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Abstract: The aim of this thesis is to focus on replication science using statistical language
learning as a case study in replication completed by students. Replication is foundational to the
advancement of knowledge. However, a replication crisis has emerged across disciplines, in
which larger numbers of published studies cannot be replicated. Part I explores this crisis and
its potential causes and highlights current efforts to provide solutions. One suggested solution is
utilizing students to produce replication work to learn about the scientific process and the
replication crisis, all while producing valuable knowledge to their fields.

Part IT attempts a case study of replication by using two student experiments—one
conceptual and one direct replication—all which focus on quadrisyllabic word segmentation in
statistical language learning. Previous research has suggested that participants during
quadrisyllabic word segmentation tasks successfully learn words from an exposure stream only
when aided by 25 millisecond pauses between words but not if it is continuous (Benjamin et al.,
2023). The original study was completed on French participants, in which the average word
length is shorter than Finnish. Experiment 1 is a Finnish-language conceptual replication of
Benjamin et al. using two artificial languages to accommodate for Finnish vowel harmony. We
hypothesized that since Finnish has longer words on average that their word-length expectations
would be longer, and thus segment quadrisyllabic words without the need for a pause, while still
reporting more familiarity when a pause is included. Results suggest that Finnish speakers may
not need pauses to segment quadrisyllabic word formations from continuous speech streams.
Nevertheless, pauses help with word-form extraction also in Finnish speakers. After a focus on
stimuli creation, Experiment 2 attempts a direct replication of Experiment 1. When distributed
into language groups, results show support for the original claim that quadrisyllabic word
segmentation is successful when aided by a 25 millisecond pause but not in a continuous stream.
However, the combined results from both languages suggest support for our word-length
hypothesis.

Part III discusses the vowel-placement differences, which may indicate that those sounds

are processed differently during quadrisyllabic word segmentation paradigms; resultingly,



controlling for stimuli and its features is increasingly important. Finally, it is suggested that

students can contribute to a viable solution to the replication crisis.
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1 Part I: Replication: Theory and background

Replication has been described as the “cornerstone of science” (Simons, 2014), the
“most important criterion of scientific knowledge” (Rosenthal & Rosnow, 2008), and
the “scientific gold standard” (Jasny et al., 2011). Even though some argue against the
severity of their claims (Haig, 2022), it is safe to say that replication studies can act as a
stopgap for questionable practices in science and aims to establish the current state of
replicability for a discipline (Balafoutas et al., 2025). Since the beginning of the 21st
century, an increasing concern has plagued academic disciplines: a substantial number
of published studies do not replicate (Pashler & Wagenmakers, 2012; Open Science
Collaboration, 2015). Academic communities are facing a replication/reproducibility
crisis that is undermining scientific integrity. Some disciplines impacted are psychology
(Open Science Collaboration, 2015; Stevens, 2017; NoseKk et al., 2022), neuroscience
(Button et al., 2013; Milkowski et al., 2018), economics (Camerer et al., 2016; Ferraro &
Shukla, 2023; Huntington-Klein et al., 2021; Miguel, 2021), education (Frias-Navarro et
al., 2020), physics (Franklin, 2018) and medicine (Prinz et al., 2011; Gabelica et al.,
2022), among others. This widespread phenomenon in science is debated and reviewed
across disciplines, and many scientists offer their own solutions to alleviate the crisis. To

understand the solutions, we must first explore the problem.
11 Theory
1.1.1 Theoretical foundations

What precisely does replication mean? Simons claims that replication supports science
using a simple premise: “if an effect is real and robust, any competent researcher
should be able to obtain it when using the same procedures with adequate statistical
power” (Simons, 2014, p. 76). Replication as scientific foundation asserts that true
findings are only maintained through continued testing. This continued testing is the
reason science requires replication: if an effect is true, then repeated testing of that
effect would also be true both within the original data and in newly collected data.
Approaches to retesting are nuanced and each replication produces different kinds of

knowledge.



1.1.2 Types of replications

Following the recommendation of the National Academies of Sciences, reproducibility
(also called computational reproducibility) is the ability to produce consistent results
using the same input data and computational methods, which may include codes, types
of analyses, steps taken during the process, etc., and replicability is obtained through
consistent results across studies attempting to answer the same research question
(2019). The former may be understood as verifying the results of a previous experiment,
whereas the latter is focused on generating new data to test the effect’s breadth of

generalizability.

Attempts at distinguishing replication into different types began as early as 1968, when
Lykken parsed between literal, operational, and constructive replication. In 2009,
Stefan Schmidt collected definitions of replication from Lykken (1968), Sargent (1981),
Keppel (1982), and Hendrick (1991), and divided them to two classes. Direct replication
(sometimes called exact replication) recreates conditions and procedures exact or as
similar as possible to the original study (Schmidt, 2009; Diener & Biswas-Diener, 2025).
“As similar as possible” prevails as a definition because it is argued that exact conditions
is a temporal impossibility (Nosek et al., 2022; Shadish et al., 2002). Conceptual
replication is when a study utilizes different methodologies to test the same research
question (Diener & Biswas-Diener, 2025). Conceptual replication tests the
generalizability of findings. Improving generalizability through replication may look like
testing on a new population or in a new domain. For example, Saffran et al. (1996) first
published a study in statistical language learning using infants and in the same year
produced a conceptual replication using adults (Saffran, Newport, et al., 1996). In this
way, conceptual replication produces exploratory research by testing the boundaries of

an effect, while direct replication tests whether original results measure a true effect.

Each type of replication is important to the advancement of knowledge since each
approach provides new information—either supporting or refuting the research question
investigated (see Simons, 2014 for a commentary on direct replication as the best
evidence for effects). Using these definitions as foundation, the following section will

address the replication crisis.



1.2 The replication crisis

The Open Science Collaboration has shown that across some leading journals in
psychology, direct replication was achieved in an average of 36% of the investigated
studies (2015). This suggests that if someone was to select a finding at random within
the selected journals for this study, there would be a 36% chance that the study would be
replicable. Although it is alarmingly low, this number does not necessarily need to be
100%. The purpose of science is to test and retest new and innovative theories and
studies; failures exist as new methods are tested and improved. The possibility of false
positives in data remains a possibility as well (see 1.2.1 for more on Type I errors). The
replication crisis encompasses both direct and conceptual replications, but what does
this mean? Direct replications measure a true effect outlined by an original study. This
could be non-replicable, especially if the measured effect includes qualitative measures
that may be influenced by societal changes over time. However, if a failed direct
replication cannot be explained by these qualitative measures, then some aspect of the
original study should be investigated as to the potential reasons of non-replicability.
Conceptual replication, on the other hand, produces exploratory research into an effect’s
generalizability. Non-replication in these studies merely discovers the boundaries of
that generalizability or call for a reinterpretation of results. When discussing the
replication crisis, most studies will focus on direct replication, as those produce the
largest problem in replication. The low results from Open Science Collaboration indicate
a warranted investigation into possible causes, potential results and effects, and ways
the effect can be mitigated in further studies. This section will attempt to explore those

areas: causes, effects on public trust, and current efforts and next steps.
1.2.1 Causes

It is suggested that the replication crisis is rooted in incentives within academic research
and publishing (Smaldino & McElreath, 2016; Kohrt et al., 2023). Although replication
is needed for the advancement of knowledge, completing replications has been faced
with challenges. Some of those challenges are the suggested pressures that contribute to
the replication crisis: the relationship between academic publishers and researchers and

the individual practices by researchers.



1.2.1.1 Academic publishing and researchers

Publication bias is any behavior that favors manuscripts finding support for their tested
hypotheses (Scheel et al., 2021). Publication bias has been discussed at length in the
literature (Balafoutas et al., 2025), which suggests that unintended bias has influenced
manuscript selection, not only in favoring studies that find support for tested
hypotheses, but also a pressure toward novel studies and studies that have statistically

significant results.

Within peer-reviewed publications (academic publishing) there has been and continues
to be pressure towards novel studies (Stevens, 2017). This pressure often results in
fewer replication studies being published. Even if a replication is published, they still
retain some element of novelty. If we can conclude that conceptual replications are
considered more novel than direct replications and we consider that conceptual
replications are published more frequently than direct (Keating & Totzkay, 2019), then
this would also support this publishing trend toward novelty. Not addressing novelty
bias will retain or diminish the number of replication studies, since they are viewed as

not valuable nor wanted for publication.

However, this bias towards novelty is not unique to publishers, editors, and reviewers; it
is suggested to be a larger “disease” of research called neophilia: “an excessive
appreciation for novelty” (Antonakis, 2017, p. 5). This could reasonably expand to any
person impacted by the scientific process, including researchers, academics, research

grant providers, among others.

Antonakis also suggests another disease in research production: significosis: “an
inordinate focus on statistically significant results” (2017, p. 5). Type I errors, false
positive results that reject the null hypothesis when it is true within the population, are
potentially biasing academic publishing and spurring the replication crisis. Controlling
for Type I errors is used through significance (alpha, o) levels, typically set at 0.05. This
indicates results are computed assuming there is only a 5% chance of receiving false
positive results. However, if publishers still favor significosis and the results indeed are

a false positive (5% chance), this indicates a potential publication bias that may favor



Type I errors through significosis, resulting in the publication of false-positive results.
This also suggests that the true effects (true negative results) may be present in works
unpublished or hiding in the “file drawer” (Rosenthal, 1979). This file drawer problem
also indicates that researchers may not be willing to submit their completed works for
publication, since they’re astutely aware of the publication trend to favor positive

results.

The ways neophilia and significosis impact researchers is through a systemic pressure
often referred to as “publish or perish,” the idea that in order to survive or flourish as a
researcher, one must continually publish work. At the core of this phrase is the
relationship between publisher and researchers, where one continually learns from the
other. Researchers are aware of neophilia and significosis in academic publishing,
potentially impacting individual lines of inquiry. One result may be that researchers
only aim to complete novel studies, whether original work or conceptual replication,
resulting in both publishers and researchers unintentionally utilizing neophilia. The
continued pressure to publish has also been identified as a possible strain that may
encourage researchers to participate in questionable research practices in order to get

published (Balafoutas et al., 2025).
1.2.1.2 Individual practices by researchers

Some aspects of individual behaviors in research have been identified as potential
contributors to the replication crisis, mostly the incentivized behavior of doctoring
results in order to be published. Questionable research practices (QRPs) are the widely
addressed behaviors that are not inherently bad behaviors in research, rather they may
provide incomplete (and thus false) information of analysis, results, or conclusions.
Common QRPs are p- or null-hacking (manipulating analysis to enable a desired effect),
selective reporting (only reporting a portion of the completed study), and HARKing

(hypothesizing after results are known) (Balafoutas et al., 2025).

The pressure for young researchers to engage in QRPs lies in significosis. It is shown
that marginally statistically significant results of economics PhD graduates have higher

likelihoods of academic placement, and the hiring decisions of those academic



institutions show publication bias (Brodeur et al., 2024). These kinds of pressures may
lead students and researchers to participating in QRPs, or in more extreme cases, even
to falsifying data, or participating in other kinds of misconduct to produce favorable

results (see Balafoutas et al., 2025).

A particular problem in psychology is the overreliance on the reporting of p-values,
especially those just under 0.05 (Head et al., 2015; Masicampo & Lalande, 2012;
Stevens, 2017). The overreliance may also exclude reporting the effect sizes, which is a
calculated measure of the strength of a relationship between two variables within a
population. Instead of reporting the effect size and describing the results with more
precision, a focus is placed upon whether the data is statistically significant rather than
exploring the effect. Overreliance on p-values indicates an incomplete description of the
data. The focus on p-values may also lead to p-hacking, which is any action that
intentionally manipulates p-values to correspond to a desired outcome. A good example
of this is including more participants than originally planned. If a study currently
produces approaching significant results (e.g., p = .06), researchers could continue
recruiting participants until the desired p-value is reached. Using the study below, p-
hacking would look like pretesting one language group and selecting which language
gave us our desired p-values before recruiting a new set of participants. This type of
reporting inaccurately describes the data, which may lead to different conclusions by the

original researchers and those reviewing it.

Selective reporting—underreporting results, conditions, or outcomes, because they do
not confirm hypotheses—is also shown to have impacted research behavior. This focuses
on personal biases may influence which results are reported and which are omitted; a
general dislike of reporting null findings remains in the current research climate,
leading to selective reporting on statistically significant results. Selective reporting
results in potentially biased data in the literature, furthering a higher risk of Type I

errors in published articles (Franco et al., 2016).



1.2.2 Public trust

Trust in scientific endeavors usually relies on epistemic trust, trust relating to a reliable
source of information (Wilholt, 2013). This trust also extends to colleagues when
working on collaborative projects, by the nature of relying on others to competently
complete their work and honestly report findings: “There is no one person providing
comprehensive oversight by rechecking all calculations, replicating all parts of the
experiment, and so on; the background of trusting professional relationships
rationalizes this practice” (Goldenberg, 2023, pp. 369—70). Replication cannot be
completed on every aspect of every study ad infinitum; we must consider practicality.
Studies include some level of trust in order to practically complete new projects;
replication of every study ever is an impracticality (if not an impossibility). On these
grounds alone, one could argue that replication should be a health check-up for
academic disciplines: “While [replications] do not address underlying health issues (if
any exist), they provide valuable insights into the state of replicability within a field”
(Balafoutas et al., 2025, p. 5). Health check-ups are periodic measurements of the state
of an entity without an intense, descriptive evaluation. In this instance, a health check-
up is just one study in one field. Mega-replication studies, where someone completes
multiple replication studies across a field provide a health report on the field. If findings
indicate a need for action, then some intervention must occur as ill findings will impact

public trust in the scientific process.

This trust, however, extends to public perception of academic integrity within science,
and the highest form of scientific misconduct is publishing falsified data. One example is
Diederik Stapel, a social psychologist at Tilburg University in the Netherlands, who in
2011 was found to have falsified data for his graduate students. After those students
generated stimuli, questionnaires, and other materials, Stapel would bring the
experiment to an undisclosed location and collect the data, which he later admitted was
falsified (Derksen, 2021). Deliberate fraud and other more public examples of non-
replicability, such as the infamous “power pose” study—which posited that standing in a
power pose for 1 minute increases testosterone, decreases cortisol, and increased

feelings of power (Carney et al., 2010)—and its failed replication (Ranehill et al., 2015),



have been cited as some of the symbols of what’s wrong in psychology (Derksen & Field,
2022). Fraud is the highest form of scientific misconduct, which both scientific
communities and the public eye can easily understand and condemn, as conduct like

this and others contributes to the erosion of public trust in scientific institutions.

Other kinds of scientific conduct and behavior can be scrutinized by the public when
scientific conversation is widely available on social media. After some public displays of
scientific discourse, a “tone debate” has emerged about the way scientists communicate
with one another, particularly in response to the replication crisis (Derksen & Field,
2022, p. 172). When Simone Schnall’s 2008 study was not replicable using much larger
sample sizes (Schnall et al., 2008; Johnson et al., 2014), Schnall believed the paper
should not have been published based on a flaw in the results—a ceiling effect. Schnall
was in conversation with the replication authors; however, once objections regarding
the statistical analyses were raised, Schnall was dismissed and the paper was published
anyway. Schnall contends that this replication was not held to the same peer-review
standard, which she posits would have noticed this failure. The replicators responded
saying they addressed the ceiling effect and found the same non-replicable results
(Schnall, 2014a). Although the objections were noted and tested, the resulting
conversation online claimed replicators use “replication bullying” and create a sense of
fear; for example, Schnall’s graduate students worried about “data detectives”
investigating their work to find something wrong (Bohannon, 2014). This spurred an
intense online debate about scientific conduct in communication through social media
or blog posts (Derksen & Field, 2022; Schnall, 2014b). Fiske addressed how publishing
opinions outside of peer-reviewed journals are “ignoring ethical rules of conduct
because they circumvent constructive peer review: They attack the person, not just the
work; they attack publicly, without quality controls” (Fiske, 2016). This “tone debate,”
which has mostly taken place on social media platforms and in non—peer reviewed
spaces (Derksen & Field, 2022; Fiske, 2016), is about the approach in which scientists
engage in discussion about issues in research, particularly current topics like the
replication crisis. For example, posts on personal blogs, Facebook, or X (Twitter)
included accusations that researchers completing replication studies were “bullies”

(Bohannon, 2014), “unoriginal” (Stevens, 2017), and using tactics such as shaming and



“methodological intimidation” (Fiske, 2016). The very public display of non—peer
reviewed opinions resulted in action for civil discourse on any platform, discussed in
more detail in the next section. An important objection to the “tone debate”, however,
Derksen & Field suggest that even though I began in response to the replication crisis,
focusing on the interpretation and discourse of facts detracts from the heart of the crisis:

the facts themselves being called into doubt (Derksen & Field, 2022, p. 179).

All of the above leads to loss of validity in published research through the public eye,
ultimately diminishing epistemic trust in academic institutions and leading to further
disenfranchisement in the scientific process (Balafoutas et al., 2025; Ioannidis, 2005;
Wagenmakers et al., 2012). Consider the words of Daniel Sarewitz speaking about
systematic errors in research: “Nothing will corrode public trust more than a creeping
awareness that scientists are unable to live up to the standards that they have set for
themselves” (Sarewitz, 2012). This distrust is only confounded as more public and non-
replicable studies emerge. Losing the trust of the public poses a stark risk to our shared
understanding of reality, “leaving societies vulnerable to misinformation and
unprepared to tackle urgent global challenges,” of which the Covid-19 pandemic made
acutely aware (Balafoutas et al., 2025, p. 2; West & Bergstrom, 2021). This is a call to

action, to which many have started to address.
1.3 Current efforts & next steps

Many papers have offered suggestions to alleviate the replication crisis, some even

suggesting that solutions cannot encompass every field and must be discipline-specific
(Peterson, 2021). Some solutions, however, may be addressed to the scientific process,
such as the practice of open science (e.g., preregistration), registered reports, attention

to methodology and statistical analyses, publication, and student replication attempts.

Open science is the practice of transparency in research, which supplies secure
accessibility to preregistrations, research plans, workflows, data, analyses, and other
information pertinent to a study. It aims to diminish the impacts of investigator bias
(Miguel, 2021) and hindsight bias (Wagenmakers et al., 2012), while serving as a

rigorous way for researchers to avoid p-hacking (Stevens, 2017) and other statistical
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manipulations. By securely hosting and storing these procedural materials on a digital
platform (e.g., Open Science Framework [OSF]: https://osf.io/), researchers allow
reviewers or replicators to follow the appropriate steps as well as being held accountable
for their preregistration. A preregistration is committing aspects of a study (defining
research questions, variables, experimental methods, and analysis plans) to a document
before data is analyzed. This creates a roadmap for everyone organizing the study and
allows for further accountability during the analysis and reporting. It is also
recommended to explicitly state whether the analyses are confirmatory or exploratory
(Wagenmakers et al., 2012); the purpose is to create a clear line between prediction and
post-analysis (postdiction) discoveries, as to not further corrupt the data or conclusions
(Nosek et al., 2018). Practices of open science still do not completely deter researchers
from participating in questionable research practices; rather it makes deliberate
fraudulent behavior more difficult (Balafoutas et al., 2025). Nosek et al. reflect on the
importance of transparency in science: “Openness is not needed because we are
untrustworthy; it is needed because we are human” (Nosek et al., 2012, p. 626).
Preregistrations help contribute to increased transparency in research, controlling for

an innate human factor: the potential for error.

Some posit that an advanced form of preregistrations are registered reports (RR)
(Arpinon & Espinosa, 2023). In the first part of RR, authors submit similar information
provided on a preregistration to an academic journal. Upon peer review, RR receive an
in-principle acceptance, committing the journal to publish the study within a set time
window, provided the study meets the standards of the journal. After IPA, researchers
complete the study, analysis, and discussion and submit a second manuscript, which
receives additional peer review, this time without readdressing theory, methods, or
hypotheses to prevent the results from influencing recommendations (Chambers &
Tzavella, 2021). RR are suggested to be an institutional solution for creating excellent
research questions and methodology, and increasing transparency (Nosek et al., 2022).
Since RR are selected for publication before data analyses have been completed, RR
reduce publication bias and possibly the file drawer problem (Scheel et al., 2021).
Objections to RR state that the practical implementation becomes worrisome. Peer

reviewers are given the opportunity to comment and improve methodologies within the
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RR. Suggestions from these reviewers takes time to implement and could include more
expensive equipment than what the original authors may have access to. Peer review
may take an excessive amount time as well, and if a study cannot start because of delay
caused by RR, the research question may have become outdated in the research group
or in the field, or it may have already been addressed. This institutional solution,
however, remains an excellent way to improve the strength of the methodologies before

data collection.

Replication studies have seemingly become more popular (Stevens, 2017) with some
cognitive science journals now explicitly calling for replication studies (e.g., Animal
Behavior and Cognition, Perspectives on Psychological Science). As popularity
increases, additional measures should be taken to navigate original studies to their
replications. Balafoutas et al., suggest a digital banner system providing links to direct
or conceptual replications, fostering further transparency (2025). They also suggest that
an original study’s academic publisher should commit to publishing the first replication
as a formal commentary, regardless of the results (Balafoutas et al., 2025). This not only
combats the practice of favoring positive results, but it also furthers discourse on the

research questions addressed.

As more replication studies are completed, another consideration is the complicated
topic of paper retraction. Firstly, it is shown that nonreplicable studies are cited more
than replicable ones (Serra-Garcia & Gneezy, 2021). If this trend is observed at large,
this endangers the strength of conclusions across studies relying on the original
conclusion. The biggest danger of this is when adjacent studies utilize the nonreplicable
conclusions for a related study. For example, if an inclusionary or exclusionary criterium
for participants is based on a paper later shown to be nonreplicable, then the acquired
results are not as robust or generalizable as they should have been. To avoid this, the
digital banner system suggested would help guide future researchers in an easy manner
to related and important work. This is one method on how improved communication

will better serve science.

Another suggestion improvement is in response to the “tone debate.” The debate

inspired Daniel Kahneman’s proposal of “a new etiquette for replication” (2014; Schnall,
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2014b). Kahneman’s four rules included an original author collaborating with
replicators (those conducting the replication study) with established guidelines: 1) the
replicator sends detailed descriptions of the planned procedure to the author, 2) the
author responds in a defined, limited period, 3) the replicator provides reasons for
excluding recommendations provided by author, and 4) the entire correspondence is on
the record for others to review (Kahneman, 2014). This is designed as a solution for the
improper behavior shown through the “tone debate” but also approaches replication as a
conversation between all researchers. This also allows original authors to participate in
experiment design and analysis planning during the replication process, providing

valuable insight into the original paper’s design.

One suggested improvement to methodological considerations is to include multiple
hypotheses before the data has been collected. This can provide researchers with
stronger inferences and more ways of observing the data once it has been collected
(Stevens, 2017). One way to improve the reporting of results is to include effect sizes.
Making the move from if something is or is not statistically significant, the results can
show the data’s breadth of generalizability (Stevens, 2017). Providing this information
creates a better picture of the phenomenon observed and helps to show the strength of

results.

If we can assume that publication bias favoring statistically significant results has nearly
reached a solution, some statistical analyses solutions may have the opportunity to
address the file drawer problem by way of controlling for Type I errors. By analyzing
several published studies’ data together, meta-analyses have been shown to reduce Type
I errors (Dalton et al., 2012). Some have also suggested that simply adjusting the critical
value in statistical significance testing from the t-ratio 1.96 to 3.02 (corresponding to
change in alpha levels from 5 % to 1 %) will reduce Type I errors as well (McCrary et al.,
2016). These types of statistical considerations strengthen conclusions and provide

better insight into the data collected.

Although it is important to note that the implemented policies combating the replication
crisis are yet to be fully evaluated (Field et al., 2024), practices like preregistrations, RR,

attention to analyses, and the suggestions herein seem to be promising trajectories for
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higher accountability and transparency in research. In good news though, it is suggested

that the replication landscape in some fields seems to be improving (Artner et al., 2021).

One last suggestion, a solution I aim to demonstrate in this thesis, is the use of student
projects as a form of replication. Perrault suggests that PhD candidates should replicate
published studies to improve the state of replicability in their corresponding fields
(2023). Not only is student replication an excellent tool to learn and practice research
skills, but it can also acquaint students more deeply with between-study discussions that
occur with research literature. This learning tool may be supported by what Perrault
suggests as a repository of ready-made studies that students can digest, learn, and
produce valuable insight into research (2023). Although Perrault refers to a higher
academic level than the purpose of this master’s thesis, I aim to create a case study on

precisely this suggestion.
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2 Part ll: Replication in practice: A case study

To explore replication in practice, the next section will showcase replication attempts
from graduate level work. Experiment 1 attempts a Finnish-language conceptual
replication from a French-language study (Benjamin et al., 2023), where both examine
the impact of word length on statistical language learning tasks. Experiment 2 attempts
a direct replication of Experiment 1, where improvement of methodology, particularly

the generated stimuli, is the main focus.
2.1 Anintroduction to statistical language learning

A challenge faced in both infant first language learning as well as adult second language
learning is the tracking of words within continuous speech, as natural speech has no
pauses to indicate word boundaries. Words are also rarely presented in isolation, and
thus the segmentation, and therefore also learning must take a different approach, using
subtle acoustic markers such as pitch change, sound lengthening, and slowing speech
rate (Benjamin et al., 2023). Adults use lexical knowledge when retrieving native-
language words (Mattys et al., 2005), but in an unknown language, segmenting the
words cannot rely upon previous knowledge. Study designs can mimic language learning
by using novel pseudowords to test the language learning process using statistical

language learning (SLL).

SLL is the process of using a theoretical set of probabilities to track linguistic
regularities in an environment. Learning is measured by presenting to participants an
audio (or visual) stream of linguistic stimuli (naturally occurring or novel) and testing
through different tasks (explored in more detail below). Although these tasks may be
completed in the visual domain, auditory examples are used throughout to accompany

the experiments below.

One way SLL is measured is through transitional probabilities (TP), which are the
likelihoods that a sound follows another sound. TPs are computed by calculating the
frequency of X then Y divided by the overall frequency of X. Using a linguistic example,
in the expression “Such a cute baby! Is it your baby?”, if given /bei/, what is the
likelihood it is followed by /bi/, creating the word /'ber.bi/ |baby|?
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Frequency of (XY) Frequency of /beibi/

or P(/bi/ | /be1)) (1)

Frequency of (X) Frequency of /bei/

TPs are the theoretical foundation of word segmentation, the ability to track word
boundaries during SLL tasks (Saffran, Newport, et al., 1996). Word segmentation tasks
test whether participants successfully track the transitions between words, and
resultingly track the word boundaries. Using the example from above, if /'ber.bi/ was
included in a stream with three other words (e.g. /'pi:t.sa/, /'ta:.kou/, and /'ka:.fi/) in a
random order, the TP for the two syllables in /beibi/ would remain 1, whereas the

boundary between words (e.g., /fi/+/bei1/; /bi/+/pi/) would result in a drop to 0.33.

To test SLL, Saffran, Aslin, and Newport (1996) tested 8-month-old infants using four
trisyllabic pseudowords in a random order within a 3-minute continuous audio stream
with flat intonation. They revealed that the infants were able to distinguish between
stimuli in two conditions: Words (TP for A;B.C; within the stream was 1 for each syllable
pair) and PartWords (TP for B;C:Ax was 1 and 0.33). By successfully segmenting the
words, this showed successful tracking of TPs even in infancy. This was successfully

replicated in adults by the same research group (Saffran, Newport, et al., 1996).

The results have been replicated (Black & Bergmann, 2017; Isbilen & Christiansen,
2022), shown in non-linguistic stimuli (Saffran et al., 1999; Schon et al., 2008) and the
visual domain (Fiser & Aslin, 2002), and more have tested the limits of the effect. Some
prosodic elements, which are speech units such as stress, rhythm, loudness, or
intonation, have been used to test the extent of SLL through prosodic cues, which
provide anchors to incoming stimuli, for example as word boundaries (see e.g.,

Kuuluvainen et al., 2025).

The typical measurement used is a two-alternative forced choice (2AFC) task, where
participants must choose between two options (Word vs. PartWord) and select which
one is more familiar. Using the differences in TPs, Words would become more familiar
over PartWords based on how many times they appeared in the exposure stream. These
scores are collected to create an accuracy score on how well participants segmented the

Words within the exposure stream. In some studies, each 2AFC trial is accompanied by



16

a confidence rating (typically: guess, familiar, or know). This rating gathers information
regarding the participants explicit or implicit knowledge of their learning. If participants
correctly select the Word in the 2AFC trial and they select “know” in the confidence
rating, we can conclude they have explicitly learned the Word. If they select “guess” and
still correctly select the Word more times than would be expected via mere guessing, we
can conclude they have implicitly learned. Once there is an increase in repetitions of
stimuli presented to participants, this paradigm is shown to have decreases on correct

identifications as the participants become familiar with PartWords (Soares et al., 2023).

An alternative form of testing is using a Likert scale to test familiarity of isolated words.
Instead of pitting two words against each other, this test presents one stimulus at a time
to retrieve how familiar the participant is. The upside is presenting each stimulus once
and thus reducing learning effects. One downside is that we no longer separate accuracy
and confidence, and this effectively removes direct measurement on explicit vs implicit
learning. One could argue that explicit learning would resemble higher scores of
familiarity, but those scores could still represent implicit learning; it becomes difficult to
conclude one or the other. Familiarity ratings, however, establish scores for participants

that build relationships between the two groups of stimuli.
2.1.1 Prosody and trisyllabic formations

Previous studies have shown the presence of a pause significantly improves SLL
performance (Buiatti et al., 2009; Pefia et al., 2002). Even though it is shown to be
effective, participants do not explicitly hear the presence of the pauses, and thus no
explicit acoustic cue is given (Benjamin et al., 2023; Pena et al., 2002). Not hearing the
pauses explicitly yet still performing better on tasks with its presence indicates that

pauses implicitly aid learning during SLL tasks when using trisyllabic word formations.

During testing, the last two sounds from the first word followed by one sound from
another word (e.g., B;C,A.) are typically used as PartWords. These are tested against the
Words (A;B;C,) to measure whether participants learned. This formation highlights the

word boundaries as the placement of learning; if participants accurately segment Words
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from PartWords, it will be because they have accurately tracked TPs and learned the

lower TP at the word boundary.
2.1.2 Quadrisyllabic formations and Benjamin et al., 2023

Trisyllabic studies have been the foundation of SLL. From the first paradigm (Saffran,
Aslin, et al., 1996) to cross-linguistic conceptual replications (Ordin et al., 2017) most
SLL studies have used trisyllabic words(Benjamin et al., 2023; Isbilen & Christiansen,
2022). To test the limits of word length, Benjamin and colleagues, completed a study in
infants and adults using quadrisyllabic words and 25 millisecond pauses (2023). The
study created the first audio stream concatenating four artificial language quadrisyllabic
words, pseudo-randomly concatenated without any pauses, and the second audio
stream with pauses placed between words. The infant study was aimed at neural
entrainment, which is the synchronization of neuronal activity to the rhythms of
incoming stimuli. Results indicate that neural entrainment in infants during
quadrisyllabic-word SLL tasks is only aided by a 25 millisecond pause. In the behavioral
adult study, learning was also aided by the presence of a pause: Results indicated that
quadrisyllabic word formations were only successfully segmented with the presence of a
pause within the audio stream, as indicated by higher familiarity rating scores in Words
than PartWords in the paused condition. The Words consisted of four syllables (A-
1+B:+C;:+Ds), which were used in the exposure streams to test participant’s learning.
PartWords consisted of the boundaries between Words in the exposure stream
(Ci+D:i+A-+B.) which were heard during the audio stream, albeit with a lower
frequency. ShuffleWords are word formations that never occurred during the audio
stream; they are composed by switching the places of the two interior syllables
(A;+C;+B;+Ds). The difference between Words and ShuffleWords measured whether or
not participants tracked TPs, since ShuffleWord TPs never existed in the exposure
stream. If familiarity ratings were higher for Words than ShuffleWords, it showed they
tracked TPs. Successful segmentation of quadrisyllabic Words must have shown
statistically different from both PartWords and ShuffleWords. In the continuous
condition in Benjamin et al., Words and PartWords did not differ statistically
significantly even though Words and ShuffleWords did. This means that although
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participants tracked TPs (Words—ShuffleWords), they did not successfully segment the
quadrisyllabic word forms (Words—PartWords).

In Benjamin et al. (2023), each syllable was 250 milliseconds with flat intonation and no
coarticulation between the sounds. A 3.3-minute audio stream was created using an
artificial monotonous voice and randomly concatenating words with the only restriction
that the same word could not be presented twice in a row. An additional stream (3.4
minutes) was created by adding 25 millisecond pauses between each word. All streams
were ramped up and down for the first and last 5 seconds, to avoid perceptual anchors.
To control for phonological similarity, Words and PartWords were reversed for half of

the subjects.

After the exposure streams, participants rated familiarity of words (from “Completely
unfamiliar” to “Completely familiar” on a six-step Likert scale). Exposure and test
phases were completed twice. Six conditions were used to avoid any bias based on the
length of words (3 bi-syllabic groups as foils, 3 quadrisyllabic groups). Participants were

placed in one of two groups, controlling for order to prosodic condition presentation.
2.2 Research topic and purpose

The purpose of this thesis is to serve as a case study on replication using statistical
language learning. Since it is suggested that replications completed by students can
produce valuable information (Perrault, 2023), this thesis will explore replication and
the replication crisis using the experiences across the two kinds of replication:
conceptual and direct. Experiment 1 is a Finnish-stimuli conceptual replication of
Benjamin et al. (2023). Experiment 2 is a (mostly) direct replication of Experiment 1,
where focus was on improving methodology, strengthening controls, and attempting
replication. In terms of SLL, these studies explore the potential impact of word length
expectations on SLL tasks and if native language word length impacts those
expectations in pseudowords. Experiment 2 also aims to strengthen control measures by

using Titone et al.’s (2024) suggestions of confounding factors in SLL stimuli creation.

To investigate SLL in Finnish, we must first compare French and Finnish word length

using graphemes and phonemes. Graphemes are the smallest written linguistic unit
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(e.g., one letter in the alphabet) and phonemes are the smallest acoustic linguistic unit
(e.g., /k/, /a/, /t/). Finnish has a shallow orthography, wherein each phoneme is
mapped to only one grapheme (with the exception of |nk| and |ng|). French, however,
has a deep orthography, wherein one grapheme (e.g., |e|) may represent multiple
phonemes (e.g., /¢/ in |est|; /o/ in |repli|; /e/ in |mangez|) and one phoneme (e.g., /k/)
may represent multiple graphemes (e.g., |c| in |sacré|; |cc| in |accord|; |q| in |cing])
(Besner & Smith, 1992). Therefore grapheme-defined comparison of the two languages
proves difficult if not entirely unfair (see Kelih, 2012). Nevertheless, averages of
grapheme-defined word-length for Finnish (7.66) and French (4.97) show a distinct
difference (Kalimeri et al., 2015). Finnish also has higher uniformity in word length
throughout sentence duration, indicated by word-length entropy (see Kalimeri et al.,
2015) and have a relative trend for using longer words (Berg et al., 2022). Taken

together, these studies suggest that on average, Finnish has longer words than French.
These led to our two hypotheses:

Hi: If average word length in native speakers indicates word length expectations, and
these expectations are tied to segmentation of unfamiliar speech streams based on
transitional probabilities alone (statistical language learning), Finnish speakers will
show greater post-exposure familiarity to quadrisyllabic word-forms embedded in a
familiarization stream than to part-words from the same stream, which span across
word boundaries, even when the stream is continuous. This is in contrast to the results
of Benjamin et al. (2023) with speakers of French (which has much lower average word
length and thus greater lower expectations for word length), who could not differentiate

familiarized word-forms from part-words when the stream was continuous.

H2: If subliminal pauses aid word segmentation in Finnish speakers, similar to
previously shown in French speakers (Benjamin et al., 2023), Finnish speakers would
show greater post-exposure familiarity to quadrisyllabic word-forms embedded in a
familiarization stream with pauses between words than to quadrisyllabic word-forms

embedded in a familiarization stream with no pauses between words.
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2.3 Experiment 1

Experiment 1 was conducted as part of the Experimental Lab Course (LDA-EXP315)
between October 2023 and May 2024 in collaboration with Sami Huttunen and Freja
Kivikettu under the advisement of Soila Kuuluvainen. The purpose of this course is to
orient students to experimental design, empirical research, and exposure to the
scientific process. Due to time constraints, however, we could not dedicate as much time
as we wanted to all aspects (e.g., stimuli creation). Experiment 1 represents using

replication as a teaching opportunity with a group of participants.
2.3.1 Methods
2.3.1.1 Patrticipants

40 native Finnish speakers completed the study. Participants were recruited through an
email list of candidates who participated in a similar experiment in 2022 and consented
to be contacted again. All data was collected on April 16, 2024. Participants’ data was
excluded from the final report based on a predetermined set of criteria: 1) response
indicating a hearing loss/condition, 2) failure of the syllable test, indicating
technological problems, 3) exceptionally poor performance on the digit span test by
receiving the lowest score possible of 3, indicating inattention to stimuli, or 4) reporting
to have insomnia or other sleeping disorder, indicating potential atypical cognitive
function. One participant was excluded for reporting a hearing loss diagnosis, and
another participant was excluded for inattention indicated by exceptionally poor
performance on the digit span test (confirmed by single-number responses reported).
Data from the remaining 38 participants (aged 18—39, mean age 25, 17 self-identified
men, 1 other) were included in analysis. This study had permission by the Ethical
Review Board in the Humanities and Social and Behavioral Sciences at the University of
Helsinki.
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2.3.1.2 Stimuli

...A1B1C1iD1A2B2C2Dz2 ...

\VAVAVAVAVAVAV,

T1T1T 13111

Figure 1 Transitional Probabilities

Within each quadrisyllabic word, the transitional probability (TP) between each sound was 1. At the word
boundaries, the TP was 1/3.

A significant feature of the Finnish language is its usage of vowel harmony—a strict
phonetic structure of word formation where front vowels (/y/, /e&/, /9/) and back
vowels (/u/, /o/, /a/) cannot occur in the same word, but neutral vowels /i/ and /e/ can
be used in either formation (Suomi et al., 1997). This same structure is also suggested to
provide useful segmentation cues for Finnish speakers (Suomi et al., 1997), resulting in
our study controlling for this feature. To accommodate for Finnish vowel harmony, two
artificial languages were used in each experiment: a back artificial language, which
consisted of back and neutral vowels, and a front artificial language, which consisted of

front and neutral vowels.

Following the design established by Benjamin et al., we created six word groups (3
quadrisyllabic, 3 bi-syllabic) each consisting of four novel word-formations that mimic
Finnish phonology. The Words consisted of four syllables (A;+B:+C;+D,), which were
used in the exposure streams to test participant’s learning. PartWords consisted of the
boundaries between Words in the exposure stream (C;+D;+A.+B.) which were heard
during the audio stream, albeit with a lower frequency. ShuffleWords are word
formations that never occurred during the audio stream; they are composed by
switching the places of the two interior syllables (A;+C;+B;+D,). The bi-syllabic foils
were used only for testing as to not bias word length expectations for the upcoming
streams. These were composed of syllables from the quadrisyllabic options: 4 selected
from Words (C,+D,), 4 selected from PartWords (D;+A.), and 4 selected from

ShuffleWords (C1+B1). When creating these new stimuli, we needed to consider the
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formations of Words, PartWords, and ShuffleWords, and we used the following criteria
for both experiments. 1) The Words contain four syllables and each syllable has
preestablished criteria: a) the syllable must exist within Finnish linguistic constraints
(e.g., /q/ is not a native Finnish letter and therefore not considered), b) the syllable
must not contain comprehensible linguistic information such as free morphemes (ja, jo,
ma4, si, me, se, te, he, ne), bound morphemes (-ni, -si, -ko, -ko, -pa, -pa, -ja, -na, -ni, -ta,
-ta, -da, -da), or exclamations or abbreviated words common in spoken Finnish (ha, ho,
hi, ha, ho, ku). 2) Within each Word, PartWord, and ShuffleWord, the combinations of
syllables must not create comprehensible morphemes (e.g., exclude “vali,” which means

“gap” or “distance”).

In Experiment 1, stimuli were created from querying a large Finnish-language corpus
using quadrisyllabic words and a series of trial-and-error tests to select the appropriate

candidates. See Table 1 for the chosen stimuli.
2.3.1.3 Pretest

Before Experiment 1, Pretest 1 was completed to discover how similar the novel
pseudowords were to Finnish words using a continuous scale from 1 to 6.1 7 participants
(aged 22—50, mean age 37, 3 self-reported men) were recruited opportunistically
through friends, family, and social media. Participants performed the digital experiment
hosted on Pavlovia (https://pavlovia.org). Unfortunately, data was not collected for the
ShuffleWord risgjenu. The results of Pretest 1 were used to identify potential outliers
before proceeding to Experiment 1 and to select the best PartWords for post-exposure
testing. PartWords were selected by their similarity in scores to their corresponding
Words and ShuffleWords. We also included the constraint that all syllables present in
the Words must be present in the PartWords only once (i.e., syreryvi and lyriryvi were

mutually exclusive alternatives).

“Valitse asteikolla, miten suomen kielen sanalta sana kuullostaa [sic].”



Table 1 Average Pretest 1 Rating
These results were used to select the PartWords based on similarity to both Words and ShuffleWords.
The selected PartWords are presented below.

Word Mean PartWord  Mean ShuffleWord Mean

(A1B1C+D4) (Standard (C1D1A2B2) (Standard (A1C4B1D1)  (Standard

Deviation) Deviation) Deviation)
ldvesyre | 2.88 (0.617) syreryvi 3.51 (1.121) lasyvere 4.08 (0.473)
ryviréle | 3.34 (0.964) rélevoli  3.25 (0.816) ryrévile  3.44 (1.139)
tikelyri | 3.72 (1.121) lyrildve 3.15 (0.778) tilykeri  4.08 (0.817)
volivéty | 3.71 (1.183) vétytike 3.50 (0.606) vovélity 3.48 (1.248)
TOTAL | 3.41 (0.760) TOTAL 3.35 (0.520) TOTAL 3.77 (0.563)
rijesonu | 3.44 (1.226) sonuvele 3.81 (1.087) risojenu n/a
salutira | 3.90 (1.310) tirarije  2.71 (1.003) satilura 3.87 (1.324)
velemiro | 3.32 (1.173) mirovoli  3.28 (0.973) vemilero 3.01 (1.120)
volirelo | 2.73 (0.683) relosalu 3.58 (1.176) vorelilo 2.78 (0.621)
TOTAL | 3.34 (0.840) TOTAL 3.35(0.845) TOTAL 3.22 (0.705)

2.3.1.4 Procedure

The Gorilla Experiment Builder was used to create and host this experiment

(www.gorilla.sc; Tomczak et al., 2023).
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Figure 2 Procedure

Procedure for experiments 1 and 2.

In Experiment 1, participants began with a consent form, followed by a background
questionnaire (age, gender, native language, number of fluent second languages,
dominant hand, hearing issues, and learning disabilities). The next task to complete was
a sleep questionnaire, selected questions from the Pittsburgh Sleep Quality Index
(Mollayeva et al., 2016), to collect information on participant’s quality of sleep during
the previous night. Following that was a visual digit span test, which individually
presents numbers in a series for participants to then report the digits in the order they
appeared. This was then repeated for participants to report the digits in reverse order.
This test was used only to verify that participants were attending to this unsupervised,
digital experiment and to familiarize them with the platform, and thus the digit span
data was not analyzed in relationship to working memory. Although the digit span test
traditionally utilizes verbal presentation of the numbers (Bahri et al., 2024; Jones &
Macken, 2015; Schroeder et al., 2012), changing the presentation from verbal to visual is
suggested to be a fair assessment of working memory (Olsthoorn et al., 2014).

Participants were then given a syllable test, wherein participants listened to an audio
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clip of syllables and were asked to select the sounds from a list of syllables (e.g., |mi]|,
lji|, |vO|, etc.). This task verified the participant’s audio equipment was properly

working.

Then, participants were randomized into one of four groups. Each group was given two
exposure streams: the first was either the front or back language with either the paused
or the continuous condition; the second exposure stream was the opposite of both

features (e.g., Group 1: Stream 1 = Paused Front; Stream 2 = Continuous Back).

Participants were told in Finnish: “Next you will hear a series of syllables. It will last
about three minutes. Try to listen with concentration.”2 After the three-minute
exposure, participants were given a short mind wandering questionnaire (see Appendix:
Mind Wandering Questionnaire) to collect information about attention and mind
wandering, not analyzed here. Then participants were asked to give familiarity ratings
on a Likert scale from 1 to 6: “Next, you will hear individual short words. Your task is to
judge how familiar the word sounds. Be careful, you will only hear each word once.”3
Participants were given all six word groups (3 quadrisyllabic, 3 bi-syllabic) in
randomized order to give familiarity ratings, totaling 24 trials. Once completed,
participants listened to the second exposure stream, followed by a mind wandering
questionnaire and familiarity rating. Finally, participants were given a concluding
questionnaire, which asked about audio quality, gave opportunity for additional
comments, and provided the completion code and instructions for compensation. On

average, the whole experiment lasted 20 minutes.
2.3.1.5 Statistical analysis

The following analyses were performed: First, we tested for the effects of order
(paused/continuous first) with a repeated measures ANOVA (rANOVA) of 2 (Condition:
pause vs. continuous) x 3 (Stimulus Type: Word, PartWord, ShuffleWord) x 2 (Order:

paused first vs. continuous first). Then, the effect of language was tested with an

2 “Seuraavaksi kuulet tavusarjan. Se kestdd noin kolme minuuttia. Koeta kuunnella keskittyneesti.”
3 “Seuraavaksi kuulet yksittdisia lyhyita sanoja. Tehtévasi on arvioida, kuinka tutulta sana kuulostaa. Ole
tarkkana, kuulet jokaisen sanan vain kerran.”
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rANOVA of 2 (Condition) x 3 (Stimulus Type) x 2 (Paused Language: paused back
language vs. paused front language) was completed to examine the effects of Condition,
Stimulus Type, and Paused Language on familiarity ratings. Finally, an rANOVA of 2
(Condition) x 3 (Stimulus Type) was performed to test the effect of pause on familiarity
ratings. Significant interactions were investigated further with post hoc tests using a
Bonferroni correction. All analyses were performed with IBM SPSS Statistics (Version

20.0.2.0).
2.3.2 Results

The rANOVA of Condition x Stimulus Type x Order revealed a significant main effect of
Stimulus Type F(2,72) = 36.0, p <.001, np? = .500. According to post hoc tests, Words
were rated as most familiar (M = 4.138), PartWords second (M = 3.537), and
ShuffleWords third (M = 2.971), with all three types differing from each other
statistically significantly (p < .001). There were no other significant main effects or
interactions. Therefore, the order in which the conditions were presented did not affect

the results.

The rANOVA of Condition x Stimulus Type x Paused Language revealed again a
significant main effect of Stimulus Type F(2, 72) = 37.60, p < .001, np2 = .511, which
indicates again that all three types of stimuli differ from each other statistically
significantly (p <.001), with Words most familiar (M = 4.155), PartWords second most
familiar (M = 3.549), and ShuffleWords third (M = 2.980). There were no significant
main effects for Condition (p = .94) or Paused Language (p = .76). However, there was a
significant three-way interaction of Condition x Stimulus Type x Pause Language F(2,
72) = 4.46, p = .015, np2 = .110. There were no other significant main effects or

interactions.

Further examination of the three-way Condition x Stimulus Type x Pause Language
interaction with Bonferroni-adjusted pairwise comparisons revealed significant
differences among stimuli within each language and condition (Figure 3). While the
difference for paused Front Words (M = 4.329) and paused Front PartWords (M =
3.763) merely approached significance (p = .065) with a mean difference of 0.566, 95%
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CI [-0.026, 1.157], participants showed significantly (p = .004) higher familiarity for
paused Back Words (M = 3.947) than paused Back PartWords (M = 3.132), with a mean
difference of 0.816, 95% CI [0.224, 1.407]. In the continuous conditions, participants
showed significantly (p = .004) higher familiarity for continuous Back Words (M =
4.263) than continuous Back PartWords (M = 3.474), with a mean difference of 0.789,
95% CI [0.216, 1.363], whereas there was no statistical significance (p = .842) between
continuous Front Words (M = 4.079) and continuous Front PartWords (M = 3.829),
with a mean difference of 0.250, 95% CI [-0.323, 0.823]. The difference between Words
and ShuffleWords was statistically significant in every instance for both languages and

conditions (.001 < p < .039).

Experiment 1 Clustered Means by Paused Condition
@ Paused Word

6.00 — M Paused PartWord
—.039—, <.001—
T _com | _con ook am SRSt
~-842__.004_ ~.065--.006- M Continuous PartWord
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c
[
LY

s 3.00

2.00
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Back Pause/Front Continuous Front Pause/Back Continuous
N=i3 Condition N=19
Error bars: 95% Cl
Figure 3

Results from Experiment 1 between languages and conditions. The Front language results are the interior
six bars; the Back language results are the six exterior bars. The p-values are listed above the bars.

A final analysis combining the data from the two languages was conducted regardless of

the statistically significant interaction of Condition x Stimulus Type x Paused Language.

This decision was made to increase the comparability of the results with those of

Benjamin et al. 2023 as well as increase the statistical power of the analysis by including
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the full set of participants (N=38) in the analysis for the effect of pauses on the
familiarity ratings. A 2 (Condition) x 3 (Stimulus Type) rANOVA revealed a statistically
significant main effect of Stimulus Type (F(2, 74) = 37.13, p <.001, np? = .501), with
Words rated highest, PartWords second highest and ShuffleWords lowest. Ratings for
all three Stimulus types differed from each other (p<.001). Since there was no
significant interaction of Condition x Stimulus Type, the results suggest that Finns can

segment quadrisyllabic streams equally well with and without a pause.

Experiment 1 Estimated Marginal Means by Pause Condition
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Figure 4
Results from Experiment 1 between conditions. The p-values are listed above the bars.

2.3.3 Interim discussion

Unlike what we predicted, the two language groups behaved differently during testing.
Resultingly, we analyzed the language groups separately, reducing our statistical power.
These results indicate a failed replication in both languages. Where Benjamin et al.
found failure to segment in the continuous condition, we also found failure to segment
in the continuous Front Words (p = .842) but a successful segmentation in the

continuous Back Words (p = .004). Where Benjamin et al. found successful
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segmentation in the paused condition (p < .001), we saw a failure of segmentation
approaching significance in the paused Front Words (p = .065), but we found a
successful segmentation in the paused Back Words (p = .004). In summary, the results
suggest that when participants received the continuous condition in the Front language
they could not differentiate between Words and PartWords (similarly to Benjamin et al.
2023), whereas when receiving it in the Back language they could make this distinction

(supporting the word-length expectation hypothesis).

After discovering an effect in the data caused by which language was given, it
necessitated categorizing scores into language-specific groups for analysis. The
difference in languages may indicate a vowel-placement effect on word segmentation;
however, since the groups were so small, it diminished the statistical power given to
analyses and drawing such conclusions warrants more support. We completed an
analysis combing all scores, which resulting in support of our hypothesis that Finnish
speakers can segment quadrisyllabic word forms from continuous speech. However, as
illustrated above, the differences between each language indicate that these results are

not reliable.

Another limitation outside small group sizes is the incomplete attention given to stimuli
creation during the early stages of the study. The stimuli creation completed was
satisfactory for the original intent of this study— a course assignment requiring a focus
on scientific collaboration and the scientific process. However, stronger linguistic
controls should have been implemented as to not potentially influence results. One
possibility was proposed by Titone et al. (2024) who suggested controls for confounding
factors the stimuli may have on SLL, including native language semantics, TP

appearances, phonological patterns, and acoustic variations.

Detected errors are another potential limitation of this study: An error was identified in
the audio file for the syllable “v6” in the front language. In Experiment 1, the length of
this sound was .251 seconds, instead of the uniform .222. This error may have resulted
in an additional cue to participants, separating “v6” as a separate sound and
transforming the quadrisyllabic Word (vélivdty) into a trisyllabic Word (livdty). This

29-millisecond difference may have acted as an additional subliminal pause and
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confounded learning of the quadrisyllabic sequence in both conditions. This may have
influenced how poorly participants performed on this task, which requires fixing and

validating results. This error was corrected for Experiment 2.
2.4 Experiment 2

Addressing the limitations from Experiment 1, Experiment 2 was aimed to be a direct
replication of Experiment 1 with improved controls for potential impacts of the stimuli.
Each aspect of Titone et al.’s suggestions were addressed and applied directly to the
stimuli from Experiment 1 to confirm or deny if they are viable options to consider
(2024). Whereas Experiment 1 was using replication as a teaching tool in a group
setting, Experiment 2 uses replication as a teaching tool to improve individual scientific

practices.
2.4.1 Methods
2.4.1.1 Participants

45 native Finnish speakers completed the study. Participants were recruited through
email and data was collected on March 7—23, 2025. The exclusionary criteria from
Experiment 1 were intensely reviewed to confirm each usage. After confirmation, two
additional exclusionary criteria were included for this second study: 1) a self-declared
diagnosis of insomnia or other sleeping disorder and 2) high musical ability (more than
10 years of musical training of an instrument or singing). Insomnia exclusion was based
on: a) the hyperarousal model of insomnia positing an increase in cognitive activity as
typical to the disorder (Riemann et al., 2010) and thus abnormal cognitive function
potentially impacting results, and b) the suggested link between working memory and
sleep discrepancy (Musich et al., 2024), requiring an exclusion for sleep-related
disorders. High musical ability was excluded since evidence suggests that musicians
have better auditory statistical learning than non-musicians (Mandikal Vasuki et al.,
2016). The threshold of 10 years of musical training has been used for several musical
ability—based studies (Ruggles et al., 2014; Strait et al., 2010). 8 participants were
excluded due to musicality scores, 1 was excluded for a sleep disorder diagnosis, and 1

was excluded for both musicality and a sleep disorder diagnosis. The final sample
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consisted of data from 35 participants (aged 18—31, mean age 24.7, 16 self-identified
men, 1 other). The study had permission by the Ethical Review Board in the Humanities

and Social and Behavioral Sciences at the University of Helsinki.
2.4.1.2 Stimuli

In Experiment 2, particular attention was paid to stimuli creation. The stimuli were
designed following recommendations by Titone et al. for stimuli in SLL tasks, wherein
the following confounding factors were addressed: native language statistics,
phonological rhythms, between-word transitional probabilities, and acoustic rhythms of
audio streams (Titone et al., 2024). Their article suggests a series of codes to streamline
investigation into trisyllabic word formations for these tasks. Since we were unable to
successfully manipulate the code to accommodate quadrisyllabic word formations, these

factors were manually reviewed in detail to control for potential influences on results.

2.4.1.2.1 Native language statistics

The first confounding factor considered is the native language statistics. This is meant to
investigate the probabilities that each sound is represented in each language’s corpora.
In order to control for this, we queried a Finnish language corpus investigating sounds
at the bi-, tri-, and quadrisyllabic word level. We used the aforementioned linguistic
constraint criteria and investigated the placement of each sound within a quadrisyllabic
word. By isolating each syllable and querying the corpus, we were able to create a chart
of number of appearances for each syllable within quadrisyllabic words within a Finnish
linguistic corpus. Placing the frequencies against each other in those positions, we were
able to generate a percentage of how many times certain sounds exist in each position of
a quadrisyllabic word in Finnish. These statistics are then used to verify positions within
each candidate Word. Some studies aim to exclude syllables associated with high
frequencies (Kiai & Melloni, 2021) and others aim to normalize syllable-level positional
similarity relative to the known language (Gémez Varela et al., 2024). For our study, we
used the later and aimed for positional frequencies between 20—-45%. Considering the
difficulty of creating a perfect solution to this constraint, we settled for the best possible

solution—a constraint which should be considered.
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Table 2 Positional Frequencies

Positional frequencies are calculated by first querying quadrisyllabic words from a linguistic corpus.
Number of appearances for each syllable are collected for each position within the quadrisyllabic words
and the distribution is recorded in percentages. (Red =< 0.10 or 2 0.45. Yellow = 0.10 < x < 0.20. Blue =
0.20<x<0.45))

Front 1% 2nd 31 4t Experiment1 1%t 2nd 31 4t Experiment2 1%t 2md  3d 4t
AL Back AL Back AL
sa | 035 027 0.16 0.22 vé | 0.03 0.60 0.31 0.06 mi | 019 032 0.35 0.14
Ju| 030 028 029 0.13 li|{026 031 032 0.10 ru | 042 039 0.17 0.03
ti| 012 032 036 0.20 vd | 0.22 0.20 045 0.13 vo | 0.33 041 0.19 0.06
ra| 042 035 0.19 @ 0.04 ty | 023 0.27 042 0.08 na| 018 028 0.17 0.37
vo | 0.33 042 0.19 0.06 ry | 0.37 0.28 0.27 0.08 re | 0.38 0.28 0.30 0.04
li]026 031 032 0.10 vi| 026 030 026 0.17 ji| 004 020 048 0.27
re | 039 0.28 0.30 0.04 r6 | 0.32 044 0.23 0.01 nu| 026 025 042 0.07
lo| 026 0.39 0.25 0.10 le | 0.34 029 0.33 0.05 so | 041 030 0.22  0.06
ve | 040 0.39 0.18 0.04 /&1 051 017 0.26 0.06 le | 0.34 029 0.33 0.04
le | 0.34 0.29 0.33 0.05 ve | 040 0.39 0.18 0.04 jul 052 028 0.14 0.06
mi | 0.18 0.32 0.35 0.14 sy | 0.68 0.26 0.15 0.02 sa | 0.35 0.27 0.16 0.22
ro| 0.39 0.34 0.21  0.06 re | 0.39 0.28 0.30 0.04 pu| 050 029 0.17  0.04
ri| 019 028 043 0.10 ti] 012 032 0.36 0.20 vu | 040 0.37 0.19 0.04
je | 0.15 0.25 0.58 0.02 ke | 0.36 0.45 0.14 0.05 mo | 0.37 038 0.20 0.06
so | 041 031 0.22 0.06 ly | 026 024 032 0.18 ke | 0.37 044 0.13 0.05
nu| 026 025 042 0.07 ri| 019 028 043 0.10 ti| 013 032 035 0.20

2.4.1.2.2 Phonological rhythms

The second confounding factor, phonological rhythms, was tested in Experiment 2 by
categorizing each syllable based on its phonological features. Titone et al. suggest
aspects for consonants (sonorant, continuant, lateral, nasal, voiced, coronal, labial, high,
back) and vowels (labial, high, low, back) (2024). Table 3 shows the pattern for

phonological features for Experiment 1.
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Table 3 Experiment 1 Phonological Feature Table
Phonological features from the front- and back-vowel artificial languages for Experiment 1. Potential
confounding patterns are highlighted in blue.

FrontAL v6 li vé ty |ry vi r6 le|ld ve sy re|ti ke ly ri Back AL sa Iu ti ra|vo li re lo|ve le mi ro|ri je so nu
Sonorantf0 1 0 01 0 1 1|1 0 0 1(0 0 1 1 Sonorantf0 1 0 1|10 1 1 1|0 1 1 11 0 0 1
Continuant1 1 1 00 1 0 1{1 1 1 00 O 1 O |Continuant1 1 0 0(1 1 0 1|1 1 0 0(0 0 1 O
Laterall0 1 0 0|0 O O 1|1 0 0 0|0 O 1 O LaterallO 1 0 0|0 1 0 1|0 1 0 0|0 O O O
Nasall0 0 O OO O O OO O O OO O O O Nasall0 0 O 0|0 0 O OO O 1 0|0 O O 1
Voiced1 11 0|11 1 1|11 01|00 10 VoicedlO 1 0 1111111111110 1
Coronall0 1 0 11 01 1(1 0 1 1(1 0 1 1 Coronallf 11 1|0 1 1 10 1 0 1|1 0 1 1
Labiall1 0 1 0|0 1 0 OO0 1 0 OO O O O Labiall0 0 0 0|1 0 0 O(1 0 1 0|0 O O O
Highjo 0 0 0|0 O O 0|0 O O 0|0 O O O Highifo 0 0 00O O 0 O|0O O O 00 1 O O
Back|l0 0 0 0|0 O O 0|0 O O 0|0 1 0 O Backl0O 0 0 0|0 O O Of0O O O 0|0 O O O
Labiall1 0 0 11 0 1 00 O 1 00O O 1 O Labiall0 1 0 0(1 0 0 10 0 O 10 0 1 1
Highf0 1 0 11 1 0 0(0O 01 0|1 0 1 1 Highj0 1 1 0|0 1 0 0|0 01 0|1 0 0 1
Low|/0 01 0(0 0 0O O|1 0 O O0(0 O OO Low|1 0 0 1/0 0 O 0|0 O O OO O O O
Back|l0 0 O 00 O O Of0O O O OO O O O Backi1 1 0 1|1 0 0 10 0 0 10 0 1 1

This table shows potential rhythms that may inadvertently aid learning during the
exposure. For instance, in the Back language in Experimenti, the first two syllables of
three Words created an accidental pattern of sonorant, continuant, and lateral features.
This pattern may have unintentionally indicated to participants that these were the
starting sounds to Words. In those same Words, the last two syllables also contained
vowels in a high-then-back formation, which also may have aided learning. These

patterns illustrate the potential impact of phonological features on learning.

For Experiment 2, we generated this chart for each candidate Word and investigated
potential confounding phonological patterns. As seen below, patterns still emerge, albeit
small; this control is meant to highlight potential negative impacts of the stimuli, if any
are present. In Experiment 2, the back artificial language has a repeating pattern within
the vowels; however, the position of the pattern does not produce additional constraints
as it did in Experiment 1. This verifies that no unintentional pattern is present in the
stimuli.

Table 4 Experiment 2 Phonological Feature Table

Phonological features from the front- and back-vowel artificial languages for Experiment 2. Potential
confounding patterns are highlighted in blue.
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Front AL v6 Ii véa ty|ry vi r6 le|ld ve sy re(ti ke ly ri | Back AL mi ru vo nalre ji nu so|le ju sa pu|vu mo ke ti
Sonorantf0 1 0 0|1 0 1 1|1 0 0 10 0 1 1| Sonorantff1 1 0 1|1 01 0|1 0 0 00 1 O O
Continuant(1 1 1 00 1 0 1|1 1 1 0|0 0 1 O |Continuantf0 0 1 0|0 0 0 1{1 0 1 01 0 0 O
Laterall0 1 0 00 O O 1|1 0 0 0|0 O 1 O Laterall0 O O 0|0 O O 0|1 0 0 0(0 O O O
Nasall0 O O 0|0 O O 00 O O O|0 O O O Nasal|f 0 0 10 01 00 0 O 0|0 1 O O
Voiced1 11 0|1 11 1|11 0 1|0 0 1 0 Voiced(1 11 1111 0110 011 0O
Coronall0 1 0 1|1 01 1{1 0 1 1(1 0 1 1 Coronall0 1 0 11 01 11 01 0|0 O O 1
Labiall1 0 1 00O 1 0 0|0 1 0 O|0 O O O Labiall1 0 1 0|0 O O OO O O 1(1 1 0 O
High)o 0 0 0|0 O 0 0|0 O O 00 O O O Highio 0 0 0|0 1 0 0|0 1 0 O[0 O 0 O
Backf0 0 O 0|0 O O OO O O OO 1 O O Backl0 0 0 O (O OO O|0O O O O|0O O 10
Labiall1 0 0 1/1 0 1 0|0 0 1 0|0 O 1 O Labiall0 11 00 01 1|01 0111 00
Highio 1 0 1|1 1 0 0|0 O 1 0|1 0 1 1 Highi{t 1 0 0|0 11 0|0 1 0 11 0 0 1
Low|/O O 1 0|0 O 0 0|1 0 0 0f0 O 0O Lowf0 0 0 1|0 00 0|0 O 1 0[0 0 0O
Backio0 0 0 0(0 O O OO O 0 O|0 O O O Backlo 11 10 01 101 11|11 00

2.4.1.2.3 Between-word transitional probabilities

The next confounding factor considers between-word transitional probabilities within

the exposure stream. This controls appearances of bi-syllabic sounds at Word

boundaries as to not favor certain PartWords during testing. If left unchecked, there is a

possibility that Word; would precede Word. more times than it would Word; or Word,.

For example, if salutira precedes velemiro more times than it does rijesonu, then the

participant heard the part word tiravele more times than they did tirarije, resulting in
more familiarity and thus impacting testing of those PartWords. To control for this
phenomenon, Titone et al. suggest a pseudo-random walk, which creates a chart of bi-

syllabic sounds one at a time to create the same transitional probability between each

(2024).

Table 5 Experiment 1 Between-Word Transitional Probabilities
The transitional probabilities presented in the exposure streams for Experiment 1. The numbers were

collected by listening to the stream, collecting the frequency of Word order pairs, and creating the
probability from a pair’s frequency over the total number of appearances of the 15t Word. Highlighted in
blue are the between-word transitions for the selected PartWords used in the post-exposure testing.
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B a Ck 2nd 2nd 2nd 2nd B a Ck 2nd 2nd 2nd 2nd
Pause salutira volirelo velemiro rijesonu Continuous salutira volirelo velemiro rijesonu
1% salutira | 0.34 0.44 0.22 1¥! salutira 0 0.22 0.440.5 0.27
1
1% volirelo | (.36 0 0.28 0.36 1¢ volirelo 0.32 0 0.26 0.42
1% velemiro | 0.26 0.34 0 0.40 1¢! velemiro 0.26 0.42 0 0.32
1% rijesonu | 0.39 0.33 0.29 0 1% rijesonu 0.40 0.36 0.24 0
Front 2nd 2nd 2nd 2nd FrOI’]t 2nd 2nd 2nd 2nd
Pause volivéty ryviréle ldvesyre tikelyri Continuous volivéty ryviréle ldvesyre tikelyri
1* velivéty | 0 0.34 0.28 0.38 1%t velivéty 0 0.30 0.34 0.36
1% ryviréle | 0.26 0 0.42 0.32 1% ryviréle 0.37 0 0.29 0.35
19 lavesyre | 0.47 0.22 0 0.31 1% ldvesyre 0.44 0.26 0 0.30
1 tikelyri | 0.28 0.44 0.28 0 1% tikelyri 0.18 0.44 0.38 0

In line with this suggestion, a JavaScript sequence using a .json file was generated using
Python. In this script, it provided variables A, B, C, and D in a pseudo-random walk
sequence. Using the sequence as a template, and—after considering the following
confounding factor—the four selected Words’ audio files were inserted in place of those
variables to generate the exposure streams. This framework provided the same random
sequence to both languages and to both conditions, creating uniformity across
conditions and languages for further control.

Table 6 Experiment 2 Between-Word Transitional Probabilities
This example shows the controlled transitional probabilities for all four exposure streams in Experiment 2.

Experiment 2 2" velivéty 2" ryvirsle 2" 2ord
l&vesyre tikelyri
1 vélivéty | Q 0.333... 0.333... 0.333...
1 ryvirsle | 0.333... 0 0.333... 0.333...
1*ldvesyre | 0.333... 0.333... O 0.333...
1*tikelyri | 0.333... 0.333... 0.333... 0

2.4.1.2.4 Acoustic rhythm

The final confounding factor was acoustic rhythm, which is considered during the
creation of the audio files. This is meant to control for confounding elements within the
frequency envelope as to not favor certain sounds or lengths in words. This can

particularly be problematic if the confounding sound is at the beginning of a word,
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giving extra indication to participants that a new word has begun. This has been
controlled for in the syllable creation stage, wherein sounds were selected based on their
similarity with surrounding sounds, including the tone. This was completed by having
one female voice speak nonsense words composed of the target syllable in the second
position of a quadrisyllabic word. The vowel from the targeted syllable was repeated for
every syllable, preceded by /k/ (e.g., “pu” within “kupukuku”). /k/ is a plosive, which
contains empty sounds before production, which aides extracting the targeted sounds
and vowels around it much easier. This quadrisyllabic word was repeated by the speaker
three times and the most neutral form was selected for processing. This process was

completed by other researchers.

Once syllables were selected, they were processed into .wav files using Praat (Boersma &
Weenink, 2025) in this way: each syllable was compressed to .222 seconds, sampled at
48000 Hz, and concatenated with the corresponding syllables to create .888 second
pseudo-words (Words). The same process generated the test stimuli groups (3
quadrisyllabic, 3 bi-syllabic) for post-exposure testing. Words were concatenated into 3-
minute exposure streams (182 seconds). For the paused condition, a 25-millisecond
pause was inserted at the end of each Word audio file, which resulted in a .913-second
Word. The pause-Words were concatenated into a 3.1-minute exposure stream (187
seconds). Using Python, a 5-second fade-in and fade-out were added to each exposure
stream to control for any perceptual anchors. The .wav files were exported using iTunes

into .mp3 files to be compatible with the Gorilla platform.
2.4.1.3 Pretest 2

During Pretest 2, 13 native Finnish speakers (5 self-identified men, 2 other) aged 29—55
were recruited opportunistically via friends and family to rate presented words on a
Likert scale from 1 to 6 based on how much that word sounds like a real Finnish word.4
As noted above, the front language remained the same from Experiment 1, and the back
language was updated according to the above confounding factors. Participants were

presented with two groups of stimuli, one containing the back language candidates and

4 “Valitse asteikolla, kuinka paljon sana kuulostaa suomenkieliseltad sanalta.”
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the other containing the front language candidates. 6 participants received the front
language group first and then the back, and 77 participants received the back language
first and then the front.

Table 7 Average Pretest 2 Ratings

These results were used to select the PartWords based on similarity to both Words and ShuffleWords.
The selected PartWords are presented below.

Word Mean PartWord  Mean ShuffleWord Mean

(A1B1C+D4) (Standard (C1D1A2B2) (Standard (A1C4B4D41)  (Standard

Deviation) Deviation) Deviation)
ldvesyre | 3.15 (1.068) syreryvi 2.77 (1.301) lasyvere 2.92 (1.441)
ryviréle | 2.77 (1.787) rélevoli  2.77 (1.739) ryrévile 2.69 (1.316)
tikelyri | 3.69 (1.494) lyrilave 2.92 (1.441) tilykeri 4.46 (1.198)
volivéty | 3.62 (1.502) vétytike 2.54 (1.330) vovélity 2.00 (1.225)
TOTAL | 3.31 (1.081) TOTAL 2.75(0.884) TOTAL 3.01 (0.932)
lejusapu | 3.00 (1.528) sapumiru 3.08 (1.382) lesajupu 2.42 (1.379)
miruvona | 2.92 (1.188) | vonavumo 2.62 (1.446) mivoruna 3.08 (1.553)
rejinuso | 2.46 (1.127) nusoleju 2.92 (1.605) renujiso 2.46 (1.391)
vumoketi | 2.92 (1.498) ketireji  3.31 (1.797) vukemoti 2.00 (1.080)
TOTAL | 2.83 (1.096) TOTAL 2.98 (1.116) TOTAL 2.48 (0.927)

The Pretest 2 results indicated which PartWords to use for post-exposure testing in
Experiment 2. A 2 (Language) x 3 (Stimuli) repeated measures ANOVA was completed.
Mauchly’s test indicated that the assumption of sphericity has been violated (x2 (2) =
11.592, p = .003), and therefore degrees of freedom were corrected using Greenhouse-
Geisser estimates of sphericity (e = .606), which showed no statistically significant
difference between responses (F(1.411, 16.929) = 2.581, p = .118, np2 = .177).
Additionally, we investigated whether or not the trial order impacted results, using a 2-
option between-subjects factor on the same rANOVA above, which revealed there was
no three-way interaction between language, stimuli, and trial order (F(2, 22) = .123,p =
.815, np? = .011). With these results, I selected PartWords based on their responses. In
order to more strongly support learning after Experiment 2 exposure, PartWords were

selected if they were rated higher or closest to the Words (see Table 7). However, for the
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front language, all PartWords rated the same or lower than the Words, which may
impact post-exposure familiarity ratings. The selected stimuli were grouped and tested
using the same rANOVA above. With sphericity assumed (x2 (2) = 4.603, p = .100), the
effect of language and stimuli on responses was statistically significant (F(2, 24), p =
.043, np2 = .231), which indicated these candidates might not be the best options. Next,
we completed a pairwise comparison and discovered the statistical significance came
from the relationship between back PartWords and back ShuffleWords, with a mean
difference of .500, p = .024, 95% CI [0.062, 0.702]. Since the difference under
investigation in the experimental procedure regards the word boundaries and the
testing between Words and PartWords, we concluded this measure allows us to proceed

with these stimuli.
2.4.1.4 Procedure

Experiment 2 followed the same paradigm as Experiment 1 with a few alterations.
Within the background questionnaire, the question regarding handedness was removed;
its inclusion is appropriate for experiments using EEG, MEG, or other methods
measuring brain hemispheric performance. Next, two questions were added to the
background questionnaire: one regarding a sleeping disorder diagnosis and one
regarding the years of musical instruction, both of which were used as exclusionary
criteria (see 2.4.1.1). Aside from updating the corresponding stimuli files and including a

5-second fade-in and -out, no other aspect of the procedure was changed.
2.4.1.5 Statistical analysis

The following analyses were performed: First, we tested for the effects of order
(paused/continuous first) with a repeated measures ANOVA (rANOVA) of 2 (Condition:
pause vs. continuous) x 3 (Stimulus Type: Word, PartWord, ShuffleWord) x 2 (Order:
paused first vs. continuous first). Then, the effect of language was tested with an
rANOVA of 2 (Condition) x 3 (Stimulus Type) x 2 (Paused Language: paused back
language vs. paused front language) was completed to examine the effects of Condition,
Stimulus Type, and Paused Language on familiarity ratings. Finally, an rANOVA of 2

(Condition) x 3 (Stimulus Type) was performed to test the effect of pause on familiarity
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ratings. Significant interactions were investigated further with post hoc tests using a
Bonferroni correction. All analyses were performed with IBM SPSS Statistics (Version

20.0.2.0).
2.4.2 Results

The rANOVA for Condition x Stimulus Type x Order revealed a main effect for Stimulus
Type F(2, 66) = 36.15, p <.001, np2 = .523. A Bonferroni-adjusted pairwise comparison
revealed that Words were rated most familiar (M = 4.34), PartWords second-most
familiar (M = 3.70), and ShuffleWords least familiar (M = 3.35), with all three types
differing from each other statistically significantly (p <.001). There were no other

statistically significant main effects. Therefore, the order did not influence results.

The rANOVA for Condition x Stimulus Type x Paused Language revealed again a main
effect for Stimulus Type F(2, 66) = 36.34, p <.001, np2 = .524. A Bonferroni-adjusted
pairwise comparison revealed that Words were rated more familiar (M = 4.30) than
PartWords (M = 3.67) and ShuffleWords (M = 3.32), all three differing with statistical
significance (p <.001). However, there was a statistically significant interaction between
Condition and Paused Language F(1, 33) = 16.042, p <.001, 1np2 =.327. There was also a
significant interaction between Condition and Stimulus Type, F(2, 66) = 3.495, p = .036,
Np2 = .096, and a three-way interaction between Condition, Stimulus Type, and Paused

Language, F(2, 66) = 3.642, p =.032, np2 = .099.

Further examination into this three-way interaction between Condition, Stimulus Type,
and Pause Language using Bonferroni-adjusted pairwise comparisons showed
significant differences among stimuli in both languages and conditions (Figure 5). In the
paused conditions: Participants showed higher familiarity to Back Words and Back
PartWords, with a mean difference of 1.125, p <.001, 95% CI [0.590, 1.660]. Participants
also showed higher familiarity for Front Words than Front PartWords, with a mean
difference of 0.691, p = .010, 95% CI [0.141, 1.242]. In the paused condition, the
difference between the Words and ShuffleWords were statistically significant for the
Back (p <.001) and the Front (p <.001) languages. In the continuous conditions: There

was no statistically significant difference between Front Words and Front PartWords,
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with a mean difference of 0.264, p = .572, 95% CI [-0.234, 0.762], and the difference
between Back Words and Back PartWords approached statistical significance, with a
mean difference of 0.471, p = .081, 95% CI [-0.042, 0.983]. In the continuous condition,
the difference between the Words and ShuffleWords approached significance in the
Back (p = .067) and was statistically significant in the Front (p <.001) language.

Experiment 2 Clustered Means by Paused Condition

—<.001— — 067 — [H Paused Word
600[— <.001 1.0 ~ < 001 < 001—, ~-081-— 1.0 - " WPaused PartWord
~ 572 - .002 - ~.010--.040 - J Pt Shilrlaweint

M Continuous Word
[l Continuous PartWord
[l Continuous ShuffleWord

o
v

z 3.00

2.00

1.00

.00 ; : : :
Back Pause/Front Continuous Front Pause/Back Continuous
N=18 Condition N=17
Error bars: 95% CI
Figure 5

Experiment 2 familiarity scores categorized into languages and conditions. The Front language results
are the interior six bars; the Back language results are the six exterior bars. The p-values are listed above
the bars.

A final analysis combining the data from the two languages was conducted regardless of
the differences presented above with the same reasoning as in Experiment 1. A 2
(Condition) x 3 (Stimulus Type) rANOVA revealed statistically significant main effect in
Stimuli Type F(2, 68) = 37.361, p <.001, 1np2 = .524) similarly to Experiment 1: Words
were rated highest (M = 4.31), PartWords second highest (M = 3.67), and ShuffleWords
third (M = 3.32). Furthermore, there was a significant interaction between Condition
and Stimuli Type F(2, 68) = 3.31, p = .042, np2 = .089. Further investigation with
Bonferroni-adjusted pairwise comparisons revealed statistically significant differences

in Paused Words and PartWords (p < .001) and Continuous Words and PartWords (p =
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.042). These combined scores indicate support of our hypothesis that Finnish speakers
can segment quadrisyllabic words within continuous speech. In addition, Words were
rated different from ShuffleWords in both conditions (p <.001), and the PartWords were
rated higher than ShuffleWords in the continuous (p = .006) but not in the Paused (p=

.079) condition.

Experiment 2 Estimated Marginal Means by Pause Condition
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Figure 6

Experiment 2 familiarity scores distributed into pause or continuous conditions. The p-values are listed
above the bars.

2.4.3 Interim discussion

The aim of Experiment 2 is to investigate the paradigm first explored in Experiment 1
with attention to stimuli creation and replication. Once the stimuli passed the
confounding factors for Experiment 2, only the front language from Experiment 1 was
used again, and a new back language was generated, tested for confounding factors, and

pretested.

These results indicate a replication of Benjamin et al. where French-speaking adults

failed to differentiate Words from PartWords in the continuous condition, suggesting
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failure to segment the stream. In Experiment 2, also Finnish-speaking adults failed to
segment Words from PartWords in the continuous Back (p = .081) and continuous
Front (p = .572) languages. Where Benjamin et al. found successful segmentation of
Words from PartWords in the paused condition (p = < .001) in French-speaking adults,

we also found successful segmentation in the paused conditions (p <.001).

If the languages are separated, it shows support for Benjamin et al.’s original hypothesis
that segmentation of quadrisyllabic words is only successful with the aid of a 25
millisecond pause. This also then refutes our hypothesis that word length expectations
correlate to word length in word segmentation tasks, as speakers of two languages
(French and Finnish) with different word length expectations (Isbilen & Christiansen,
2022; Kalimeri et al., 2015) both failed to segment a continuous stream with
quadrisyllabic words. Notably, adults in both language groups have been able to
segment trisyllabic words in Finnish (Kuuluvainen et al., 2025) and in French (Bagou et
al., 2002; Toro et al., 2008). This indicates that word segmentation tasks may be limited

by word length.

Both the current study and that of Benjamin et al (2023) suggest that prosodic cues like
subliminal pauses better help participants segment words when the word length
increases. Tracking TPs, which is measured by higher familiarity of Words over
ShuffleWords, is not sufficient for quadrisyllabic word segmentation; the use of
additional cues is needed to successfully segment words above three syllables, which is

shown by the differences between Words and PartWords.

One noted objection, addressed in Benjamin et al., is the potential impact from memory
capacity (2023). The Words in this paradigm are longer and therefore participants have
four more syllables to memorize or learn during the study than in the trisyllabic
condition. The failure to segment the speech in the continuous condition is not caused
by this, however, because participants were able to segment the Words accurately with
the aid of a pause. If memory capacity was indeed an issue, participants would not have

been able to segment the Words in the paused condition.
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3 Part lll: Discussion

3.1 Experiments 1 & 2

The previous sections have outlined replication, the replication crisis, and SLL. The
purpose of this thesis was to serve as a case study on replication using SLL. It explored
the impact of native language word length expectations on SLL tasks and whether these
expectations impacted word segmentation. Experiment 1 was a Finnish-language
conceptual replication of Benjamin et al. (2023), which investigated SLL in Finnish
speakers using quadrisyllabic word formations with and without pauses. During this
process, we learned about SLL, word segmentation, and experimental design using an
existing paradigm and experiment. Interestingly, Experiment 1 produced conflicting
conclusions regarding replication: participants successfully segmented Words from
PartWords in the Back language in both continuous and paused conditions, whereas the
Front language was not significant in the continuous condition and merely approached
significance in the paused condition. Since our languages consisted of vowel groups,
these results indicate a potential vowel-placement effect on word segmentation. In this
experiment, the Back language performed more like we predicted, whereas the Front
language did not. Some features, including the elongated syllable “v6” in the Front
language in Experiment 1, may have confounded these results; this mistake was
corrected for Experiment 2. After discovering these errors, it forced us to consider new
avenues for stimuli creation. Using Titone et al.’s (2024) confounding features, we
discovered deeper problems with the used stimuli, such as phonological patterns in the
Back language that may have aided learning during this process. It is perhaps those
features that better aided word segmentation resulting in the data collected. Once those

features were corrected for in Experiment 2, those stark differences seemed to dissipate.

Experiment 2 was designed to be a (mostly) direct replication of Experiment 1 by
focusing on improving methodology and strengthening controls, using Titone et al.’s
(2024) confounding factors. When split into languages, Experiment 2 successfully
replicated Benjamin et al.’s finding that successful quadrisyllabic word segmentation is
aided by a 25-millisecond pause. Experiment 2 refutes our hypothesis that Finnish

speakers’ word length expectations will inform their performance on quadrisyllabic
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word segmentation tasks. This suggests that these expectations do not aid segmentation

in continuous speech streams with quadrisyllabic words.

The failure to find successful segmentation in the language groups in Experiment 2
indicates that native language word length expectations, as we initially hypothesized,
may not impact word segmentation in the absence of pauses. This would evidently
support Benjamin et al.’s original claim. However, due to the weak statistical power in

this analysis, we need more participants to support our conclusion.

Interestingly, the performance of language groups differed in each experiment. Both
languages (front-vowel or back-vowel) performed slightly different from one another.
This could indicate that vowel placement may impact performance on statistical
language learning paradigms. Are front vowels more difficult to process than back
vowels? Do Finnish speakers process these vowels differently based on the language’s

reliance on these differences?

Ultimately, what this illustrates is that the languages used in a word segmentation
paradigm such as this, especially when the languages are meant to be collated for
analysis, the languages must perform similarly during testing. Using proper stimuli is
dependent upon how similarly participants respond to them. Experiment 1 showed that
the pairing of those languages was too different to produce cohesive results. When

improved for Experiment 2, however, that difference was mitigated, albeit not entirely.

Once the data is analyzed together to improve statistical power, however, the story
changes back to support our main hypothesis. The differences between groups
dissipates and both the continuous and paused conditions show participants can
segment Words from PartWords in both conditions. The reason we combined the scores
this way is because the statistical power is weakened once these groups are distributed
into language groups; we need more participants in each group to confidently conclude

results.

In conclusion, since the combined results hold higher statistical power, these results
support our hypothesis that Finnish speakers have higher word length expectations and

can segment quadrisyllabic word formations in continuous speech. This supports that
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native language may influence word length expectations and thus impact our ability to

segment speech in a learning environment.
3.2 Student replication

The aim of this project was to illustrate the benefits of student replication. Both
experiments highlight the difficulties in producing quality student work (see the
limitations in both experiments) and contributing to the scientific conversation at the
same time. While teaching is an important endeavor in forming the next generation of
scientists, there may be a danger in utilizing student work in direct conversation with
original studies, simply because the lack of a rigorous peer review process. The review
process for a thesis differs across universities and across countries; but if we want to
consider something scientific, it must undergo some level of peer review. If we conflate
that master’s student’s works are an extension of the researcher’s work, and that any
researcher’s work should be investigated by another researcher before publication,
should others from different universities or faculties also review master’s student’s work
in order to consider it peer reviewed? If it is not considered peer review work, does that
necessitate the thesis’s absence from scientific discourse? And does any student work
need to be peer reviewed? Although I agree that the review process looks different for
student work (if it exists at all), student replication can still be considered
supplementary material for an original study. It would indicate not only interest in the
topic investigated, but it may also provide valuable information to the field. By directly
indicating a study was completed by students, it would alert readers to the weak form of
peer review during that study; instead of concretely claiming successful or failed
replication (by the nature of not going through a peer review process), it would provide a
gauge of replicability for others to investigate more deeply. In this way, student work
would be a valuable learning tool but also can inform other researchers about

replicability in their field.

This thesis serves as a practical case study of student-led replication attempts, which
supports the suggestion that PhD candidates (and by extension, master’s students) can

contribute to their fields and improve the state of replicability. This can be done through
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two avenues: utilizing group work for course credit (Experiment 1) or through individual

student work like a thesis (Experiment 2).

Group assignments can produce valuable insight into replication, even if the
assignments themselves produce conceptual replications. That work, which functions to
introduce many aspects of the scientific process to students (such as background
literature, experimental design, methodologies, and analysis), will also produce valuable
knowledge to the corresponding field. By allowing students the opportunity to follow the
workflow of an established study, students not only receive a better image of the
experience behind experimentation, but it also allows students to learn about scientific
processes, produce valuable knowledge to the field, and become aware of the

importance of replication through practice.

Experiment 2 highlights the second approach to student replication work, where
students can acquaint themselves to the individual practice of the scientific process and
the personal actions that influence the replication crisis (e.g., QRPs and statistical
analyses). This stage allows the student to follow the guidelines from an original study
(again the same benefits from group assignments), but this allows greater attention
toward the practice of working as a researcher. In this way, guidance comes from more
than the student’s immediate supervisor; it also comes from the original authors of the
study via their published article. This work is an intense independent study, while
attempting to replicate results. It allows students to independently participate in open

science, such as filing preregistrations and making data and methods available.

The overall approach to student replication work is not to produce novel studies; it is to
teach and to produce knowledge in the field. Teaching is through an apprentice-type
work, using the original study as a learning tool and guide. Producing knowledge is by
contributing valuable information in support or contesting the original study. However,
by removing the notion of novelty from the student’s attention (and thus targeting
neophilia), it allows a tailored focus on the practice of scientific research and producing

quality over novelty.

This thesis highlights some of the challenges and learning opportunities inherent in

replication. After first attempting a conceptual replication and then a more direct
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replication, this thesis focused on refining methods. This kind of improvement is crucial
given the concerns of the replication crisis across disciplines. The emphasis on stimuli
creation and addressing the confounding factors in Experiment 2 aligns with the
attention given to methodology and statistical analysis as part of the solution to the
crisis. Transparency has been demonstrated throughout this process, following the
principles of open science, including preregistration. Attempting replication, even with
limitations, contributes to the health check-up that replication may provide, offering

valuable insight into the state of replicability within SLL research.
3.3 Limitations

Limitations remained throughout these studies, especially when it comes to the stimuli
used. Although significant effort was placed on controlling the factors of stimuli,
challenges remained. In Experiment 2, one Word still included an exclusionary sound “-
na.” When selecting stimuli based on the targeted range of positional frequencies (20—
45%), challenges remained for the best fit. Several candidates remained outside the
targeted range, and this could have impacted results accordingly. This constraint could
have been overlooked had more time been available to iterate more alternative stimuli.
An error was also present in Experiment 1’s stimuli, with the lengthening of “v6” in the
audio file. The potential of phonological rhythms impacting results still remains.

Although they were better controlled for in Experiment 2, the risk for impact remains.

Another limitation is the lower number of participants in both experiments (38 in
Experiment 1, 35 in Experiment 2, after exclusions) resulting in low statistical power
when divided into the corresponding language groups, which necessitates replication

with larger sample sizes.

Another limitation, unfortunately, was that no attempt to contact the original authors
was made. However, according to Kahneman, an original author should have been
contacted at the beginning of the replication study (2014). By the nature of a master’s
thesis, I concluded that the attention given to such a small project would not warrant
contact. Had this project proceeded with more direct replication of Benjamin et al.,

contacting one original author would have been warranted. To accommodate such a
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strong claim that replication was not successfully completed, I completed a replication
of our study to verify results, which is a recommended action Kahneman suggests as
well (Bohannon, 2014). It is my suggestion for those students aiming to replicate,
however, that contact should be made. This is not to only accommodate replication

etiquette; it is to introduce students to a more collaborative research environment.

As a master’s student, executing mastery of every aspect considered here may prove
challenging: completing preregistration, accommodating replication etiquette,
minimizing QRPs, completing appropriate statistical analyses, and executing
experimental design, methods, and analyses, all while learning a (potentially) novel
topic. This level of difficulty, which may be a graduate-level expectation, also leaves the
potential for error at every instance. This kind of student error, however, is perhaps the
biggest limitation on Perrault’s suggestion of including student work in conversation
with an original study. Student work goes through a small level of peer review (e.g.,
feedback from advisors, feedback after submission of a master’s thesis), but this low
level may be unsatisfactory for the larger scientific community. Theses do not always
iterate through multiple rounds of review before final submission. However, labeling
each study as “student work” would already indicate to readers of this low-level peer-
review status and allow students to remain part of the conversation. For instance, with
all the limitations outlined herein, this thesis could serve as an example for future

students to produce replication attempts.
3.4 Future research

Future studies in SLL could employ these methods outlined by Titone et al. (2024),
carefully addressing each confounding factor when generating new stimuli. For
trisyllabic word formation tasks, their set of codes may streamline the process of stimuli
creation. Attention to stimuli is also important considering a potential impact from
vowel placement. Further work should investigate the relationship between vowel
placement (perhaps using Finnish’s strict vowel harmony) during word segmentation
tasks. This could look into whether this distinction is seen only in quadrisyllabic

formations or in the trisyllabic ones as well.
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Other work should investigate quadrisyllabic word segmentation in other languages of
varying lengths. Having French and Finnish participants together in the same study
would help to illustrate this behavior better, perhaps controlling more for the language

similarities as to not confound results.

Digit span tests, which may be used to measure working memory, were collected from
participants, and those measures could explore the relationship between working and
familiarity ratings in word segmentation tasks. Using those scores in relationship to

their familiarity ratings would prove insightful if not novel.

Student replication projects should be integrated as part of graduate training, which
provides practical research experience and contributes valuable data to the scientific
community. By fulfilling this request, students produce work that tackles the replication
crisis and allows learning opportunities. Developing a database or repository for student
replication work could improve communication and accessibility, especially if the
original study could direct toward the student work, indicating to readers that a student

replication study was completed (Balafoutas et al., 2025).

As always, a replication of Experiment 2 should be completed with a larger sample size
to increase statistical power and confirm the findings for the necessity of pauses in

quadrisyllabic word segmentation.
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