinction would always be the fate
of the lower status language; however, including the
bilingual transition state fundamentally changes the
dynamics. The less attractive or lower status language
can now prevail, provided that its speakers have an
initial numerical advantage that outweighs their
language’s intrinsic status disadvantage. In formal
terms, and if overall population size is stable, this out-
come requires that there are initially few enough
monolinguals in the high-status language, and therewith
enough pressure on them to become bilingual, for it to
always hold that c12u2 , c31u3 (where u1 defines the fre-
quency of the sub-population speaking the high-status
language). These dynamics are analysed in more
detail in the electronic supplementary material.
(b) Diglossia model

Many advocates of the preservation of endangered
languages as living languages have promoted strategies
in which the objective is stable societal bilingualism, by
creating or preserving essential social domains (perhaps
quite prestigious domains, such as political fora) in
which the endangered language is the preferred or only
acceptable medium of communication. Although such
reversal strategies all require some measure of planned
intervention to revive demand for skill in the endangered
language, language planners typically cite as precedent
the apparent stability of language coexistence in cases
of diglossia (e.g. Fishman 1991). Diglossia, in the
strict sense, refers to situations where the mother
tongue of the community is used in everyday (low
status) settings, but another language (or another form
of the vernacular language) is used in certain high-
status domains typically involving religious ceremonies,
or written transactions in societies with low levels of lit-
eracy (Ferguson 1959; Hudson 2002). Language
coexistence is possible in such diglossic situations
because the demand for the high-status language is
specific to social context. Language shift, in the sense
of our basic model, relates instead to situations where
the high-status language is associated with entire social
identities that are seen as desirable and worthy of emu-
lation. Such situations are not compatible with stable
language coexistence, because the languages are com-
peting as the medium of communication in all social
contexts.

To consider the effects of the creation and mainten-
ance of segregated and complementary sociolinguistic
domains, in each of which both languages are differen-
tially preferred as the medium of communication, we
have examined a second model in which bilingualism



Table 1. Fitted shift coefficients for the basic model with c31 ¼ c32 and c13 ¼ c12, respectively, c13 = c32 and c31 = c12.

Wales

Scottish

Highlands Argyll Inverness

Ross and

Cromarty Sutherland

shift from Celtic to bilingual and/or to

monolingual English (c13)

0.025 0.03 0.03 0.035 0.03 0.035

shift from English to bilingual and/or to
monolingual Celtic (c31)

0.005 0 0 0 0 0

shift from Celtic-only to bilingual (c13) 0.06 0.07 0.115 0.1 0.12 0.075
shift from bilingual to English-only (c12) 0.02 0.025 0.03 0.03 0.025 0.035

shift from English-only to bilingual (c31) 0 0 0.005 0 0.005 0
shift from bilingual to Celtic-only (c32) 0 0 0 0 0.005 0
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is no longer simply the transitional state for house-
holds moving between alternative monolingual states.
Superimposed on the basic shift dynamics, there is
an additional demand for the endangered language
as the preferred medium of communication in some
restricted sociolinguistic domain, and this demand
persists regardless of the numbers of speakers of the
endangered language until that number becomes
very small (at which point the demand ceases; for
a graphical representation of the shift process, see
electronic supplementary material, figure S2b). This
additional dynamics creates a steady reverse flow of
monolingual speakers in the dominant language who
enter or re-enter the bilingual sub-population. Because
this second model allows for demand for both
languages, each in its own preferred domain, bilingual-
ism is now a stable final state; we now find that a wider
range of extinction and coexistence states is possible,
depending on the strength of the various in- and out-
fluxes between the three sub-populations. We can
now model—for any given case of well-advanced
language shift—the rates of acquisition of skills in the
endangered language that would be required from
monolingual households fluent in the dominant
language for shift reversal to take off. These dynamics
are also analysed in more detail in the electronic
supplementary material.
3. RESULTS
Using our basic model, we have estimated the
strengths of the competitive advantage driving
language shift from Scottish Gaelic to English in High-
land Scotland (1891–2001), and from Welsh to
English in Wales (1901–2001). We fitted4 the model
to official census data (see electronic supplementary
material, S1 ‘Data’ for more details) for these time
periods. Historical census data on language use will
include some ‘noise’ owing to inaccurate answers
(for instance, owing to the perceived social status
implications of self-classification into a particular cat-
egory), and to changes in the phrasing of the
questions in successive censuses. To avoid over-fitting
(where the model fits the noise in the data as well as
the significant trends), we initially reduced the
model’s degrees of freedom by assuming the parameter
constellation c31 ¼ c32 and c13 ¼ c12. The results are
shown in table 1 and figures 2 and 3 (dotted lines).
Our basic model captures well the general dynamics
of the language shift process (the decrease in
Phil. Trans. R. Soc. B (2010)
the Gaelic and Welsh monolingual and bilingual
sub-populations and the increase in the English mono-
lingual sub-population). Table 1 (top two rows) gives
the estimated values for the shift coefficients. These
show that while the Celtic monolingual sub-
populations were not able to attract a significant
number of English speakers or bilinguals (cf. c31 ¼

c32 ¼ 0–0.005), the shift from the Celtic monolingual
to the bilingual sub-populations and from the bilingual
to the English monolingual sub-populations happened
at high rates owing to the competitive advantage of
the dominant language (cf. c13 ¼ c12 ¼ 0.025–
0.035). Additionally, the competitive advantage for
English speakers in Highland Scotland was greater
than in Wales.

However, the fitted curves in figures 2 and 3 also
suggest that the parameter constellations given in
table 1 generally overestimate the Celtic monolingual
sub-population and slightly underestimate the bilin-
gual sub-population. Therefore, we also fitted the
basic model with constellations in which c31 = c32

and c13 = c12 (so that, for example, the balance of
competitive advantage driving the shift from monolin-
gual Welsh to bilingualism can be different from that
driving the shift from bilingualism to monolingual
English). The results are illustrated by the dashed
lines in figures 2 and 3 and by the values for the com-
petition coefficients in table 1 (bottom four rows). The
fit is improved,5 and table 1 (bottom four rows) shows
that the key to improvement in fit lies in the increase in
the shift parameter from Celtic-only to bilingual (c13).
All other coefficients stay roughly constant. Celtic
monolinguals were more affected by the status differ-
ence between English and Celtic than were
bilinguals. This implies that the priority was to learn
the high-status language and not to abandon the
Celtic language. Bilinguals tended to stay bilingual
longer than Gaelic speakers stayed monolingual. We
also found that the fit of the basic shift model is
most sensitive to changes in the coefficient c12, imply-
ing that small changes in the rate of shift from
bilingualism to monolingual English may result in
significantly changed competition dynamics.

Figure 3 highlights a further deviation of the basic
model’s predictions from the census data for the very
recent period in Wales. In the above results, we have
assumed constant shift coefficients over time (i.e.
that the ‘environment’ for language competition does
not change within the considered time period). How-
ever, political, social and/or economic changes can
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lead to a change in the sociolinguistic environment and
consequently to a change in the competition dynamics.
Figure 3a shows that the basic model with time-inde-
pendent shift coefficients captures well the dynamics
of Welsh–English language competition until about
1971, but not the change in the competition dynamics
that is observable more recently. During the last 40
years, Welsh language-planning initiatives and legis-
lation have led to several maintenance interventions
that were able to alter the shift dynamics. The decline
in the bilingual sub-population appears to have been
reduced or halted, leading to a stable coexistence con-
dition. This new situation must be explained using our
diglossia model, since it is inconsistent with the basic
model (in which bilingualism is assumed to be a tran-
sitional state and not a final stable state). Figure 3b
shows fitted curves for the diglossia model in relation
to the Welsh census data. Here, time-dependent coef-
ficients are crucial to capture the change in the
competition dynamics. The fitted values of the same
shift coefficients as just discussed in the basic model
for the two time periods before and after 1970 show
that the language-planning initiatives resulted in an
increased ‘force’ for English speakers to learn Welsh
(w1, being a measure of the strength of this force for
the time period 1971–2001), which means sociolin-
guistic domains in which Welsh is the advantageous
language have been created and supported. Figure 3b
also projects ahead the fate of Welsh–English bilingu-
alism if the ‘environment’ stays the same, and indicates
that Welsh is then preserved in the bilingual sub-popu-
lation. However, at present, this is due to the
maintenance activities of the planners creating an
influx of English monolinguals into the bilingual sub-
population that balances the continuing ‘organic’ loss
of bilingual households to English monolingualism
owing to low levels of intergenerational transmission
of Welsh within the home.

How might the experiences of language planners
intervening to limit the shift from Welsh to English
be used to ‘save’ the Gaelic language in the Scottish
Highlands? We applied the diglossia model to the
Phil. Trans. R. Soc. B (2010)
Gaelic–English situation and asked how strong an
intervention would need to be (in other words,
how many English monolinguals have to learn
Gaelic per year) in order to alter the shift dynamics.
We note that the number of Gaelic monolinguals is
now effectively zero, so that the term w3u3 does
not play a role in the competition dynamics: there-
fore, we set w3 ¼ 0. We obtain that w1 ¼ 0.0035 is
sufficient to stabilize the bilingual population at its
current level (cf. figure 4). This implies that roughly
860 English speakers have to become bilingual every
year (based on a Highland population of about 315
000 individuals). However, the coexistence between
the bilingual and the English-speaking sub-popu-
lations depends in this case entirely on the
planners’ initiatives and on legislation. Intervention
strategies may prove much more successful if the
rate of intergenerational transmission of the bilingual
strategy could be increased as well. Thus, for
example, the number of English monolinguals
required to learn Gaelic each year could drop
down to roughly 440 if the rate of intergenerational
transmission of Gaelic at home could be increased
(c12 from 0.025 to 0.0125). This means that
beside the 440 new recruits to bilingualism, roughly
340 more children who live in bilingual households
would have to be raised in both languages to stabil-
ize the bilingual population at the current level.
These numbers indicate that an increase in the
rate of intergenerational transmission is a highly
effective language maintenance strategy, although
one that is also harder to achieve in practice.
4. DISCUSSION
The current linguistic ‘extinction crisis’ is expected to
decimate global cultural diversity. As outlined in this
paper in the Gaelic–English example, most of the
recent language extinction events are caused by
language shift rather than by the extinction of the
population speaking this language. This inevitably
results in an increasing divergence between the
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Figure 4. Empirical and projected frequencies of the three
sub-populations in the Scottish Highlands for the time
period 1901–2030 with assumed intervention after 2009.
Empirical data (solid lines) and predictions of model (5.1)
until 2009 and model (5.2) after 2009 (dashed lines) of

the frequencies of Gaelic (black), bilingual (light grey) and
English (grey) speakers. Parameter values for model (5.1)
are given in table 1 (bottom rows); after 2009, a diglossic
model with the same c-values and w1 ¼ 0.0035 and w3 ¼ 0

is assumed.
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transmission histories represented in genetic and in
linguistic trees. What provokes shift is not cultural
selection acting on grammatical or prosodic potential,
but people shifting between two competing languages
because of their associated social ecologies. There
may of course be some associated variation in expres-
sive potential relating to those ecologies (for example,
in terms of specialized vocabulary); in the case of
the Gaelic-speaking fishing communities of East
Sutherland, the death of whose language was studied
closely by Dorian, problems arose when their niche
was irrevocably altered:
Phil. T
Now I should stress here that fisherfolk Gaelic was not

lexically impoverished. The trouble was, that like any

other strictly local speech form deeply associated

with a traditional lifestyle, the richness of the lexicon

was chiefly connected with their own specialized way

of life. There wasn’t much connected with the sea or

with boats that they didn’t have a word for, and they

had a lot of weather terms that reflected the impor-

tance of decisions about whether to put to sea or

not. When I acquired the dialect I learned the names

of more varieties of seaweed than I had ever known

existed, the names for parts of a rabbit snare, and

the term for an egg that emerged from the hen without

an exterior shell. But, not surprisingly, there were no

local words for the parts of a car or for the national

health service

(Dorian 2006, p. 7).
The solution used by Gaelic speakers was to adopt the
English words as loanwords; what drives the shift pro-
cess is not the available specialized lexicon, but the
wider contrast in social and economic potential that
participation in one or other linguistic community
opens up.
rans. R. Soc. B (2010)
We have not considered here the reasons why a phy-
logenetic model might explain the historical evolution
of languages in terms of their basic vocabularies;
rather, we have shown that language shift (seen as
selective migration between branches of a language
tree) is another significant force in cultural evolution,
one which may also—in some circumstances—serve
as a mechanism of cultural selection acting on alterna-
tive systems of economic practices and social norms.
Language planners are active in many situations
attempting to reverse or modify this shift process,
while academic linguists increase their effort to
record details of representative samples of these
endangered languages (most of which have no or mini-
mal written corpora) before they disappear. With the
English–Gaelic and the English–Welsh case studies,
we analysed two different scenarios. While the 2001
census showed that the decline in numbers of Scottish
Gaelic speakers had not yet been halted, census data
for Wales in the same year showed that Welsh
seemed to be being maintained at stable levels in a
bilingual sub-population. Analysis of our diglossia
model has shown that the key language-planning
issues for maintenance of an endangered language
are (i) to create or support social domains in which
the endangered language is the preferred or only
acceptable medium of communication and (ii) to
increase the rate of intergenerational transmission of
the endangered language. Other important dimensions
of language maintenance are the creation of economic
incentives (e.g. jobs created to implement language-
planning-related initiatives and which themselves
require skills in the endangered language), and the
establishment of corpora of written texts in the endan-
gered language as a cultural archive and as a medium
of continuing cultural self-expression. Without
stabilizing a sustainable level of intergenerational
transmission, language planners will have to rely on
constant interventions in formal public domains (e.g.
in the school curriculum) to counter the continuing
outflux from bilingualism by individual households.
An indication of one cause of this background outflux
from Gaelic-speaking bilingualism can be found in the
2001 Scottish census data (General Register Office for
Scotland 2005): 70 per cent of children aged 3–15
years speak Gaelic in households in which a married
or co-habiting couple both speak Gaelic, while the per-
centages are only 18 per cent if the male partner alone
speaks Gaelic, and 27 per cent if the female partner
alone speaks Gaelic. This is the current reality of inter-
generational transmission in an environment where
languages compete with very unequal external advan-
tages. The success of current planning interventions
in reversing language shift and preserving Welsh and
Gaelic as living languages will be assessed when results
are available from the next Welsh and Scottish
censuses in 2011.
5. MODEL AND METHODS
(a) Basic model

We examine the dynamics of language shift as a
spatially dependent competitive process using the
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reaction–diffusion system:

@u1

@t
¼ d1Du1 þ a1u1 1� u1

K � ðu2 � u3Þ

� �

� c31u3u1 þ c12u2u1

@u2

@t
¼ d2Du2 þ a2u2 1� u2

K � ðu1 � u3Þ

� �

þ ðc13 þ c31Þu1u3 � ðc12u1 þ c32u3Þu2

@u3

@t
¼ d3Du3 þ a3u3 1� u3

K � ðu1 � u2Þ

� �

� c13u1u3 þ c32u2u3;

9>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>;

ð5:1Þ

with the boundary conditions @ui/@n ¼ 0, x [ @D,
i ¼ 1,2,3, where @/@n is the outer normal derivation.
The time- and space-dependent variables u1 and u3

stand for the frequencies of monolingual speakers of
Language A and Language B, respectively, whereas
u2 describes the frequency of bilingual speakers of
both languages. The terms @ui/@t, i ¼ 1,2,3, indicate
the rate of change in these frequencies over time.
The terms on the right-hand side of the equations in
system (5.1) describe the changes in the frequency of
speakers in each of the three sub-populations u1, u2

and u3. The components aiui(1 2 ui/(K 2(uj þ uk))
define the internal reproductive rates, which represent
coupled biological and cultural reproduction within
each sub-population. This is usually modelled (as
shown here) as a logistic process with intrinsic rate of
increase ai. The variable K stands for the carrying
capacity of the environment and defines an upper
limit to the size of the whole population regardless of
the languages spoken, which imposes the condition
u1 þ u2 þ u3 � K for any time t (i.e. we assume that
our human sub-populations must compete for a
common resource base). For a detailed analysis of the
relevance of this self-limiting term, see Kandler &
Steele (2008). The mobility of speakers of each sub-
population in space within the modelled region is
modelled by the diffusion terms diDui. The language
shift dynamics is modelled in system (5.1) by the fre-
quency-dependent conversion term cijuiuj. The
coefficients c13 and c31 represent the likelihood of
language shift causing speakers to become bilingual
based on the differential prestige or attractiveness of
the two competing languages. Following Minett &
Wang (2008), we assume c31 ¼ ~c31s and
c13 ¼ ~c13ð1� sÞ; where the variable s describes the
social status differences between the two languages
on a scale from 0 to 1. The higher the status of a
language, the higher is the likelihood of being the pre-
ferred target of shifting. The coefficients ~c13 and ~c31

model the likelihood that monolinguals will respond
to these status differences by learning the other
language. Language shift cannot happen by passing
directly from being monolingual in one language to
being monolingual in the other language, but must
involve a bilingual transition state. The bilingual sub-
population therefore recruits from both monolingual
sub-populations at a rate (c13 þ c31)u1u3. In turn,
bilinguals shift to being monolingual in one or other
Phil. Trans. R. Soc. B (2010)
language at rates c12u1u2 (representing the loss to
monolingualism in Language A) and c32u3u2 (repre-
senting the loss to monolingualism in Language B).
The coefficients c12 and c32 represent the likelihood
of bilingual speakers then becoming monolingual in
each of the two languages. In real life, this transition
back to monolingualism happens when bilingual
parents choose to raise their children monolingually,
or when speakers reared as bilinguals in bilingual
households abandon one of their languages during
their lifetime. We define the overall balance of com-
petitive advantage to speaking each language on the
base of the conversion rates: for example, fluency in
Language A can be assumed to be more advantageous
if it holds that c31 , c13 and c12 . c32. This implies that
when the monolingual sub-populations are compared,
monolinguals of Language A are less likely to become
bilingual, and bilinguals are more likely to shift to
speaking only Language A.
(b) Diglossia model

To model the effects of planned interventions on
stable societal bilingualism, we generalize the basic
language shift model (5.1) by incorporating a simpli-
fied concept of (extended) diglossia. While in the
majority of social domains the shift mechanisms of
the basic model apply, diglossia pertains to some
restricted social domain in which the balance of
competitive advantage differs from that which
drives the main shift process. We now assume that
the language that tends to lose its speakers in the
majority of social domains can nonetheless be the
preferred language in a more restrictive domain or
set of domains. We therefore generalize the basic
model (5.1) by allowing for the possibility that in
such domains language use is determined by an
alternative set of social norms or prescriptions. This
assumption results in a change of the shift dynamics.
In our basic model, the reason for monolinguals
becoming bilingual is simply that it is a required
transition state on the way to being monolingual in
the other language. In the diglossia model, we now
also allow people to become bilingual as the
preferred ‘end state’. If monolinguals of the disad-
vantaged language want to participate in domains
where the advantaged language is required (such as
higher education or ‘global’ businesses), they need
to learn that second language. This is modelled by
the term w3u3 where w3 measures the demand for
participation in these domains. However, as long as
the low-status language is still used, there is also
the possibility that the low-status language is the
required language in some domains (such as small
‘local’ businesses or service encounters). Such
domains might also be created by political interven-
tions (e.g. legislation that requires use of the
endangered local language in a specific set of con-
texts). This dynamics is incorporated into model
(5.2) by the term w1r(u2)u1. Again, w1 models the
demand of participation of monolinguals of
the high-status language in these domains and the
function r(u2) controls for the frequent use of the
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low-status language.6 These considerations lead to
our second model:

@u1

@t
¼ d1Du1 þ a1u1 1� u1

K � ðu2 � u3Þ

� �

� w1rðu2Þu1 � c31u3u1 þ c12u2u1

@u2

@t
¼ d2Du2 þ a2u2 1� u2

K � ðu1 � u3Þ

� �
þ w3u3

þ w1rðu2Þu1 þ ðc13 þ c31Þu1u3

� ðc12u1 þ c32u3Þu2

@u3

@t
¼ d3Du3 þ a3u3 1� u3

K � ðu1 � u2Þ

� �

� w3u3 � c13u1u3 þ c32u2u3:

9>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>;
ð5:2Þ

Both systems of partial differential equations are
implemented in Cþþ and solved numerically using
the finite-element method.
(c) Data

Data for Scottish Gaelic speakers are from the decen-
nial census of Scotland (see electronic supplementary
material). The first census to enumerate Gaelic speak-
ers was that of 1881, but only from 1891 were data
gathered separately on numbers of Gaelic monolin-
guals and Gaelic–English bilinguals (in all cases,
among those aged 3 years or older). After 1961, no
data were collected on the incidence of Gaelic mono-
linguals, as these were assumed by that time to be
approaching extinction. From 1891 until 1971, the
census enumerations were collated and analysed on
the basis of the old county divisions (the Highland
counties of the Gaidhealtachd included Argyll, Inver-
ness, Ross and Cromarty and Sutherland). From
1981 onwards, these counties were subsumed into
new administrative units. The new Highland region
includes most of Inverness, the majority of Ross and
Cromarty, Sutherland and a small portion of Argyll;
it also includes Caithness and Nairn, and a small por-
tion (5%) of Moray. The remaining portions of
Inverness and Ross and Cromarty make up the new
Western Isles region, while the remainder of Argyll
and Bute is included in the new Strathclyde region.
To document trends in Gaelic speaking in the wider
Gaidhealtachd as a single area, we have therefore also
collated data from the pre-1981 counties of Argyll,
Bute, Caithness, Inverness, Nairn, Ross and Cromarty
and Sutherland, and compared this with collated data
from the most recent three censuses for the adminis-
trative regions of Highlands and Western Isles, and
for the unitary council area of Argyll and Bute
within the modern Strathclyde administrative region.
In the most recent 2001 census, enumeration was
extended to include those who stated that they could
understand Gaelic but not speak it; we have excluded
these instances in order to retain comparability with
the earlier records (which enumerate only those with
Gaelic-speaking skills).

Data for Welsh speakers are from the decennial
census of England and Wales. The first census to
Phil. Trans. R. Soc. B (2010)
enumerate Welsh speakers (monolinguals and
Welsh–English bilinguals) was that of 1891, but
there was some dissatisfaction with the phrasing of
the language question and with the definition of an
age cut-off for young children. From 1901, the enu-
meration was limited to those aged 3 years or older.
After 1981, no data were collected on the incidence
of Welsh monolinguals, as these were assumed by
that time to be approaching extinction. In the most
recent 2001 census, enumeration was extended to
include those who stated that they could understand
Welsh but not speak it; we have excluded these
instances in order to retain comparability with the
earlier records (which enumerate only those with
Welsh-speaking skills). The model-fitting procedure is
described in the electronic supplementary material, S3.
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ENDNOTES
1In this context, Jones studied two Welsh dialects and pointed out

that ‘dialect death in Wales may involve the divesting of regional

features and an approximation to a commonly accepted uniform var-

iety that is being proliferated throughout the speech community’

(Jones 1998, p. 2).
2See Patriarca & Leppänen (2004), Mira & Paredes (2005),

Stauffer & Schulze (2005), Pinasco & Romanelli (2006), Castelló

et al. (2007), Kandler & Steele (2008), Schulze et al. (2008),

Minett & Wang (2008), Kandler (2009) and Patriarca & Heinsalu

(2009).
3See also Baggs & Freedman (1990, 1993) and Wyburn & Hayward

(2008, 2009).
4We estimate the growth and diffusion parameters a1i and di from

demographic data. In order to determine the shift rates cij, we calcu-

late the best fit (in a quadratic sense) of model (5.1) to the empirical

census data, using the pre-estimated parameters ai and d and leaving

the competition terms free to vary (see electronic supplementary

material, S3, ‘Model fitting’, for further information).
5Improvement is quantified in terms of a smaller quadratic distance

between the model outcome and the empirical data.
6The function r(u2) is assumed to be 1 if u2 is sufficiently large but

tends to zero if the frequency of the bilingual population becomes

too small (e.g. r(u2) can be modelled as a step function).
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