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Typological data show a tendency for languages to exhibit harmonic (i.e., consistent) ordering
between heads and dependents. Previous experimental work using artificial language learning
experiments has shown that learners prefer harmonic patterns. This suggests that the typological
trend for harmony may, at least in part, be driven by a cognitive bias. However, it is well-
documented that specific categories sometimes contradict this tendency. Here, we investigate
one such case in the domain of the noun phrase. While many nominal dependents exhibit
harmony, adjectives and genitives do not: adjectives tend to follow the noun and genitives
tend to precede. Previous experiments have identified the existence of cognitive biases that
keep these dependents split across the head noun in contexts where there is no conventional
language system in place. In this study, we use a silent gesture experiment to examine whether
the specific biases that apply to these two dependent types compete with a general preference
for harmony in an artificial language learning task. Specifically, we examine whether participants’
learning behaviour is consistent with a preference not just for harmony, but for a non-harmonic
order where adjectives follow and genitives precede the noun. What we find, instead, is that
participants’ preference for consistent language systems is not modulated by category-specific
biases for prenominal genitives and postnominal adjectives. We discuss the implications of this
finding for explanations of typological tendencies which link them to cognitive biases.

Glossa Psycholinguistics is a peer-reviewed open access journal published by the eScholarship Publishing.
© 2026 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

3OPEN ACCESS



mailto:aholtz@ed.ac.uk
mailto:jennifer.culbertson@ed.ac.uk
mailto:simon.kirby@ed.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5070/G6011.21176

1. Introduction

Recent research has explored the way that cognitive biases, which favour or disfavour certain
linguistic structures, have contributed to the cross-linguistic typological tendency for harmonic,
or consistent, word order (Christiansen, 2000; Culbertson, 2012; Culbertson & Kirby, 2016;
Wang et al., 2023). This work includes experimental, computational and corpus-based studies
examining how these structural biases emerge, and how they affect linguistic behaviour
across different age groups and structures. Generally, artificial language learning experiments
examining the prevalence of harmonic structure have found that people tend to prefer harmonic
languages to non-harmonic ones: both adults and children learn, reproduce and regularise
(i.e., extend) harmonic patterns rather than non-harmonic ones (Culbertson & Newport, 2017,
Culbertson et al., 2012), even if their native languages are non-harmonic (Culbertson & Newport,
2015; Culbertson et al., 2020a; Wang et al., 2023).

Crucially, the bias to harmonise language structure appears to be particularly active during
language learning, in other words, when participants are trained on a language system and then
have to reproduce that language at test (Holtz et al., 2025). For example, studies such as Culbertson
et al. (2012) and Culbertson et al. (2020a) use a regularisation design, where the target language
that participants learn exhibits random variation, here, in terms of the word order of modifiers
and nouns in a noun phrase. Participants in these studies were native speakers of either English,
which has harmonic order in the noun phrase where modifiers precede the noun, or Hebrew or
French, which feature some degree of non-harmony in the noun phrase — for example, Hebrew
has adjectives after, and most numerals before, the noun. In these studies, some participants learn
a language that tends toward harmony (i.e., adjectives and numerals mostly on the same side
of the noun), and others learn a language that tends toward non-harmony (i.e., adjectives and
numerals tend to appear on different sides of the noun). The results show that when the majority
word order pattern in these target languages is harmonic, participants are more likely to extend
the harmonic order and eliminate the variability present in the training data, independently of
their native language’s use of harmonic order (Culbertson et al., 2020a). Crucially, for English
speakers, the preference for harmony extends to postnominal harmonic orders, suggesting that
English-speaking participants do not simply favour their native language system. Participants in
all groups, thus, produce languages that exhibit favoured structural features, like harmony, and
do not just reproduce patterns based on similarity to their native languages. The idea that the
harmony bias is especially active during learning is perhaps unsurprising if we consider the role
that harmony plays in providing generalisable rules for a language system. An idealised harmonic
language requires encoding of fewer ordering rules than non-harmonic ones (see the example in
Table 1), and allows for one high-level rule to dictate head-dependent order across phrase types.

In order for the benefits of that type of systematic organisation to be relevant, there must be



(at least) two different phrase types or dependents in the same context which can be generalised
over. And so, learning tasks where multiple different phrases are taught to participants naturally

should be more likely to reveal a preference for harmony.

Table 1: Illustrative example of how a harmonic language can be represented with fewer
ordering rules than a non-harmonic language.

Harmonic Non-harmonic
XP —X... NP — N...

VP — ...V

PP — P...

In contrast, studies in which participants have to improvise linguistic structures in the
absence of an existing language system do not necessarily find a preference for harmonic orders.
For example, Culbertson et al. (2020b) asked English-speaking participants to improvise silent
gestures to convey simple objects and their properties, e.g., ‘these four spotted toothbrushes’.
Participants in this study did not simply reproduce English-like prenominal modifiers. Rather, they
produced a wide variety of different gesture orders. However, most of these could be considered
non-harmonic, equivalent to something like THESE FOUR TOOTHBRUSHES SPOTTED, or THESE
TOOTHBRUSHES SPOTTED FOUR, where only a subset of dependent meanings are on the same

side of the object meaning gesture.

The difference between the learning experiments, where a harmony bias has been found,
and the improvised gesture experiments, where it has not, may lie in the degree to which there
is evidence for a system. In the learning experiments, participants only ever had to produce
simple noun phrases (i.e., phrases with one dependent at a time), whereas in the improvisation
study, participants had to produce complex noun phrases with several dependents. The
simple noun phrases in the learning experiments may have highlighted the structural parallel
between elements across noun phrases in that task, strengthening participants’ tendency to
harmonise, whereas the greater complexity of the meanings that participants had to convey
in the improvisational study meant that the structural parallels for harmony were not as clear
for the complex noun phrases, reducing participants’ tendency to produce harmonic gesture
orders. In addition, there is evidence that improvisation is generally guided by a different type of
cognitive bias, which targets ordering preferences for specific linguistic items or categories, rather
than guiding systematic organisation across items (as harmony does). This may arise from the
fact that in a typical improvisation task, there is no pre-existing system, so there is no possibility

for any system-wide biases like harmony to play a role. This stands in contrast to a learning



task, in which participants inductively generalise from a set of items to an underlying system.
For example, gesture improvisation tasks reveal that different types of verbs favour the use of
different basic word orders. Verbs like imagine, which denote intensional events, favour SVO
order, whereas verbs like throw, which denote extensional events, favour SOV order (Schouwstra
& de Swart, 2014). Similarly, recent experimental work suggests that adjectives and genitives
are also subject to category-specific ordering preferences. When participants have to improvise
gestures including a noun and an adjective, they prefer postnominal adjectives (Culbertson et al.,
2020b; Holtz et al., 2025; Jaffan et al., 2020). By contrast, when gestures include nouns and
genitives, participants prefer prenominal genitives (Holtz et al., 2025). Interestingly, postnominal
adjectives and prenominal genitives are also more common in both spoken and signed languages
(see Table 2).

Table 2: Typological counts of the order of nouns with adjective and noun with genitive, in
spoken and signed languages (Coons, 2022; Dryer, 2013a, 2013b).!

Adjective N (Spoken) N (Signed) Genitive N (Spoken) N (Signed)
Postnominal 879 16 Postnominal | 468 2
Prenominal 373 10 Prenominal 685 22

Other 110 15 Other 96 10

Why might there be distinct ordering preferences for adjectives and genitives? One possibility
is that they are grounded in considerations of language processing and semantics. Postnominal
adjectives may be preferred because many of the most common adjectives across languages are
relative, they depend on the noun to be accurately interpreted. For example, the adjective small
in phrases like small ant and small house denote two very different sizes, based on the context
provided by the noun. Therefore, having access to the noun prior to encountering the adjective
allows for more effective incremental processing than a prenominal adjective (Culbertson
et al., 2020b; Jaffan et al., 2020; Rubio-Fernandez et al., 2022; Weisleder & Fernald, 2009).
Postnominal adjective placement has, thus, been argued to impart an advantage in semantic

processing of complex noun phrases (Culbertson et al., 2012). The contrasting prenominal

! Due to the low N, it is hard to evaluate the reliability of this tendency for signed languages. The data in this table
is based on raw frequencies of languages which are classified rather strictly. Recent research shows that word
order tends to exist on more of a gradient than these divisions imply (Levshina et al., 2023), and raw counts also
lack factors controlling for language family (Dunn et al., 2011; Hartung et al., 2022). When examining word order
correlations while controlling for language family in the sample, the results appear mixed, with some studies finding
that typological tendencies are highly lineage-specific (Hartung et al., 2022), while others find more evidence for
lineage independence (Jéger & Wahle, 2021).



preference for genitives may, instead, reflect the association between possession and animacy.
Possessors tend to be highly animate (Rosenbach, 2008; Silverstein, 1986; Yamamoto, 1999),
and animate entities, in turn, have been argued to hold a privileged position in the processing
and linearisation of linguistic elements (Dahl, 2008), which leads to them being favoured in
specific syntactic roles and early linear positions (Hawkins, 1981; McDonald et al., 1993; Tanaka
et al., 2011). The impact of animacy on genitive ordering has been explicitly tested in languages
that allow for both prenominal and postnominal genitive structures, with results showing that
animate possessors predict the use of the prenominal genitive order (Rosenbach, 2005; Strunk,
2004; van Bergen, 2011). Together, these considerations would favour prenominal genitives and

postnominal adjectives.

Typological data on harmony between these two dependents shows evidence of both types
of biases at work: while the two harmonic orders are both well-attested, the non-harmonic order
which has prenominal genitives and postnominal adjectives is just as common (see Table 3).
This is interesting, because biases which are active during language learning will, in principle,
exert a recurring influence on language structure; individual learning biases of this kind have
been shown to be amplified by the process of cultural transmission (Kirby et al., 2007; Thompson
et al., 2016). By contrast, category-specific biases — which, based on previous experimental work,
appear to be active mainly during improvisation, more akin to language creation than language
learning — presumably have less opportunity to influence typology. And yet, these category-
specific biases are visible in the typology. However, two recent studies have found evidence
that some category-specific biases may also influence language learning tasks. For example,

Motamedi et al. (2022) found better learning/regularisation of language systems where the basic

Table 3: Typological counts of the order of noun, genitive and adjective, based on spoken
language typological data (Dryer, 2013a, 2013b) and signed language typological data
(Coons, 2022).2 Harmonic patterns are common, but so is a particular non-harmonic ordering,
with postnominal adjectives and prenominal genitives (bolded).

Order N (Spoken) | N (Signed)

N-Adj / N-Gen | 342 -

Adj-N / Gen-N 232 8

N-Adj / Gen-N | 342 9

Adj-N / N-Gen 65 -

2 The signed language data in this table was collated by the first author based on available data from Coons (2022).
The included data is limited to those languages where a clear order could be defined for both dependent types.



word order for intensional and extensional events matched the order favoured by the category-
specific biases mentioned above (SOV for extensional events and SVO for intensional events).
Further, Do et al. (2022) also found better learning/regularisation of an artificial language
with postnominal adjectives, compared to one with prenominal adjectives (see also Culbertson
et al., 2012). Together with the typological data, these studies suggest that the category-specific
biases for prenominal genitives and postnominal adjectives are not necessarily restricted to

improvisational contexts, and could potentially guide learning behaviour.

We explore this possibility using a gesture-based artificial language learning experiment.
Artificial language learning with gestural stimuli is a powerful experimental tool, as it allows
us to observe cognitive biases that influence participant’s linguistic behaviour, while limiting
the effect of participants’ native language (Goldin-Meadow et al., 2008; Motamedi-Mousavi,
2017). Furthermore, it also enables us to manipulate the experimental task to create language
contexts that simulate different stages of the evolution of language (Holtz et al., 2025), thereby
examining which cognitive biases are active at different stages of language evolution. In our
study, participants are trained on a gesture system with variable word order, similar to previous
experiments targeting regularisation of variation during learning (Culbertson et al., 2012;
Ferdinand et al., 2019; Motamedi et al., 2022). This design allows us to compare the degree to
which participants learn different word order patterns that vary based on how consistently they

employ the same word order across dependent types.

Importantly, the artificial languages that participants are trained on vary along two variables,
namely, how much of the system exhibits natural orders for adjectives and genitives, and how
harmonic the system is across these two dependents (i.e., how aligned the distributions of pre-
and postnominal word order are across the two dependent types). Following Culbertson et al.
(2020a) and Culbertson et al. (2012) we quantify a preference for harmony as better learning
and more regularisation of skewed distributions which are already harmonic. In other words, if
participants are better able to pick up and extend a harmonic language, despite noisy word order
variation, then we will conclude that harmonic patterns are preferred. We also test whether
category-specific biases influence learning. If they do, then we would predict a greater tendency
to extend word order systems that align with category-specific biases compared to unnatural
orders. Finally, following Smith and Wonnacott (2010), we additionally measure alternative
ways in which participants may reduce unpredictable variation in their output, by two types of
system-wide regularisation that are distinct from harmony per se. First, we look at the overall
use of a single word order across the board. The measure we use for this, described in detail
below, would capture regularisation behaviour independent of dependent type; for example,
participants might be highly regular in the order they produce for adjectives, but maintain input
variation for numerals. This would not reflect harmony, but would, nevertheless, reflect an

increase in regularity. Second, we look at context-dependent use of word orders, in which the



use of order is predictable if you know the dependent type. The measure we use for this, again
described in detail below, explicitly captures regularity based on differences in word order use

between dependents.

2. Experiment

The experiment had a between-subjects design, based on previous work employing regularisation
designs in ALL (Culbertson et al., 2012; Ferdinand et al., 2019; Motamedi et al., 2022).2 In these
studies, the variable input presented during training is compared to the output that participants
produce at test. The prediction is typically that participants are more likely to regularise (or

extend) the use of preferred variants, compared to dispreferred variants.

All participants in our study were exposed to a majority and a minority gesture order for both
adjective and genitive meanings during training. The majority order appeared in 75% of training
trials and the minority order in the remaining 25% of training trials. The main manipulation
between the four experimental conditions was in whether the majority order was prenominal
or postnominal for each dependent type (see Table 4 for condition majority/minority orders).
Two of the conditions were majority harmonic (both dependents tended to be prenominal, or
both tended to be postnominal). Two of the conditions were majority non-harmonic (dependents
tended to come on opposite sides of the noun). Of the latter, one (natural condition) matched the
hypothesised category-specific biases, with adjectives tending to be postnominal and genitives

tending to be prenominal, and other (unnatural condition) did not.

Table 4: Percentage of prenominal and postnominal gesture orders in input per dependent type
across conditions.

Condition Adjective Genitive

Order Pre Post | Pre Post

Natural (non-harmonic) 25% | 75% | 75% | 25%

Unnatural (non-harmonic) | 75% | 25% | 25% | 75%

Prenominal (harmonic) 75% | 25% | 75% | 25%

Postnominal (harmonic) 25% | 75% | 25% | 75%

3 The preregistration for this study can be viewed here. Note that the review process and feedback from colleagues
during talks has resulted in some changes between the planned analysis and the one presented here.


https://osf.io/2us8c/overview

21 Methods
211 Materials

The experiment was built in the JavaScript library jsPsych (de Leeuw et al., 2023) and ran in
participants’ web browsers. The experiment had two main sets of stimuli. First, a collection
of grayscale digital drawings depicting instances of item ownership (genitives) or items with
different patterns (adjectives). The total set comprised 16 images, with every combination of the
four items (book, cup, hat, and scarf), combined separately with the two possessors (vampire and
cyclops), and the two patterns (spots and stripes). Each target, therefore, comprised two meaning
elements, either a head noun and a possessor or a head noun and a pattern. Examples of the

images can be seen in Figure 1.
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Figure 1: Sample stimuli from an adjective trial (left) and a genitive trial (right).

Paired with each image there were two corresponding gesture videos. The videos showed a
model gesturer producing an expression signifying the meanings of the images using a sequence
of two gestures (see Figure 2 for example stills from one of the gesture videos). One gesture

represented the head noun and one the adjective/genitive dependent. Each pair of videos differed

(a) Gesture for noun book. (b) Gesture for adjective striped.

Figure 2: Stills of gestures used to denote the meaning striped book.



only in the order of these two gestures — in one video, the sequence was head-initial and in the
other, it was head-final. Each meaning component was denoted using a two-handed gesture and
each sequence ended simultaneously in a neutral position with both hands clasped just below

waist-height. All videos were 4.389 seconds long.

2.1.2 Procedure

Participants were randomly assigned to one of the four conditions seen in Table 4, and a pseudo-
randomised stimuli set consisting of four meanings.* The complete stimuli set consisted of two
nouns, one randomly selected from the set of “worn” items (hat and scarf) and one randomly
selected from the set of “held” items (cup and book). These both appeared with one of the genitives
and one of the adjectives, respectively, making a stimuli set where two targets were genitive
meanings and two were adjective meanings. For example, a participant may have had a stimuli
set consisting of the meanings vampire’s book, cyclops’ hat, striped book, and spotted hat. At the
start of the experiment, participants were told that they would learn to express ownership and
describe items in a made-up sign language. They were then familiarised with the stimuli by being

shown two trials including 2 x 2 grids of adjective and genitive meanings, like those in Figure 1.

During the training phase, participants saw these same grids, but with one image highlighted
by a red square. Under the images, a gesture video associated with the highlighted meaning
was played. Each of the four images in the assigned stimuli set acted as targets 8 times each,
making 32 training trials. The proportion of prenominal versus postnominal gesture orders in the
training videos varied depending on the condition (see Table 4), but 6/8 times the gesture video
was the majority order for that dependent type in the specific condition, and twice it was the
minority order for that dependent type in the specific condition. The training phase progressed

automatically, and participants were instructed to sit back and watch the videos.

In the testing phase, participants saw the same image grids as during training, with the target
image highlighted as during training. The target meanings in the testing phase were the same as
in training. The main difference between the training and testing phase was that, in the testing
phase, both possible gesture videos (prenominal and postnominal gesture order) were looping in
aligned positions beneath the images (see Figure 3). Participants were instructed to “click on the
corresponding gesture video” that was like the ones they had seen during training. Between each
of the 32 test trials (8 per meaning), participants also clicked a centred “next” button to reset the
mouse. Following the testing phase, participants provided English translations for all four target

meanings, and gave details regarding their proficiency in signed and spoken languages.®

4 This stimuli set was comparable in size to previous studies using similar methodology, e.g., Motamedi et al. (2022)
where Experiment 2a had two meanings and Experiment 2b had six meanings in the training set.

5 Details regarding spoken- and sign-language proficiency for participants can be found in the OSF repository linked in
the data accessibility statement.
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Figure 3: Sample test trial for the genitive meaning cyclops’ book. The two videos included the
prenominal and postnominal gesture order for this meaning.

2.1.3 Participants

211 participants were recruited through the online crowdsourcing platform Prolific. We
prescreened participants for the following criteria: 95% previous task approval rate, reported
English as their first language, and no previous participation in our experiments/pilots.

Participants were paid the equivalent of £8.91 per hour.®

2.2 Results

The main predictions for this experiment were as follows. We predicted that participants would
generally reproduce the orders they saw in training (i.e., choose the majority gesture order from
the training data). Based on previous studies (e.g., Culbertson et al., 2012, 2020a), we predicted
better learning in the harmonic conditions (majority prenominal and majority postnominal).
As mentioned above, if participants prefer harmonic patterns, they might be more successful
at reproducing harmonic input patterns in the presence of noisy variation, and they might be
more likely to extend, i.e., regularise these patterns. We also predicted that the naturalness
of the training orders would modulate learning, such that natural orders would be learned
better than unnatural orders. Which of the predictions we set out here is borne out will inform
our understanding of when and how system-wide biases like harmony interact with, and are

modulated by, category-specific biases. If we observe a better learning of natural orders, but

® Following preregistered exclusion criteria, we excluded 8 participants who reported proficiency in a signed language,
as well as 3 participants who always pressed the same button during testing. The data in the analysis comes from 50
participants in the natural condition, 53 in the unnatural condition, 46 in the majority prenominal condition, and 51
in the majority postnominal condition.



no tendency for better learning in the harmonic conditions, this would suggest that this task
did not activate the system-wide harmony bias, but did tap into category-specific preferences.
On the other hand, if we observe a general preference for learning the harmonic systems which
is not modulated by naturalness, then this would suggest that category-specific biases do not
influence behaviour in this type of task. Of course, if neither prediction is borne out, i.e., there
is no difference between conditions in terms of learning, and no effect of naturalness, this would

suggest that neither type of bias was active in the task.

2.21 Learning

Our first analysis examines differences in how well participants across conditions learned the
systems they were trained on. This analysis examines our prediction that harmonic systems are
learned better, and can reveal a preference for natural orders in learning if participants also
produce more majority orders for a given meaning when the training majority order aligns with
the hypothesised preferred order for each dependent type (i.e., prenominal for genitives and
postnominal for adjectives). Our dependent measure in this analysis is participants’ choice of the
majority order from their training data (for each dependent type). Figure 4 shows the proportion
of majority orders selected during the test phase by participants in each condition, as well as the
overall grand mean. To analyse this behaviour, we used the brms package (Biirkner, 2017) in
R (R Core Team, 2013) to fit a Bayesian linear regression model with a Bernoulli likelihood to
participants’ production data.” The model estimates the log-odds of choosing the majority order
(1 indicating a match between majority training order for a given dependent type and the order
selected at test) as a function of condition, dependent type, and their interaction. Both fixed
effects were deviation coded. Dependent type had two levels (genitive: 0.5, adjective: —-0.5),
meaning that positive values for the dependent type coefficient would mean higher likelihood of
choosing majority order for genitives than adjectives, whereas a negative effect would mean the
opposite. The four levels of the condition variable were deviation coded using the contr.sum()
function in R, resulting in the coding scheme observed in Table 5. Note that when model outputs
are reported for the natural condition, i.e., the fourth level in the model, these are calculated by
taking the negative sum of the other three levels’ coefficients. The same applies for calculating
the interactions, where we calculate the fourth level’s interaction coefficient by taking the
negative sum of the interaction coefficients for the other three levels. The random effect structure
included by-participant adjustments to the intercept and to the slopes of dependent type, as well
as by-item adjustments to the intercept for dependent type, condition, and their interaction. We
included weakly regularising priors (intercept: normal(0, 1.5), fixed effects: normal(0,10) and

random effects: normal(0,5)). The model converged, as indicated by all Rhats = 1.00.

7 The models we preregistered for this study were run using lme4; due to convergence issues and reviewer feedback,
we moved to brms, which allowed us to include the maximum random effect structure for our data.

1
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Figure 4: Proportion of test trials where participants selected the majority input order for
each condition and dependent type. Right-hand facet shows grand mean. Participants tended
to reproduce the majority orders from their training, and this was generally not modulated by
naturalness. Error bars show bootstrapped 95% ClIs.

Table 5: Contrast coding scheme for the condition variable.

(11 | 21 | 13l
unnat. 1 0 0
maj. postnom. | 0 1 0
maj. prenom. 0 0 1
nat. -1 -1 -1

A preference for harmonic systems based on this model structure would thus reveal itself in
better learning in the two majority order conditions (main effects in the model). A preference
for naturalness, on the other hand, would be supported by a positive main effect for the natural
condition, a negative main effect for the unnatural condition, and in the interactions between
condition and dependent type in the majority order conditions. A positive interaction for the
majority prenominal condition and dependent type would signify better learning of genitives,
and a negative interaction for the majority postnominal condition and dependent type would

signify better learning of adjectives.

The posteriors from the model are visualised in Figure 5, and a summary of model
outputs is given in Table 6. The mean posterior for model’s intercept was 1.37 and has 95%
Credible Intervals spanning 1.06 to 1.70, which indicates that, with 95% certainty, participants

generally selected the majority order at a rate higher than chance. In other words, they



generally reproduced the skewed patterns they were trained on. Of the individual conditions,
the only one for which the model placed most of the posterior probability on a value above
the grand mean was the majority prenominal condition (mean posterior: 0.67 and CrIs 0.09 to
1.27). The model was unsure of the direction of the effect of learning in the natural condition
(mean posterior: —0.35 and CrIs —0.90 to 0.18), and the same was true for the unnatural and
majority postnominal conditions. The model places more of the posterior probability mass
on a value below the grand mean for the effect of dependent type (mean posterior: —0.77
and Crls -1.31 to —0.24), reflecting participants’ tendency to select fewer majority orders for
genitives, compared to the grand mean. The only interaction for which the model placed most
of the posterior probability on a value above the grand mean was that between the natural
condition and dependent type, although the lower bound of the Crls was close to 0 (mean
posterior: 0.95 and CrlIs 0.05 to 1.88), reflecting some uncertainty in the model’s estimate that
participants’ chose more majority orders for genitives in that specific condition. Overall, these
results indicate that participants learned the systems they were trained on. There was no clear
effect of naturalness, since learning was not reliably better or worse in the natural condition
and the unnatural condition, respectively, and no reliable interactions were found between
condition and dependent type for the majority order conditions. Furthermore, learning was
only reliably better in one of the two harmonic conditions, the prenominal one. Because this
system aligns with participants’ native language order, this finding is, therefore, not strong

evidence for a harmony bias.

Table 6: Posterior means and 95% CrIs for the fixed effects of the learning model, given in log-
odds space.

Posterior mean | 95% CrlI (lower) | 95% CrI (upper)
Intercept 1.37 1.06 1.70
nat. -0.35 -0.90 0.18
unnat. 0.05 -0.43 0.52
maj. prenom. 0.67 0.09 1.27
maj. postnom. -0.36 -0.88 0.17
dependent type -0.77 -1.31 -0.24
nat:dependent type 0.95 0.05 1.88
unnat:dependent type -0.27 -1.01 0.51
maj. prenom:dependent type -0.49 -1.49 0.50
maj. postnom:dependent type | —0.25 -1.16 0.62

13



14

Intercept —lL
nat. = /r\
unnat. /]\
maj. prenom. 9 /I\
maj. postnom. 4 /N
dep. type o /I\
nat:dep. type o /'_—\
unnat:dep. type o /I'\
maj. prenom:dep. type /'_\
mayj. postnom:dep. type = —_— T
B ; ; H
Log-odds

Figure 5: Posterior distributions for each fixed effect and interaction in the Bayesian learning
model. Shaded regions show 95% Credible Intervals.

2.2.2 Use of consistent word order

In Section 1, we defined harmony in terms of the alignment of word order across different
dependents. Under this definition, the input systems in the majority prenominal and majority
postnominal conditions are both perfectly harmonic: the probability of a given order for one
dependent type is the same as the probability of that order for the other dependent type, i.e.,
75%.8 Above, we looked for evidence of better learning in these two conditions, and failed to
find it. However, another possibility is that participants could extend, or regularise, a single word
order across the system. This does not necessarily result in a harmonic system by our definition,
as it ignores differences in the precise frequencies with which the word orders are used across
dependent types. Nevertheless, it does mean that one order becomes more common across the
full system, and reduces the level of uncertainty about what orders are used across said system.
We can quantify this behaviour simply as an overall reduction in entropy, following Ferdinand
et al. (2019) and Motamedi et al. (2021). Entropy is a measure within Information Theory which
is capable of quantifying levels of uncertainty within a system (Shannon, 1948). The entropy (H)

of a system is defined as:

8 This might, at first, glance seem counter-intuitive, since it might seem that the only “perfectly harmonic” system should
be one in which the particular order that dependents take is also consistent, e.g., 100% prenominal for both dependent
types. However, under the hypothesis that harmony is driven by a bias for simplicity (e.g., Culbertson & Kirby, 2016;
Culbertson et al., 2020a) this characterisation makes sense: a system is harmonic if there is no need to posit modifier-
specific rules. That is equally true of any system in which the distribution of orders is the same across dependent types.
In information-theoretic terms, there is no additional information gained by specifying dependent type.



H(V)= —Zp(vi)logzp(vi)

VeV

where (V) refers to the two gesture variants (prenominal and postnominal orders). All entropy
values used in our calculations are based on relative frequency estimation. Both the natural and
unnatural training data had an entropy value of 1, as participants were exposed to a 50/50 split
of both variants (orders); this means that the non-harmonic conditions are maximally entropic,
and entropy cannot increase in these two conditions. The remaining two conditions have a
training entropy of 0.8112781. We measured the change in entropy between these input values
and the orders that participants selected to see whether participants tended to reduce variation
by using more of one gesture order across the system than in the training data. Furthermore,
we were interested to see if changes in entropy would be modulated by category-specific biases,
such that extension of a given gesture order would be lower in the natural condition compared
to the other conditions (indicating influence of category-specific biases acting to preserve the use
of different word orders for individual dependent types). Figure 6 shows the mean change in

entropy for each condition as well as the overall mean change.
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Figure 6: Mean change in entropy between input and output, showing participants’ tendency
to extend the use of one gesture order, except in the postnominal condition. Right-hand facet
shows grand mean change in entropy. Error bars show bootstrapped 95% ClIs.

To evaluate whether these changes are reliably greater than zero, we calculated bootstrapped
confidence intervals around the reported mean entropy changes for each condition.’ These were

generated using the ‘boot’ package in R and based on 10,000 samples. Our findings suggest that

° Linear models are not reported for this data, as the distribution of entropy in our study is necessarily non-normal.
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all but one of the conditions — majority postnominal — show a reliable reduction in entropy.
However, since entropy estimations based on sparse data is generally downward biased (and recall
that the non-harmonic conditions can only ever become less entropic), we verified these results
using Monte Carlo simulations, where the probability of sampling prenominal and postnominal
order was set to the training proportions for each condition. This allowed us to compare whether
the values for change in entropy that we obtained in the study are reliably different from the
general downward trend of the entropy data.!® Based on 10,000 iterations of the Monte Carlo
simulations, mean changes in entropy were extracted across all conditions, as well as individual
means for each condition. Z-scores were calculated based on simulated and experimental means,
with results showing that change in entropy was reliable overall, as well as for each condition
except the majority postnominal condition (see Table 7 for z-scores). Furthermore, confidence
intervals around differences between conditions reveal that the majority prenominal condition is
reliably different from all other conditions (nat — majPre: x, — x, = 0.28, lower CI = 0.16, upper
CI = 0.41; unnat — majPre: x, — X, = 0.26, lower CI = 0.14, upper CI = 0.38; majPre — majPost:
x,-Xx, =-0.17, lower CI = -0.31, upper CI = -0.03). Similarly, the majority postnominal
condition is also reliably different from the natural condition (x, - x, =0.12, lower CI = 0.02,
upper CI = 0.23).

Table 7: Experimental means, simulated means and resulting z-scores for change in overall
entropy. Z-scores show that experimental means are reliably different from the simulated
means (indicating that entropy dropped significantly) in all conditions except the majority
postnominal condition.

Condition | Exp. mean | Sim. mean | z-score
Overall -0.102 -0.020 -12.691
nat -0.092 -0.017 -22.043
unnat -0.119 -0.017 —29.555
majPre -0.186 -0.023 -9.175
majPost -0.019 -0.023 0.249

10 The Monte Carlo simulation samples prenominal or postnominal orders based the on proportions of those orders
in each input condition, so 50/50 for the natural and unnatural conditions and 75/25 probability in favour of the
majority order in the prenominal and postnominal conditions. This means that, for each draw, the probability of
choosing the majority order in the harmonic conditions is higher, causing a stronger negative mean in the simulated
data. The negative change in the harmonic conditions must, therefore, be greater than this simulated downward bias
to be seen as significant, to account for the fact that more negative values can be captured by probabilistic sampling.



2.2.3 Exploratory analysis: Conditional entropy and mutual information

It is important to note that the overall entropy measure above does not differentiate between
cases where entropy reduces due to more use of the same word order across both dependent
types, and cases where that reduction is caused by increased use of a gesture order within the
context of one specific dependent type, but not the other. In the second situation, participants
are reducing the amount of unpredictable variation between their input and their output by
extending or introducing a conditioning context which determines the use of a given order —
for example, they always use prenominal order for genitives and always postnominal order for
adjectives. As such, a language that employs a different order for each dependent, but does this
completely regularly, would appear as having maximum entropy by the overall entropy measure,
but lacking any unpredictable variation due to the conditioning context. This type of conditioning
strategy has been observed in other studies and constitutes an expression of a general tendency
of language learners to reduce unpredictable variation (Smith & Wonnacott, 2010; Smith et al.,
2017). To examine whether either dependent type or noun was used as a conditioning context
by participants, we first calculated two types of conditional entropy for each participant based
on this formula:

H(V|C) = —zp(c}.)Zp(vi|cj)log2p(vi|cj)

c ng VeV

The context (C) here stands for dependent type in one calculation, and noun in the other.!!
These calculations of conditional entropy also capture reduction in variability due to harmony
(becoming more consistent across the whole system will also result in higher consistency within
sub-contexts). To disentangle more consistent use of one gesture order across the full system
(analysed in Section 2.2.2) from strategies that employ conditioning contexts, we used the
extracted conditional entropy values to calculate Mutual Information of selected gesture order for

both dependent type

Mutual information (MI) = overall entropy—dependent type conditional entropy
and head noun

Mutual information (MI) = overall entropy—head noun conditional entropy

A system with an MI value of 1 would mean that variants (gesture orders) were perfectly
conditioned on either the two dependent types or the noun, whereas an MI of 0 indicates that the

variability within each context mirrors the whole system (i.e., the system is harmonic). Figure 7

11 The preregistration for this study did not include head noun as a context for conditional entropy, it was included here after
noting that lexical contexts is a common strategy for conditioning unpredictable variation (Smith & Wonnacott, 2010).
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Figure 7: Mean change in MI, based on dependent type, showing reliable change in MI across

all conditions except the natural condition. Note that the significance of this measure differs
between the presented in this figure and the z-scores comparing simulated and experimental
means. Right-hand facet shows grand mean change in MI. Error bars show bootstrapped 95% Cls.
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Figure 8: Mean change in MI, based on head nouns, showing slight increase in MI across all
conditions. Right-hand facet shows grand mean change in MI. Error bars show bootstrapped
95% Cls.

shows the overall mean MI change (i.e., output MI — input MI) across conditions for dependent
type, as well as individual condition means. Figure 8 shows the overall mean MI change across
conditions for head noun, as well as individual condition means. Confidence intervals were

generated in the same way as for our overall entropy measure. As with the overall entropy



data, we used data from Monte Carlo simulations to verify the reliability of the increase in MI,
based on both dependent type and head noun. Based on the simulations, means for both types
of conditional entropy were extracted and z-scores calculated. Table 8 shows z-scores based on
dependent type, and Table 9 shows z-scores based on head noun. Increase in MI is significant
across all conditions for both measures. Since an MI of 0 would represent a perfectly harmonic
system, if we had observed a reduction in MI in the natural and unnatural conditions, this would
have served as additional evidence for a preference for harmony. However, given that we see
an increase in MI in these conditions, this suggests that the systems that participants produce in
these conditions are not more harmonic than their input system, but they are more regular, i.e.,

participants do reduce unpredictable variation.

Table 8: Experimental means, simulated means and resulting Z-scores for change in MI, based
on dependent type. Z-scores show that experimental means are reliably different from the
simulated means (indicating that MI increased significantly) in all conditions.

Condition | Exp. mean | Sim. mean | z-score
Overall 0.114 0.028 12.805
nat 0.083 0.031 2.800
unnat 0.139 0.031 5.834
majPre 0.094 0.025 13.835
majPost 0.139 0.025 22.510

Table 9: Experimental means, simulated means and resulting z-scores for change in MI, based
on head noun. Z-scores show that experimental means are reliably different from the simulated
means (indicating that MI increased significantly) in all conditions.

Condition | Exp. mean | Sim. mean | z-score

Overall 0.092 0.021 32.639
nat 0.131 0.018 31.946
unnat 0.071 0.018 14.949
majPre 0.096 0.025 14.129

majPost 0.072 0.025 9.436
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3. Discussion

This experiment examined whether the previously observed preference for word order harmony
during learning would be disrupted by the presence of category-specific ordering preferences.
Participants were taught a system with variable word order for nouns with adjectives and genitives
which either tended toward harmony (e.g., Noun-Genitive, Noun-Adjective), or tended toward
non-harmony (e.g., Noun-Genitive, Adjective-Noun). Crucially, one of the non-harmonic systems
aligns with category-specific biases for these dependent types previously found in improvisation
tasks (Genitive-Noun, Noun-Adjective). Across our analyses, we found no clear evidence of a
preference for harmonic systems. Most clearly, in our analysis of participants’ choice of the
majority input order across conditions, only the majority prenominal condition exhibited better
learning than the other conditions. The majority orders in the prenominal condition align best
with the structures that English speakers would use to express descriptive and possessive meanings
in their native language (prenominal adjectives and prenominal genitives, respectively). Better
learning in this condition, therefore, suggests that, even though previous research has found that
using silent gesture limits structural transfer from participants’ native language (Goldin-Meadow
et al., 2008), this methodology does not completely eliminate this type of transfer (Jaffan et al.,
2020). Additionally, we found no clear evidence for a preference for selecting natural orders: the
natural condition was not reproduced more accurately than other conditions, and natural orders

for individual dependents were not used more frequently in the majority order conditions.

What we did see evidence for was that participants generally reduced the unpredictable
variation found in the training data. Moreover, they did this is a number of ways. First, our
analysis of overall entropy showed that participants tended to eliminate/reduce the use of one
of the competing gesture orders, so that they used one order more often across the full system.
As noted above, this is similar in some ways to harmony: if participants reduce variation in word
order across the system, they might produce a language that is closer to harmonic than the input
language. For example, if participants in the non-harmonic natural conditions maintained the
input order for adjectives, and shifted the order used for genitives away from the input pattern,
then the system is not harmonic, but it is moving towards harmony. Additionally, the Mutual
Information analysis showed that participants also reduced unpredictability by conditioning the
word order they used based on the meaning they were trying to convey. This finding is broadly
consistent with previous work, showing that people tend to reduce variation by either eliminating
competing variants (here, gesture orders) or conditioning the variants on some aspect of the
system (often related to meaning; see Ferdinand et al., 2019; Smith & Wonnacott, 2010; Smith
et al., 2017). Together, this pattern of results suggests that while we see no impact of category-
specific biases on participants’ learning behaviour, nor do we see a strong preference for harmony
in the strict sense in which we have defined it here, we do see evidence that participants make

their output systems more regular. This is evidence that the task tapped into a system-wide bias



for reducing unpredictable variation. Like harmony, other mechanisms for reducing variation
in principle may involve generalisations of a pattern across aspects of a system (Culbertson &
Kirby, 2016). Although it’s worth noting that there may also be additional mechanisms that drive

regularity that do not (see work on priming; Fehér et al., 2016).

While the evidence for the reduction of variation is in line with a number of previous studies,
there is less prior work investigating whether naturalness influences learning. However, two
previous studies have found some evidence for this. Do et al. (2022) examined regularisation
behaviour for prenominal and postnominal adjectives in a gesture learning task. They found that
participants were more likely to extend a majority gesture order signifying adjective meanings
if that order was postnominal, rather than prenominal. Despite the parallels between Do et al.’s
(2022) study and ours, there are also some notable differences that might explain the contrast
in findings. The meanings in their study include nominals modified by adjectives, but also
verb-like meanings, such as ‘wave’, combined in a single utterance. In addition, that study uses
videos rather than still images as the prompt for meaning. It is possible that the visual parallels
between the movements in the stimuli videos and the gestural videos activated the postnominal
preference more strongly in their task than the ones we employed here. Little direct research
has compared the effect of stimuli medium (videos vs. images) on the behaviour of participants
in silent gesture experiments, but at least one study has found that even small variations in
stimuli can affect participants’ gesture preferences (Kirton et al., 2021). An interesting avenue
for future investigation might, therefore, involve tasks where all three elements (N, Adj and Gen)
are co-present and need to be ordered as a unit, as this would increase the parallel between our
design and that of Do et al. (2022), as well as mirror the use of complex noun phrases in more

natural language contexts.!?

Motamedi et al. (2022) observed that, in a similar task to the one used in this study, category-
specific biases for using SOV order for extensional events and SVO order for intensional events
influenced regularisation behaviour. Systems which followed the preferred order patterns in
their study were more likely to be systematically regularised. The difference between that study
and ours may point to weaker category-specific ordering preferences for adjectives and genitives
than for event-type conditioned ordering preferences. Some tentative support for this with
regards to adjectives can be seen in the learning behaviour of participants in the harmony study
by Culbertson et al. (2012). There, participants who were trained on a majority non-harmonic
system with postnominal adjectives showed better learning than participants trained on a non-
harmonic system with prenominal adjectives (Culbertson et al., 2012). The authors proposed that
this pattern might be driven by a specific bias targeting adjective ordering, as we also suggest
here. This postnominal adjective preference did not replicate consistently in all the subsequent

follow-ups targeting different populations (Culbertson & Newport, 2015, 2017; Culbertson et al.,

12 We thank an anonymous reviewer for highlighting this possibility.
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2020a), suggesting that the effect of this category-specific bias is difficult to capture in learning
tasks. However, it is worth noting that the basic word order bias in Motamedi et al. (2022),
originally reported by Schouwstra and de Swart (2014), is not regularly observed in the typology
of spoken languages (although see Flaherty et al., 2018; Napoli et al., 2017, for evidence in
sign languages). Whereas the ordering preferences for adjectives and genitives do seem to be

observable in the typology of both spoken and signed languages (Coons, 2022; but see note 1).

The distinction between these two patterns — the one observed for basic word order and
the one for noun phrase dependents — could be caused by differing communicative pressures
to regularise basic word orders versus harmonising phrase structure in a language system over
time. For example, during early stages of language evolution, it is possible that languages which
had some combination of SVO/SOV word order were widespread (Maslova, 2000; Newmeyer,
2000), and that event-type conditioned variability between these orders within a language was
common, as a result of the category-specific biases which are active during language creation
(Motamedi et al., 2022). Similarly, the favoured order of postnominal adjectives and prenominal
genitives may have been present for similar reasons. To explain the difference in the typology for
these two patterns, one explanation might be that the communicative pressure to converge on a
shared, consistent basic word order across all verb types is stronger than the harmony bias present
during learning for noun phrase dependents. This could, then, lead to the present-day typological
distribution, where event-type conditioned basic word order is rare (Flaherty et al., 2018; Napoli

et al., 2017), but non-harmonic noun phrase order is still fairly common (Dryer, 2013a, 2013b).

In combination, the results of previous research and those presented in this study reveal a
complicated view of the interaction between system-wide and category-specific biases and their
effect on typological word order patterns. It seems as though category-specific biases are present
most strongly in improvisation tasks, but that the bias for postnominal adjectives is sometimes
present in learning contexts as well. The lack of a clear preference for natural orders in our study
could be due to the fact that this task activated both system-wide and category-specific biases in
a limited way, especially given the lack of a clear preference for harmonic systems. There are a
number of reasons for why this could be. For example, the stimuli might not have invoked the
intended categories (adjective, genitive and noun) strongly enough for the related biases to be
sufficiently activated. Furthermore, the overall entropy analysis and the Mutual Information
calculations revealed that participants also employed strategies other than harmonisation to
reduce unpredictable variation, such as eliminating competing variants and conditioning the
gesture orders based on dependent types and specific nouns. These other strategies may have
been especially salient to participants, as there were only two dependents and two nouns in the
stimuli sets, which made the strategy of pairing these with one of the two orders a more obvious
option (e.g., compared to the study in Culbertson et al., 2020a, where adult participants learned

10 modifiers and 10 nouns).



4. Conclusion

The prevalence of typological regularities across the world’s languages suggests that some
language features are favoured by our cognitive system. Previous research has identified a
number of possible cognitive biases that give rise to specific cross-linguistic patterns, such as
the system-wide bias favouring harmonic word order during learning tasks. However, exceptions
to this harmonic tendency suggest that other, more category-specific biases can compete with
this general preference for harmony, causing some noun phrase dependents to deviate from the
harmonic tendency. These category-specific biases have mainly been observed in improvisation
tasks, yet some recent evidence suggests that they may also influence learning behaviour. We
tested this possibility for two noun phrase dependents which deviate from the general harmonic
trend, namely, adjectives and genitives. Using a gestural artificial language learning experiment
with a regularisation design, we examined if natural systems (i.e., systems with the favoured
orders for these dependents) were learned better than systems with unnatural orders. Our
experiment found no better learning for natural systems, nor a clear preference for harmonic
systems. Consequently, the results of this study fail to support the idea that the pattern we see
in the typology is the result of recurring application of competition between category-specific
and system-wide biases in successive generations of language learners. Instead, we mainly found
evidence of different strategies for reducing unpredictable variation, by either extending the
use of one order across the whole system or by conditioning the use of different word orders on
certain categories or lexical items in the data. The locus of competition between these types of
biases, thus, remains unclear, and future research is needed to establish under what conditions
category-specific biases influence linguistic behaviour and if this influence extends beyond

contexts of language improvisation.
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5. Appendix

The table in this appendix shows the type of phrase that participants produced in the translation
trials at the end of the experiment. Note that it is our view that the translation data that
participants provided as part of the post-test questionnaire are not likely to be very informative
as to the structures that participants represented during the main experimental task. Crucially,
these translations are prompted by the gesture videos, not the images, which are the stimuli
used to invoke the intended meanings throughout the experimental task. Furthermore, the order
of elements in the gesture videos themselves may limit the type of structure that participants
produce in the translation task. For example, participants shown a postnominal gesture order for
a descriptive meaning are highly likely to produce prepositional structure like “hat with spots”,
simply because they try to parallel the order in the video prompt, and so a normal English NP
is not produced even if that may have been how they represented the original image meaning

during the experiment.

5.1 Translation data

Table 10 shows the type of phrase that participants produced in the translation trials at the
end of the experiment. The coding scheme (preregistered) for this data differed between
translations of adjective and genitive meanings. For genitive meanings the categories were
verb phrase (these include possessive verb phrases like “the cyclops has a book” and action-
based phrases like “the vampire wears a hat”), genitive (including both the s possessive and of
possessive), prepositional phrase (including “cyclops with a cup” and “a hat on a vampire”) and
other (including all phrases which could not be categories as any of the previous categories,
such as the use of plain juxtaposition “hat vampire”). For adjective meanings the categories
were adjective (including phrases like “spotted hat” and “stripy book”), prepositional phrase (like
“hat with spots” or “stripes on a book”), verb phrase (including “the cup has spots”), and other
(including all phrases which could not be categories as any of the previous categories, such
as the use of plain juxtaposition “scarf stripes”). While the comparatively low number of pure
genitive translations that participants provided may seem to undermine the idea that participants
activated a possessive representation for those stimuli items, there were many instances of
possessive verb phrases within the high number of verb phrase responses to genitive translation
trials. Additionally, while these translations acted as an attempt to monitor the meanings that
were activated in participants’ minds while participating in this task, the act of translating
these meanings into English adds an additional step of transformation to those representations.
Therefore we cannot take these translations as true reflections of participants’ representations

of these meanings during the experimental tasks.



Table 10: Classification of English translations given for target meanings for the experiment.
Note that each participant provided four translations, two for adjective meanings and two for
genitive meanings. This makes for a total of 800 translations across all participants.

Class N translations
Adjective 228

Genitive 19

Preposition 191

Verb phrase 111

Other 251

Total 800
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