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The effect of cultural transmission on shared
sign language persistence
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ABSTRACT In this paper, we revisit a mathematical model of sign language persistence by
Aoki and Feldman (Theor Popul Biol 39(3):358-372, 1991), which investigates the evolution
of genes causing deafness, affected by an assortative mating parameter, and the cultural
transmission of sign language. To assess their model, we reimplement it as an agent-based
simulation to be able to easily represent structured relationships in a finite population. We
study the persistence of shared sign languages, a categorization of sign languages, which are
typically shared by deaf and hearing members of a small community with a high incidence of
hereditary deafness (Nyst, 2012. Shared sign languages. Sign language: An international
handbook, pp. 552-574). We observe how shared sign language persistence is affected by
hearing signers, marriage patterns, and various modes of sign language transmission: vertical,
horizontal, oblique, and grandparental transmission. In contrast to Aoki and Feldman’s (Theor
Popul Biol 9(3):358-372, 1991) finding that modes of transmission other than vertical are
negligible, in the agent-based model we find that adding modes of transmission helps to
ensure shared sign language persistence. A better understanding of sign language persis-
tence has relevance for processes of cultural evolution, (sign language) linguistics, and
language endangerment.
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Introduction

uman evolution has been shaped by interactions between

genes and culture (Aoki and Feldman, 1991). The theory

of gene—culture coevolution posits that genes and culture
are interacting systems, in which offspring inherit both genetic
and cultural material (Feldman and Cavalli-Sforza, 1976). Models
of gene—culture coevolution typically find faster rates of change
than models from conventional population genetics (Feldman
and Laland, 1996). Additionally, in response to human cultural
activity, genes (sometimes deleterious from a purely biological
perspective) have undergone positive selection. It has been esti-
mated that up to 10% of the human genome may be influenced by
positive selection (Williamson et al., 2007), a few examples being
lactase persistence (Holden and Mace, 2009; Bersaglieri et al.,
2004), handedness (Laland et al., 1995) and the evolution of
language-facilitating genes like FOXP2 (Coop et al, 2008).
However, it is difficult to thoroughly examine many of these
cases; the phenotype and cultural conditions favoring a given
phenotype are no longer available for examination, as these
changes have taken place at various points in the course of human
evolution.

In this article, we revisit a unique case of gene-culture coevo-
lution for which we have recent to present-day genetic and cul-
tural evidence, namely, the coevolution of sign language and
hereditary deafness. Some sign languages in use today have per-
sisted for over 200 years (e.g. ASL: Woll et al., 2001), while others
are very young, such as Nicaraguan Sign Language which is not
more than 40 years old (Senghas, 2005). Certain sign languages
have been documented in great detail by geneticists, anthro-
pologists, sociologists, and linguists, providing ample material to
model the factors contributing to sign language persistence (for
examples, see sociolinguistic sketches in Zeshan and de Vos,
2012; for further discussion see Mudd et al,, in press). In addition,
models of gene-culture coevolution have typically been under-
taken without knowledge of the underlying genes involved
(Laland et al., 2010). But, the genes involved in hereditary deaf-
ness are fairly well understood (Petit, 1996); hence it is possible to
precisely model the genetic and cultural factors involved in her-
editary deafness and sign language use.

Aoki and Feldman (1991, 1994) and Feldman and Aoki (1992)
investigated this unique case, where sign language persistence (i.e.
protection from loss) is said to depend on genetic factors and
cultural factors, such as marriage and sign language transmission.
In the present research, we re-evaluate these models to further
investigate what conditions favor the persistence of shared sign
languages (i.e. sign languages that have emerged in enclaves with
a high incidence of hereditary deafness and are typically shared
by both deaf and hearing members of a community, Nyst, 2012).
In order to re-evaluate their work, we conducted a parameter
exploration using an agent-based model. With an increasing
amount of sign language documentation, it is possible to make
more accurate and data-driven models of sign language persis-
tence. Here, we present a first step taken to make such a model.
We focus our study mainly on the effect of the various modes of
cultural transmission of sign language, but also on the role of
hearing individuals and marriage patterns on sign language
persistence.

Modes of cultural transmission

Cavalli-Sforza and Feldman (1981) introduce and outline various
modes of cultural transmission: vertical transmission is from
parents to offspring, oblique transmission is from an individual of
the parental generation (but not the parents) to the offspring, and
horizontal transmission is between individuals of the same gen-
eration. These modes of cultural transmission have been at the

heart of cultural evolution research. The general finding is that
different modes of cultural transmission have different effects on
a given cultural entity; for example, Acerbi and Parisi (2006)
consider the effect of horizontal and oblique cultural transmission
on the cultural emergence of effective behaviors. They posit that
horizontal transmission introduces random noise (and thus, adds
more variability) in the process of cultural transmission, whereas
inter-generational transmission (here, vertical and oblique
transmission) is more faithful. Gong et al. (2010) and Gong and
Shuai (2016) confirm this general finding in a study of the con-
vergence of linguistic knowledge, finding that vertical, oblique,
and grandparental transmission help to preserve the original
language while horizontal transmission introduces changes to it.

The study of language evolution has focussed specifically on
the contributions of the different modes of cultural transmission
on linguistic structure, using a prominent methodology in the
study of language evolution called the iterated learning model. In
this paradigm, individuals acquire a behavior from another
individual who has acquired that behavior in the same way. As
learners do not have access to the entire linguistic repertoire of
their tutor, they are forced to generalize (Kirby and Hurford,
2002). Using the iterated learning model, the emergence of
compositionality can be explained by cultural transmission alone,
and does not require a biological explanation (Kirby, 2001). This
paradigm initially implemented vertical transmission between
single-agent generations (e.g. Kirby and Hurford, 2002), and was
expanded upon to consider larger generations (e.g. Smith and
Hurford, 2003), horizontal transmission (e.g. Kirby, 2000) and
both vertical and horizontal transmission (Theisen-White et al.,
2011). Though these experiments were initially conducted using
mathematical and computational modeling, more recently these
models have been tested experimentally in the lab with partici-
pants learning and producing nonce words (Kirby et al., 2008)
and using the silent-gesture paradigm (i.e. improvised sign lan-
guage, Motamedi et al., 2019). The main conclusions from this
line of research are that horizontal transmission makes language
efficient, while inter-generational (vertical and oblique) trans-
mission makes language systematic. Emerging sign languages
provide naturalistic evidence of the role of these transmission
types: for example, horizontal transmission in one single gen-
eration can lead to sign language emergence (Senghas et al., 2004)
and subsequent learners exhibit various degrees of linguistic
cohesiveness depending on which types of transmission (vertical,
horizontal or both) they are exposed to (Gagne, 2017).

Models, laboratory experiments, and naturalistic data have
begun to clarify the role of the different modes of cultural
transmission on linguistic features. However, still unclear, is the
role of these various transmission modes on language persistence.
In this paper, we focus on the role of vertical, horizontal, oblique,
and grandparental transmission on sign language persistence.
Depending on the society, different cultural elements may be
acquired by varying proportions of the outlined modes of cultural
transmission (for an example, see Hewlett and Cavalli-Sforza,
1986). A better understanding of the role of different modes of
cultural transmission on the persistence of a cultural trait has
implications for the study of language vitality and endangerment,
cultural evolution and (sign language) linguistics.

Models of sign language persistence

A number of models have addressed sign language persistence
(Aoki and Feldman, 1991, 1994; Feldman and Aoki, 1992; Arnos
et al.,, 2008; Nance et al., 2000; Nance and Kearsey, 2004). The
focus of these models has largely been on assortative mating
based on deaf/hearing status (i.e. to what extent deaf individuals
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have a tendency to have offspring with deaf individuals, and to
what extent hearing individuals have a tendency to have offspring
with hearing individuals). I will briefly outline some of the
components and contributions from two key models.

Aoki and Feldman (1991) consider how genetic and cultural
sign language transmission affect the persistence of a sign lan-
guage. Their model assumes that deaf individuals are more likely
to acquire a sign language than hearing individuals, and that
(unlike hereditary deafness) sign language cannot skip a genera-
tion and reappear by vertical transmission alone. The main
findings are the following: sign language persistence is more easily
achieved with (a) a high proportion of hearing individuals
acquiring the sign language, (b) a high proportion of recessive
alleles for deafness in the population, and (c) a high value of
assortative mating for deaf/hearing status. To clarify, a high value
of assortative mating for deaf/hearing status results in pre-
dominantly deaf-deaf mating and hearing-hearing mating (in
other words, like has offspring with like). A low value of assor-
tative mating means indifference towards the deaf/hearing status
of one’s partner. Additionally, Aoki and Feldman (1991) test the
effect of other factors on sign language persistence, such as the
role of oblique and horizontal cultural transmission of the sign
language, and conclude that their effects are negligible on sign
language persistence.

Aoki and Feldman (1991) focus one one specific case, with
vertical transmission alone from deaf parents to deaf offspring, in
a population with a single monogenic form of recessive deafness.
In this case, the conditions for signers to persist in a population is

21.[(1 — m)q + m]>1 (1)

where . is the probability of a deaf child acquiring a sign language
with only one signing parent, m is the proportion of assortative
mating for deaf/hearing status, and q is the frequency of recessive
alleles causing deafness. According to this model, the inequality
(1) cannot be satisfied if m is small (Aoki and Feldman, 1991). In
other words, if mating is random with regards to deaf/hearing
status, the model does not predict sign language persistence.

To expand on their previous model, Feldman and Aoki (1992)
describe a method to account for the cultural transmission of a
sign language from grandparents to grandchildren. Their method
consists of two overlapping mother—father-child triplets, allowing
sign language transmission between the maternal grandmother
and grandchild. For this model, the following assumptions are (a)
a high rate of assortative mating, (b) the absence of horizontal or
oblique transmission, and (c) sign language transmission only
between deaf individuals. Given this set of assumptions, Feldman
and Aoki (1992) find that grandmaternal transmission bolsters
sign language persistence in cases where vertical transmission
alone was insufficient.

It is important to note that these models were developed with
Western populations in mind, evidenced by cited literature and
modeling decisions. To begin, Aoki and Feldman (1991) cite the
high proportion of deaf-deaf marriages in the US and in England
(Kyle and Woll, 1985) and the incidence of deafness in the British
Isles, representing 0.1% of the population (Fraser, 1976). Next,
horizontal and oblique transmission are modeled as transmission
between random individuals in an individual’s same generation
and parental generation, respectively, as opposed to modeling
transmission within the family (ie. horizontal transmission
between siblings, and oblique transmission between an individual
and their aunts/uncles). Horizontal and oblique transmissions are
modeled this way presumably to represent sign language trans-
mission occurring in deaf schools (Feldman and Aoki, 1992).

In sum, Aoki and Feldman (1991) develop a mathematical
model of sign language persistence suited for Western popula-
tions. No values from existing sign language communities are

applied to the model by Aoki and Feldman (1991). With
increased documentation of sign language communities over the
past decades, we can now reconsider this model with inputs from
real sign language communities.

Gialluisi et al. (2013) apply values from the Al-Sayyid Bedouin
sign language (ABSL) community to Aoki and Feldman’s model
(1). ABSL emerged over 80 years ago in a Bedouin community in
the Negev region of Israel. In this community of approximately
3500 individuals, ~2% are congenitally deaf. As deafness in this
community is a hereditary trait, deaf individuals are typically
born to an extended family with deaf members and signers.
Additionally, hearing individuals are prominent members of the
signing community. Deaf individuals are not stigmatized and they
always marry a hearing individual (Senghas, 2005; Kisch, 2012).

Taking into account the characteristics of the community in
which ABSL emerged, Gialluisi et al. (2013) set the inputs to Aoki
and Feldman’s (1991) model (1). For vertical sign language
transmission from parents to deaf offspring, as all deaf individuals
learn to sign in the community, . is set to 1. As a conservative
estimate of the frequency of the recessive deafness allele, g is set to
0.18. Lastly, because in this community it is the norm for deaf
individuals to marry a hearing individual (Kisch, 2012), m is set
to 0. When these figures are applied to the mathematical model,
the sign language is incorrectly predicted not to persist. Hence,
other factors besides assortative mating and vertical sign language
transmission to deaf individuals must be taken into account in
order to explain sign language persistence in this community.

Gialluisi et al. (2013) highlight that previous models of sign
language persistence have emphasized the role of assortative
mating for deafness, and neglected the role of other features
present in non-Western signing communities (e.g. endogamy,
consanguineous marriages and the cultural integration of deaf
individuals). Thus, these models neglect a group of signing
communities typically called shared sign languages (Nyst, 2012).
These sign languages typically emerge in insular communities
with a high incidence of hereditary deafness (Nyst, 2012; Meir
et al, 2010). In some of these communities, marriages between
deaf individuals are uncommon or not allowed, as in the Ada-
marobe sign language community (AdaSL) (Kusters, 2012) and in
the ABSL community (Kisch, 2012). It is unlikely that marriage
patterns are the key to sign language persistence in these com-
munities (Gialluisi et al,, 2013), as is emphasized in previous
models.

Because of the high proportion of hearing signers typically
taking part in the signing community in shared sign languages
(Nyst, 2012), this may be one of the missing links in explaining
the persistence of these languages. Because Gialluisi et al. (2013)
do not have data about the likelihood of hearing individuals
acquiring ABSL, they do not consider the role of hearing signers
in the persistence of ABSL. In addition, the model they used only
considered vertical transmission. In these communities, it is
unrealistic that vertical transmission alone allows for sign lan-
guage persistence—more modes of cultural transmission should
be considered. There is undoubtedly a plethora of other relevant
aspects of these communities that should be taken into account to
explain sign language persistence in shared signing communities,
as highlighted by Gialluisi et al. (2013). As a detailed example,
Lutzenberger (submitted) outlines the recent developments in the
Kata Kolok community likely affecting the persistence of the sign
language, such as the negative influences of the media and the
decreasing number of deaf children being born, and the positive
influences of education and sign language documentation.
Though we acknowledge these factors are undoubtedly impor-
tant, for the sake of having a simple, interpretable model (see
Smaldino, 2017), we focus on modeling different modes of sign
language transmission, additionally considering the role of
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hearing signers and assortative marriage for deaf/hearing status.
In this exploration, we take into account features of shared
signing communities and apply typical values from them to the
agent-based model created.

The focus of previous models of sign language persistence has
been on the role of assortative mating for deaf/hearing status.
What is yet unexplored is the role of various structured trans-
mission types on sign language persistence—vertical, horizontal,
oblique, and grandparental transmission. Additionally, in the case
of shared sign languages, the role of hearing individuals as par-
ticipants in the linguistic community cannot be ignored in models
of sign language persistence. In shared sign language commu-
nities, deaf individuals always acquire the sign language if pos-
sible, and many hearing individuals do as well. Here, we consider
the effect of hearing individuals as participants in the signing
community. In previous models of sign language persistence,
their role was not sufficiently considered.

Though Aoki and Feldman (1991) and Feldman and Aoki
(1992) do explore the role of various transmission types, they
make several limiting assumptions. First, they assume that only a
small proportion of hearing individuals will acquire the sign
language. Second, likely due to the limitations of mathematical
modeling, grandparental transmission considers only the mater-
nal grandmother. And third, horizontal and oblique transmission
are not structured; in other words, they occur between random
individuals. What is more realistic in shared signing communities
is that language transmission occurs in a structured manner
within the family. Hence, here we model horizontal transmission
as occurring between siblings and oblique transmission as
occurring between an individual and their aunts and uncles.

The present paper makes the following contributions, largely
afforded by reimplementing Aoki and Feldman’s (1991) mathe-
matical model as an agent-based model. Here, we

a. consider realistic values from shared sign languages as input
parameters, such as the population size and prevalence of
deaf alleles

b. model horizontal and oblique transmission as structured
(as opposed to random transmission)

c. allow for sign language transmission from all grandparents

The paper is structured as follows; the next section provides
details of the agent-based model. Subsequently, we present results
from two experiments with realistic values of features from
shared signing communities. In experiment 1, with vertical
transmission alone, we explore the effect of marriage patterns on
sign language persistence. In experiment 2, we consider the role
of various methods of cultural transmission within the family—
vertical, horizontal, oblique and grandparental transmission—on
sign language persistence, as well as the role of hearing signers.
For experiment 2 we focus on the case highlighted by Gialluisi
et al. (2013) for ABSL, namely where marriages between deaf
individuals do not occur. After experiment results and discussion,
we proceed with a general discussion.

Model

This agent-based model can be used to investigate how sign
language persistence is affected by various factors, including (but
not limited to) marriage patterns, population size, proportion of
deafness, and modes of sign language transmission. In the current
investigation, we focus on various modes of sign language
transmission, and also on the effect of marriage patterns and
hearing signers on sign language persistence. One version of this
model is originally described in Mudd et al. (in press), where the
focus was on moving towards a realistic model of shared signing
communities; to do so, the entire family unit was considered for

marriage

create
ageing new
generation

create
initial

—>

F-/ language
acquisition
Ia, h

continue for g iterations

Fig. 1 Visualization of the agent-based model of sign language
persistence. To create the initial population, the input parameters needed
are: the size of a generation (n), the number of deaf agents (d) and the
number of hearing agents carrying a deaf allele (c). Next, continuing for g
iterations, agents age (and are removed from the population after three
years), agents marry based on the assortative marriage parameter (m), a
new generation is created from the offspring of couples, and language
acquisition occurs based on the mode of language transmission (/,) and the
proportion of hearing signers who acquire the sign language if possible (h).

language transmission, and the effect of various other factors
(such as population size) on sign language persistence were
considered. In contrast, the focus of the current modeling effort is
to explicitly test certain modeling decisions made in the models
by Aoki and Feldman (1991) and Feldman and Aoki (1992), such
as the proportion of hearing signers who acquire the sign lan-
guage. The description of the model given here is based on the
one given in Mudd et al. (in press).

The model description follows the ODD (Overview, Design
concepts, Details) protocol for describing agent-based simulations
(Grimm et al., 2006, 2010). The model code is available at https://
doi.org/10.6084/m9.figshare.11522589.v5.

Purpose. The purpose of this model is to explore the factors
allowing for shared sign languages to persist. As shown in Fig. 1,
the agent-based model takes the following values as input
parameters: the number of deaf agents (d), the number of
hearing agents carrying a deaf allele (c), the size of a generation
(n), an assortative marriage value (m), the mode of language
transmission (J,) and the proportion of hearing signers who
acquire the sign language if possible (h) (implemented in the
language acquisition part of the model). Deaf alleles (d and c)
determine the persistence and transmission of deafness while
sign language transmission is determined by the method of sign
language transmission used (I,) and the number of hearing
signers who acquire the sign language if possible (k). The
assortative marriage parameter (m) presents a link, affecting both
sign language transmission and the transmission of recessive
alleles for deafness.

Entities, state variables, and scales. The only entity in the model
is the agent. Agents consist of the following: identity number, age,
sex, genes, parents, partner and sign ability. Agents live for three
generations (0, 1, 2), and at age 1 most agents get married and
reproduce. At any age, agents can transmit or acquire the sign
language.

Process overview and scheduling. The set-up of the model is
outlined in initialization below. After the initialization phase,
each time step consists of the processes outlined in Table 1. For
details of these processes, see “Submodel” section. A schematic
overview of the order of processes and parameter input is
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Table 1 Processes, scheduling, pseudo-code, and
parameters.
Parameters

Process Pseudo-code

Create initial
generation

create n agents n d c
initialize according to gene

inheritance

if agent is deaf

it acquires the sign language

for each agent

increase age by 1

if age is 3

remove agent from population

select agents with age 1 m
perform assortative marriage with

value m

repeat n times n
randomly choose couple
create agent with selected couple
as parents

for each new agent

randomly acquire one allele from
each parent

if the agent acquires two deaf
alleles

it is deaf

else

it is hearing

for each agent

given I,, perform language
acquisition

if deaf

acquire the sign language

if hearing

acquire the sign language with
probability h

Ageing

Marriage

Create new
generation

Gene inheritance

Language acquisition

provided in Fig. 1. The number of agents in one generation is
referred to as n. The full population 7, is comprised of three
generations (aged 0, 1, 2) alive at once.

Initialization. The model takes the following input parameters:
the number of deaf agents (d), the number of hearing agents
carrying a deaf allele (c), the size of one generation (n), the value
for assortative marriage (m), the mode of language transmission
(1), the proportion of hearing signers who acquire the sign lan-
guage if possible (h) and how many generations the model runs
for (g). The initial number of agents in the model is one gen-
eration (n), equaling a third of the total population size of a sign
language community, calculated by #1,0,1/3. The gene distribution
for these agents is set according to d and c (see section “Submodel
gene inheritance”). In the first generation, all deaf agents are
signers.

Submodel gene inheritance. When an agent is born, it inherits
one allele from each of its parents. From each parent, the agent
inherits either an allele causing deafness (a recessive allele (d)) or
an allele that does not cause deafness (a dominant allele (D)). As
the model pertains to recessive hereditary deafness, only agents
who acquire two alleles causing deafness, homozygous recessive
(dd), have a deaf phenotype. Agents who acquire only one allele
causing deafness, heterozygous (dD) or (Dd), are carriers of the
allele causing deafness, and, along with agents acquiring no alleles
causing deafness, homozygous dominant (DD), have a hearing
phenotype.

Table 2 Summary of experiment 2 results.

I, h

\Y >0.4
VH >0.3
VO >0.1
VG >0.1
VHO >0.1
VHG >0.1
VOG >0
VHOG >0

For the initialization of genes in the first generation, input
parameters needed are the size of a generation (1), the number of
deaf agents (d), and the proportion of hearing agents carrying a
deaf allele (c). The number of deaf agents in the initial generation
is calculated by n-d, and the number of hearing carriers of the
deaf allele is calculated by n-c. The remaining agents in the
population are hearing agents carrying no deaf alleles.

Submodel language acquisition. Acquiring sign language is
modeled as a binary variable; thus, agents either acquire the sign
language or they do not acquire the sign language. Agents cannot
unlearn the sign language once it is acquired. Depending on the
language acquisition method specified (l,), an agent has the
opportunity to acquire the sign language from their parents via
vertical transmission (V), their siblings via horizontal transmis-
sion (H), their aunts and uncles via oblique transmission (O) and
their grandparents via grandparental transmission (G). Language
acquisition is modeled as combinations of these transmission
types; the possible model inputs for language acquisition are the
following: vertical transmission alone (V), vertical and horizontal
transmission (VH), vertical and oblique transmission (VO),
vertical and grandparental transmission (VG), vertical, hor-
izontal, and oblique transmission (VHO), vertical, horizontal, and
grandparental transmission (VHG), vertical, oblique, and
grandparental transmission (VOG), or vertical, horizontal, obli-
que and grandparental transmission (VHOG) (Table 2).

In language acquisition, deaf agents always acquire the sign
language if possible (i.e. if an agent knows the sign language given
the transmission method specified). Meanwhile, if possible,
hearing agents acquire the sign language with probability h.

Submodel assortative marriage. All agents who are age 1 are
eligible to get married. The assortative marriage value (m) spe-
cifies the proportion of agents seeking a partner with the same
phenotype. Hence, we calculate the number of deaf agents in a
deaf-deaf marriage and hearing agents in a hearing-hearing
marriage. The number of deaf agents that marry a deaf agent is
calculated by the number of deaf agents in a generation ng = n-d,
multiplied by the assortative marriage value (), yielding ng-m.
The number of hearing agents that marry a hearing agent is
calculated by finding the number of eligible hearing agents in a
generation, n, =n — ng, and multiplied by the assortative mar-
riage value (m), yielding ny,-m. The remaining agents in a given
generation, n — (ng-m+ ny-m), are randomly married with
respect to deafness. In addition to the possibility of specifying the
proportion of m, it is also possible for m to be set to no_dd, where
marriages between deaf agents are prohibited. For all possible
settings of m (values 0 to 1 and no_dd), marriages between sib-
lings are prohibited. It is possible that due to constraints (no
sibling marriages, female-male marriages and the marriage type
specified) some agents are left unmarried.
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Results and discussion

All results of model simulations presented here are of 100 model
runs. The model output consists of agent characteristics recorded
at each time step. In the current analysis, we focus on the pro-
portion of signers in the population. In the figures presented in
the following sections, the dark line represents the median and
the shaded area represents the first and third quartiles, calculated
at each time step. If the error region (i.e. the shaded area repre-
senting the first and third quartiles) of one experiment overlaps
with the median (represented by the dark line) of another
experiment, then there is no significant difference in result
between the two.

In the following experiments, the size of one generation (n) is
1000, totaling 3000 for the entire population at once. In the first
time step of the model there are 1000 agents (i.e. generation one),
in the second time step of the model there are 2000 agents (i.e.
generation one and two) and in the third time step of the model
there are 3000 agents (generation one, two and three). From the
third generation onward the population size is 3000. Agents live
for three generations. In line with previous models of sign lan-
guage persistence (Aoki and Feldman, 1991; Feldman and Aoki,
1992), we assume an equilibrium distribution with respect to
allele frequencies based on the Hardy-Weinberg principle in the
initial generation. The proportion of deaf individuals in the first
generation (d) is 0.02. To achieve an equilibrium distribution, the
proportion of hearing carriers of the deaf allele in the initial
generation (c) is 0.24. The model is run for 50 generations (g).

In experiment 1, assortative marriage (m) is varied and sign
language transmission (I,) consists of vertical transmission alone.
In experiment 2, assortative marriage (m) is not present, and
instead, marriages between deaf individuals are prohibited.
Experiment 2 focuses on the different modes of sign language
transmission (vertical, horizontal, oblique and grandparental
transmission) and the role of hearing signers on sign language
persistence.

Experiment 1: assortative marriage. In experiment 1, we
investigate the role of assortative marriage on sign language
persistence with vertical transmission alone. Aoki and Feldman
(1991) find that assortative mating is important for sign language
persistence. The assortative marriage parameter used here spe-
cifies the proportion of marriages that occur between deaf agents
and between hearing agents. For example, if the assortative
marriage parameter is set to 0.4, then 40% of deaf agents marry a
deaf agent and 40% of hearing agents marry a hearing agent. The
remaining 60% of agents are married randomly, with no pre-
ference regarding the deaf/hearing status of their partners.

Here, we conduct an exploration of the effect of this parameter
on sign language persistence with the following values for m: 0.0,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. When the value for
assortative marriage is 0.0, all agents are randomly married with
respect to the deaf/hearing status of others. Thus, there is a
chance that a deaf agent marries another deaf agent. This chance
is slim, as the proportion of deaf agents in the population is small
given the current parameter settings. There are documented sign
languages where marriages between deaf individuals do not occur
(e.g. ABSL and AdaSL). To ensure that no marriages occur
between deaf individuals, we implement a marriage parameter
which ensures that all deaf agents marry a hearing agent (no_dd).

In this set of experiments, the parameter settings are the
following: vertical transmission of the sign language occurs from
deaf signing parents to deaf children, the proportion of hearing
agents acquiring the sign language (h) is 0, the total population
size is 3000 (one generation, #, is 1000), the proportion of deaf
individuals in generation 1 (d) is 0.2, the proportion of hearing

m=0.8 m=no_dd
9=0 OTA OTA O—TA OTA
1 O @A O O 04 @ =,
. e e Oe =

Fig. 2 Two hypothetical model runs showing a few agents per generation
in experiment 1 (vertical transmission only and no hearing signers) with
assortative marriage (im) set to 0.8 (m = 0.8) and when deaf-deaf
marriages are prohibited (m = no_dd). Deaf agents are in black and
hearing agents are in white. The genetic makeup of these agents
(homozygous recessive, heterozygous, homozygous dominant) is not
shown here. Agents who have acquired the sign language are outlined in
red. The graphic illustrates why it is more likely that sign language persists
when the value of assortative marriage is higher (here, m = 0.8) compared
to when deaf-deaf marriages do not occur (m = no_dd).

carriers of the deaf allele (c) is 0.24 and the number of generations
in the simulation (g) is 50. The parameter under investigation,
assortative marriage (m), is varied in a set of experiments. Two
hypothetical runs of the model, one with m =0.8 and one with
m =no_dd, are presented in Fig. 2.

We find that the sign language persists in these experiments
when the assortative marriage value is set between 0.6 and 0.9,
shown in Fig. 3. To understand this result, it is necessary to consider
the connection between genes causing deafness, the cultural
transmission of the sign language and marriage norms. As discussed
in Mudd et al. (in press), deaf-deaf marriages always yield deaf
offspring. In this model, we only consider hereditary deafness (as
opposed to deafness due to other causes), a simplification made for
modeling purposes. Though non-congenital deafness may also be
present in shared signing communities, it is the unusually high
incidence of hereditary deafness which characterizes these commu-
nities (Nyst, 2012). Because deaf-deaf marriages always yield deaf
offspring in the model, high values of assortative marriage ensure
sign language persistence. On the contrary, when the assortative
marriage parameter is low (under 0.6), less marriages between deaf
agents occur (as compared to those when m is above 0.5), thus less
deaf agents are less likely to be born, and thus the sign language is
less likely to be transmitted.

This result will be explained using two hypothetical model runs
illustrated in Fig. 2, with m =0.8 (left) and m =no_dd (right).
The first generation (g=0) of each hypothetical run starts with
the same configuration: two couples, each with one deaf, signing
male (the deaf agents in the first generation are always signers). In
the second generation (g=1), when m =0.8, the deaf agents
marry and have two deaf offspring. The signing father transmits
the sign language to the two daughters. When m =no_dd, a deaf
agent marries a hearing agent. They have a deaf daughter and a
hearing daughter (due to randomly choosing a gene from each
parent to determine the offspring’s genetic composition). Because
neither parent is a signer, the deaf daughter does not acquire the
sign language. In the last generation (g = 49), deaf agents are more
likely to be signers when m = 0.8, compared to when m = no_dd.

This example highlights the effect of marriage patterns on sign
language persistence. We see a clear interaction between genes
and culture: marriage norms shape partner choice, which in turn
affects the likelihood of having a deaf offspring, which in turn
affects sign language transmission (because here, sign language
transmission only occurs from deaf parents to deaf offspring).
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Fig. 3 Experiment 1 considers the effect of the assortative marriage parameter (m) on sign language persistence, with vertical transmission alone and
with no hearing agents acquiring the sign language. a Shows the proportion of signers over 50 generations with varying values of assortative marriage
(m). The dark line represents the median at each time step and the shaded area represents the first and third quartiles. b Shows the proportion of signers at
generation 50 with varying assortative marriage values (m). The dots represent the median at generation 50 and the line represents the first and third
quartiles. Note that the colored dots at generation 50 in a correspond to the colored dots in b.

This example also shows how it would be easier for the sign
language to persist with more transmission types and hearing
signers. Given different parameter settings with regards to these
two factors, when m =no_dd, the deaf female in the third
generation (g=2) would have been able to acquire the sign
language via grandparental transmission (from the deaf grand-
father to his deaf granddaughter) or from a hearing signer (e.g. if
her hearing father had acquired the sign language from his deaf,
signing father).

However, this does not explain why the sign language does not
persist when m is set to 1. In this case, all deaf agents are married to
another deaf agent, and all hearing agents are married to another
hearing agent. As discussed in more detail in Mudd et al. (in press),
when assortative marriage is complete, the sign language does not
persist. This counterintuitive result can be explained by certain
constraints imposed in the agent-based model, namely that only
female-male marriages occur and siblings cannot marry. Because
the number of deaf agents in the population is small, as specified by
the parameter settings used in these simulations (in the initial
generation, 2% of the population is deaf), it sometimes happens that
a deaf agent does not marry because of the marriage constraints.
Hence, these constraints impose a fitness disadvantage for deaf
agents, which occur only when the proportion of deaf agents in the
population is small. Though these marriage constraints were not
present in the mathematical model, we find that they present a
slightly more realistic representation of shared signing commu-
nities, demonstrating under what circumstances hereditary deafness
can be transmitted.

Experiment 2: structured sign language transmission methods.
In line with Gialluisi et al. (2013), we continue to investigate the
observed case where no deaf-deaf marriages occur (m = no_dd).
This marriage pattern has been reported for the AdaSL com-
munity and the ABSL community. As shown by Gialluisi et al.
(2013) and in experiment 1, current models of sign language
persistence with vertical transmission alone have not been able to
explain how these sign languages persist. However, when the
values from ABSL were applied to Aoki and Feldman’s (1991)
model, they were applied without considering methods of sign
language transmission other than vertical and also without con-
sidering hearing individuals who may take part in a signing

community. In experiment 2, we expand on previous research in
that we consider both of these factors.

In addition, previous models of sign language transmission
modeled random horizontal and oblique transmission (Aoki and
Feldman, 1991). Here, we consider structured transmission within
the family. Further, we consider all grandparental interactions as
opposed to just the maternal grandmother, as modeled by
Feldman and Aoki (1992). In experiment 2, we investigate the
role of different modes of cultural transmission on sign language
persistence. We investigate various possible combinations of
vertical, horizontal, oblique and grandparental transmission. In
this experiment, vertical transmission is always present as it needs
to be there to ensure transmission from generation to generation.
For example, horizontal transmission alone would not allow the
sign language to persist over multiple generations. We investigate
eight different cases: vertical transmission alone (V), vertical and
horizontal transmission (VH), vertical and oblique transmission
(VO), vertical and grandparental transmission (VG), vertical,
horizontal and oblique transmission (VHO), vertical, horizontal
and grandparental transmission (VHG), vertical, oblique and
grandparental transmission (VOG), and vertical, horizontal,
oblique and grandparental (VHOG). In addition, we consider
the role of hearing signers on sign language persistence with the
parameter h. If a hearing individual can acquire the sign language
via any of the modes of cultural transmission specified, they
acquire it with probability h. We consider the following values for
h:0.0,0.1,0.2,0.3,0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. The value specified
for h is applied to all modes of cultural transmission in a given
simulation. For instance, in the simulation VG with h set to 0.5,
hearing agents who can acquire the sign language via vertical
transmission will acquire the sign language with 0.5 probability
and hearing agents who can acquire the sign language via
grandparental transmission will acquire the sign language with 0.5
probability. We would like to emphasize that none of these
transmission types are realistic in isolation, but to understand the
contribution of each, we isolate each (though, keeping vertical
transmission) (Fig. 4).

We find that the more modes of cultural transmission present, the
lower the proportion of hearing signers is needed for the sign
language to persist. With vertical transmission alone (V), the
probability of hearing signers acquiring the sign language must be
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Fig. 4 Experiment 2 considers the effect of different methods of cultural transmission of the sign language (V, VH, VO, VG, VHO, VHG, VOG, and
VHOG) and the probability that a hearing agent acquires the sign language (h), when no deaf-deaf marriages occur (m = no_dd). For each of these
transmission methods, a shows the proportion of signers over 50 generations with varying values of hearing agents acquiring the sign language when
possible (h). The dark line represents the median at each time step and the shaded area represents the first and third quartiles. b shows the proportion of
signers at generation 50 with varying values of hearing agents acquiring the sign language when possible (h). The dots represent the median at generation
50 and the line represents the first and third quartiles. Note that the colored dots at generation 50 in a correspond to the colored dots in b.

over 0.5. We can compare this result to vertical and horizontal
transmission (VH), vertical and oblique transmission (VO) and
vertical and grandparental transmission (VG). In comparing these
separate transmission methods, we see that grandparental transmis-
sion and oblique transmission drastically decrease the proportion of
hearing signers needed to acquire the sign language for sign language
persistence (h must be over 0.1). On the other hand, the effect of
adding horizontal transmission is not as extreme: the probability
that hearing signers acquire the sign language must be over 0.3.
Why is horizontal transmission less successful than oblique
and grandparental transmission? This is likely because agents can
acquire the sign language from more agents via oblique and

grandparental transmission than horizontal transmission. With
grandparental transmission, agents can acquire from four grand-
parents: a set of grandparents on the mother’s side and a set of
grandparents on the father’s side. With oblique transmission, the
number of agents that an agent may acquire the sign language
from depends on the number of siblings their parents have.
However, because the siblings of both parents are considered, this
number will on average be higher than the number of siblings an
agent has. Thus, the finding that grandparental and oblique
transmission are more beneficial than horizontal transmission
can simply be explained by the number of communication
partners an agent can have given the transmission mode.
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In addition, we find that without any hearing individuals
partaking in the signing community, the sign language is not
predicted to persist. Even when all modes of transmission are
present (VHOG), some hearing individuals (over 0%) need to
partake in the signing community for the sign language to persist.
In the context of shared sign languages, hearing signers often
make up a large percentage of the signing community (Nyst,
2012). Hence, the persistence of shared sign languages where
deaf-deaf marriages do not occur can be explained by considering
several modes of sign language transmission (more than just
vertical transmission) and hearing signers. In shared signing
communities, there is usually a high proportion of hearing signers
and sign language transmission occurs in the presence of adults
and peers (Nyst, 2012). For instance, over half of the hearing
population in a rural village in the north of Bali, Indonesia, knows
the local sign language, Kata Kolok (Marsaja, 2008). Further, in a
shared signing community in Thailand, Ban Khor sign language
is used by over 10% of hearing individuals (Nonaka, 2007).
Though there exists variation in the proportion of hearing
individuals partaking in the signing community, a number of
hearing signers has always been reported in shared signing
communities. To conclude, considering various modes of cultural
transmission and hearing signers in models of sign language
persistence makes for a more realistic representation of how
shared sign languages persist. Future work could consider the
effect of the high proportion of hearing signers on the features of
the sign language and the many other factors which need to be
considered in models of shared sign language persistence
(Gialluisi et al., 2013; for the case of Kata Kolok see Lutzenberger,
submitted).

General discussion
The discussed mathematical models by Aoki and Feldman (1991)
and Feldman and Aoki (1992) consisted of the majority of factors
that were considered in the current investigation of sign language
persistence. However, the aforementioned models did not con-
sider all of the relevant modes of cultural transmission and
hearing signers at once. For example, Feldman and Aoki (1992)
just considered vertical and grandparental transmission without
hearing signers. Here, we use an agent-based model in which we
implement various modes of cultural transmission, hearing
signers and marriage patterns. In experiment 1, we show that sign
language persistence is affected by marriage patterns, which we
model by an assortative marriage parameter determining the
tendency for deaf agents to marry a deaf agent and hearing agents
to marry a hearing agent. With vertical transmission alone from
deaf parents to deaf children, we find that the sign language only
persists when the assortative marriage parameter is between 0.6
and 0.9. This experiment affirms the findings of Aoki and Feld-
man’s (1991) model (1) and also the case of ABSL applied to the
model by Gialluisi et al. (2013). In experiment 2, deaf-deaf
marriages are prohibited, to model cases like ABSL and AdaSL.
Previous models have shown that a high degree of assortative
mating is required for sign language persistence (e.g. Aoki and
Feldman, 1991), so what is necessary for sign languages to persist
when deaf-deaf marriages do not occur? The result of experiment
2 is twofold: we highlight the importance of including more
modes of cultural transmission and hearing signers in models of
sign language persistence. We show that by adding more modes
of cultural transmission of the sign language to the model, the
amount of hearing signers necessary for sign language persistence
is lessened (but a small proportion of hearing signers is still
required).

This model is of course far from realistic in representing the
full complexity of shared signing communities. Realism is not the

point of the present model, nor for most models (Smaldino, 2017;
Epstein, 2008). For a discussion of what could be (still) lacking in
explaining sign language persistence in shared signing commu-
nities, see Gialluisi et al. (2013). What is particularly unrealistic
about the agent-based model (and the previously discussed
mathematical models) relates to properties of the teacher and
learner. In these models, the deaf/hearing status of only the
language learner is considered. Hearing agents acquire the sign
language with a certain probability, and (in the agent-based
model presented) deaf agents always acquire the sign language if
they can. However, the deaf/hearing status of the teacher is
ignored. Consider an example of vertical transmission with a deaf
parent and a hearing child. In these models, only the deaf/hearing
status of the offspring is considered, so the hearing child will learn
the sign language with a given probability regardless of having a
deaf teacher (in this case, their parent). What is much more
realistic, is that the deaf status of the teacher and learner are both
taken into account. In real life, a hearing offspring is likely to
acquire the sign language if they have a deaf parent (Bishop and
Hicks, 2009). In a subsequent model (Mudd et al., in press) we
attempt to make the cultural transmission process more accurate
by considering the entire family as a linguistic unit which either
acquires or does not acquire the sign language, depending on
whether there is a deaf family member and a family member who
knows the sign language. In addition, Mudd et al. (in press)
consider how sign language persistence is affected by other fac-
tors, such as population size and the proportion of hearing agents
who are carriers of the gene causing deafness.

The goal of the present research was to understand the role
that the various modes of cultural transmission play on sign
language persistence. Like Aoki and Feldman (1991) we found
that vertical transmission is important, as well as grand-
parental transmission (also found by Feldman and Aoki, 1992).
Additionally, (unlike Aoki and Feldman, 1991) we find that
horizontal and oblique transmission, when structured in the
family, do help sign language persistence. Shared sign lan-
guages present a unique example of ongoing gene-culture
coevolution: sign language transmission and the genetic
transmission of alleles for deafness coevolve in marriage pat-
terns. Laland et al. (2010), models of gene-culture coevolution
provide an interdisciplinary approach to the study of human
evolution, by allowing for the integration of genetic and cul-
tural data. We have used this approach to model the coevo-
lution of sign language and deafness.

Conclusion

To conclude, previous models of sign language persistence have
neglected key features of shared sign languages, including various
modes of sign language transmission and the often high pro-
portion of hearing signers. Here, we implement Aoki and Feld-
man’s (1991) mathematical model of sign language persistence as
an agent-based model to test the role of assortative marriage, sign
language transmission methods and hearing signers. Specifically,
we focus this study on different modes of sign language trans-
mission—vertical, horizontal, oblique and grandparental—which
are implemented in a structured way within the family. We find
that, in the absence of deaf-deaf marriages (a marriage pattern
reported for several shared signing communities), the threshold
for sign language persistence is lowered by a maximum number
of sign language transmission methods and a high proportion of
hearing signers. These results highlight the importance of having
as many methods of cultural transmission as possible for the
persistence of a cultural entity (here, sign language). Additionally,
the persistence of shared sign languages provides an exceptionally
well-documented modern case of gene—culture coevolution.
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