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Abstract

The present study compared lab-based and web-based versions of cognitive individual dif-
ference measures widely used in second language research (working memory and declara-
tive memory). Our objective was to validate web-based versions of these tests for future
research and to make these measures available for the wider second language research
community, thus contributing to the study of individual differences in language learning. The
establishment of measurement equivalence of the two administration modes is important
because web-based testing allows researchers to address methodological challenges such
as restricted population sampling, low statistical power, and small sample sizes. Our results
indicate that the lab-based and web-based versions of the tests were equivalent, i.e., scores
of the two test modes correlated. The strength of the relationships, however, varied as a
function of the kind of measure, with equivalence appearing to be stronger in both the work-
ing memory and the verbal declarative memory tests, and less so in the nonverbal declara-
tive memory test. Overall, the study provides evidence that web-based testing of cognitive
abilities can produce similar performance scores as in the lab.

Introduction

Individual differences can greatly affect how we acquire and process language [1-3] and medi-
ate and/moderate the effectiveness of instruction [4]. In adult language learning, for example,
learners’ cognitive abilities have great explanatory power in accounting for differences in
learning outcomes ([5-6]). For instance, working memory and declarative memory are con-
sidered to be particularly important sources of learner variation (e.g., [7-10]; see [4, 11], for
reviews).

The effect of working memory and declarative memory on language learning has been pri-
marily studied in lab settings, i.e., in well-controlled environments where participants are
tested individually. While this choice is methodologically sound, it can also negatively affect
sample size and population sampling [12, 13, 14]. Lab-based testing generally means testing
participants individually and sequentially, which is labor-intensive and could explain why lab
studies tend to have (too) few participants to allow for meaningful generalization. As an
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example, in second language (L2) research, Plonsky [13] found that the typical sample size in
L2 studies was 19 participants, and Lindstromberg [15] recently reported a similar small aver-
age sample size of 20 participants. In the same vein, [16] reported that, in psychology, median
sample sizes have not increased considerably in the last two decades, and are generally too
small to detect small effect sizes, which are distinctive of many psychological effects. Moreover,
many (if not most) lab studies in research draw their sample from the surrounding student
population, which is understandable given the ease of access, but also means that samples are
often not representative of the population of interest. Conducting research by means of remote
testing via the web could alleviate some of these concerns. For example, web-based testing
facilitates the acquisition of large amounts of data since participants can be tested simulta-
neously, enabling researchers to run higher-powered studies. Likewise, test administration can
also be more cost-effective than research conducted in the lab [17].

The use of (remote) web-based testing can also offer other important methodological
advantages over other forms of simultaneous delivery of tests, such as traditional paper-pencil
and (offline) computer-based testing [18, 19]. Particularly, it allows researchers to standardize
and optimize testing procedures, which can contribute to more consistent and uniform test-
taking conditions across different locations and times [20]. This, in turn, can also facilitate the
replication of studies [21]. Moreover, remote testing via the web can reduce experimenter
effects, as testing can occur in more ecologically-valid settings, and without any direct contact
between experimenters and participants [20, 21]. Finally, and more importantly, web-based
experimenting has been found to be a reliable and effective research tool [17, 22, 23].

The present study compared lab-based and web-based versions of cognitive tests that are
widely used in disciplines such as psychology and second language research. Particularly, our
intent was to compare performance of measures as they are originally used in the lab with
their corresponding online versions. In doing so, our objective was to validate the web-based
tests for use in subsequent research and to make these available to the wider research commu-
nity, and especially to researchers working on the area of L2 acquisition. The sharing of tasks,
especially of tasks that permit the collection of substantial amounts of data via the web, will be
an important component in alleviating the data collection issues associated with lab-based
research. Moreover, making these specific tasks available will also contribute directly to our
understanding of individual differences in L2 acquisition. To support such task sharing and
use, it is essential to first establish the validity of the online versions of the tasks (on a par with
what is established about the offline versions). With this in mind, the study set out to establish
measurement equivalence between lab-based and web-based tests of working memory and
declarative memory.

According to Gwaltney, Shields and Shiffman ([24], p. 323), measurement equivalence can
be established if “1) the rank orders of scores of individuals tested in alternative modes closely
approximate each other; and 2) the means, dispersions, and shapes of the score distributions
are approximately the same”. The first type of equivalence regards to whether differences
observed in one measurement are also systematically found in the other, meaning that, even
when the two measurements produce two different numbers, these numbers are clearly and
systematically associated with each other. The second type concerns whether two measure-
ments yield the same numbers. Considering that this study is a subcomponent of the disserta-
tion research of the first author, limiting funding and time (see limitations below), we focused
the investigation on one type of measurement equivalence, the first type: Do people who have
relatively high values in one of tests also have relatively high values on the other test, and the
other way around? More specifically, we compare the differential performance generated by
two versions of tests measuring working memory and declarative memory abilities in lab-
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based and web-based settings, in order to assess whether the two versions are equivalent
regarding the relationships between scores.

Assessing equivalence between lab and web-based measurements is essential for several rea-
sons. Firstly, it is necessary to demonstrate that the findings obtained in web-based studies are
comparable to those of previous research, which have been mainly collected in lab-based set-
tings. Secondly, it is important to ensure that cognitive constructs are similarly gauged in both
testing modalities. Likewise, it is crucial to establish whether lab-based and web-based tests are
equivalent, given that web-based testing could prove to be a viable way to tackle some of the
current methodological issues found in research conducted in lab-based settings, such as
underpowered studies, restricted population sampling, and small sample sizes [17, 22, 23]. Of
these methodological issues, in particular, low statistical power and small sample sizes have
been identified as key factors in the ongoing discussions about the reproducibility of research
findings in life and social sciences [25-27]. In psychology, for example, there is currently con-
siderable debate about the so-called replication crisis [28], that is, failure to reproduce signifi-
cant findings when replicating previous research [27]. In this regard, and considering that
much research is underpowered [29, 30], web-based testing can enable the collection of larger
sample sizes, and thus contribute to achieve more statistical power to detect the effects of inter-
est. On the other hand, the ease of access, cost-effectiveness, and practicality of web-testing can
also increase the attempts to reproduce results from previous studies, and thus making (large-
scale) replication studies more appealing for researchers to undertake [30].

Working memory

Working memory is the capacity to process and hold information at the same time while per-
forming complex cognitive tasks such as language learning, comprehension and production
[31]. According to Baddeley and colleagues (e.g., [32]), working memory is a multicomponent
system that includes storage subsystems responsible for retaining both visual-spatial and audi-
tory information, an episodic buffer that serves as a link between the storage subsystems and
long-term memory, and a central executive that acts as an attentional control system.

Regarding L2 learning, working memory assists learners to simultaneously process form,
meaning and use of language forms. More specifically, working memory is involved in key
cognitive processes such as decision making, attention control, explicit deduction, information
retrieval and analogical reasoning [4]. Moreover, working memory is also important for
retaining metalinguistic information while comprehending and producing L2 language [33].
In this regard, meta-analytic work has reported the important role of working memory in L2
comprehension and production (e.g., [34-36]). For example, Linck et al. ([36], p. 873) found
that working memory has a positive impact on L2 comprehension outcomes (r = .24). Like-
wise, Jeon and Yamashita’s [35] meta-analysis also showed that working memory is related to
L2 reading comprehension (r = .42). Regarding production, meta-analytic research has, too,
indicated a significant association with working memory (e.g., [36]). In this case, Linck et al.
([36], p. 873) found a positive correlation for productive outcomes as well (r = .27).

Working memory is often measured by means of simple or complex span tasks. Simple
span tasks, such as digit span and letter span, entails recalling short lists of items, and they seek
to measure the storage component of working memory [37]. Complex span tasks, such as the
operation span task (OSpan; [38]), on the other hand, include remembering stimuli while per-
forming another task. This type of tasks taxes both processing (attention) and storage (mem-
ory) aspects of working memory [32]. Here, we focus on a complex task, namely the OSpan.
This complex task has been found to be a valid and reliable measure of working memory
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capacity [39], and has also been recommended as a more accurate measure to examine the
association between working memory and L2 processing and learning [40].

Declarative memory

Declarative memory is the capacity to consciously recall and use information [41]. The declar-
ative memory system is one of the long-term memory systems in the brain [42]. It is mainly
responsible for the processing, storage, and retrieval of information about facts (semantic
knowledge) and events (episodic knowledge; [43, 44]). Learning in the declarative memory
system is quick, intentional, and attention-driven [45].

Substantial research has now investigated the role of declarative memory in first and second
language acquisition [46]. In first language acquisition, declarative memory is involved in the
processing, storage and learning of both arbitrary linguistic knowledge (e.g., word meanings)
as well as rule-governed aspects of language (e.g., generalizing grammar rules [47, 48]). In the
case of L2 acquisition, declarative memory underpins the learning, storage and processing of
L2 vocabulary and grammar [47, 48], at least in the earliest phases of acquisition [46, 49]. Sev-
eral studies (e.g., [2, 9, 49, 50]) has confirmed the predictive ability of declarative memory to
explain variation in L2 attainment.

Declarative memory has been tested through recall and recognition tasks (e.g., 49, 50), both
verbal, such as the paired associates subtest of the Modern Language Aptitude Test (MLATS5;
[51]), and nonverbal, such as the Continuous Visual Memory Task (CVMT; [52]).

The present study

The main goal of the present study was to provide web-based versions of commonly employed
individual difference measures in second language research, in order to make them usable in
large-scale intervention studies (generally in authentic, real-life learning contexts). To that
end, we examined whether lab-based and web-based versions of working memory and declara-
tive memory tests yield similar performance scores, i.e., whether the two versions were equiva-
lent or comparable. More specifically, we assessed whether the values of one type of mode of
administration corresponded to the values in the other mode (i.e., first type of equivalence). In
other words, are the differences in scores constant, or parallel in the two ways of measuring?
The web-based versions are freely available; to use the test, please send an email to the first
author.

Methods
Ethics statement

This research was approved by the Commission for Ethics in Psychological Research, Univer-
sity of Ttibingen, and all participants provided written informed consent prior to commence-
ment of the study.

Participants

Fifty participants (37 women and 13 men), with a mean age of 26.4 years (SD = 4.2), partook
in the study. The majority of participants were native speakers of German (72%), followed by
Russian (8%), Spanish (6%), Chinese (4%), English, Hungarian, Persian, Serbian and Vietnam-
ese (2% each). Seven (14%) participants did not complete the second half of the study (i.e.,
web-based testing). Additionally, participant numbers differed across test versions due to tech-
nical difficulties (i.e., participants entered their responses using the wrong keys [Web-based
CVMT]; and data was not correctly saved for one participant [Web-based MLAT5]; see
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description and Table 1 below, and Discussion). Twenty-seven participants were graduate stu-
dents (54%), and twenty-three were undergraduates (46%). Participants self-reported English
proficiency, with most being advanced learners (82%), followed by intermediate (18%). All
subjects gave informed consent and received €20 for participating.

Materials

Three cognitive tests were administered, one measuring working memory capacity, and two
assessing verbal and nonverbal declarative memory abilities, respectively. In the lab-based set-
ting, both working memory and nonverbal declarative memory tests were programmed and
delivered via E-Prime v2.0 [53]; the verbal declarative memory test was given in paper-pencil
form, as originally developed and delivered. Moreover, web-based versions of the three cogni-
tive tests were developed for this study using Java with the GoogleWeb Toolkit (http://www.
gwtproject.org), and were accessible from all browsers. A description of each test is given below.

Working memory. An adapted version of the Automated Operation Span Task (OSpan;
[54]), a computerized form of the complex span task created by Turner and Engle [38], was
used to gauge participants’ working memory capacity [9, 22]. Based on the Klingon Span Task
implemented by Hicks et al. [22], this version consisted of using Klingon symbols instead of
letters, the stimuli to be remembered in the original OSpan task. In Hicks et al.” study, partici-
pants cheated by writing down the letter memoranda in the web-based version of the classic
OSpan, motivating the change of the original stimuli. The task included a practice phase and a
testing phase. In the practice phase, participants were first shown with a series of Klingon sym-
bols on the screen, and then were asked to recall them in the order in which they had appeared
after each trial (i.e., symbol recall). Next, participants were required to solve a series of simple
equations (e.g., 8 * 4 + 7 = ?). Finally, subjects performed the symbol recall while also solving
the math problems, as they would later do in the actual testing phase. Following the practice
phase, participants were shown with the real trials, which consisted of a list of 15 sets of 3-7
randomized symbols that appeared intermingled with the equations. In sum, there were 75
symbols and 75 math problems. At the end of each set, participants were asked to remember
the symbols in the sequence they had been presented. An individual time limit to answer the
math problems in the real trials was calculated from the average response time plus 2.5 stan-
dard deviations taken during the math practice section. Following Unsworth et al. [54], a par-
tial score (i.e., total number of correct symbols recalled in the correct order) was taken as the
OSpan score (see [39], for a description of scoring procedures). The highest possible score was
75. The entire task took about 25 min.

Verbal declarative memory. To measure verbal declarative memory, the Modern Lan-
guage Aptitude Test, Part 5, Paired Associates (MLAT5; [51]), was used [9, 49, 50]. In the

Table 1. Descriptive statistics for comparison of lab-based and web-based testing.

Test N M SD Skew Kurtosis
OSpan Lab-based 50 25.78 13.34 0.61 2.90
OSpan Web-based 43 29.79 15.42 0.67 3.26
MLATS5 Lab-based 50 17.92 5.50 -0.64 2.49
MLAT5 Web-based 42 19.10 5.81 -1.19 3.58
CVMT Lab-based 49 1.99 0.46 0.23 3.35
CVMT Web-based 40 2.30 0.63 0.73 3.32

Note: OSpan = Automated Operation Span Task; Verbal declarative memory test: MLAT5 = Modern Language
Aptitude Test, Part 5; Nonverbal declarative memory test: CVMT = Continuous Visual Memory Task.

https://doi.org/10.1371/journal.pone.0226217.t001
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MLATS5, participants were required to memorize artificial, pseudo-Kurdish words and their
meanings in English. Participants were first asked to study 24-word association pairs for two
minutes, and then complete a two-minute practice section. The list of foreign words with their
respective English meanings was made available for participants as they completed the practice
session. Finally, subjects were instructed to complete a timed multiple-choice test (four min-
utes), by selecting the English meaning of each of the 24 pseudo-Kurdish words from five
options previously displayed at the memorization stage. For each correct response, one point
was given, yielding a total score of 24 points. The test duration was about 8 minutes.

Nonverbal declarative memory. The Continuous Visual Memory Task (CVMT; [52])
served as a measure of nonverbal declarative memory [9, 49, 50]. As a visual recognition test,
the CVMT is entails asking participants to first view a collection of complex abstract designs
on the screen, and then to indicate whether the image they just saw was novel (“new”) in the
collection, or they had seen the image before (“old”). Seven of the designs were “old” (target
items), and 63 were “new” (distractors). The target items appeared seven times (49 trials), and
the distractors only once (63 trials) across the test. All items were shown in a random but fixed
order, each one appearing on the screen for two seconds. Following the two seconds, partici-
pants were instructed to respond to the “OLD or NEW?” prompt on the screen. In the lab-
based mode, subjects used mouse click for making their choice, left for “NEW?, or right for
“OLD”. In the web-based mode, they responded by pressing either the “N” key for “NEW?, or
the “O” key for “OLD” on the keyboard. The CVMT took 10 min to complete. A &’(d-prime)
score [55] was calculated for each participant. The d’ score was used to reduce potential
response bias.

Procedure

As previously noted, participants underwent two cognitive testing sessions, one in the lab and
one on the web. In the lab-based session, with the assistance of a proctor, each subject was
tested individually. After providing informed consent, participants took the three cognitive
tests under investigation in fixed order: OSpan, CVMT, and MLAT5. Upon finishing the
MLATS, subjects then filled out a background questionnaire. The whole lab-based session
lasted about 40 min.

Regarding the web-based session, each subject was sent an email with a unique web link
with a personalized code, which once clicked, took them to an interface that hosted the web-
based versions of the cognitive tests. In order to avoid multiple responses by the same partici-
pant, the link was disabled once subjects had submitted their responses in the last test (i.e.,
MLATS5). In the email, participants were also informed that the web-based session lasted about
40 min, and that it had to be completed within a week. On the interface, following informed
consent, subjects were provided with general instructions that reflected the nature of a web-
based experiment. Such instructions included completing the experiment in a quiet place with-
out interruption, and from start to finish in one sitting. Likewise, the use of the browser’s back
button, refreshing the browser page, or closing the browser window were prohibited. Impor-
tantly, participants were instructed not to take any notes at any point during the entire experi-
ment. The web-based tests were given in the same fixed order as in the lab-based session. On
average, the mean period between the first and second testing was 45.7 days (SD = 4.1).

Results

All data were analyzed by means of R (version 3.3.2; [56]). Missing data was ignored (com-
plete-case analysis). Linear regression models were built using the Im function in the Ime4
library [57]. From a temporal perspective, lab scores were used to predict web scores in the
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linear regression models. To verify normality, model residuals were visually inspected. Reli-
ability was assessed using Cronbach’s alpha. Following Kane et al. [58], for the lab-based work-
ing memory test (OSpan-Lab-based), reliability was assessed by calculating the proportion of
correctly recalled Klingon symbols per each of the 15 trials in the test (e.g., one out of four
symbols correctly recalled corresponded to a proportion of .25). For the web-based working
memory test (OSpan-Web-based), however, internal consistency is not reported, since it was
not technically possible to perform a detailed item-based analysis. Descriptive statistics are pre-
sented first, followed by correlations, internal consistency estimates (Cronbach’s alpha), and
the results of linear regression analyses.

Descriptive statistics

Table 1 presents the descriptive statistics for participants’ performance on cognitive tests in
both testing settings.

Correlations

Table 2 and Fig 1 show the correlations between/among the different versions of the individual
difference tests.

Reliability

Table 3 presents Cronbach’s alpha values of individual test versions.

Regression analysis

The results of the regression analyses are displayed in Table 4. For the working memory test
(OSpan), the unstandardized coefficient was .89 (8= .77, SE = 0.10, p<.001). For the verbal
declarative memory test (MLATS5), the unstandardized coefficient was .83 (8 = .78, SE = 0.09,
p<.001). And for the nonverbal declarative memory test (CVMT), the unstandardized coeffi-
cient was .74 (8 = .54, SE = 0.19, p<.001). Overall, the results indicated that the lab-based and
web-based scores are substantially related.

Discussion

Studies on individual differences in language learning frequently assess the working memory
and declarative memory capacities of their participants in order to determine the effect of
these cognitive variables on learning outcomes. Most of this research, however, is conducted
in lab-based settings, which often implies relatively small sample size and a restricted popula-
tion sample. Both of these methodological challenges can be addressed by means of remote
testing via the web. In the present study, we compared lab-based and web-based individual

Table 2. Correlations between lab-based and web-based scores for individual difference tests.

Test OSpan Lab-based OSpan Web-based MLATS5 Lab-based MLATS5 Web-based CVMT Lab-based
OSpan Web-based .80

MLATS5 Lab-based .40 51

MLATS5 Web-based .32 .40 .82

CVMT Lab-based .19 31 42 23

CVMT Web-based 21 .30 21 .19 .55

Note: OSpan = Automated Operation Span Task; Verbal declarative memory test: MLAT5 = Modern Language Aptitude Test, Part 5; Nonverbal declarative memory
test: CVMT = Continuous Visual Memory Task.

https://doi.org/10.1371/journal.pone.0226217.t1002
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Fig 1. Scatterplots of the correlation of each pair of lab-based and web-based versions of individual difference measures.
OSpan = Automated Operation Span Task; Verbal declarative memory test: MLAT5 = Modern Language Aptitude Test, Part 5;
Nonverbal declarative memory test: CVMT = Continuous Visual Memory Task.

https://doi.org/10.1371/journal.pone.0226217.9001

difference measures in order to validate web-based tests for future research. The type of com-
parison contributes significantly to ongoing efforts to improve the methodological robustness
of current second language research, for example [12]. If web-based testing can be shown to
yield comparable results to lab-based testing, researchers will be able to reach more partici-
pants for their studies, which, in turn, can help alleviate some of the current concerns in lab-
based research (e.g., low statistical power, non-representative population samples, and small
sample sizes). In addition, demonstrating the equivalence of lab-based and web-based mea-
sures of the same individual difference constructs is essential for the comparability of results
across studies. Crucially, establishing measurement equivalence between lab-based and web-
based versions will also provide assurance that the tests are measuring cognitive constructs the
same way regardless of administration mode [17, 59].

Findings showed that the scores in the lab-based and web-based versions of three cognitive
tests (MLATS5, CVMT, OSpan) were equivalent concerning differences in performance, which

Table 3. Cronbach’s alphas for cognitive test versions.

Test Cronbach’s alpha
OSpan Lab-based .86
MLATS5 Lab-based 77
MLAT5 Web-based 93
CVMT Lab-based .63
CVMT Web-based .67

Note: OSpan = Automated Operation Span Task; Verbal declarative memory test: MLAT5 = Modern Language
Aptitude Test, Part 5; Nonverbal declarative memory test: CVMT = Continuous Visual Memory Task.

https://doi.org/10.1371/journal.pone.0226217.t1003
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Table 4. Regression for comparison of lab-based and web-based scores.

Test Unstandardized coefficient” SE p

OSpan 0.89 (.77) 0.10 <.001
MLAT5 0.83 (.78) 0.09 < .001
CVMT 0.74 (.54) 0.19 < .001

Note: OSpan = Automated Operation Span Task; Verbal declarative memory test: MLAT5 = Modern Language
Aptitude Test, Part 5; Nonverbal declarative memory test: CVMT = Continuous Visual Memory Task.

*The standardized coefficient (8) in parentheses.

https://doi.org/10.1371/journal.pone.0226217.t1004

were constant in the two versions, suggesting that participants who had relatively high values
in one task also had relatively high values in the second, or the other way around. However,
the strength of the relationship was a function of the kind of test. More specifically, in both the
working memory test (OSpan) and the verbal declarative memory test (MLATS5), the scores
were more strongly correlated (8 =.77 and 8 = .78, respectively); for the nonverbal declarative
test (CVMT), equivalence appears to be weaker (3 = .54).Overall, the correlations reported
here between lab-based and web-based scores are consistent with the assumption that both
versions seem to likely measure the same cognitive construct, at least for the working memory
test (OSpan) and the verbal declarative memory test (MLATS5), and, to a lesser extent, for the
nonverbal declarative test (CVMT).

A potential explanation for lesser equivalence in the versions of the nonverbal declarative
test (CVMT) could be due to the different manner in which the responses to the visual stimuli
were entered in the two testing modes. It will be recalled that in the lab-based version partici-
pants used left (“NEW?”) or right (“OLD”) mouse clicking to provide a response, whereas in
the web-based version, they used the keyboard (“N” and “O” keys). This modification made to
the web-based version was motivated by technical reasons, specifically, the browser window
may not register the participants’ response if the cursor is not over a certain area on the page,
which in turn may cause problems of missing data. Previous research has found that partici-
pants in web-based research are particularly prone to err when using the keyboard to input
their responses [60], which in this case might have affected the results of the comparison
between lab-based and web-based versions of CVMT. Future research comparing performance
between the lab and web-versions may benefit from collecting data through touch input
instead, as this might help overcome potential technical difficulties caused by using mouse
clicking for web-based data.

Some limitations of the study and the findings presented here should be considered. One of
the limitations was the small sample size. As mentioned earlier, logistic constrains due to the
availability of time and funding prevented the researchers from testing more participants for
this study. In addition, the fact that some participants (14%) dropped out before completing
any of the web-based measures in the second part of the experiment, which is typical in web-
based research [17], also contributed to the reduction of the data available for the comparison
between lab and web-based testing in the present investigation. Therefore, our findings should
be replicated in a larger study. A second limitation was that test-retest reliability was not exam-
ined here, given that the main aim of this study was to establish valid online versions of known
individual difference measures. Future research should assess test-retest reliability, as it is as an
interesting endeavor for studying individual difference measures in future work. Finally, and
as indicated above, a third limitation concerned technical issues that affected data collection,
as some participants used the wrong keys on the keyboard to submit their responses to the
web-based version of the CVMT, rendering the data from some of the participants impossible
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to use for the comparison; furthermore, data from one subject was missing in the Web-based
MLAT, which may have been due to technical issues at the participant’s end (e.g., not follow-
ing the general instructions given, such as refreshing or closing the browser page [see Proce-
dure]; or Internet disconnection). In this sense, Reips and Krantz [61] (see also [17]) caution
researchers that one of the potential disadvantages of Internet-driven testing is the technical
variability characteristic of web-based research (e.g., different browsers and Internet connec-
tions), which, in turn, may affect data collection.

Conclusion

This study aimed to establish the validity of using web-based versions of established offline
tasks. As such, the study has provided evidence that it is possible to measure individual differ-
ences in cognitive abilities on the web and obtain similar performance as in the lab. The lab-
based and web-based versions of the three cognitive tests are comparable or equivalent. How-
ever, given that they do not perfectly correlate, we recommend using one of the two modes
within one study and not comparing individual scores from one mode with scores from the
other. Moreover, the extent to which the measures are equivalent varies according to the test.
In this sense, we are confident that the two versions for the working memory test (OSpan) and
the verbal declarative memory (MLATS5) are likely to measure the same construct, whereas the
correlation between the nonverbal declarative test (CVMT) versions was less pronounced. Our
research has shown that collecting experimentally controlled data on cognitive individual dif-
ferences typically used in the area of L2 research in the Internet is feasible and comparable to
lab-based collection. Consequently, some of these web-based versions could very well be incor-
porated, for example, in future web-based intervention studies on second language learning,
thereby contributing to the scaling up of data collection in the field [62-64].

Supporting information

S1 Dataset. Dataset behind analyses in ‘Measuring individual differences in cognitive abili-
ties in the lab and on the web’.
(CSV)

Acknowledgments

We would like to thank Johann Jacoby, for his invaluable suggestions that strengthened our
experimental design and analysis.

Author Contributions

Conceptualization: Simon Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.
Data curation: Simén Ruiz.

Formal analysis: Simén Ruiz, Xiaobin Chen, Patrick Rebuschat.

Funding acquisition: Simon Ruiz, Detmar Meurers.

Investigation: Simén Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.
Methodology: Simon Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.
Project administration: Simon Ruiz.

Resources: Simon Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.

Software: Xiaobin Chen, Detmar Meurers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226217 December 11, 2019 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226217.s001
https://doi.org/10.1371/journal.pone.0226217

@ PLOS|ONE

Measuring individual differences on the web

Supervision: Patrick Rebuschat, Detmar Meurers.

Validation: Simon Ruiz, Patrick Rebuschat, Detmar Meurers.

Visualization: Simon Ruiz, Xiaobin Chen, Detmar Meurers.

Writing - original draft: Simén Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.

Writing - review & editing: Simon Ruiz, Xiaobin Chen, Patrick Rebuschat, Detmar Meurers.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Kidd E, Donnelly S, Christiansen MH. Individual differences in language acquisition and processing.
Trends in Cognitive Sciences. 2018; 22(2):154—69. https://doi.org/10.1016/j.tics.2017.11.006 PMID:
29277256

Hamrick P. Declarative and procedural memory abilities as individual differences in incidental language
learning. Learning and Individual Differences. 2015; 44:9-15. https://doi.org/10.1016/j.lindif.2015.10.
003

Ruiz S, Tagarelli KM, Rebuschat P. Simultaneous acquisition of words and syntax: Effects of exposure
condition and declarative memory. Frontiers in Psychology. 2018 12; 9:1168. https://doi.org/10.3389/
fpsyg.2018.01168 PMID: 30050480

Li S. Cognitive differences and ISLA. In: Loewen S, Sato M, editors. The Routledge handbook of
instructed second language acquisition. New York: Routledge; 2017. pp. 396—417.

Pawlak M. Overview of learner individual differences and their mediating effects on the process and out-
come of interaction. In Gurzynski-Weiss L., editor. Expanding individual difference research in the inter-
action approach: Investigating learners, instructors, and other interlocutors. Amsterdam: John
Benjamins; 2017. pp. 19—40.

Larsen-Freeman D. Looking ahead: Future directions in, and future research into, second language
acquisition. Foreign language annals. 2018; 51(1):55—72. https://doi.org/10.1111/flan.12314

Hamrick P, Lum JA, Ullman MT. Child first language and adult second language are both tied to gen-
eral-purpose learning systems. Proceedings of the National Academy of Sciences. 2018; 115(7):1487—
92.

Lado B. Aptitude and pedagogical conditions in the early development of a nonprimary language.
Applied Psycholinguistics. 2017; 38(3):679-701.

Faretta-Stutenberg M, Morgan-Short K. The interplay of individual differences and context of learning in
behavioral and neurocognitive second language development. Second Language Research. 2018; 34
(1): 67-101. https://doi.org/10.1177/0267658316684903

Tagarelli KM, Ruiz S, Moreno Vega JL, Rebuschat P. Variability in second language learning: The roles
of individual differences, learning conditions, and linguistic complexity. Studies in Second Language
Acquisition. 2016; 38(2):293-316. https://doi.org/10.1017/S0272263116000036

Buffington J, Morgan-Short K. Declarative and procedural memory as individual differences in second
language aptitude. In: Wen Z, Skehan P, Biedron A, Li S, Sparks R, editors. Language aptitude: Multiple
perspectives and emerging trends. New York: Routledge; 2019. pp. 215-237.

Marsden E, Morgan-Short K, Thompson S, Abugaber D. Replication in second language research: Nar-
rative and systematic reviews and recommendations for the field. Language Learning. 2018; 68(2):
321-91. https://doi.org/10.1111/lang.12286

Plonsky L. Study quality in SLA: An assessment of designs, analyses, and reporting practices in quanti-
tative L2 research. Studies in Second Language Acquisition. 2013; 35(4): 655-87. https://doi.org/10.
1017/S0272263113000399

Plonsky L. Quantitative research methods. In: Loewen S, Sato M, editors. The Routledge handbook of
instructed second language acquisition. New York: Routledge; 2017. pp. 505-521.

Lindstromberg S. Inferential statistics in Language Teaching Research: A review and ways forward.
Language Teaching Research. 2016; 20(6): 741-68. https://doi.org/10.1177/1362168816649979

Tackett JL, Brandes CM, King KM, Markon KE. Psychology’s replication crisis and clinical psychological
science. Annual review of clinical psychology. 2019; 15:579-604. https://doi.org/10.1146/annurev-
clinpsy-050718-095710 PMID: 30673512

Krantz JH, Reips UD. The state of web-based research: A survey and call for inclusion in curricula.
Behavior Research Methods. 2017; 49(5): 1621-1619. https://doi.org/10.3758/s13428-017-0882-x
PMID: 28409484

PLOS ONE | https://doi.org/10.1371/journal.pone.0226217 December 11, 2019 11/14


https://doi.org/10.1016/j.tics.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29277256
https://doi.org/10.1016/j.lindif.2015.10.003
https://doi.org/10.1016/j.lindif.2015.10.003
https://doi.org/10.3389/fpsyg.2018.01168
https://doi.org/10.3389/fpsyg.2018.01168
http://www.ncbi.nlm.nih.gov/pubmed/30050480
https://doi.org/10.1111/flan.12314
https://doi.org/10.1177/0267658316684903
https://doi.org/10.1017/S0272263116000036
https://doi.org/10.1111/lang.12286
https://doi.org/10.1017/S0272263113000399
https://doi.org/10.1017/S0272263113000399
https://doi.org/10.1177/1362168816649979
https://doi.org/10.1146/annurev-clinpsy-050718-095710
https://doi.org/10.1146/annurev-clinpsy-050718-095710
http://www.ncbi.nlm.nih.gov/pubmed/30673512
https://doi.org/10.3758/s13428-017-0882-x
http://www.ncbi.nlm.nih.gov/pubmed/28409484
https://doi.org/10.1371/journal.pone.0226217

@ PLOS|ONE

Measuring individual differences on the web

18.
19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Roever C. Web-based language testing. Language Learning & Technology. 2001; 5(2):84—94.

Dominguez C, Lopez-Cuadrado J, Armendariz A, Jaime A, Heras J, Pérez TA. Exploring the differ-
ences between low-stakes proctored and unproctored language testing using an Internet-based appli-
cation. Computer Assisted Language Learning. 2019:1-27.

Diaz Maggioli GH. Web-Based Testing. The TESOL Encyclopedia of English Language Teaching.
2018:1-6.

Birnbaum MH. Human research and data collection via the Internet. Annu. Rev. Psychol. 2004; 55:803—
32. https://doi.org/10.1146/annurev.psych.55.090902.141601 PMID: 14744235

Hicks KL, Foster JL, Engle RW. Measuring working memory capacity on the web with the online working
memory lab (the OWL). Journal of Applied Research in Memory and Cognition. 2016; 5(4): 478—89.
https://doi.org/10.1016/j.jarmac.2016.07.010

Wolfe CR. Twenty years of Internet-based research at SCiP: A discussion of surviving concepts and
new methodologies. Behavior research methods. 2017; 49(5): 1615-1620. https://doi.org/10.3758/
$13428-017-0858-x PMID: 28176258

Gwaltney CJ, Shields AL, Shiffman S. Equivalence of electronic and paper-and-pencil administration of
patient-reported outcome measures: a meta-analytic review. Value in Health. 2008; 11(2): 322—-333.
https://doi.org/10.1111/j.1524-4733.2007.00231.x PMID: 18380645

Button KS, loannidis JP, Mokrysz C, Nosek BA, Flint J, Robinson ES, Munafd MR. Power failure: why
small sample size undermines the reliability of neuroscience. Nature Reviews Neuroscience. 2013; 14
(5):365. https://doi.org/10.1038/nrn3475 PMID: 23571845

Branch MN. The “Reproducibility Crisis:” Might the Methods Used Frequently in Behavior-Analysis
Research Help?. Perspectives on Behavior Science. 2019; 42(1):77-89.

Laraway S, Snycerski S, Pradhan S, Huitema BE. An overview of scientific reproducibility: Consider-
ation of relevant issues for behavior science/analysis. Perspectives on Behavior Science. 2019; 42
(1):33-57.

Shrout PE, Rodgers JL. Psychology, science, and knowledge construction: Broadening perspectives
from the replication crisis. Annual review of psychology. 2018; 69:487-510. https://doi.org/10.1146/
annurev-psych-122216-011845 PMID: 29300688

Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, NJ: Erlbaum; 2013.

Stewart N, Chandler J, Paolacci G. Crowdsourcing samples in cognitive science. Trends in cognitive
sciences. 2017; 21(10):736—48 https://doi.org/10.1016/j.tics.2017.06.007 PMID: 28803699

Cowan N. Working memory maturation: Can we get at the essence of cognitive growth?. Perspectives
on Psychological Science. 2016; 11(2): 239-64. https://doi.org/10.1177/1745691615621279 PMID:
26993277

Baddeley AD. Modularity, working memory and language acquisition. Second Language Research.
2017; 33(3): 299-311. https://doi.org/10.1177/0267658317709852

Roehr K. Linguistic and metalinguistic categories in second language learning. Cognitive Linguistics.
2008; 19(1): 67—-106. https://doi.org/10.1515/COG.2008.005

Grundy JG, Timmer K. Bilingualism and working memory capacity: A comprehensive meta-analysis.
Second Language Research. 2017; 33(3): 325—40. https://doi.org/10.1177/0267658316678286

Jeon EH, Yamashita J. L2 reading comprehension and its correlates: A meta-analysis. Language
Learning. 2014; 64(1):160-212. https://doi.org/10.1111/lang.12034

Linck JA, Osthus P, Koeth JT, Bunting MF. Working memory and second language comprehension and
production: A meta-analysis. Psychonomic Bulletin & Review. 2014; 21(4): 861-83. https://doi.org/10.
3758/513423-013-0565-2 PMID: 24366687

Bailey H, Dunlosky J, Kane MJ. Contribution of strategy use to performance on complex and simple
span tasks. Memory & cognition. 2011; 39(3): 447—-61. https://doi.org/10.3758/s13421-010-0034-3
PMID: 21264605

Turner ML, Engle RW. Is working memory capacity task dependent?. Journal of memory and language.
1989; 28(2): 127-54. https://doi.org/10.1016/0749-596X(89)90040-5

Conway ARA, Kane MJ, Bunting MF, Hambrick DZ, Wilhelm O, et al. (2005) Working memory span
tasks: A methodological review and user’s guide. Psychonomic Bulletin and Review 12(12): 769-786.
https://doi.org/10.3758/BF03196772 PMID: 16523997

Zhou H, Rossi S, Chen B. Effects of working memory capacity and tasks in processing L2 complex sen-
tence: evidence from Chinese-English bilinguals. Frontiers in psychology. 2017; 8: 595. https://doi.org/
10.3389/fpsyg.2017.00595 PMID: 28473786

PLOS ONE | https://doi.org/10.1371/journal.pone.0226217 December 11, 2019 12/14


https://doi.org/10.1146/annurev.psych.55.090902.141601
http://www.ncbi.nlm.nih.gov/pubmed/14744235
https://doi.org/10.1016/j.jarmac.2016.07.010
https://doi.org/10.3758/s13428-017-0858-x
https://doi.org/10.3758/s13428-017-0858-x
http://www.ncbi.nlm.nih.gov/pubmed/28176258
https://doi.org/10.1111/j.1524-4733.2007.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/18380645
https://doi.org/10.1038/nrn3475
http://www.ncbi.nlm.nih.gov/pubmed/23571845
https://doi.org/10.1146/annurev-psych-122216-011845
https://doi.org/10.1146/annurev-psych-122216-011845
http://www.ncbi.nlm.nih.gov/pubmed/29300688
https://doi.org/10.1016/j.tics.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28803699
https://doi.org/10.1177/1745691615621279
http://www.ncbi.nlm.nih.gov/pubmed/26993277
https://doi.org/10.1177/0267658317709852
https://doi.org/10.1515/COG.2008.005
https://doi.org/10.1177/0267658316678286
https://doi.org/10.1111/lang.12034
https://doi.org/10.3758/s13423-013-0565-2
https://doi.org/10.3758/s13423-013-0565-2
http://www.ncbi.nlm.nih.gov/pubmed/24366687
https://doi.org/10.3758/s13421-010-0034-3
http://www.ncbi.nlm.nih.gov/pubmed/21264605
https://doi.org/10.1016/0749-596X(89)90040-5
https://doi.org/10.3758/BF03196772
http://www.ncbi.nlm.nih.gov/pubmed/16523997
https://doi.org/10.3389/fpsyg.2017.00595
https://doi.org/10.3389/fpsyg.2017.00595
http://www.ncbi.nlm.nih.gov/pubmed/28473786
https://doi.org/10.1371/journal.pone.0226217

@ PLOS|ONE

Measuring individual differences on the web

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Reber PJ, Knowlton BJ, Squire LR. Dissociable properties of memory systems: differences in the flexi-
bility of declarative and nondeclarative knowledge. Behavioral Neuroscience. 1996; 110(5): 861. https://
doi.org/10.1037//0735-7044.110.5.861 PMID: 8918990

Squire LR. Memory systems of the brain: a brief history and current perspective. Neurobiology of learn-
ing and memory. 2004; 82(3): 171-7. https://doi.org/10.1016/j.nIm.2004.06.005 PMID: 15464402

Eichenbaum H. Hippocampus: cognitive processes and neural representations that underlie declarative
memory. Neuron. 2004; 44(1):109-20. https://doi.org/10.1016/j.neuron.2004.08.028 PMID: 15450164

Squire LR. Memory systems of the brain: a brief history and current perspective. Neurobiology of learn-
ing and memory. 2004; 82(3): 171-7. https://doi.org/10.1016/j.nIm.2004.06.005 PMID: 15464402

Knowlton BJ, Siegel AL, Moody TD. Procedural learning in humans. In Byrne JH, editor. Learning and
memory: A comprehensive reference. 2nd ed. Oxford: Academic Press; 2017. pp. 295-312.

Hamrick P, Lum JA, Ullman MT. Child first language and adult second language are both tied to gen-
eral-purpose learning systems. Proceedings of the National Academy of Sciences. 2018; 115(7): 1487—
1492. https://doi.org/10.1073/pnas.1713975115 PMID: 29378936

Ullman MT. The declarative/procedural model: A neurobiologically motivated theory of first and second
language. In: VanPatten B, Williams J, editors. Theories in second language acquisition: An introduc-
tion. 2nd ed. New York: Routledge; 2015. pp. 135—-158.

Uliman MT. The declarative/procedural model: A neurobiological model of language learning, knowl-
edge, and use. In: Hickok G, Small SA, editors. Neurobiology of language. Amsterdam: Elsevier;
2016. pp. 498-505.

Morgan-Short K, Faretta-Stutenberg M, Brill-Schuetz KA, Carpenter H, Wong PC. Declarative and pro-
cedural memory as individual differences in second language acquisition. Bilingualism: Language and
Cognition. 2014; 17(1):56-72. https://doi.org/10.1017/S1366728912000715

Carpenter, HS. A behavioral and electrophysiological investigation of different aptitudes for L2 grammar
in learners equated for proficiency level. Ph.D. Thesis, Georgetown University. 2008. Available from:
http://hdl.handle.net/10822/558127.

Carroll JB, Sapon SM. Modern Language Aptitude Test: Manual. New York: Psychological Corpora-
tion; 1959.

Trahan DE, Larrabee GJ. Continuous visual memory test. Odessa, FL: Assessment Resources. 1988.

Schneider W, Eschman A, Zuccolotto A. EPrime user’s guide. Pittsburgh, PA: Psychology Software
Tools Inc. 2002.

Unsworth N, Heitz RP, Schrock JC, Engle RW. An automated version of the operation span task.
Behavior Research Methods. 2005; 37(3): 498-505. https://doi.org/10.3758/bf03192720 PMID:
16405146

Wickens TD. Elementary signal detection theory. New York: Oxford University Press; 2002.

R Development Core Team (2016) R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria. http://www.rproject.org.

Bates D, Méachler M, Bolker B, Walker S. Fitting linear mixed-effects models using Ime4. Journal of Sta-
tistical Software. 2015; 67(1), 1-48. https://doi.org/10.18637/jss.v067.i01

Kane MJ, Hambrick DZ, Tuholski SW, Wilhelm O, Payne TW, Engle RW. The generality of working
memory capacity: a latent-variable approach to verbal and visuospatial memory span and reasoning.
Journal of Experimental Psychology: General. 2004; 133(2): 189-217. https://doi.org/10.1037/0096-
3445.133.2.189 PMID: 15149250

Gelman A. The failure of null hypothesis significance testing when studying incremental changes, and
what to do about it. Personality and Social Psychology Bulletin. 2018; 44(1): 16—23. https://doi.org/10.
1177/0146167217729162 PMID: 28914154

Leidheiser W, Branyon J, Baldwin N, Pak R, McLaughlin A. Lessons learned in adapting a lab-based
measure of working memory capacity for the web. In: Proceedings of the Human Factors and Ergonom-
ics Society Annual Meeting 2015. Los Angeles: Sage CA; 2015. pp. 756—760.

Reips UD, Krantz JH. Conducting true experiments on the Web. In: Gosling SD, Johnson JA, editors.
Advanced methods for conducting online behavioral research. Washington, DC: American Psychologi-
cal Association; 2010. pp. 193-216.

MacWhinney B. A shared platform for studying second language acquisition. Language Learning. 2017;
67(S1): 254—75. https://doi.org/10.1111/lang.12220

Meurers D, Dickinson M. Evidence and interpretation in language learning research: Opportunities for
collaboration with computational linguistics. Language Learning. 2017; 67(S1): 66—95. https://doi.org/
10.1111/lang.12233

PLOS ONE | https://doi.org/10.1371/journal.pone.0226217 December 11, 2019 13/14


https://doi.org/10.1037//0735-7044.110.5.861
https://doi.org/10.1037//0735-7044.110.5.861
http://www.ncbi.nlm.nih.gov/pubmed/8918990
https://doi.org/10.1016/j.nlm.2004.06.005
http://www.ncbi.nlm.nih.gov/pubmed/15464402
https://doi.org/10.1016/j.neuron.2004.08.028
http://www.ncbi.nlm.nih.gov/pubmed/15450164
https://doi.org/10.1016/j.nlm.2004.06.005
http://www.ncbi.nlm.nih.gov/pubmed/15464402
https://doi.org/10.1073/pnas.1713975115
http://www.ncbi.nlm.nih.gov/pubmed/29378936
https://doi.org/10.1017/S1366728912000715
http://hdl.handle.net/10822/558127
https://doi.org/10.3758/bf03192720
http://www.ncbi.nlm.nih.gov/pubmed/16405146
http://www.rproject.org
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1037/0096-3445.133.2.189
https://doi.org/10.1037/0096-3445.133.2.189
http://www.ncbi.nlm.nih.gov/pubmed/15149250
https://doi.org/10.1177/0146167217729162
https://doi.org/10.1177/0146167217729162
http://www.ncbi.nlm.nih.gov/pubmed/28914154
https://doi.org/10.1111/lang.12220
https://doi.org/10.1111/lang.12233
https://doi.org/10.1111/lang.12233
https://doi.org/10.1371/journal.pone.0226217

@ PLOS | O N E Measuring individual differences on the web

64. Ziegler N, Meurers D, Rebuschat P, Ruiz S, Moreno-Vega JL, Chinkina M, Li W, Grey S. Interdisciplin-
ary research at the intersection of CALL, NLP, and SLA: Methodological implications from an input
enhancement project. Language Learning. 2017; 67(S1): 209-231. https://doi.org/10.1111/lang.12227

PLOS ONE | https://doi.org/10.1371/journal.pone.0226217 December 11, 2019 14/14


https://doi.org/10.1111/lang.12227
https://doi.org/10.1371/journal.pone.0226217

