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Papua New Guinea is home to >10% of the world’s languages and
rich and varied biocultural knowledge, but the future of this di-
versity remains unclear. We measured language skills of 6,190 stu-
dents speaking 392 languages (5.5% of the global total) and
modeled their future trends using individual-level variables char-
acterizing family language use, socioeconomic conditions, stu-
dents’ skills, and language traits. This approach showed that
only 58% of the students, compared to 91% of their parents, were
fluent in indigenous languages, while the trends in key drivers of
language skills (language use at home, proportion of mixed-
language families, urbanization, students’ traditional skills) pre-
dicted accelerating decline of fluency to an estimated 26% in the
next generation of students. Ethnobiological knowledge declined
in close parallel with language skills. Varied medicinal plant uses
known to the students speaking indigenous languages are
replaced by a few, mostly nonnative species for the students
speaking English or Tok Pisin, the national lingua franca. Most
(88%) students want to teach indigenous language to their chil-
dren. While crucial for keeping languages alive, this intention
faces powerful external pressures as key factors (education, cash
economy, road networks, and urbanization) associated with lan-
guage attrition are valued in contemporary society.

ethnobiology | language attrition | language endangerment | biocultural
diversity | Papua New Guinea

hen evaluated against a common set of extinction-risk

criteria, the world’s ~7,000 extant languages (1) are even
more threatened than its biological diversity (2). Orally trans-
mitted cultural knowledge may be threatened by similar forces
(3, 4). Language population sizes approximate a log-normal
distribution (5), such that the majority of languages have rela-
tively few speakers (1). Nearly half of the world’s languages are
considered endangered (1, 6). Language extinction is accelerat-
ing, with 30% of recorded extinctions having occurred since 1960
(6). Language vulnerability to extinction depends on speakers’
attitudes toward their languages as well as on socioeconomic
factors (7). However, quantitative evidence on the relative im-
pact of individual drivers of language endangerment is almost
nonexistent (8, 9), making it impossible to understand and pre-
dict language attrition. Furthermore, language skills and ethno-
biological knowledge are rarely examined in relation to
socioeconomic variables for individual speakers, as required for
mechanistic understanding of language attrition and loss of
ethnobiological knowledge (10-12). The present study uses a
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modeling approach to assess multiple drivers of language attri-
tion and ethnobiological knowledge loss, based on extensive data
for individual speakers, to predict future trends in a global hot-
spot of linguistic and cultural diversity.

Papua New Guinea (PNG) is the world’s most linguistically
diverse nation, where ~9 million people speak ~840 languages
(5, 13). PNG’s languages are highly diverse, classified into at
least 33 families (14). Until recently, these languages enjoyed
widespread vitality due to the absence of a dominant language in
the region, stable small-scale multilingualism (15), and focus on
language as a marker of group identity (7, 16). New Guinea is
also the world’s most floristically diverse island (17), comprising
~5% of the world’s biodiversity (18). Throughout PNG, nu-
merous indigenous communities have explored, systematized,
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used, and managed the extraordinary biodiversity in their natural
environment, thus generating extensive biocultural knowledge of
local ecosystems (19-21). The traditional environmental knowl-
edge of indigenous communities is in decline world-wide in re-
sponse to the forces of cultural and economic globalization (22).
Only 20% of PNG ethnolinguistic groups have any of their tra-
ditional plant uses recorded in the literature, and detailed in-
formation (>100 plant-use records) exists for only 2.5% of
groups (3). Likewise, the contemporary status on this knowledge
remains poorly documented.

At present, 32% of indigenous languages in PNG are con-
sidered endangered (1) largely due to their replacement by Tok
Pisin (an English-based creole and PNG’s major lingua franca)
or English (the language of formal education) (23). However, the
true status of the country’s languages cannot be assessed in the
absence of a national linguistic survey (24). This study presents
such a survey and examines the present status and future dy-
namics of language and biocultural knowledge loss.

Results and Discussion

Language-Skills Drivers. We used questionnaires that compiled
information on socioeconomic background and self-reported
language fluency for 6,190 secondary-school students followed
by tests of their language skills and ethnobiological knowledge.
This survey captured 392 languages (46% of languages spoken in
PNG and 5.5% worldwide), including 110 languages with >10
respondents (Fig. 1 and Dataset S1). We have uncovered a
dramatic decline in the language skills in a single generation.
While 90.8% of students’ parents reportedly speak an indigenous
language fluently and only 0.3% of them have no indigenous
language skills, just 57.7% of students consider themselves fluent
in an indigenous language, whereas 2.0% of students reported a
complete lack of indigenous language (Fig. 24). The 110 lan-
guages with >10 respondents lost, on average, 40 + 2.1% (+SE)
of fluent speakers in the contemporary generation, from parents
to the secondary school students we studied (Fig. 2B). The
parent-student comparison suggests that language attrition is a
recent phenomenon and thus not a direct consequence of the
colonial past of PNG (until 1975) but rather a result of economic
and social development of a country undergoing globalization.
We tested a set of factors characterizing students’ life skills,
family language use, socioeconomic conditions, and language
traits that potentially affect language skills (7) (Fig. 3 and SI
Appendix, Fig. S1 and Table S1). The language used at home was
the most important predictor of language skills. Indigenous
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languages, used in 30% of all families, competed with Tok Pisin
and English, used in 66% and 4% of families, respectively. More
interestingly, home language use was also strongly impacted by
mixed-language family background, the second most important
predictor of language skills. The effect of mixed-language family
remained large even after taking into account its effect on home
language use, since only 16% of mixed-language families used an
indigenous language at home compared to 38% of same-
language families.

The small-scale multilingualism that was historically wide-
spread in PNG and continues in rural parts of the country (25,
26) does not lead to language attrition (27). However, modern
urban mixing with communication in Tok Pisin or English is
different (28). Presently, 37% of the surveyed students grew up
in mixed-language families. The secondary schools we surveyed
are a favorable environment for language mixing, attended by
students speaking 17 to 124 languages per school (SI Appendix,
Table S2). Only 35% of the students speak the same indigenous
language as their best friend, which is not very different from the
23% of students expected to do so if friendships were formed
randomly with respect to the languages spoken by students. This
pattern indicates a potential for further increase in nontradi-
tional mixed-language marriages of these students.

Urbanization, another important factor correlated with lan-
guage skills, often interrupts contacts between generations cru-
cial for language transfer (7, 10). Urbanization in PNG has been
kept low (87% of the population is rural) (29) by customary land
ownership (92% of families in our study owned land), since ur-
ban dwellers could lose their land rights to relatives who con-
tinue to live on their land in villages (30). Urban environment
had a strong negative impact on language skills among the 35%
of students growing up in towns and cities compared to those
growing up in a rural setting, particularly in a remote village.

Parents’ education and employment had only small effects on
language skills once the related factors of urbanization and home
language use were accounted for (Fig. 3). Students whose par-
ents had salaried employment had lower language skills com-
pared to those with parents growing cash crops or food for
subsistence. The statistical importance of parents’ language skills
was low, since almost all were fluent in an indigenous language.
Indigenous language skills were positively correlated with a
student’s reported traditional skills (hunting, fishing, farming,
house building, and medicinal plant use) and negatively with
contemporary technical skills (mobile phone and computer use).
The individual differences in students’ skills thus remain

Fig. 1. Languages studied in Papua New Guinea. (A) Language map (7) with the number of students surveyed. (B) Survey of 486 students speaking 37

indigenous languages at the Mt. Hagen Secondary School.
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Indigenous language skills in present and future PNG populations. (4) Language skills (L2) of 6,190 students (female and male) and their parents. (B)

Mean language skills (L2) for 110 well-sampled languages (n > 10 students per language). (C) The proportion of fluent speakers among parents and students
extrapolated to the entire 18- to 20-y-old cohort in PNG (Youths) and to the next generation of students (Next gen S) and all 18- to 20-y-olds (Next gen Y). (D)
Language skills (L1) of the students, predictions from models characterizing the 18- to 20-y-olds in PNG at present (Youths) and in 30 y (PNG 30), and language
skills assuming that PNG will come to match the mean socioeconomic parameters of lower-middle income countries (PNG LMI). Language skills were
quantified as the number of body parts (from the total of 24) correctly named from photographs (L1) or by assessment by respondents for themselves and
their parents on a four-point scale: no language skills (0), passive understanding (1), speaking but poorly (2), or fluent use (3) (L2).

important within both rural and urban environments, apart from
a large decline in traditional skills and improvement in con-
temporary technical skills associated with transition from rural to
urban lifestyle. We did not survey changes in traditional skills
between students and their parents, but it is likely that good
farming skills, in particular, are almost universal among the
parents compared to 68% for the students. Interestingly, the
students’ English skills and mathematical skills had no effect on
language skills, showing the limited direct effect of formal school
education compared to lifestyle changes. Finally, language skills
did not differ between female and male students.

The EGIDS (Expanded Graded Intergenerational Disruption
Scale) (31) language endangerment classification, based on in-
tergeneration transfer of languages and social domains of their
use, is a significant predictor of language skills. Our study thus
validates this endangerment parameter. Unlike some other
measures of endangerment (2, 8), EGIDS does not consider the
number of speakers of a language. We tested language size
separately and found it had no significant effect on language
skills; this finding bodes well for the survival prospects of nu-
merous small languages in PNG (in 2000, the median language
had only 1,201 speakers; Dataset S1).

In PNG, 87% of languages have a writing system, but only
15% of those languages have even a limited dictionary (1). Lit-
erature is thought to promote language vitality (31), but the
existence of a Bible translation, typically the only written text in
indigenous languages of PNG, did not improve language skills
for the 84% of students who speak indigenous languages with
Bible translations. This result could reflect the fact that only one-
third of Bible translations are extensively used (32). The stu-
dents’ language skills also differ across geographic regions of
PNG, probably reflecting regional differences in environmental
or socioeconomic factors not directly captured by the analysis.

While many of the language-attrition drivers we detected have
been documented previously (8, 10, 33), our analysis quantified
their relative importance and revealed that multiple factors, even
when correlated, have significant, statistically independent ef-
fects. For instance, urban lifestyle was correlated with better
education and salaried employment of parents and with low
traditional and high contemporary technical skills of students,
but all these variables remained significant, independent pre-
dictors of language skills (SI Appendix, Fig. S2).

Future Trends in Language Skills. Only 15% of young people in
PNG attend secondary school (34). They tend to come from
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towns and cities (35% in our sample versus 13% in the general
population), have educated parents (17% with tertiary education
versus 5% country wide in the age cohort 45 to 54 y), and rely
less on subsistence agriculture (31% versus 57% in the general
population) (34) (SI Appendix, Table S1). Rural families can
often afford education beyond primary level for only one or a
minority of their children.

Considering these selection biases, we estimated indigenous
language fluency for the entire 18- to 20-y-old cohort of PNG
using country-wide values for urbanization, parents’ education,
and parents’ employment as independent variables. We also used
these variables to estimate the country-wide proportion of lin-
guistically mixed families and the proportion of households using
any indigenous language. Our model estimated that 73.5% of the
18- to 20-y-olds in PNG are fluent in an indigenous language—a
higher proportion than among secondary students but repre-
senting a significant decline from their parents, of whom >90%
are likely fluent in at least one indigenous language (Fig. 2C).
While the share of fluent speakers decreased dramatically from
parents to their children, the PNG population almost doubled
during the same period from 4.62 million in 1990 to 8.95 million
at present (29). It is predicted to grow further to 27 million in
2100 (35). The absolute number of fluent speakers thus probably
increased in the past 30 y for most indigenous languages in PNG
and may continue to grow in the future while representing a
rapidly diminishing share of the total population. Such an in-
creasingly minor position may be detrimental for the survival of
indigenous languages irrespective of the number of speakers.

We used extrapolated values of language-skills drivers to
model the situation for students and all 18- to 20-y-olds in the
next generation. Unlike most other countries, PNG is predicted
to remain predominantly (76%) rural in 2050 (36). Higher mo-
bility, including travel for education and employment, will likely
lead to an increase in the already high proportion (37%) of
linguistically mixed families; a hypothetical random selection of
partners would result in 99% of mixed families based on our
population size estimates for PNG languages (Dataset S1). We
used the proportion of students whose best friend speaks a dif-
ferent first language (65%) as a proxy for the future share of
mixed-language families. The share of the population with sec-
ondary or tertiary education is expected to increase from 19 to
31% by 2050 (34), but the proportion of the population with
salaried employment was modeled as constant (31%), since there
has not been a definitive trend over the past 30 y (37).
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Fig. 3. Effects of language and socioeconomic factors on indigenous language skills and ethnobiological knowledge. GLMMs describe variability in student

language skills (L1) and in knowledge of bird species (E1) and traditional plant uses (E2). The language-skills model incorporated 11 fixed variables divided
into four classes: (A) language traits, endangerment (A3) and geographic regions (A4); (B) socioeconomic traits, birthplace urbanization (B1) and remoteness
(B2) and parents’ education (B3) and employment (B4); (C) family language use, parents’ language skills (C1), home language use (C2), and whether parents
speak the same first language (C3); and (D) student traits: traditional skills (hunting, fishing, growing food, house building, and medicinal plants) (D4) and
contemporary technical skills (mobile phone and computer use) (D5). The variables were selected within each class (S/ Appendix, Table S2) before being
included in a global model (S/ Appendix, Table S3). The bars show the AIC improvement due to the addition of each group (black) and each variable within
each group into a model that includes all other variables, quantifying the marginal effect of each class/variable. The line plots show the shape of the effect of
each variable across its range (except categorical A4) while keeping the other variables constant. Only significant (P < 0.05) variables are shown. The models
describing variability in student knowledge of bird species (E1) and traditional plant uses (E2) used language skills (L1) and three classes of explanatory
variables (family language use, socioeconomic traits, and student traits, including D1—gender) (S/ Appendix, Tables S5 and S6). L1 is defined in Fig. 2 and

other variables in Materials and Methods.

Our model predicted that the current students’ 58% fluency in
indigenous languages will shrink to 26% for the next generation.
Furthermore, we estimated 52% fluent indigenous-language
speakers in the entire 18- to 20-y-old cohort of the next gener-
ation in PNG (Fig. 2C). We also modeled the scenario of PNG
converging to the mean socioeconomic parameters for lower-
middle income countries, and this model predicted even
greater attrition in language skills in the general population
(Fig. 2D).

Ethnobiological Knowledge in Decline. We tested the knowledge of
indigenous bird species and traditional uses of plants as two
important components of biocultural knowledge (20). The
knowledge of both bird species and plant uses was closely pre-
dicted by indigenous language skills and, therefore, is in decline
(Fig. 3 and SI Appendix, Fig. S3). This result was expected, as
most indigenous plant and animal names lack established
translations into Tok Pisin or English and scientific species
identifications (19). The continued maintenance of traditional
knowledge in the face of severe language loss is rare, and this
knowledge may be lost or restructured even when the indigenous
language remains healthy (38, 39). Language shift, together with
formal education, transition to a market economy, new tech-
nologies, urbanization, interethnic contact, habitat degradation,

40f8 | PNAS
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modern health care, religious belief, change in values, and
modern media have been identified as global drivers of decline in
ethnobiological knowledge and its replacement or fusion with
new information from external sources (22, 38, 39).

Male students knew birds better than female students, prob-
ably because the knowledge of birds was correlated with hunting
skills, which were better developed in male students. Several
other student and socioeconomic traits were correlated with
ethnobiological knowledge, but their importance was low
(Fig. 3). The close correlation between language skills and eth-
nobiological knowledge may result partly from the focus of our
ethnobiology tests on naming species. However, the ability to
recognize and name species is a prerequisite for acquiring deeper
ecological and cultural knowledge of plants and animals, as we
have observed when training paraecologists, who use their tra-
ditional knowledge of the natural world to build modern re-
search skills (40).

Student traits, including traditional skills and socioeconomic
traits, particularly urbanization, were the best predictors of
ethnobiological knowledge when language skill itself was not
used as an explanatory variable (SI Appendix, Fig. S4). The in-
tricate details of biology are often learned during teenage years
spent in rainforests (41), an option no longer available to many
students growing up in towns or leaving villages for boarding
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schools. Even the iconic and culturally important cassowary
(Casuarius spp.) (42) could be named in an indigenous language
by only 64% of respondents.

The students were asked to list up to 10 plant species with
their traditional uses in indigenous languages; when they did not
know any, they used Tok Pisin or English names. The majority of
the plant uses reported in indigenous languages and in Tok Pisin/
English were medicinal, but the proportion was greater in Tok
Pisin/English responses, in which 80% were medicinal versus just
53% for plants reported in indigenous languages. Although
medicinal use is often one of the most salient across cultures
(20), plants reported in indigenous languages had a wide range
of reported uses including sorcery, house building, and cere-
monies (Fig. 44) (43). Furthermore, the Tok Pisin/English me-
dicinal uses were dominated by merely 10 plant species, only two
of them (Laportea sp. and Morinda citrifolia) native to PNG
(Fig. 4B). Laportea is widely distributed and used across PNG,
while M. citrifolia is a lowland species that has become com-
mercialized throughout the Pacific (44). Students with poor in-
digenous language skills thus showed severely reduced
traditional medicinal knowledge replaced by an impoverished,
highly “globalized” knowledge pertaining to a few mostly non-
native plant species (e.g., Carica papaya, Citrus spp., and
Aloe vera).

Conclusions

We have shown that the drivers of language loss documented for
communities around the world (45) are, to variable extents, at
play in the world’s most linguistically diverse nation. The tradi-
tional multilingualism in indigenous languages in the present
oldest generation has given way to bilingualism with the English-
based creole Tok Pisin in an intermediate generation and
monolingualism in Tok Pisin, with perhaps English from
schooling, in a third generation (46). With Greenberg’s language
diversity index (the probability that an individual does not share
the same language with another randomly selected individual)
approaching 0.989 (Dataset S1), the languages of PNG are too
localized to be practical for wider communication. Unfortu-
nately, we have shown that ethnobiological knowledge is closely
correlated with indigenous language skills and therefore equally
at risk.

A 10

0.2
0.0
Indigenous  Tok Pisin/English
B Medicinal W Unspecified

Sorcery
Food & household

M Buildings
B Ceremonies

The factors predicting language and biocultural-knowledge
attrition in our models are determined by the factors consid-
ered desirable in contemporary PNG society, such as education,
cash economy, ease of travel, and skills demanded for employ-
ment, or they are a consequence of economic development such
as urbanization, which also leads to mixed-language marriages.
These powerful forces are making the preservation of traditional
knowledge difficult. In 2013, PNG abandoned a decades-long
experiment in allowing local communities to deliver early
childhood education in local indigenous languages by moving to
an English-only plan (47). Furthermore, children often leave
their home village to pursue education, which can cause attrition
of their indigenous language skills (48). PNG’s extraordinary
linguistic diversity and overwhelmingly rural population pose a
challenge for state-delivered education but have played an im-
portant role in the retention of vast biocultural knowledge that
exists outside the education system.

The survival of most indigenous languages and traditional
knowledge will be determined by factors other than their prac-
ticality. On a positive note, PNG communities prize language as
a marker of group identity (24). A majority, 88%, of the students
fluent in an indigenous language expressed their intention to
teach it to their children, but only 8% were motivated by prac-
ticality for communication, while the others valued language as
an important part of their culture. It is possible that biocultural
knowledge is less consciously prized than language skills and
therefore even more in danger of disappearing than indigenous
languages (41).

New Guinea’s share of global linguistic diversity is more than
twice as high as its share of biological diversity (5, 17). The na-
tion’s linguistic and biological diversity continue to be extensively
studied (13, 18) with some sustained efforts at protection (47,
49), but both local and international programs to document and
support ethnobiological diversity remain limited (3, 21). A better
synergy between traditional biological knowledge and formal
biology such as grassroots paraecologist programs could rein-
vigorate the interest of indigenous communities in their ethno-
biological heritage as well as in the preservation of linguistic and
biological diversity (17, 21, 40, 41).

Materials and Methods

Ethnahinl lod

Language Skills and Et gical Ki ge Variables. We surveyed stu-
dents attending upper secondary school (grades 11 and 12) at 30 of the 123
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Fig.4. Language skills and ethnobiological knowledge. (A) Indigenous plant use by categories (Hill's diversity 'D = 4.15 for indigenous and 2.18 for Tok Pisin/
English uses). (B) The 10 most common plant species listed in Tok Pisin/English medicinal uses. The respondents were asked to freely list up to 10 plant species
with their indigenous names and traditional uses (E2). They provided 21,829 responses in indigenous languages (i.e., 35% of the maximum of 10 uses x 6,190
respondents) and an additional 5,458 responses in Tok Pisin/English when they could not name any plant in an indigenous language.
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secondary schools in PNG from April 6, 2015 to November 14, 2018. The
schools were selected to represent both rural and urban locations in the
lowland and highland regions from several provinces, comprising areas with
both low and high language diversity (S/ Appendix, Fig. S5 and Table S2). The
students completed tests of indigenous language skills and ethnobiological
knowledge and a questionnaire on their family background, skills, and
lifestyle (Dataset S3). All surveys were voluntary, anonymous, and with in-
formed consent given by all participants. The surveys were approved by the
PNG Department of Education and approved by the IRB of the New Guinea
Binatang Research Center (BRC_03_15.01.2015). The surveys were conducted
at schools and attained 100% participation, eliminating the problem of self-
selection, whereby poor speakers may be reluctant to volunteer for
language tests (Fig. 1B).

Indigenous language skills were quantified by two variables: L1, the
number of body parts, from a set of 24 that included both frequently and
rarely used terms, named by students from photographs (50), and L2, the
students’ self-assessment on a four-point scale: no language skills (0), passive
understanding (1), speaking but poorly (2), and fluent language use (3).
Students speaking more than one indigenous language were assessed for
the language they knew best. Language-skills measures based on self-
assessment (L2) can be biased (51). Individual respondents may have dif-
ferent ideas about what it means to be “fluent.” Younger people may
consider themselves less linguistically fluent than elders because they have
less cultural knowledge. However, these potential biases are unlikely to be
important, since the L1 and L2 variables are closely correlated in our study (S/
Appendix, Fig. S6).

Ethnobiological knowledge was quantified by two variables: E1, the
number of bird species named in an indigenous language from a set of
images of 10 species, and E2, the number of plant species freely listed with
their indigenous names and traditional uses other than food (10 species
maximum). For birds, the students completed two sets including 10 lowland
and 10 montane species, respectively, all geographically widespread. Each
selection included a range of species from widely known and easily recog-
nizable ones (e.g., birds of paradise and cassowary species) to more difficult
ones. The set with the higher score was used for each student so as not to
penalize students from any geographic location. We combined the image
identification for birds with free listing for plants in order to obtain more
comprehensive ethnobiological information, as each method of data col-
lection has its own strengths and biases (20, 52). The ethnobiological
knowledge measures focused on indigenous species names for birds and
plants because knowledge of these names is a prerequisite for learning
traditional information associated with individual species. Tok Pisin does not
have detailed animal or plant taxonomies, and those available in English are
not widely used in PNG. For plants, some students listed species by their Tok
Pisin or English names only, when they did not know their indigenous
names. These data were analyzed separately. Our tests, limited to 10 bird
and 10 plant species, did not explore the full scope of ethnobiological
knowledge, which often includes several hundred species (20, 43). With their
focus on students, they were also not designed to capture improvements of
knowledge with age that often take place for people who are immersed in
the relevant cultural and natural environment (53).

We used 21 independent variables (details in S/ Appendix) to explain
language skills and ethnobiological knowledge, categorized into
four classes.

Class A includes language traits. For language population size (A1), we
estimated the number of language users by interpolating or extrapolating
the number listed in the Ethnologue database (1) to the year 2000 (Dataset
S1). For language status (A2 and A3), we used either detailed EGIDS cate-
gories (A2) as given for each language in Ethnologue (1) or the language
status (A3) classified as endangered (EGIDS 6b to 10) or not (EGIDS 1 to 6a).
For geographic region (A4), the location of the language in one of the four
geographic and administrative regions of PNG (Highlands [1], Momase [2],
Southern [3], and Islands [4]) is used as a categorical variable to examine
geographic differences in language skills. For elevation (A5), each language
was characterized by its median elevation (in meters above sea level, log
transformed) obtained from the Ethnologue (1) language maps. Concerning
Bible translation (A6), Bible translations are typically the only written liter-
ature in indigenous languages that are used by their speakers.

Class B includes family socioeconomic traits. For urbanization (B1), the
student’s childhood place of residence is given as a village (1), a government
outpost (2), or a town or city (3). For remoteness (B2), the student’s child-
hood place of residence can be accessed by road (1), boat (no road) (2), plane
(no road or boat) (3), or only on foot (4). For parents’ education (B3), the
highest education reached by either of the parents is given as no school (1),
lower primary (first to sixth) grade (2), higher primary (seventh to eighth)
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grade (3), lower secondary (9th to 10th) grade (4), higher secondary (11th to
12th) grade (5), or any tertiary education (6). For parents’ employment (B4),
the highest employment category reached by either of the parents is given
as subsistence farming (1), cash crop farming (2), or salaried job or small
business (3).

Class C includes family language use. For parents’ language fluency (C1),
the L2 scores were assessed by the respondents for their parents; the higher
of the mothers’ and fathers’ scores was used. Home language use (C2) was
given as indigenous language (alone or with other languages, including Tok
Pisin and English) (1), Tok Pisin only (2), or English (alone or with Tok Pisin)
(3). The parents’ languages variable (C3) was given as mother and father
speak the same indigenous language (1) or the family is linguistically
mixed (0).

Class D includes student traits. Gender (D1) is given as female (1) or male
(0). Grade 10 test results are given from English (D2) and Mathematics (D3).
For traditional and contemporary technical skills in variables D4 to D6, stu-
dents self-assessed their skills (as none [0], poor [1], or good [2]) at five
traditional tasks (D4), hunting, fishing, growing staple crops, building a
house from forest materials, and using plants to treat fever, as well as at two
contemporary technical tasks (D5), using a mobile phone and a computer.
The difference between traditional and contemporary technical skills was
used as an additional explanatory variable (D6).

For the best friend's language variable (D7), the participant’s best friend
speaks the same (1) or a different (0) indigenous language as the informant.
This variable was used as a proxy for the proportion of mixed-language
families likely to be formed by the surveyed students in the future (C3),
viewed as a predictor of language skills for the generation of the students’
children. We compared the D7 values for each surveyed school with the
expected proportion of best friends speaking the same language as the in-
formant, with the assumption that students choose their friends at school
and do so irrespective of the indigenous language they speak. The teaching
indigenous language variable (D8) was given as the intention to teach one’s
children an indigenous language (yes [1] or no [0]), from those who have the
language skills to do so, with a predefined list of five motivations to justify
this choice: no, because 1) the indigenous language belongs to an old cul-
ture or 2) it is not a useful skill for my child or yes, because 1) everyone in my
village/town does it, 2) it is a useful skill for my children, or 3) it is part of my
culture. This variable was not used for generalized linear mixed
models (GLMMs).

Data Verification. Identification of the indigenous language used by each
respondent was often difficult (details in SI Appendix). We were able to
identify the indigenous language for 6,190 of 8,708 respondents. Both the
complete and the verified data sets give similar results for the language skills
(L1, L2) and ethnobiological knowledge (E1, E2); only verified data were
used in the analysis. We also verified the body part test results, as detailed in
the SI Appendix.

Language Skills and Ethnobiological Knowledge Analysis. The data used for
analysis are provided in Dataset S2. We used GLMMs to assess the effect of
the four classes of variables on the language skills of the students. The re-
sponse variable was the number of correct/incorrect body parts identified by
students in their indigenous language (L1). The probability of getting correct
responses was modeled as a binomial variable, with students and individual
languages treated as random variables in all models. Except for A4, all other
potential predictors are either binary or ordinal variables, allowing us to
model these variables as numeric (and A1 as natively numeric), with or-
thogonal polynomials of order N — 1 representing the number of levels in
each variable. This approach is equivalent to representing contrasts in a
categorical variable but allows for numeric extrapolation of
noninteger values.

We employed a hierarchical model selection approach using the Akaike
Information Criterion (AIC) (54) to compare the fit among candidate models.
First, we used model selection separately for each class (A through D) of
predictor variables. For the variables that had more than one level (except
categorical A4), we built models with polynomials of different order, from
N — 1 levels to a simple linear relationship. For each class, we considered all
the variable combinations within that class, using different polynomial or-
ders when applicable. When more than one variable represented alternative
expression of the same factor (A2 versus A3, D6 versus D4 and D5), we ex-
cluded models that included these variables together. In order to make in-
terpretations easier, avoid inflation in the number of candidate models, and
limit degrees of freedom in the models, we did not consider interactions
among the variables. In the end, we obtained, for each class, one best-
performing model with the optimal set of variables belonging to that
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class (S Appendix, Table S2). Subsequently, we combined the variables from
each of these class-specific, best-performing models to test whether differ-
ent classes of variables acted jointly on language skills. We built these
models by combining all the variables from the best-performing model in
each class into models with two, three, and all four classes in all possible
combinations, again with no interactions (S/ Appendix, Table S3).

Once we obtained the best-performing, overall model, we investigated
the relative role of each class and individual variable by calculating how
much the AIC value was increased by removing the focal variable or class
from the full model. In case any variable came out with a nonsignificant
marginal effect (using a threshold of 2 points of AIC) at this stage, we re-
moved it from the final model, as such loss of effect would be due to a
higher predictive power in other correlated variables from another class. In
addition, we assessed the direction and shape of the effects for individual
predictor variables (Fig. 3). We predicted the response variable while varying
each of the predictor variables in the best-performing model across its
range, while keeping the other predictors at their original mean values
across the whole population of test scores. This procedure was not possible
for geographic regions (A4), which is categorical. We kept the A4 values
fixed on the most abundant region when predicting the effect of the other
variables because an average does not apply to this categorical variable.

We also used the GLMMs to analyze the ethnobiological knowledge of
students (E1 and E2). We used the same variables and model-building
strategy as for L1, except that we omitted the Language traits (A) class of
variables and added language skills (L1) as a new independent variable.

Language-Skills Extrapolation. The empirical relationships among the pre-
dictor variables included in the best model were used to extrapolate lan-
guage skills (L1) for hypothetical populations characterized by values for the
model parameters different from the observed parameters: for the 18- to
20-y-olds in PNG at present (Model L1A), characterized by parameters ex-
trapolated 30 y into the future (Model L1B) and assuming PNG reaches the
current mean socioeconomic parameters for the lower-middle income
countries (55) (Model L1C). We used the estimated parameters for the ef-
fects of each variable from the best model described above to predict the
response variable for different values of the predictor variables in these
populations. Because variable A4 is categorical, we made separate predic-
tions for each geographic region and then made an average prediction by
weighting the predicted value for each region by its proportion in the
overall population.
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In Model L1A, we used parameter values characterizing 18- to 20-y-olds in
PNG for urbanization (B1), parents’ education (B3), parents’ employment
(B4), geographic region (A4), and language status (A3) (1, 29, 34, 37) (S/
Appendix, Table S4). These variables were also used to adjust the remaining
variables for which PNG-wide data were not available. For instance, there
are no country-wide data for remoteness (B2), but the distribution of re-
moteness values differs between two levels of urbanization—village and
town/city. The remoteness variable was therefore adjusted as a weighted
mean between village and town/city values, reflecting the change in the
share of village residents from 58% in the original data to 87% in Model
L1A. More complex adjustments included several explanatory variables, us-
ing distributions of the adjusted variable for all possible combinations of
their values. In Model L1A, in addition to remoteness adjusted by urbani-
zation, we adjusted four variables (C2, C3, D4, and D5) by a combination of
urbanization and parental education (S/ Appendix, Table $4). The parame-
ters for the L1B and L1C models extracted from literature (1, 34, 36, 37, 56)
and adjusted using other variables appear in S/ Appendix, Table S4. Finally,
we adjusted the proportion of respondents fluent in an indigenous lan-
guage (L2 = 3) from the student respondents in our study to the entire 18- to
20-y-old cohort in PNG (Model L2A) and used this approach to estimate the
proportion of fluent speakers in the next generation, both for students
(Model L2B) and the entire 18- to 20-y-old cohort in PNG (Model L2C) (S/
Appendix, Table S4).
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