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Phoneme inventory size is related to speaker population size, but the cause of this relationship has remained 
a mystery. The correlation was first reported by Hay and Bauer (2007), who considered several possible 
causes of this relationship, including ascertainment bias, similarity between relatives, loss of phonemes in 
small, isolated populations, and maintenance of larger phoneme inventories in larger speaker populations. 
Here, we test these proposed causes of the relationship and show that the correlation between phoneme 
inventory size and speaker population size is largely driven by similarity between relatives and neighbours in 
both speaker population size and phoneme inventory size. However, we also show that phoneme inventory 
size is related to aspects of linguistic isolation—languages confined to islands or with few bordering 
languages tend to have lower phoneme inventory sizes than their relatives. We also explore the geographic 
bias of phoneme inventory databases and show that in some cases there is a positive bias towards regions 
with larger phoneme inventories. However, we find no evidence that less-studied languages tend to have 
lower reported phoneme inventory sizes. Our analyses demonstrate the importance of taking sources of non- 
independence and bias in typological data into account when conducting global analyses of linguistic diversity.

Keywords phoneme, language evolution, null model, Galton’s problem, phylogenetic non-independence, language contact, 
phylogeny, spatial autocorrelation, island languages, geographic sampling bias

1. Introduction
‘To our knowledge, no-one has ever reported a stat
istical correlation between the number of speakers 
of a language, and how many phonemes that lan
guage has. This, of course, is not surprising: why 
would anyone look for such an association in the 
first place? It is certainly not an association one 
would necessarily expect.’

HAY, J. & BAUER, L. 2007. Phoneme inventory size 
and population size. Language, 83, 388–400.

A short paper published in Language in 2007 reported a 
curious result (Hay and Bauer 2007). The analysis had 
been prompted not by a theoretical question but by an 

observation. When collating typological features of a 
sample of languages, the authors noticed an apparent as
sociation between number of vowels and speaker popu
lation size that suggested further investigation might be 
fruitful. For a sample of 216 languages, they found signifi
cant correlations between population size and phoneme 
inventory size, not only for total phoneme count but also 
subsets of types of phonemes, including vowels, conso
nants, obstruents, and sonorants. Hay and Bauer (2007)
noted that language families differ in both population 
size and phoneme inventory size, so they added family 
as an independent variable in an analysis and also re
peated the analysis on family average values. However 
they analysed their data, the basic pattern remained: a 
positive association between population size and phon
eme inventory size. The authors seemed frankly surprised 
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at the generality and robustness of the relationship: ‘In 
this short report we show that there is, indeed, an asso
ciation between phoneme inventory and population 
size. We do not have well-developed theoretical argu
ments to offer about why this should be. However the 
correlation seemed intriguing enough that it was worth 
simply publishing the result, and leaving it up to readers 
to draw their own conclusions’ (Hay and Bauer 2007).

They did discuss some possible explanations of the ob
served association between phoneme inventory size and 
population size based on previous proposals: 

1. small, isolated populations lose phonemes because 
lower accuracy of phonological definition is 
tolerable;

2. small, isolated populations lose phonemes because 
close social connections permit reduction in phono
logical redundancy (Trudgill 2004);

3. large speaker populations can support larger phon
eme inventories because child learners are exposed 
to a greater number of speakers, and increased ex
posure allows robust learning, permitting more cat
egories to be distinguished.

Hay and Bauer (2007) also considered whether data bias 
or analytical artefacts could have produced their result. 
For example, languages with large numbers of speakers 
may be better studied so they may have more thoroughly 
recorded phoneme inventories, inflating phoneme inven
tory counts relative to smaller, less well-studied languages. 
They rejected this explanation on the grounds that the 
positive relationship between population size and phon
eme inventory size occurred for family averages, which 
they argued would reduce the influence of well-studied 
families such as Indo-European. They also considered 
whether their result could be driven by family bias in 
both phoneme inventory size and population size—for ex
ample, Australian languages have small vowel inventories 
and small population sizes, while Indo-European lan
guages have larger vowel inventories and larger popula
tions. But they rejected these family-level trends as a 
cause of the relationship because the same correlation 
was observed for family average values of both phoneme 
inventory size and population size. They conclude that 
the ‘positive correlation between how many phonemes a 
language has, and how many speakers it has….. is not 
an artefact of language family. We do not know what the 
underlying causes of this correlation are. But it is certainly 
intriguing, and we hope that this short discussion note will 
generate some discussion of the possible causes of such a 
relationship’ (Hay and Bauer 2007). In this paper, we test 
several of the proposed causes of the relationship between 

phoneme inventory size and population size: artefacts of 
analysis (relatedness and proximity of languages), uneven 
research effort (geographic bias and level of documenta
tion) and linguistic isolation (degree of contact between 
languages).

The relationship between phoneme inventory size and 
population size is worth revisiting for both theoretical 
and practical reasons. It represents an important example 
of a potentially ubiquitous effect shaping the nature of lan
guages, yet is neither a strictly language-internal phenom
enon (because it does not invoke interaction between 
language elements) nor entirely language-external (since 
it concerns a property of the speaker population rather 
than the social or physical environment it exists in). 
Phoneme inventory size also represents an interesting 
case study for the role of neutral (non-selective) factors 
on language change. While selective hypotheses have 
been offered for the use or disuse of particular sets of pho
nemes, most of the explanations invoked to explain pat
terns of phoneme inventory size as a whole involve 
neutral mechanisms of founder effect (loss of variants 
through subsampling from an ancestral language) or on
going small population size (loss of variants through a pro
cess akin to genetic drift). Phoneme inventory size is also 
an informative case study for comparing the relative influ
ence of ‘vertical transmission’ (inheritance from ancestor) 
with ‘horizontal transmission’ (acquisition from contact): 
both phenomena shape phoneme inventories, but the 
relative effect depends on the mechanism (e.g. whether 
small inventories are due to lack of diffusion from neigh
bours or loss of phonemes in small populations). If hori
zontal transfer is a major driver of phoneme inventory 
sizes, then we expect the contact history to be the best pre
dictor of differences in phoneme inventories, but if vertical 
inheritance is more important then we expect relation
ships to have the strongest explanatory power. Finally, 
the relationship between phoneme inventory size and 
population size is an excellent exemplar of several prac
tical considerations in comparative global studies of lan
guage variation. Most linguistic and cultural features are 
more similar between neighbours and relatives, and this 
fact alone is sufficient to generate significant correlations 
between language features, populations, and environ
ments (Bromham et al. 2018; Bromham and Yaxley 2023; 
Claessens et al. 2023). Furthermore, when analysing global 
languages, many additional aspects of the data may im
pact on the analysis, such as the nature of the variable 
(binary, count or continuous data) and biased sampling 
(greater proportion of observations from some regions or 
families) (Hua and Bromham 2025).

There are three ways for a phoneme to enter a lan
guage: vertically (inherited from ancestral language), 
horizontally (borrowed from another language), or de 
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novo origin (innovation within a language, including by 
splitting of existing phonemes). In addition, phonemes 
can be lost from a language through attrition, redun
dancy, or merger. Size of phoneme inventory might there
fore be influenced by features that increase the chance of 
gain of phonemes (contact, innovation, splits) or that af
fect rates of loss of phonemes (attrition, merger, sam
pling error). While studies at the individual, population, 
or generational level can highlight processes of gain 
and loss of phonemes within speaker populations (e.g. 
Kerswill and Shockey 2007; Baranowski 2013), comparing 
phoneme inventories of different languages allows evalu
ation of general drivers of phoneme gain, retention, and 
loss over longer time periods (e.g. Atkinson 2011; Creanza 
et al. 2015; Dediu et al. 2017; Maddieson 2023). By com
paring overall phoneme inventory size between lan
guages with different population sizes and language 
ecologies, we can identify factors that are associated 
with phoneme gain, retention, and/or loss. Here, we con
sider inheritance from shared ancestors (vertical trans
mission of phonemes), contact with neighbouring 
languages (horizontal transmission of phonemes), and 
population size (potentially influencing origin, retention, 
and loss of phonemes).

Phoneme inventories undergo descent with modifica
tion. Languages inherit their phoneme inventories from 
their ancestors, but these inventories can then become 
modified by gain and loss of phonemes. Because they 
are derived from the same ancestral phoneme inventory, 
we would expect two related languages to be more simi
lar in phoneme inventory size and composition than two 
randomly selected languages. Phoneme inventory sizes 
cluster both on the phylogeny and in space; for example, 
many of the smallest phoneme inventories are from 
Oceanic languages from the Austronesian family, while 
many of the largest are from languages from southern 
Africa (Fig. 1). Population size is also non-randomly dis
tributed in both space and phylogeny (Bromham 
2024a). This non-random distribution across regions 
and families could lead to correlation between popula
tion size and phoneme inventory size even in the absence 
of a causal connection between population size and the 
gain, retention, or loss of phonemes (Roberts and 
Winters 2013; Urban and Moran 2021; Bromham and 
Yaxley 2023). Furthermore, phoneme inventories can be 
influenced by borrowing, so contact and proximity with 
other languages may also influence phoneme inventory 
size and content (Van Coetsem 1988; Creanza et al. 
2015; Moran et al. 2021; Blevins and Egurtzegi 2023).

Our focus in this paper is on testing possible causes of 
Hay and Bauer’s (2007) observed relationship between 
population size and phoneme inventory size. Because 
the theories cited by Hay and Bauer focus on the effect 

of small, isolated populations on reduction in phoneme 
inventories, we use a number of measures of language 
isolation in addition to population size and area. 
Isolation and contact are notoriously tricky to quantify, 
so our approach here is to use a range of variables that 
might reflect the ease of contact between speakers of dif
ferent languages, such as how many other language dis
tributions are in contact, and whether a language occurs 
on an island or in a mountainous area or area of rough 
terrain. But in order to examine the possible influence 
of these population factors on phoneme inventories, we 
must take language distribution and relationships into 
account.

Because languages are similar to their relatives and 
neighbours in many aspects, we expect to find correla
tions between many aspects of language, population, 
and environment. Associations due to phylogenetic non- 
independence (similarity due to descent) and spatial 
autocorrelation (similarity due to proximity and shared 
environments) can be sufficient to drive a strong correl
ation between aspects of language, population, and en
vironment (Bromham and Yaxley 2023; Claessens et al. 
2023; Bromham 2024a, 2024b). For example, a correlation 
between tonality and humidity has been reported 
(Everett et al. 2016), but this could be due to a greater 
concentration of languages in tropical areas, or non- 
random patterns of tones among areas and language 
groups (Collins 2017). When language data is analysed 
with information on location and relationships, there is 
no significant association between tone and humidity be
yond that accounted for by similarity between neigh
bours and relatives (Bromham and Yaxley 2023; 
Hartmann et al. 2024). Similarly, an association between 
ejectives and altitude has been proposed (Everett 2013), 
but has been questioned on the grounds that mountain 
communities might be similar due to language relation
ships and distribution, and a shared history that resulted 
in contact-induced change in phoneme inventories be
tween languages (Urban and Moran 2021).

Correlation due to descent from a common ancestor is 
referred to as phylogenetic non-independence, also 
known as ‘Galton’s problem’ (Bromham 2024b). Moran 
et al (2012) addressed the problem of non-independence 
of phoneme inventories due to genealogical relationships 
by adding language family as a factor in an analysis. 
Using a hierarchical mixed model with family as a factor, 
they found that language families tend to have a greater 
influence on phoneme inventory size than population 
size factors. They concluded that ‘although overall the 
trend across languages is modestly positive, for many 
families we can expect the relationship between the 
phoneme inventory size and population to be negative 
or zero’ (Moran et al. 2012). Similarly, Donohue and 
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Nichols (2011) examined the relationship between phon
eme inventory size and speaker population size and 
found that the relationship varied between families, 
with some showing a positive association, but others 
no association or a negative trend (Donohue and 
Nichols 2011). These studies indicate that the relation
ship between phoneme inventory size and population 
size is moderated by language family and region, so to 
describe general relationships and test proposed mecha
nisms, we need to take language relationships and distri
bution into account.

However, adding language or region as a factor in an 
analysis does not fully account for phylogenetic non- 
independence (Hua and Bromham 2025). For example, 
the Austronesian language family contains over 1,200 lan
guages (Hammarström et al. 2019), 89 of which are repre
sented in PHOIBLE, with phoneme inventory counts 
ranging from 17 to 55 (Moran and McCloy 2019). Within 
this family, there are clear areal and genetic patterns, 
for example, a west-to-east decline in inventory size for 
the Oceanic languages (Blust 2013). A number of proc
esses have been proposed to shape phoneme inventory 
sizes within this family, such as a gradual ‘erosion’ as 
populations expand eastward across Oceania, due to 
founder effects, isolation and small population size, or in
crease in phoneme inventories through contact and bor
rowing at the western end of the range (Blust 1990; 
Trudgill 2004; Naranjo et al. 2025). Whatever the cause 
of these west-to-east patterns in phoneme inventory 
size, we expect two closely related and co-located 
Austronesian languages to be more similar in their 

phoneme inventory count than two languages chosen 
at random from the family—for example, within the 
Austronesian language family, eastern Polynesian lan
guages all tend to have relatively small phoneme inven
tories compared to other languages in the family. 
Therefore, we need to take relationships between all lan
guages into account when analysing data on phoneme in
ventory size, not simply their family or macro-area 
(Naranjo and Mertner 2023).

In this study, we assess the generality of the associ
ation between phoneme inventory size and speaker 
population size. We test several possible causes of the 
previously reported correlation between phoneme inven
tory size and population size (Hay and Bauer 2007): popu
lation size and isolation (phonemes inventories undergo 
reduction in small isolated populations), ascertainment 
bias (well-studied languages have larger phoneme inven
tories), phylogenetic non-independence (relatives are 
more similar in both phoneme inventory and population 
size), and spatial autocorrelation (neighbours are more 
similar in both phoneme inventory and population size).

2. Methods
2.1 Is phoneme inventory size related 
to population size?
Several phoneme inventory databases are available, dif
fering in their coverage and their reported phoneme 

Figure 1 Map of phoneme inventory size (PISA) for 766 languages (see Methods for details). Phoneme inventory sizes have been log 
transformed and colour scaled (legend on the right). Phoneme inventory sizes and spatial coordinates are from Anderson et al. (2023).
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inventory sizes, and some databases contain multiple 
values for the same language. Our selection of phoneme 
inventory data was based on the practical guideline of 
maximizing the number of languages for which we could 
obtain comparable data for phoneme inventory size, 
speaker population size, and other relevant variables 
(Table 1). For the first analysis, we use the standardized 
language phoneme count data provided by Anderson 
et al. (2023), who matched phonemes according to the 
Cross Linguistic Transcription System so that all datasets 
shared the same phoneme representation convention. 
Only segmental phonemes were included (vowels and 
consonants); other suprasegmental features such as 
tone were not (Anderson et al. 2023). We match phoneme 
inventory sizes from Anderson et al. (2023) to the lan
guage database of Bromham et al. (2022) by mapping 
Glottocodes to ISO-693 codes (using PHOIBLE values as 
they have the greatest coverage). In total, after the re
moval of duplicates and alignment with phylospatial 
and spatial distance matrices, there are 766 languages 
with the relevant information (see Supplementary 
Information for details). We refer to these Phoneme 
Inventory Size data derived from Anderson et al. (2023)
as PISA (see Table 1).

To represent the speaker population size, we use esti
mated number of first language (L1) speakers for each 
spoken language (Bromham et al. 2022). Clearly, these 
are imperfect measures of speaker population size be
cause they do not include second language speakers 
and are dependent on census size from a range of sour
ces. Furthermore, speaker population size and distribu
tion are dynamic so any values can represent only a 
snapshot at a point in time (Bromham 2023). Although 
historic population sizes would be a more relevant reflec
tion of the language ecology in which each language de
veloped its phoneme inventory, available population size 
data is limited to reflecting contemporary speaker popu
lation sizes (Bromham 2023), for example, some lan
guages in our dataset have a reported L1 speaker 
population of zero (Fig. 2). However, there is currently 
no alternative source of historic L1 speaker population 
size available for a sufficient sample of languages (see 
discussion in Bromham 2023). In any case, previous stud
ies have explored the association between contemporary 
L1 population size and phoneme inventory size (Hay and 
Bauer 2007; Moran et al. 2012), so these are the appropri
ate data to explore that observed relationship. We do not 
use estimates of number of second language (L2) speak
ers because they are available for relatively few lan
guages (e.g. 120 in Shcherbakova et al. 2023).

To ask whether phoneme inventory size is related to L1 
population size, we first do a standard regression. We 
then use a phylospatial analysis that takes into account 

the location of each language and its relationship to all 
other languages (Hua et al. 2019). This method assumes 
spatial error model (SEM) and uses generalized least 
squares (GLS) method to fit regression models, using 
two matrices of covariation based on the relatedness of 
languages (based on the taxonomy in Glottolog 
(Hammarström et al. 2019)) and spatial proximity (based 
on the centroids of the language distributions: Bromham 
et al. 2022). We treat phoneme inventory size as a con
tinuous variable because its distribution is wide and 
smooth, ranging between 14 and 147 with a median value 
of 35 (Fig. 3). In addition, we repeat all analysis described 
in this section for an alternative database of phoneme in
ventory sizes (PISC) from Creanza et al. (2015). Phoneme 
inventory size values differ between these two databases 
but are strongly correlated (Supplementary Figure S1).

2.2 Is phoneme inventory size shaped 
by area and isolation?
Relative degree of linguistic isolation and contact is chal
lenging to represent in a format that is comparable 
across all languages. We use several variables to re
present different aspects of contact based on information 
that is available for the majority of the world’s spoken 
languages (Table 1). Language area has previously been 
used to represent linguistic isolation, on the assumption 
that speakers from a more widespread language are 
more likely to come into contact with L1 speakers of oth
er languages, or adult L2 learners within the language 
area (Lupyan and Dale 2010). To represent language 
area, we include the area of each language from 
Bromham et al (2022), which represents autochthonous 
language distribution and does not include emigrant 
populations. We also include the number of autochthon
ous languages whose distributions overlap or touch the 
language area (given the variable name ‘bordering’) 
and the L1 population size (see Table 1).

We include two variables representing the potential for 
physical isolation: altitudinal range (‘altitude’) and island 
endemism (‘island’: see Table 1). These variables are 
chosen to represent ease of movement over the land
scape; however, we acknowledge that physical barriers 
of water or steep terrain do not necessarily represent bar
riers to contact between language groups. Because the 
aim is to represent the degree to which speakers of one 
language can be in regular contact with other L1 lan
guage speakers in the surrounding area, altitudinal range 
is calculated for a 10,000 km2 ‘neighbourhood’ defined as 
a circle centred on the centroid of the language’s poly
gon. Altitudinal range is defined as the difference 
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between the maximum and minimum altitude within 
each 5 km2 grid cell, averaged across all grid cells within 
the language neighbourhood (Bromham et al. 2022). 
Island endemism, defined as a language where >90 per 
cent of the language area is on landmasses 
<11,000 km2, is taken from Bromham et al. (2024). 
Because we are concerned with the historical develop
ment of phoneme inventories, we do not include meas
ures that might reflect recent contact, such as roads or 
change in the built environment (Bromham et al. 2022).

We use a phylospatial analysis method described in Hua 
et al. (2019) to evaluate whether any of these factors—L1 
speaker population size, area, bordering, altitude, and 
island—are significantly associated with phoneme inven
tory size (for Supplementary Information for more detail: 

for code availability see below). The Anderson et al. 
(2023) phoneme inventory size database (PISA) has a rela
tively poor representation of island endemic languages, 
with only 42 island endemic languages identified by 
matching languages by Glottocode and ISO-code to the 
database of Bromham et al (2022) (see Supplementary 
Information for details of matching). Instead, for analysing 
the relationship between isolation and phoneme inventory 
size, we use the phoneme inventory sizes from the database 
of Creanza et al. (2015), which we refer to as PISC (see 
Table 1), from which 1,710 languages have sufficient infor
mation to be included in this analysis. We generate all com
binations of these variables to create 32 models (including 
intercept-only model), then find GLS maximum likelihood 
solution for each model. Models are ranked by Bayesian 

Figure 2 Phoneme inventory size vs L1 population size and area. All variables have been log-scaled. Blue lines represent the outcome 
of phylospatial regression; red lines represent the outcome of uncorrected regression. See Table 1 for variable descriptions and sour
ces of data.
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Information Criterion (BIC), and only those models with a 
delta BIC (ΔBIC) less than or equal to 10 are considered 
‘good’ models for phoneme inventory size. This approach 
follows the widely used strategy of using Jeffrey’s scale to 
select models using a ‘rule of thumb’ that differences in 
BIC greater than 10 suggest strong evidence for support of 
one model over another (Jeffreys 1961). Coefficients used 
in selected models are tested for significance at the level 
0.05.

In addition, we ask whether isolation in terms of distance 
from mainland or continental languages is associated with 
reduced phoneme inventory size by reanalysing data from 
Bromham et al. (2024) (see Supplementary Information for 
details). We include phoneme inventory size (PISC) for 1,716 
global languages including 153 island endemics, and we 
ask whether phoneme inventory size is predicted by L1 
population size, area, island endemism, distance to main
land, and distance to continent. We test all combinations 
of variables, giving 32 alternative models, then rank models 
by BIC.

2.3 Does ascertainment bias 
influence global analysis of phoneme 
inventory size?
Sampling bias has been put forward as a possible explan
ation for the relationship between phoneme inventory 
size and population size, on the assumption that larger 
languages tend to be better studied, and well-studied 
families may not be a globally representative sample of 
phoneme inventory sizes (Hay and Bauer 2007). We inves
tigate both geographic coverage and study effort as 

potential sources of sample bias in phoneme inventory 
sizes (Supplementary Figure S2).

We test whether our dataset of phoneme inventory sizes 
is biased towards particular regions compared to a ran
dom sample of the world’s languages. To generate a null 
model of the expected number of languages per area, we 
randomly sampled N languages from the global database 
where N is the number of languages for which we have 
phoneme inventory size (for the two different datasets, 
PISA and PISC), and record how many of the randomly 
sampled languages are in each of 12 global regions, using 
the region designations from Bromham et al. (2022) which 
is based on the global regions from the Natural Earth data
set (https://www.naturalearthdata.com/). We repeat the 
random sample 1,000 times. This generates the number 
of languages that we would expect from each region 
from a geographically unbiased sampling process of an 
equivalent number of languages as our available data. 
We can then compare the distribution across regions in 
our observed sample—the languages for which we have 
comparable phoneme inventory size data—to the number 
expected if sampling was unbiased with respect to region 
(Bromham et al. 2021). Note that this is a test of geographic 
distribution of languages included in our analysis (i.e. for 
which we can derive appropriate data for our analysis) 
and not a general test of the geographic distribution of lan
guages in the source databases (Creanza et al. 2015; 
Anderson et al. 2023).

To generate this null model, we use the database of 
Bromham et al (2022) containing 6,511 languages (∼90 
per cent of the world’s L1 spoken languages), which has 
been curated to only include languages for which com
parable data is available on population size and distribu
tion. While Glottolog contains a larger set of languages, it 

Figure 3 Histogram of phoneme inventory size for two different databases: a) Anderson et al 2023 (PISA) for 766 languages, and 
Creanza et al. (2015) (PISC) for 1,716 languages: see Methods for details of data curation.
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includes languages for which population size data is not 
currently available. In addition, Glottolog includes a wide 
range of language types including cants (e.g. Polari, pld), 
constructed languages (like Esperanto, eco), market lan
guages and pidgins (like Fanagalo, fng), and speech regis
ters (like Shelta, sth), as well as signed languages and 
unattested languages. Because none of these categories 
of language are included in the database that we use to 
test the relationship between population size and phon
eme inventory size, we could not have included them in 
this analysis, so they are not appropriate for the null 
model of sampling bias. For example, if relatively more 
non-L1 languages such as cants and speech registers 
are recorded within the Indo-European language family, 
then it will give the impression that our empirical sample 
of phoneme inventories (which didn’t include cants and 
speech registers) is under-sampling Indo-European 
languages.

For documentation, we use an ordered categorical 
variable based on information on language documenta
tion available in Glottolog (v4.2.1): 0 = little or none; 
1 = basic; 2 = detailed (Bromham et al. 2022). While this 
variable does not fully reflect linguistic research atten
tion, it is the only globally comparative metric that would 
allow us to ask if language that have been more exten
sively studied have relatively higher phoneme counts. 
We ask if languages with greater levels of documentation 
tend to have higher phoneme inventory sizes using PISC 

for 1,716 languages, taking relationships and location of 
languages into account using method of Hua et al 
(2019)—see available code.

3. Results
3.1 Is phoneme inventory size related 
to population size?
Both L1 population size (L1_pop) and phoneme inventory 
size (PISA) were log transformed as both have a right- 
skewed distribution (Fig. 3; Bromham et al 2024). PISA 

is significantly positively correlated with L1 population 
size (Fig. 2a: N = 766, BIC = 477.3, coefficient = 0.021, SE = 
0.003, P < 0.001). However, this relationship is weak and 
not significant when relationships and locations of lan
guages are taken into account using the GLS model 
(BIC = 232.8, coefficient = 0.007, SE = 0.004, P = 0.074), sug
gesting that the association between phoneme inventory 
sizes and population size is at least partly driven by simi
larity between relatives and neighbours. Comparing 
Nagelkerke/Cragg–Uhler pseudo-R2 for models incorpor
ating spatial or phylogenetic covariance or both suggests 
that the geographic proximity of languages provides the 

strongest autocorrelation in these data (for PISA ∼ 
L1_pop: spatial and phylogenetic R2 = 0.6433, spatial 
only R2 = 0.6253, phylogenetic only R2 = 0.3663, none 
R2 = 0.0893).

Similar results were obtained for an alternative data
base of phoneme inventory size (PISC, Creanza et al 
2015: Fig. 2b). There was a weak but significant associ
ation with ordinary least squares (N = 1716, BIC = 563.9, 
coefficient = 0.017, P < 0.001), but no association was 
found when taking phylogenetic and spatial relationships 
into account (BIC = −986.9, coefficient = 0.001, P = 0.582). 
The results are also consistent when repeated for the 
same set of languages for both PISA and PISC. There are 
306 languages that have phoneme inventory sizes in 
both PISA and PISC, and phylospatial analysis 
reveals no relationship between population size and 
phoneme inventory size for either (PISA: BIC = 147.2, coef
ficient = 0.007, SE = 0.006, P = 0.272; PISC: BIC = −91.6, 
coefficient = −0.011, SE = 0.016, P = 0.510).

3.2 Is phoneme inventory size shaped 
by area and isolation?
We tested 32 models with all combinations of five varia
bles (L1_pop, area, bordering, altitude, island) as predic
tors of phoneme inventory size using PISC (as there are 
insufficient island languages in the PISA dataset). While 
the null model has the lowest BIC, the next-best models 
are all <10 difference in BIC, so we do not have strong evi
dence to favour any of these models in terms of explana
tory power. Models with ΔBIC less than or equal to 10 
suggest that, after accounting for autocorrelation due 
to relationships and proximity, island endemism (isola
tion) and language area are significant negative predic
tors of phoneme inventory size, and bordering language 
richness (isolation) is a significant positive predictor of 
phoneme inventory size (Table 2). In fact, models with 
predictors reflecting both area and isolation are consid
ered the best models according to AIC (i.e. models 7 
and 8 in Table 2). Altitudinal range and population size 
were also included in the good models but were not sig
nificant predictors. These results suggest that languages 
that are more isolated from other languages (on islands 
or with fewer immediate neighbours) tend to have small
er phoneme inventory sizes, even after accounting for 
similarities between neighbours and relatives, with more 
limited support for reduced phoneme inventory sizes in 
smaller populations or those occurring in steeper terrain. 
Our reanalysis of the data from Bromham et al (2024)
confirms that island endemic languages tend to have 
smaller phoneme inventory sizes, and that phoneme 
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inventory sizes tend to decrease with distance from 
mainland and continent (Supplementary Table S1).

Language area is positively associated with phoneme 
inventory size for an uncorrected correlation (PISc, 
Fig. 2c). However, after accounting for covariance due 
to relationships and proximity between languages, area 
is a consistent negative predictor of phoneme inventory 
size. The change in the sign of the relationship between 
the uncorrected regression and the phylospatial regres
sion suggests that there are additional trends in the 
data that are not captured at the global level.

3.3 Does ascertainment bias 
influence global analysis of phoneme 
inventory size?
By comparing the available phoneme inventory size data 
to a null model generated by random sampling from the 
global language database, we show that the available 
data is not an unbiased sample of the world’s languages, 
but that the degree and direction of bias depend on the 
dataset. For the data derived from PHOIBLE (PISA, 
Anderson et al 2023), languages from Africa are relatively 
over-represented in the phoneme inventory size data
base compared to a random sample of languages from 
the global database, and languages from Oceania and 
Asia (including South Eastern Asia, Southern Asia, and 
Asia) are relatively underrepresented (Fig. 4a). For the 
PISC data derived from Creanza et al (2015), languages 
from Europe and North America are relatively over
sampled, and languages from South-Eastern Asia and 
Africa are relatively undersampled (Supplementary 
Figure S3a). These results are specific to the data in
cluded in this study (i.e. only including languages that 
can be matched to relevant variables for our analyses) 
and may not reflect the source databases as a whole.

Regions differ in the distribution of phoneme inventory 
sizes (Figs 4a and 4b). The largest reported phoneme in
ventory sizes are from Africa, and languages from 
Oceania, Australasia, and South America tend to have 
smaller phoneme inventory sizes than the global median 
in both databases. For PISA, there is a significant correl
ation between the sample bias and phoneme inventory 
size, such that the regions that have more languages in 
the database than would be expected from a random 
sample of the world’s languages also tend to have larger 
phoneme inventory sizes (Supplementary Figure S4). This 
suggests that available data is biased toward languages 
with richer phoneme inventories. However, there is no 
such trend for the PISC measure of phoneme inventory 
size (Supplementary Figure S4). Furthermore, there is no 

evidence in these data for a link between study effort 
(represented by documentation level) and phoneme 
inventory size (N = 1,716, BIC = −986.6, coefficient = 
−0.0018, P = 0.821: see Supplementary Figure S3). This 
makes an indirect causal connection between population 
size, study effort, and phoneme inventory size less plaus
ible, though it would be possible through a rather indirect 
path (population size —> study effort —> database bias <— 
regional bias —> phoneme inventory size: Supplementary 
Figure S2).

4. Discussion
We confirm Hay and Bauer’s (2007) observation of a cor
relation between population size and size of phoneme in
ventories. We analyse values drawn from two different 
phoneme inventory size databases (Creanza et al. 2015; 
Anderson et al. 2023) creating datasets which are, re
spectively, four times and eight times the size of Hay 
and Bauer’s original dataset. Hay and Bauer offered sev
eral potential mechanistic explanations for their observa
tion, including loss of phonemes in small, isolated 
populations (due to tolerance of low accuracy or loss of 
phonological redundancy) and maintenance of large 
phoneme inventories with larger speaker populations 
(due to greater exposure to more speakers and more ro
bust learning). They also considered several kinds of as
certainment bias, for example, if languages with lots of 
speakers are better studied, leading to larger phoneme 
inventory counts, or due to similarities among languages 
within families in both phoneme inventories and speaker 
population size. Hay and Bauer considered these poten
tial explanations qualitatively. In this paper, we have of
fered a quantitative examination of these potential 
causes.

We find that population size itself does not seem to be 
a convincing causal factor for phoneme inventory size be
cause there is no significant association between popula
tion size and phoneme inventory size above and beyond 
that expected from phylogenetic and spatial autocorrel
ation. This result suggests that the association between 
L1 speaker population size and phoneme inventory size 
is largely an indirect result of neighbours and relatives 
being more similar to each other (Donohue and Nichols 
2011; Bromham and Yaxley 2023; Bromham 2024a, 
2024b). Therefore, our results do not support mecha
nisms directly related to the number of L1 speakers. If 
the number of speakers is not a predictor of phoneme in
ventory size, this suggests that having more speakers 
does not drive greater phoneme size by virtue of greater 
rates of innovation per generation, or better retention of 
phonemes due to more reliable transmission. These 
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results also do not support mechanisms associated with 
small numbers of speakers, such as loss due to stochastic 
sampling effects (equivalent to genetic drift), or erosion 
of phonemes due to close social relationships among 
speakers (see Hay and Bauer 2007).

The results of our analyses are consistent with a role for 
isolation in shaping phoneme inventories. Isolation is chal
lenging to quantify, and the variables included in this study 
are indirect and imperfect measures of the likely degree of 
contact with speakers of other languages. Nonetheless, lan
guages with fewer neighbouring languages in direct con
tact, or languages confined to islands, tend to have lower 
phoneme inventory sizes, above and beyond similarities 
due to relationships and proximity of languages. One 
potential explanation is that contact between neigh
bouring languages facilitates horizontal transfer of pho
nemes that allows building or maintaining diverse 
phoneme inventories. For example, while most Bantu 
languages do not use clicks, the few that do are spoken 
in the vicinity of languages from other families that have 
rich inventories of click phonemes (Güldemann and 
Stoneking 2008). While this transfer of clicks may be ini
tiated through lexical borrowing, it is then possible for 
clicks to be incorporated into more words, becoming 
part of the phoneme inventory, which may then also 
spread among neighbouring languages (Bostoen and 
Sands 2009). Similarly, it has been suggested that phon
eme inventory sizes in Polynesian languages are influ
enced by contact with non-Polynesian languages at the 
western end of the distribution, resulting in relatively 
higher phoneme inventory sizes than languages from 
the more remote eastern islands (Naranjo et al. 2025). 
Areal relationships such as these might contribute to 
the within-region trends in phoneme inventory size with 
population size or area (Fig. 2). Alternatively, as Hay 
and Bauer suggested, the negative relationship between 
isolation and phoneme inventory size could be explained 
by erosion of phonemes in languages whose speakers 
rarely talk to strangers, through a process of loss of re
dundancy or tolerance of lower accuracy. While the re
sults of this global analysis do not allow interrogation 
of the mechanism of increased phoneme inventories 
with a greater degree of contact between languages, 
they do point to general patterns that may be fruitfully in
vestigated at the language level, where origin and loss of 
phonemes can be examined in more detail.

Notably, if languages can directly influence each 
other’s phoneme inventories by contact, this interaction 
between languages may indicate that a SEM is not the 
best model for these data because it models distance be
tween observations as a nuisance parameter, filtering out 
the effects of proximity on the covariation between lan
guages. But if neighbours influence each other, for Ta
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example through horizontal transfer of phonemes, then a 
spatial autoregressive model (SAR) might be more appro
priate, as it can incorporate a spatial lag to represent dif
fusion between neighbours (so that the phoneme 
inventory of a language influences its neighbours and 
vice versa).

We also find no evidence that the relationship between 
population size and phoneme inventory size is driven by re
search effort because the level of language documentation 
is not associated with phoneme inventory size. Clearly, this 
three-level coding of documentation is a very broad-brush 
measure of research effort; nonetheless, there is no 

Figure 4 Regional bias in phoneme inventory size for a) PISA (766 languages) and b) PISC (1,716 languages): red line shows global 
median phoneme inventory size (35), box = interquartile range (IQR); centre line = median; top whisker = Q3 + 1.5 * IQR, bottom whis
ker = Q1–1.5 * IQR; dots = outliers which are greater than or less than top or bottom whisker values, respectively. Sampling effort per 
region for available data on phoneme inventory size for c) PISA and d) PISC is marked with an X and compared to the expected number 
of languages per region based on a random sample from the global database of languages: box = interquartile range (IQR); 
centre line = median; top whisker = Q3 + 1.5 * IQR, bottom whisker = Q1–1.5 * IQR); dots = outliers which are greater than or less than 
top or bottom whisker values, respectively.
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suggestion in the data that under-documented languages 
have fewer recorded phonemes. However, we do detect 
sample biases in some of the analysed data, as one of 
the databases is biased toward relative overrepresentation 
of regions that have richer phoneme inventories, with rela
tive undersampling of languages from regions with typically 
smaller phoneme inventories (Fig. 4). This raises the poten
tial that indirect relationships may be driving the observed 
association between population size and phoneme inven
tories, for example, if larger languages are more likely to 
be better studied, resulting in more thorough phoneme in
ventory sizes and over-representation in databases, which 
have a bias towards regions with higher phoneme inven
tory sizes (Supplementary Figure S2). One potential way 
to model the various factors shaping the phoneme inven
tory sizes would be to use directed acyclic graphs (DAGs), 
which can be used to model the influence of interacting var
iables (e.g. Byrnes and Dee 2025). While DAG methods have 
been applied to understand sociolinguistic factors shaping 
individual variation within speaker populations (e.g. Tomić 
et al. 2025), there are currently no DAG methods that are 
applicable to cross-linguistic data, which violate several as
sumptions of these analyses (Roberts et al. 2020), most not
ably by non-independence of observations due to 
relatedness and proximity (Bromham and Yaxley 2023). 
This currently limits the applicability of DAGs to observa
tional data that is shaped by descent with modification 
or similarity between neighbours, such as languages, cul
tures, or species.

5. Conclusions
The relationship between phoneme inventory size and 
speaker population size noted by Hay & Bauer is con
firmed for two larger datasets. Further analysis allows 
discrimination between alternative explanations for this 
observed relationship. We find little evidence to support 
a direct influence of number of L1 speakers on phoneme 
inventory size because L1 population size is not a signifi
cant predictor of phoneme inventory size once relation
ships and proximity of languages are taken into 
account. Instead, we find that languages with distribu
tions that suggest a greater degree of isolation—having 
few neighbours in contact or being confined to 
islands—have lower phoneme inventory sizes than would 
be expected on the basis of their relationships and loca
tion alone. In conclusion, this global study hints at a 
greater influence of features that influence borrowing 
of phonemes (i.e. languages in contact) than those that 
affect the generation or loss of phonemes (i.e. effect of 
population size). However, we stress that these results 
are correlative and cannot reveal underlying 

mechanisms. In any case, these measures are imperfect 
measures of isolation, and the results do not offer more 
than a partial explanation of phoneme inventory size. 
Nonetheless, as for the initial paper by Hay and Bauer 
(2007), we hope these results may stimulate interest 
and prompt further investigation.
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