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Abstract. The representations of transparent vowels in vowel harmony have been of 
interest to phonologists because of the challenges they pose for constraints on 
locality and complexity. One proposal is that transparent vowels in back vowel 
harmony may be intermediate between front and back. The present study uses two 
artificial language learning experiments to explore the psychological reality of 
acoustic differences in transparent vowels in back vs. front vowel contexts. 
Participants were exposed to a back/round vowel harmony language with a neutral 
vowel that was spliced so that the F2 was lower in back vowel contexts and higher in 
front vowel contexts (the Natural condition) or the reverse (the Unnatural condition). 
While only participants in the Natural condition of Experiment 1 were able to learn 
the behavior of the transparent vowel relative to a No-Training control, there was no 
difference between the Natural and Unnatural conditions. In Experiment 2, only 
participants in the Natural condition learned the vowel harmony pattern, though there 
were no significant differences between the two conditions. No condition 
successfully learned the behavior of the transparent vowel in Experiment 2. These 
results suggest that the effects of small differences in the F2 value of transparent 
back vowels on learnability are minimal.  
Keywords. vowel harmony; transparent vowels; learnability; coarticulation; artificial 
language learning; phonology 

1. Introduction. Vowel harmony is one of the most commonly studied phenomena in phonol-
ogy, primarily because it poses questions about representation and action at a distance. Vowel 
harmony is characterized as a non-local process for a variety of reasons. First, vowel harmony 
typically applies only to vowels, skipping consonants (though vowel harmony can interact with 
consonants, Turkish being a commonly cited example (Clements & Sezer 1982)). Second, vowel 
harmony often applies iteratively, applying to multiple segments, rather than just adjacent vow-
els. For example, in Turkish, an agglutinative language, vowel harmony applies to all suffixes, 
not just the one closest to the stem (e.g., [ip-ler-in] ‘rope, GenPl’, and [son-lar-ɨn] ‘end, GenPl’) 
(Clements & Sezer 1982). Third, it is possible for neutral/non-participating vowels to be trans-
parent to vowel harmony. In the case of transparent vowels, harmony ‘skips’ over neutral 
vowels, thereby adding an additional level of non-locality. For example, in Hungarian, the back-
ness of the dative suffix in [radír-nak] ‘easier-dat’ is determined by the initial stem vowel, and 
skips over the transparent front vowel (Ringen 1988).  

The question of how to account for the locality issues of transparent vowels has been a long-
standing concern in phonological theory. At issue is how to account for the non-local compo-
nents of transparency, while still maintaining locality effects that apply generally in languages. 
For example, many approaches to vowel harmony in Optimality Theory (Prince & Smolensky 
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2004) either suffer from over-predicting non-local effects (Wilson 2003a), or are unable to ac-
count for transparent vowels without additional machinery, such as targeted constraints (Baković 
& Wilson 2000) or serial order (Kimper 2011).  

Many representational proposals for transparent vowels in vowel harmony are supported by 
the phonetic realization of transparent vowels (Finley 2008; Smith 2016; Rebrus & Törkenczy 
2015). For example, Finley (2008) uses a modified version of turbidity theory (Goldrick 2000), 
where intermediate representations allow for transparent vowels to undergo spreading at an ab-
stract level, but not on the surface level. Rebrus and Törkenczy (2015) propose that transparent 
vowels in back harmony are intermediate between front and back. Smith (2016) uses a gestural 
approach, where the gestural representation of transparent vowels is different from opaque vow-
els. The gestural approach is based on the articulatory properties of transparent vowels in vowel 
harmony. Benus and Gafos (2007) showed that Hungarian speakers produce transparent vowels 
differently depending on their harmonic contexts. Despite being phonologically front, transparent 
vowels are produced more retracted in back vowel contexts compared to front vowel contexts. 
Gick et al. (2006) showed that transparent, [–ATR] low vowels in Kinande are categorically pro-
duced as [+ATR] in [+ATR] contexts, despite the fact that low vowels are not contrastive for 
ATR, suggesting a phonetic implementation of transparency that goes beyond mere coarticula-
tion (as the effect did not diminish with distance from the trigger).  

The fact that many phonological accounts of transparent vowels are inspired by the phonet-
ics of transparent vowels supports the hypothesis that phonetic factors that relate to vowel 
harmony, even if subtle, may be at play in the psychological representations of transparent vow-
els. In addition, such factors may play a role in the learnability of vowel harmony patterns. 
Previous research using the artificial grammar learning paradigm has suggested that adult learn-
ers may be sensitive to the phonetic factors that give rise to typological constraints on vowel 
harmony (Finley & Badecker 2012; Finley & Badecker 2009; Kimper 2016; Finley 2012; Pycha 
et al. 2003; Martin & White 2021). For example, participants were more likely to learn and gen-
eralize a round vowel harmony language that had non-high vowel triggers (Kimper 2016; Finley 
2012), which are typologically more likely to trigger harmony (Kaun 2004). This suggests that 
naïve learners of a vowel harmony language with transparent vowels might benefit from stimuli 
that enhances phonetic properties of transparent vowels, compared to a language that does not.  

However, there is some reason to be skeptical that the articulatory differences between 
transparent vowels in various contexts may have any effect on learning and generalization. Some 
research on the acoustics of transparent vowels in Hungarian showed null or mixed results 
(Blaho & Szeredi 2013; Szeredi 2016). While the acoustic differences trended in the direction 
shown in Benus and Gafos (2007), they did not always reach statistical significance, suggesting 
that the effects on perception and learnability might be minimal. While Szeredi (2016) found 
small acoustic differences between vowels in different contexts, the Just Noticeable Difference 
(JND) for Hungarian speakers was between 200 and 250Hz, much larger than the measured dif-
ferences. This suggests that even if the effects are in the acoustic signal, they may not be a part 
of speakers’ active, cognitive representation of Hungarian vowel harmony. 

In addition, while there have been several studies that showed learning biases towards pho-
netically natural patterns in artificial language learning settings (Carpenter 2010; Finley 2012; 
Pycha et al. 2003; Wilson 2003b; Martin & White 2020), other studies have shown more mixed 
results (Glewwe 2019; Wilson 2006; Skoruppa & Peperkamp 2011), and the existence of phonet-
ically-based restrictions on the learnability of phonological patterns has been questioned 
(Moreton & Pater 2012b). Rather than phonetic naturalness affecting learning ability, abstract 
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constraints on cognition and linguistic representations may shape biases in phonological learning 
(Moreton & Pater 2012a). Artificial language learning studies that explored learning biases from 
a more cognitive or representational point of view have shown more consistent patterns of results 
(Moreton, Pater & Pertsova 2017; Finley 2017; Do 2018; Burness & McMullin 2019).  

The present study serves to test the hypothesis that a vowel harmony pattern with transpar-
ent vowels that follow more natural constraints on coarticulation should be easier to learn than a 
harmony pattern where transparent vowels show unnatural coarticulatory effects. Participants 
were exposed to vowel harmony with a transparent vowel that was cross-spliced from either a 
front or back vowel context in natural speech, but then spliced into stimuli in either a natural or 
an unnatural manner. In the Natural condition, front vowels were further front in front vowel 
contexts, and in the Unnatural condition, front vowels were further back in front vowel contexts. 
If learners are sensitive to these differences, then participants in the Natural condition, where 
coarticulation is enhanced, should be more likely to learn the behavior of the transparent vowel 
than in the Unnatural condition.  

2. Experiment 1. Experiment 1 tested for the role of coarticulation in learning transparent vow-
els in vowel harmony. 

2.1. PARTICIPANTS. There were 57 (n=19 in each condition) adult, English speaking participants 
whose data were included in the experiment. Participants were recruited from the subject pool of 
the psychology department at a small liberal arts college in the Pacific Northwest of the United 
States. Course credit was given for participation. No participant reported any known exposure to 
a vowel harmony language, natural or artificial. 
2.2. DESIGN AND MATERIALS. Participants in the Experimental conditions were exposed to an ar-
tificial language with a back/round vowel harmony pattern with a transparent vowel. Much of the 
stimuli were identical to those used in Finley (2015), where the harmony pattern was exemplified 
through stem, stem+suffix alternations (e.g., /bidig, bidige/). Stems were always of the form 
CVCVC, and the suffix was always either /e/ or /o/, depending on the harmonic features of the 
stem, which always adhered to back/round harmony with a transparent vowel. Consonants were 
chosen from the set /p, t, k, b, d, g, m, n/, and vowels were chosen from the set /e, i, o, u, ɪ/ where 
/ɪ/ was the transparent vowel. There were 24 total pairs of stem, stem+suffix items, six each from 
the following categories: front vowel stems, where both vowels were front (and always took the 
front vowel [e]), back vowel stems, where both vowels were back (and always took the back vowel 
[o]), transparent front vowel stems, where the initial vowel was front, and the second vowel was 
the transparent vowel (and always took the front vowel [e]), transparent back vowel stems, where 
the initial vowel was back, and the second vowel was the transparent vowel (and always took the 
front vowel [o]). Examples1 of training items can be found in Table 1.  

Stem Stem+Suffix 

Front Vowel (n=6) pikeg pikege 
Back Vowel (n=6) boduk boduko 
Transparent Front Vowel (n = 6) gimɪt gimɪte 
Transparent Back Vowel (n = 6) domɪd domɪdo 

Table 1. Examples of training items 

1 A full set of materials, including audio files, analysis code, and data can be found at: https://osf.io/mtavw. 
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       The difference between the Natural and the Unnatural conditions were based on the quality 
of the transparent vowel. While the vowel was always /ɪ/, the /ɪ/ was spliced into each sound file 
from two tokens, one from a front vowel context ([dimɪke]) with an average F2 of 2492Hz, and 
one from a back vowel context ([pomɪko]), with an average F2 of 2212Hz. In the Natural condi-
tion, the transparent vowel [ɪ] was always in a ‘correct’ or natural context: the high F2 [ɪ] in front 
vowel contexts, and the lower F2 in back vowel contexts. In the Unnatural condition, the [ɪ] was 
always spliced into an ‘incorrect’ or unnatural context: the high F2 [ɪ] in back vowel contexts, 
and the low F2 [ɪ] in front vowel contexts [ɪ]. All splicing was conducted using Praat software 
(Boersma & Weenink 2017). 
       All stimuli were naturally-produced, recorded in a sound-attenuated booth by an adult, 
female, native English speaker. The speaker had no knowledge of the specific hypothesis of the 
study, but was aware that that stimuli were to be used in an artificial language learning experi-
ment. The talker repeated each word four times, and one of the two tokens in the middle 
(second and third) was chosen to be used for the experiment. The middle items were chosen in 
order to avoid list-like prosody in the items. The talker was told to produce all vowels, but 
primary stress was placed on the final syllable. All stimuli were normalized to 70db in Praat 
(Boersma & Weenink 2017), but participants were allowed to adjust the volume to their needs. 
       Learning of the harmony pattern and the behavior of the transparent vowel was assessed 
with a two-alternative forced choice task, where participants were asked to select between two 
suffixed forms with the same stem; one choice ended in [e] and the other ended in [o]. There 
were four different types of test items, with examples in Table 2. 

Front Vowel Suffix Back Vowel Suffix 
Old (n=10) (Experiment 1 only) pikege 

*bupite
*pokɪge

*pikego
bupito 
pokɪgo 

New (n=10) *nupuke
tenine 

nupuko 
*tenino

New-Transparent Front (n = 10) degɪbe *degɪbo
New-Transparent Back (n = 10) *todɪpe todɪpo 
New-Transparent Back Unspliced (n =9) 
(Experiment 2 only) 

*todɪpe todɪpo 

Table 2. Examples of test items (*indicates incorrect response) 
       Old items were items that were part of the training set, and included both items with the 
transparent vowel, and items without it. New items included items that were not in the training 
set, but did not have the transparent vowel. New-Transparent Front items included items where 
the initial vowel was front, and the second stem vowel was the transparent vowel. New-Trans-
parent Back items included items where the initial vowel was back, and the second stem vowel 
was back. The New-Transparent items consisted of the same splicing that occurred in the train-
ing set. The Old items contained a mix of items with and without the transparent vowel, and 
were thus slightly different between the Natural and the Unnatural condition. Because the New 
items contained no splicing, these items were identical for both conditions. Examples of test 
items can be found in Table 2. The No Training Control condition responded to all sets of 
items (e.g., both sets of New-Transparent Front).  
2.3. PROCEDURE. The experiment was run using PsyScope software (Cohen et al. 1993), in a 
standard laboratory setting. Participants in the experimental condition were told that they would 
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be learning a novel language, and that their task was to listen to the words, presented as pairs 
over headphones. Each training trial consisted of a pair of items (stem followed by the stem+suf-
fix form), repeated 10 times, each in a random order. Immediately following the training phase, 
participants completed the two alternative forced choice test. Participants in the experimental 
conditions were told that they would be hearing two words, and that their job was to select the 
word that was most likely to belong to the language that they had just heard. If the first word was 
more likely to belong to the language, they were to press the ‘a’ key, and if the second word was 
more likely to belong to the language, they were to press the ‘l’ key. The order of each option 
was the same for all participants, but balanced between whether the first option was correct, and 
whether the second option was correct, as well as whether the first option contained front vowel 
stems or back vowel stems (where possible). Participants in the no training Control condition 
were only given test items, and were thus told to select the word that they preferred based on any 
criteria they chose. All participants were debriefed upon completion of the experiment. The ex-
periment took approximately 20 minutes to complete for the Experimental conditions, and less 
than 10 minutes to complete for the Control condition. 
2.4. RESULTS. Means (and standard errors of the mean) for Experiment 1 can be found in Figure 
1. There is only a single bar representing the Control conditions for New items because these
items (and results) were identical. The data were fit into generalized linear mixed effect models 
fit by the Laplace approximation using the lme4 (Bates et al. 2015) package in R (R 
Development Core Team 2018) via R Studio (RStudio Team 2020).2 

Figure 1. Experiment 1 Results (Means and Standard Errors of the Mean) 
Due to convergence errors, the Old items were removed from analysis, and three separate models 
were run with the New-Transparent Back items set as the baseline. In general, participants in 
both conditions performed well on Old items (mean = 0.77 ±0.060 for the Natural condition; 
mean = 0.72 ± 0.063 for the Unnatural condition), suggesting that participants were able to re-
member the items that appeared in the training set. One model compared the Natural to its No-

2 Some models showed singular fit warnings. When this occurred, a simpler model was run in order to remove the 
warning. In all cases, the simpler model showed nearly identical results. 
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Training control counterpart (Table 3), a second model compared the Unnatural condition to its 
No-Training Control counterpart (Table 4), and a third model compared the Natural and the Un-
natural conditions to each other (even though these were technically different items due to the 
differences in splicing) (Table 5).  

b SE z p 
Intercept 0.36 0.21 1.71 0.087 
Natural.Control -0.58 0.29 -1.97 0.048 
NewT-Back.New 0.24 0.22 1.11 0.27 
NewT-Back.New-T-Front 0.50 0.22 2.23 0.026 
Natural.Control: NewT-Back.New-T-Front 0.17 0.30 0.56 0.57 
Natural.Control: NewT-Back.New -0.11 0.31 -0.35 0.73 

Table 3. Model with New-Transparent Back, Natural as Baseline 
Participants in the Natural condition showed significantly more correct responses to New-

Transparent Back vowel items compared to the Control condition. There were significantly more 
correct responses to New-Transparent Front vowel items compared to New-Transparent Back 
vowel items, but no differences between New and New-Transparent Back vowel items, and no 
interactions by Condition and test item. 

b SE z p 
Intercept 0.36 0.19 1.92 0.055 
Unatural.Control -0.32 0.27 -1.19 0.23 
NewT-Back.New 0.52 0.22 2.37 0.018 
NewT-Back.New-T-Front 0.49 0.22 2.56 0.024 
Unnatural.Control: NewT-Back.New-T-Front -0.34 0.30 -1.13 0.26 
Unnatural.Control: NewT-Back.New -0.36 0.30 -1.19 0.23 

Table 4. Model with New-Transparent Back, Unnatural as Baseline 
Participants in the Unnatural condition showed no significant differences between the Con-

trol condition for New-Transparent Back items. There were significantly more correct responses 
to both New and New-Transparent Front items compared to New-Transparent Back items, but no 
interactions by Condition and test item. There were no significant differences between the Natu-
ral and Unnatural condition for New-Transparent Back items, and there were no interactions by 
Condition and test item. 

b SE z p 
Intercept 0.45 0.31 1.47 0.14 
Natural.Unnatural -0.036 0.40 -0.091 0.93 
Natural.Unnatural:NewT-Back.New-T-Front 0.28 0.32 0.89 0.37 
Natural.Unnatural:NewT-Back.New -0.013 0.32 -0.041 0.97 

Table 5. Model with New-Transparent Back, Unnatural as Baseline 
       Participants in Experiment 1 appear to have learned the general vowel harmony pattern in 
both the Natural and the Unnatural conditions. However, only participants in the Natural condi-
tion appeared to show learning of the behavior of the transparent vowel in back vowel contexts 
when compared to its No-Training Control counterpart. 
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2.5. DISCUSSION. Because there was no significant difference between the Natural and the Unnat-
ural conditions for New-Transparent Back vowel items, it is unclear how to interpret the fact that 
only participants in the Natural condition were significantly different from their control counter-
part for New-Transparent Back items. One possibility is that idiosyncrasies in the items may 
have led to more variable responses in the Control condition, which led to differences in which 
conditions showed statistical significance. Since the New-Transparent items contained the splic-
ing from the training set, the participants in the Natural and Unnatural conditions responded to 
slightly different items, making direct comparison of the two conditions difficult. Experiment 2 
remedies this by including a set of New-Transparent items without splicing in order to allow for 
more direct comparison of the two conditions.

3. Experiment 2.  Experiment 2 replicated Experiment 1, but included an additional set of test
items in order to directly compare the Natural and Unnatural conditions. 

3.1. PARTICIPANTS. There were 45 adult, English speaking participants whose data were included 
in the experiment (n=23 for the Natural condition, and n=22 for the Unnatural condition). Partic-
ipants were recruited from the same subject pool Experiment 1. Participants had no known 
exposure to a vowel harmony language, natural or artificial, nor did they participate in Experi-
ment 1. Participants were given course credit for their participation. 
3.2. DESIGN AND MATERIALS. Experiment 2 was identical to Experiment 1, except for the follow-
ing changes. First, the Control condition was removed in order to better allow for comparisons 
between the Natural and the Unnatural conditions. Second, the test included an additional set of 
Unspliced New-Transparent Back items. Because of access to original, unspliced stimuli was 
limited, there were only nine Unspliced items. Third, because Old items were not compared in 
statistical analyses in Experiment 1, there were no Old items in Experiment 2. 
3.3. PROCEDURE. The procedure for Experiment 2 was identical to Experiment 1, except that 14 
participants (n = 7 in each condition) were run outside of the laboratory, using FindingFive, a 
web-based platform for collecting data online (FindingFive Team 2019) (due to the COVID-19 
pandemic). The online procedure was similar to the in-laboratory procedure, except for some mi-
nor details. First, participants were asked to use their own headphones, and complete the task in 
one sitting in a quiet, relatively isolated location, in order to better emulate a laboratory setting. 
Participants were given a sample audio file (/udvu/) to listen to as an opportunity to check the 
sound quality at their location. Participants were asked not to proceed with the study until their 
internet connection and sound quality were sufficient. Second, each training trial required partici-
pants to press a ‘Continue’ button in order to advance to the next trial. This was done instead of 
auto-advancement of trials in order to ensure that the participants were engaged in the task for 
the duration of the training (preventing the participant from leaving the computer as the training 
trials completed). Third, participants were encouraged to take a short break between the training 
and the test phases. Finally, participants were given a short post-completion survey following de-
briefing. This survey allowed participants to provide feedback (if any), and a chance to recuse 
themselves from inclusion in the final data analysis if they did not wish their data to be used. 
This was done to give participants who were not engaged in the task a way to earn credit for their 
participation, but not contaminate the results; all 14 participants agreed to have their data used in 
the analysis.  

3.4. RESULTS Means (and standard errors of the mean) for Experiment 2 can be found in Figure 
2. The data were analyzed in the same manner as Experiment 1, except because there was no
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Control condition, comparisons were only made between the two critical conditions. In addition, 
trials from the online participants were dropped if the participant took longer than 10s to respond 
(n = 20), and an additional trial was dropped from an in-lab participant because the participant 
did not follow directions on the first trial, and required a repetition of the directions in between 
hearing the first item and responding to that item. 

Figure 2. Experiment 2 Results (Means and Standard Errors of the Mean) 
As shown in Table 6 and Table 7, there were no significant differences between the Natural and 
the Unnatural conditions for the Unspliced items for New-Transparent Back vowel items. In ad-
dition, the intercepts for both models were not significant, suggesting that the participants in 
Experiment 2 did not select the correct responses to New-Transparent Back vowel items at a rate 
greater than chance. 

b SE z p 
Intercept -0.042 0.20 -0.21 0.83 
Unatural.Natural 0.32 0.26 1.22 0.22 
Unspliced.New-T-Back -0.10 0.22 -0.46 0.64 
Unspliced.New-T-Front 0.37 0.22 1.68 0.094 
Unspliced.New 0.087 0.23 0.38 0.70 
Unnatural.Natural:Unspliced.New-T-Back 0.092 0.29 0.32 0.75 
Unnatural.Natural:Unspliced.New-T-Front -0.14 0.29 -0.49 0.62 
Unnatural.Natural:Unspliced.New 0.015 0.29 0.053 0.96 

Table 6. Model with Unspliced Items, Unnatural Condition as Baseline 
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b SE z p 
Intercept 0.27 0.20 1.40 0.16 
Unspliced.New-T-Back -0.011 0.22 -0.048 0.96 
Unspliced.New-T-Front 0.23 0.23 1.02 0.31 
Unspliced.New 0.10 0.23 0.45 0.65 

Table 7. Model with Unspliced, Natural as Baseline 
In the Natural condition, there were no significant differences between the Unspliced items, and 
any of the other types of test items, including New-Transparent Back items, New-Transparent 
Front, or New items. There were also no interactions between the Natural and the Unnatural con-
dition in terms of the differences between the Unspliced items and the other items.  
       Because participants in neither the Natural nor the Unnatural conditions showed evidence of 
learning in the Unspliced (via significant intercepts), and with no significant differences be-
tween the Unspliced items and the other conditions, additional models were run to test whether 
the intercepts were significantly above chance for the overall experiment. There was a signi-
ficant intercept for the Natural condition (mean = 0.58, ± 0.033), b = 0.36, SE = 0.14, z = 2.63, p 
= 0.0085, suggesting overall learning of the harmony pattern. The intercept for the Unnatural 
condition (mean = 0.51, ± 0.034) was not significant, b = 0.052, SE = 0.14, z = 0.38, p = 0.70, 
suggesting that participants in the Unnatural condition did not learn the overall harmony pattern. 
The overall difference between the Natural and the Unnatural condition was only marginally sig-
nificant b = 0.31, SE = 0.19, z = 1.65, p = 0.099. 
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In the Unnatural condition, there were no significant differences between the Unspliced items, 
and any of the other types of test items, including New-Transparent Back items, New-Transpar-
ent Front, or New items, suggesting overall poor performance on all item types. 

       In order to more fully investigate whether the failure to learn the overall harmony pattern in 
the Unnatural condition was due to the low responses for the Unspliced items, additional, post 
hoc models were  run on the New, New-Transparent Back, and New-Transparent Front items. 
There was a significant intercept for New items for the Natural condition, b = 0.38, SE = 0.19, z 
= 1.98, p = 0.048, but not the Unnatural condition, b = 0.045, SE = 0.19, z  = 0.23, p= 0.82, 
though the difference between the two conditions was not significant, b = 0.33, SE = 0.25, z = 
1.32, p = 0.19. There was a significant intercept for the New-Transparent Front items in the Nat-
ural condition, b = 0.51, SE = 0.19, z  = 2.65, p =0.0081, but only a marginally significant 
intercept in the Unnatural condition, b = 0.33, SE = 0.19, z  = 1.77, p = 0.077, but these were not 
significantly different from each other, b = 0.18, SE = 0.25, z = 0.69, p = 0.49. There was no sig-
nificant intercept for the New-Transparent Back items in either the Natural condition, b = 0.26, 
SE = 0.19, z  = 1.40, p =0.16, or the Unnatural condition, b = -0.15, SE = 0.19, z = -0.78, p = 
0.44, and these were not significantly different from each other, b = 0.41, SE = 0.25, z  = 1.62, p 
= 0.11. These results suggest that overall, participants in Experiment 2 struggled to learn the 
basic harmony pattern as well as the behavior of the transparent vowel. While this struggle was 
more apparent in the Unnatural condition, there were no significant differences between the two 
conditions. 



3.5. DISCUSSION. Experiment 2 was a replication of Experiment 1, with the addition of Unspliced 
items, which were unspliced versions of New-Transparent Back test items used in both experi-
ments 1 and 2. The addition of these test items allowed for a more direct comparison between the 
two conditions, rather than through comparisons between different Control conditions. Partici-
pants in the Natural condition were able to learn the general harmony pattern, but did not show 
any evidence of learning the behavior of the transparent vowel in back vowel contexts. Partici-
pants in the Unnatural condition showed no evidence of learning the vowel harmony language. 
These differences should be taken with caution, because comparisons between the Natural and 
the Unnatural condition were generally not statistically significant. 
       Given that the training in Experiment 2 was identical to that of Experiment 1, there is 
question of why learning was so weak in Experiment 2. Even the Natural condition, which 
showed evidence of learning, still had an overall mean of less than 60% correct. One possibility 
is that several of the participants had to be run online. Because the acoustic differences between 
the Natural and Unnatural conditions are relatively subtle, it is possible that the participants in 
Experiment 2 were not well-equipped to hear the materials properly outside a controlled labora-
tory setting. However, the overall means in the two modalities were very similar. The overall 
means for the Natural condition run in the lab were both 0.58, and the overall means for the 
Unnatural conditions was slightly higher for those who were run online (0.53 online compared 
to 0.50 in the lab). Thus, it is unlikely that the setting for the experiment played a major role in 
the differences between experiments.  
       Another possibility is that the lower performance in Experiment 2 could have been an ar-
tifact of the timing of data collection for Experiment 2, which occurred at the end of the 
semester, over the course of several semesters. These two factors may have affected the popula-
tion of student sampled, particularly participant motivation. Participants in Experiment 2 were 
generally run at the end of the semester, when participants are seeking extra credit to alleviate 
poor grades, are scrambling to finish their research requirement, or are just feeling exhausted and 
unmotivated from the stress of the academic term. Participants in Experiment 1 were run 
throughout the semester, thus avoiding possible declines in motivation and attention, though the 
evidence of a significant end-of-semester effect is mixed (Ebersole et al. 2016; Grimm, 
Markman & Maddox 2012; Nicholls et al. 2015). It is also possible that demographic shifts in the 
student population may have varied, such that the participants were generally less engaged in the 
experimental task over time, since Experiment 1 was run about two to three years before Experi-
ment 2.  
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       A third possibility for the overall lower rates of correct responses in Experiment 2 is that the 
test items themselves may have made inadvertently shifted participants’ responses. In Experi-
ment 2, there were essentially two sets of New-Transparent Back items, which were almost 
identical except that one contained splicing and the other did not. Having two sets of similar 
items in a two-alternative forced choice test may have influenced the participants’ responses. 
Since a two-alternative forced choice test shows both the correct and the incorrect response, 
hearing the incorrect response twice for the same set of items may have reduced learners’ confi-
dence in their responses. However, a separate, post-hoc model with trial number as a fixed effect 
was not significant, b = 0.0020, SE = 0.0033, z = 0.61, p = 0.54. The first half of trials showed a 
mean of 57% correct responses, and the second half of trials showed a mean of 54% correct. 
Thus, in order for the repeated trials to have had a significant effect on responses it would have 
had to show up very early in the test.  



      While the Natural condition was the only condition in Experiment 2 to successfully learn 
the vowel harmony language, it is not clear that this advantage was entirely due to the splicing, 
rather than a statistical artifact, as the differences between the Natural and the Unnatural condi-
tions were not statistically significant. Thus, it is unclear what, if any advantage coarticulation 
may have on learning vowel harmony with transparent vowels. 

4. General discussion. I have presented the results from two artificial language learning
experiments on vowel har-mony with a transparent vowel. The transparent vowel was spliced to 
either enhance coarticulatory effects (the Natural condition), or opposite coarticulatory effects 
(the Unnatural condition). In Experiment 1, participants in the Natural condition showed signi-
ficantly more correct responses in the critical trials compared to a no-training control condition, 
but this was not shown for the Unnatural condition. However, there were no significant differ-
ences between the two experimental conditions. In Experiment 2, participants were given the 
same training as in Experiment 1, with slightly different test items, specifically with a set of 
unspliced critical transparent vowel items (in order to better compare the Natural and the 
Unnatural conditions). In Experiment 2, neither condition showed evidence of learning the beha-
vior of the transparent vowel in critical back vowel contexts, and only the Natural condition 
showed evidence of learning the vowel harmony pattern. 

While the results of the two experiments generally favor the Natural condition, they are not 
statistically robust enough to make any strong conclusions regarding the role of coarticulation in 
learning transparent vowels. There are several possible explanations for these results. First, the 
effect sizes may have simply been too small to detect with the current sample sizes. This may be 
especially true given that many participants may not have been motivated to learn the harmony 
pattern, which may have added additional noise to the experiment. A replication with much 
larger sample sizes could tease this apart. A replication that included catch trials to rule out par-
ticipants who are not attending to the task could help to better understand the effects in the 
present study, such as explicit vs. implicit learning strategies (Moreton & Pertsova 2017). A fol-
low-up study could also include adjusting the training so that participants are only trained on the 
transparent vowel once they have successfully learned the regular harmony pattern. This could 
make it easier to interpret failure to learn the behavior of the transparent vowel if all participants 
have learned the regular harmony pattern. In Experiment 1, only three participants (two in the 
Natural, and one in the Unnatural conditions) scored less than 60% on Old items, suggesting that 
most participants were able to remember the items, and were able to follow directions and attend 
to the task. In Experiment 2, enough participants failed to learn the harmony pattern that compar-
ison between learners and non-learners was not informative.  

Second, the differences between the Natural and the Unnatural condition were relatively 
small and subtle. Szeredi (2016) tested the perceptibility of Hungarian transparent vowels on na-
tive Hungarian speakers, and found that the perceptibility of the vowels was between 200 and 
250Hz. While the stimuli used in the present experiment is in this range, it is unclear whether 
participants, who have no prior exposure to these differences, were able to both perceive the dif-
ferences, and use those differences in learning. One possibility for future research could be to 
manipulate the size of the acoustic differences between the front and back vowel contexts, and 
to use controls to determine the perceptibility of these differences. This could be done using 
syn-thetic speech, where it is possible to directly manipulate the acoustic (e.g., F2) values of the
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transparent vowels in different contexts, or directly within Praat, the method used by Szeredi 
(2016). However, it is unclear what kind of external validity such effects would have, as the 
acoustical measurements for Transparent vowels in Hungarian were quite small, and showed 
many idiosyncrasies, including some participants showing an effect in the opposite direction 
(Szeredi 2016; Blaho & Szeredi 2013).  

If the coarticulation effects on transparent vowels applies only in articulation, as suggested 
in previous research (Blaho & Szeredi 2013; Szeredi 2016), then the effects on learning might 
only be captured using a production-based task. Glewwe (2019) suggests that substantive biases 
in phonology arise from production, rather than perception, and production-based learning tasks 
are the best, if not only way to capture these effects. It is therefore possible that if the present 
study had used a production task instead of a perception-based task, that participants might have 
shown a significant effect3 in the hypothesized direction. 

Third, learning the behavior of transparent vowels in an artificial language learning task 
with English speakers has been shown to be a challenge. Finley (2015) showed that learners are 
biased towards opaque neutral vowels compared to transparent neutral vowels. While the present 
study used almost identical training and test items to the conditions that allowed for learning 
transparent vowels, the introduction of the spliced items may have impeded learning, since cross-
splicing reduced the naturalness of the stimuli (even though spoken).  

Fourth, the present study made use of a back/round vowel harmony pattern, but tested coar-
ticulation for backness only (i.e., F2). It is therefore possible that the phonetic constraints on 
transparency may be different for back/round harmony. Participants were given back/round har-
mony largely because most of the vowels in the English phonetic inventory conflate backness 
and rounding, making it impossible to replicate back vowel harmony for English speakers with-
out using vowels that are not found in English. A follow-up study could test speakers with a 
wider vowel inventory (e.g., French or German) on backness harmony without rounding. In addi-
tion, more research on the phonetics of neutral vowels could be done on a wider range of 
languages, including back/round harmony. 

Finally, a possible reason for the lack of a clear result is that coarticulation does not affect 
the learnability of neutral vowels in an artificial language learning setting with adults. If there is 
truly no effect, then no manipulation of the coarticulation or sample size will produce the pre-
dicted effects. If there is no effect in an artificial grammar learning context in adults, it does not 
mean that such an effect would not be present in infants or children, or in more naturalistic lan-
guage learning settings, both first and second. There is some evidence that infants and children 
show different sensitivities and biases for learning novel phonological patterns, even in the labor-
atory (Gerken, Quam & Goffman 2019). This is a question for future research. 

While the present study did not show any conclusive results, they make several important 
contributions to phonological theory. The results pose the question of whether articulatory differ-
ences between vowels in different contexts may have any psychological benefit to learning or 
representations of vowel harmony patterns. If not, then it could provide support for more ab-
stract, or ‘substance-free’ approaches to phonology, where phonetic underpinnings are on a 
different level of abstraction (Hale & Reiss 2000). In addition, the minimal effects of phonetic
naturalness on the learnability of transparent vowels in vowel harmony adds to the growing body 
of literature that questions the role of phonetic naturalness in learning biases for phonology 
(Moreton & Pater 2012b). While more research is needed to fully understand the role of phonetic 

3 Note that Lysvik's (2020) experimental results did not support a difference between perception and production in 
naturalness biases in learning. 
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naturalness in the learnability of phonological patterns, it is clear that these are important ques-
tions to be addressed.  
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