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Demo using our code



Sample size, study duration etc

• US-based MTurk workers
• N=148 after 5 exclusions (spread over 4 conditions)
• 5-15 minutes, $1.20



Perceptual learning

per week were trimmed to twice the number of hours they interact per week. See S1 Text for
further details.

Visual examination of the raw data suggests that the paradigm worked, and that, in general,
participants’ performance in the phoneme categorization task was influenced by the speech of
the speaker in the picture selection task (see Fig 1). To test whether participants with a smaller
social network adjusted their representations to a greater degree, a logistic mixed model analy-
sis was conducted in R version 3.2.4 [26] using version 1.1–11 of the lme4 package [27]. The
analysis included Participants as a random variable, and VOT (centered around 25), Audio
Condition (manipulated /t/, manipulated /d/), Speaker (Same, New), Social Network Size
(centered), and the three-way interaction of Social Network Size with Audio Condition and
Speaker, including all two-way interactions within, as fixed effects. The model included an
intercept for the random variable, and a slope for VOT (This is the only possible slope as all
other factors were manipulated between participants). Results revealed an effect of VOT (β =
0.27, SE = 0.01, z = 21.79, p<0.001), such that the higher a token’s VOT, the more likely partic-
ipants were to classify the token as teen. As VOT is a key feature that distinguishes /d/ and /t/,
this shows that participants were performing the task. Results also revealed an effect of the
audio manipulation at the base level, such that participants in the manipulated /t/ condition
interpreted more tokens as teen (β = 1.06, SE = 0.42, z = 2.51, p = 0.012). This effect confirms
that our manipulation worked and participants indeed showed perceptual learning. The effects
of Social Network Size (β = 0.08, SE = 0.04, z = 1.90, p = 0.057) and the interaction between
Speaker and Social Network Size (β = -0.1, SE = 0.05, z = -1.80, p = 0.073) were in the right
direction but did not reach the conventional level of significance. Importantly, these were
modulated by a three-way interaction between Speaker, Audio Condition and Social Network
Size (β = 0.17, SE = 0.08, z = 2.10, p = 0.036; See S1 Table for the full results).

To better understand the nature of the three-way interaction, separate analyses on the Same
Speaker and New Speaker conditions were run. A mixed model analysis on the Same Speaker
condition revealed an effect of VOT (β = 0.21, SE = 0.01, z = 15.61, p<0.001), such that tokens
with longer VOTs were more likely to be classified as teen. As before, this indicates that partici-
pants performed the task. Results also revealed an effect of Audio Condition (β = 1.38,
SE = 0.44, z = 3.11, p = 0.002; See Figs 2 and 3 and S2 Table), indicating that participants in the
manipulated /t/ condition classified more tokens as teen. This reflects an effect of perceptual
learning, as exposure influenced the location of the boundary between the /t/ and /d/ catego-
ries, such that listening to a speaker who produces the ambiguous sound for /t/ versus /d/ led

Fig 1. Participants’ phoneme categorization by condition. Participants’ proportion of classifying the word as
teen as dependent on the audio condition (manipulated /d/, manipulated /t/) in the (a) Same Speaker condition and
(b) New Speaker condition.

https://doi.org/10.1371/journal.pone.0183593.g001
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Social network effect on new speakers only?

to larger /t/ category and smaller /d/ category. Crucially, neither the effect of Social Network
Size nor its interaction with Audio Condition reached significance.

In contrast, an analysis of the data in the New Speaker condition revealed not only similar
effects of VOT (β = 0.34, SE = 0.02, z = 16.56, p<0.001) and Audio Condition (β = 1.10,
SE = 0.36, z = 3.07, p = 0.002), but also an effect of Social Network Size at the reference level of
the manipulated /d/ condition, indicating fewer /d/ interpretations, and thus smaller effect of
exposure with larger Social Network Size (β = 0.07, SE = 0.04, z = 2.10, p = 0.035; See S3
Table). Results also showed a numeric pattern in line with an interaction between Social Net-
work Size and Audio Condition, but this effect did not reach significance (β = -0.09, SE = 0.05,
z = -1.76, p = 0.078). As Figs 4 and 5 show, the difference between the audio conditions was
numerically larger for participants with Smaller Social Networks.

It is less clear why the role of Social Network Size was particularly strong in the manipulated
/d/ condition. In general, it seems that the perceptual learning effect itself was mostly driven
by the manipulated /d/ condition. The VOT values of the continuum were selected such that it

Fig 2. Model’s statistical results for performance in the Same Speaker condition. The model’s
predictions for the probability of teen selection in the Same Speaker condition as dependent on social
Network Size and Audio Condition in exposure. Note that there is no interaction between Social Network Size
and Audio Condition. The effect of perceptual learning is manifested in the distance between the line in the
manipulated /t/ condition and the line in the manipulated /d/ condition, as greater perceptual learning should
lead to more teen responses in the manipulated /t/ condition and fewer teen responses in the manipulated /d/
condition. Gray bands indicate standard errors (67% confidence interval).

https://doi.org/10.1371/journal.pone.0183593.g002
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to causality in the opposite direction or to co-variation with another factor. While this cannot
be ruled out completely, the specificity of the effect to the New Speaker condition makes it
unlikely to be the case. The lack of an effect of Social Network Size in the Same Speaker condi-
tion indicates that people with different Social Network Sizes approached the task similarly
and were equally able to learn the pattern. Moreover, the three-way interaction is significant.
Furthermore, the lack of an effect of Social Network Size is unlikely to be due to insufficient
power, since, if anything, the numeric pattern in the Same Speaker condition goes in the oppo-
site direction to that in the New Speaker condition. While the direction of an effect can be mis-
leading when studies are not sufficiently powered, the significance of the results in the New
Speaker condition indicates that there was sufficient power to detect an effect in that case. Fur-
thermore, a similar study that examined the relationship between social network size and the
malleability of representations at the lexical level found similar results–social network size had
a significant negative effect in the new speaker condition, but a non-significant positive effect
in the same speaker condition [28]. As the effect of Social Network Size in the Same Speaker
condition was not significant, we do not elaborate its opposite directionality. We would only
speculate that it might be the case that having a larger social network improves one’s ability to
learn speakers’ phonological patterns. Indeed, in other studies we found that having a larger

Fig 4. Model’s statistical results for performance in the New Speaker condition. The model’s
predictions for the probability of teen selection in the New Speaker condition as dependent on Social Network
Size and Audio Condition in exposure. The effect of perceptual learning is manifested in the distance between
the line in the manipulated /t/ condition and the line in the manipulated /d/ condition, as greater perceptual
learning should lead to more teen responses in the manipulated /t/ condition and fewer teen responses in the
manipulated /d/ condition. Gray bands indicate standard errors (67% confidence interval).

https://doi.org/10.1371/journal.pone.0183593.g004
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Social network effect on new speakers only?

to larger /t/ category and smaller /d/ category. Crucially, neither the effect of Social Network
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effects of VOT (β = 0.34, SE = 0.02, z = 16.56, p<0.001) and Audio Condition (β = 1.10,
SE = 0.36, z = 3.07, p = 0.002), but also an effect of Social Network Size at the reference level of
the manipulated /d/ condition, indicating fewer /d/ interpretations, and thus smaller effect of
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Table). Results also showed a numeric pattern in line with an interaction between Social Net-
work Size and Audio Condition, but this effect did not reach significance (β = -0.09, SE = 0.05,
z = -1.76, p = 0.078). As Figs 4 and 5 show, the difference between the audio conditions was
numerically larger for participants with Smaller Social Networks.

It is less clear why the role of Social Network Size was particularly strong in the manipulated
/d/ condition. In general, it seems that the perceptual learning effect itself was mostly driven
by the manipulated /d/ condition. The VOT values of the continuum were selected such that it

Fig 2. Model’s statistical results for performance in the Same Speaker condition. The model’s
predictions for the probability of teen selection in the Same Speaker condition as dependent on social
Network Size and Audio Condition in exposure. Note that there is no interaction between Social Network Size
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https://doi.org/10.1371/journal.pone.0183593.g002
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be ruled out completely, the specificity of the effect to the New Speaker condition makes it
unlikely to be the case. The lack of an effect of Social Network Size in the Same Speaker condi-
tion indicates that people with different Social Network Sizes approached the task similarly
and were equally able to learn the pattern. Moreover, the three-way interaction is significant.
Furthermore, the lack of an effect of Social Network Size is unlikely to be due to insufficient
power, since, if anything, the numeric pattern in the Same Speaker condition goes in the oppo-
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leading when studies are not sufficiently powered, the significance of the results in the New
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malleability of representations at the lexical level found similar results–social network size had
a significant negative effect in the new speaker condition, but a non-significant positive effect
in the same speaker condition [28]. As the effect of Social Network Size in the Same Speaker
condition was not significant, we do not elaborate its opposite directionality. We would only
speculate that it might be the case that having a larger social network improves one’s ability to
learn speakers’ phonological patterns. Indeed, in other studies we found that having a larger
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https://doi.org/10.1371/journal.pone.0183593.g004
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Raw data

social network improves certain phonological and semantic abilities (e.g., [23]). This would
make it even more remarkable that despite superior learning of the speaker’s speech pattern,
participants with larger social networks generalized it less. Importantly, regardless of the
underlying cause of the effects that were found, the results of this paper show a relevant and
ecologically important pattern. They point to the potentially large role that non-hub members
have in propagating changes, leaving open the question regarding how people self-select into
different positions in the social network.

Another limitation of the study is that it tested participants’ perception rather than produc-
tion. The account here assumes that the category boundary that guides our interpretation of
input also influences our production, and that we would not produce, for example, /d/s with a
VOT that we would interpret as /t/ in perception. This assumption fits with many models of
language processing and production, including those that assume that we monitor our produc-
tion via comprehension [29] or that we use our own production system to predict others’
speech during language processing [30]. Nonetheless, it would be important to follow up on
these studies with an experiment that examines production.

These results relate to the threshold problem in language change—the puzzle regarding
how rare forms, especially ones that do not have any obvious advantage, get adopted and dif-
fuse through the network. While Social Network Size cannot account for such diffusion on its
own, combining small Social Network Size with other assumptions, such as assigning higher
weight to recent input, could explain how rare variants can overcome the threshold problem.
Other factors, such as the social status of the speaker, might play a role as well and help boost
learning further in some cases [22].

On the face of it, one may wonder whether greater malleability is sufficient to allow people
with smaller social networks to play an important role in linguistic diffusion. In particular,
people might be less likely to be influenced by people with smaller social networks, minimizing

Fig 5. Plot of uncontrolled summary statistics for performance in the New Speaker condition. Average
teen selection in the New Speaker condition as dependent on Social Network Size and Audio Condition in
exposure. Note that this figure illustrates summary statistics, but that the analysis was not over summary
statistics but over the full results. Note also that this figure is only for illustration purposes and the plotted data
points show responses without controlling for factors the model controlled for, such as VOT. Similarly to the
plotted results of the model in Fig 4, the effect of perceptual learning is manifested in the distance between the
line in the manipulated /t/ condition and the line in the manipulated /d/ condition, as greater perceptual learning
should lead to more teen responses in the manipulated /t/ condition and fewer teen responses in the
manipulated /d/ condition.

https://doi.org/10.1371/journal.pone.0183593.g005
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would lead to about equal teen and dean selections in the absence of any exposure. In the
manipulated /d/ condition, the proportion of teen selection appropriately dropped below 50%.
In contrast, the proportion of teen selections in the manipulated /t/ condition, in both Speaker
conditions, did not rise much above 50%, potentially suggesting that there was no perceptual
learning in this condition.

While it is unclear why the manipulated /d/ condition led to greater perceptual learning,
the results do show that the perceptual learning effect in the manipulated /d/ condition is, as
predicted, largest among individuals with smaller social networks. Furthermore, the lack of
any effect of Social Network Size in the Same Speaker condition indicates that this lack of gen-
eralization is not due to inability to learn the patterns of the speaker. The similar performance
of individuals with different Social Network Sizes in the Same Speaker condition also suggests
that the effect that was found in the New Speaker condition is unlikely to be due to other fac-
tors that co-vary with Social Network Size and that affect participants’ motivation to do the
task or their approach to it.

General discussion

This study shows that individuals with smaller social networks have more malleable represen-
tations. Specifically, it shows that those with smaller social networks are more likely to adjust
their general representation of phonological categories following exposure to non-normative
input. We propose that this greater malleability of representations is due to the fact that when
one has only been exposed to few sources, any new source is more informative, and therefore
its input is assigned more weight. One potential implication of this finding is that individuals
with smaller social networks might be more likely to propagate linguistic innovations, and
therefore might play an important role in the diffusion of linguistic changes.

One caveat is that individuals’ Social Network Size was not manipulated but exploited the
natural variation in circle size. Therefore, theoretically, any effect that was found could be due

Fig 3. Plot of uncontrolled summary statistics for performance in the Same Speaker condition.
Average teen selection in the Same Speaker condition as dependent on social Network Size and Audio
Condition in exposure. Note that this figure illustrates summary statistics, but that the analysis was not over
summary statistics but over the full results. Note also that this figure is only for illustration purposes and the
plotted data points show responses without controlling for factors the model controlled for, such as VOT.
Similarly to the plotted results of the model in Fig 2, the effect of perceptual learning is manifested in the
distance between the line in the manipulated /t/ condition and the line in the manipulated /d/ condition. Greater
perceptual learning should lead to more teen responses in the manipulated /t/ condition and fewer teen
responses in the manipulated /d/ condition.

https://doi.org/10.1371/journal.pone.0183593.g003
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Alternative analyses

From supplementary materials
“1. Analyses that do not exclude the participants whose Social Network Size 
was 4 and 8 standard deviations from the mean show very different results 
from those reported in the paper. Comparing results with and without a 
particular participant or observation is in fact the test for undue influence, 
often called Cook’s Distance [1]. Analyses whose results depend on including a 
specific data point or individual are considered unreliable.

2. Analyzing the data with the untrimmed estimates of Social Network Size 
leads to the same pattern of results as in the analysis reported in the paper, 
but the triple interaction does not reach conventional level of significance 
(β=0.13263, SE=0.07405, z=1.791, p=0.073).”



Lev-Ari’s conclusions

Individuals with smaller social networks have more malleable linguistic 
representations 
• More influenced by manipulated-/d/ training
• Potential role for such individuals in propagating linguistic change?
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