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Abstract: Concept mapping (CM) can be an effective strategy to facilitate understanding-based
learning of complex and abstract scientific content. In our study, we tried to answer two questions
that have not yet been clarified: (1) How effective is CM if the learners do not have the textual
learning material available when constructing their concept maps (retrieval setting) in contrast to
when the material is available (elaboration setting)? (2) Do potential effects of the two settings depend
on the intensity of a previous CM strategy training? To this end, we established a quasi-experimental
four-group plan and collected data of N = 93 undergraduate students. The participants received
either a detailed CM strategy training or just a short introduction and were then asked to apply CM
in a retrieval or elaboration setting. The quality of constructed concept maps and content-related
learning success were assessed to determine potential group differences. Overall, our results show a
significantly positive but setting-independent effect of the CM strategy training on methodical CM
skills. However, the different setting conditions differed neither regarding concept map quality nor
content-related learning success, implying that CM in retrieval settings could be as effective as in
elaboration settings.

Keywords: concept mapping; strategy training; retrieval practice; elaboration; organization; knowl-
edge acquisition; cell biology

1. Introduction

As a result of learners’ trouble with learning in STEM subjects such as biology [1–4],
researchers and educators have tried to identify new methods of instruction to afford
learners the best possible learning success [5–11]. While it can certainly be helpful for
learners to visualize abstract systems such as the inside of a cell with an animation or even
with an augmented reality device, the question remains how learners process information,
how they organize it, and how they can learn in an active and meaningful way in contrast
to mere passive reception [12]. Answering these questions is crucial since the learners’
challenge in biology, as in all STEM subjects, is not to merely memorize individual chunks
of information but to think in extensive contexts by connecting these chunks, and thus,
gain a deep understanding of their overall interrelationships [7,13–16]. This, in turn, can
help them to detect interdependencies between different levels of conceptual organization,
for example, regarding different biological systems. In biology, such interdependencies
are also typical for the area of cell biology, which is characterized, among other things,
by complex interconnected concepts ranging on different system levels [17]. However,
the resulting complexity of information can pose a challenge for learners, as the cognitive
processes of organization and elaboration play a crucial role for understanding such
relationships [18–24].

In the context of text-based learning, cognitive processes of organization involve rec-
ognizing which statements of a section and which connections between individual chunks
of information/hierarchical elements are of particular importance. Organization processes
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can be stimulated by appropriate cognitive strategies, including underlining key messages
in a text, writing summaries, or creating illustrations [25]. By applying such strategies,
learners should become aware of existing connections between individual chunks of infor-
mation. Such systematic organization of knowledge can also support its reconstruction
when reproduction is required (e.g., within an exam). In contrast, cognitive processes of
elaboration refer to joining new information and prior knowledge elements [26,27]. Corre-
sponding elaboration strategies therefore include verbal or pictorial enrichment, linking
to examples from everyday life and personal experience, or building analogies. Using
such strategies can stimulate elaboration processes, which are essential for meaningful and
understanding-based learning [28,29] and facilitate connected thinking in the context of
science education [30].

Complementing the research on learning efficacy of cognitive strategies such as or-
ganization and elaboration, increasing attention has also been paid to the mechanism of
retrieval of information from memory and specifically to a possible retroactive effect of
this retrieval on memory organization and the learning performance [31–35]. Retrieval
processes are assumed to occur when learners retrieve information from memory with-
out simultaneous availability of the learning material, resulting in a setting of retrieval
practice [36–39]. In this regard, studies could show that such retrieval practice not only
provides learners with an opportunity to monitor their learning progress but improves
learning itself, as well [39–42]. Compared to retrieval, the operationalization of elabora-
tion processes is usually characterized by a simultaneous availability of learning material,
which the learners actively deal with in order to integrate new information into their prior
knowledge. Following this strain of reasoning, such a setting is called elaborative studying
setting.

Consequently, a plausible approach to promote learning success could lie in using
an organization or elaboration strategy within a retrieval setting. However, according to
O’Day and Karpicke [43], studies combining retrieval practice and elaborative learning
strategies are “woefully sparse” (p. 2).

1.1. Concept Mapping

One learning strategy that has been used for both organization and elaboration but
has rarely been used specifically in a retrieval setting is concept mapping (CM). Previous
findings indicate that CM facilitates learning of abstract topics and complex relationships
in STEM subjects, such as biology [44–48], physics [49,50], and chemistry [51,52]. Products
of applying CM, the concept maps, are network diagrams, representing the types of
relationships between meaningful terms or concepts. In practical terms, such a network is
created by connecting the concepts (nodes) with labelled arrows: while the label indicates
the semantic relation between two concepts, the arrow direction indicates the reading
direction. Two concepts connected by a labelled arrow constitute a so-called proposition,
representing the smallest meaningful unit of a concept map. Areas of concept maps that
are not in close proximity can be associated with each other via building cross-connections
to point out an existing relationship [53–58].

The aforementioned features suggest concept maps to be an isomorphic analogy to the
assumed structure of memory, which is based on Quillian’s semantic network model [59,60].
According to this model, knowledge is represented in more or less hierarchically structured
semantic networks of memory [61,62]. Relationships connecting individual concepts that
form the structure of these memory networks are semantic, logical, and grammatical in na-
ture. As concept maps simplify the cognitive processing of semantic relations by explicating
the logical elements between one concept and another, CM is particularly suitable to facili-
tate an understanding of complex issues. The specification of complex relationships during
CM requires a systematic and analytical approach, leading to structured representations of
contexts in resulting concept maps [58,63–65]. In addition, these processes during CM can
promote organization and elaboration processes [66] and encourage learners to analyze the
learning material on a deeper level, resulting in increasing learning success [44,53,67–73].
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Furthermore, CM can also serve as a metacognitive tool, as noticing one’s own under-
standing and misunderstanding is particularly important for developing metacognitive
skills, which has been named one of the main arguments in favor of teaching students
CM [74–78]. By drawing the mapper’s attention to difficulties regarding the plausible
integration of concepts or the specification of relationships, concept maps can help learners
to recognize knowledge gaps or flawed logic, so they are more likely to become able to
react to them, for example, by restudying the material.

Finally, CM can be used to assess learning success, e.g., by analyzing the number of
propositions specified by learners. From a pedagogical point of view, concept maps can
serve as such a diagnostic tool because they represent the learner’s individual understand-
ing of a respective domain [79,80]. Therefore, a concept map draws the teacher’s attention
to what the learner (already) knows, but also to what the learner did not understand or
what may have been misunderstood. In this regard, research has shown that concept maps
are useful in assessing how learners relate, organize, and structure concepts [81]. Therefore,
it is not surprising that CM has been used as a diagnostic tool in many studies regarding
meaningful learning [82–86].

1.2. Previous Research on the Effectiveness of Concept Mapping in Retrieval Settings

Since CM stimulates the aforementioned processes of organization and elaboration in
the course of working on learning material [87], the experimental design of constructing
concept maps with simultaneous availability of a learning text (elaboration setting) seems
the obvious configuration to enable the learners to understand the text using CM before
their learning success is measured [38,71,88].

An alternative design was used by Blunt and Karpicke [37] to explore the effective-
ness of CM, a typical elaborative learning strategy, in a retrieval practice setting. In two
experiments, they were able to show that CM can also be used effectively within retrieval
practice formats and that the two established learning formats, CM vs. note-taking, each
resulted in better learning outcome in terms of factual and inferential knowledge when
used in a retrieval practice setting instead of a classical elaboration setting in which the
learning material is available. Blunt and Karpicke primarily attribute this learning strategy-
independent finding to generally better skills of the retrieval practice groups’ participants
regarding the use of retrieval cues for knowledge reconstruction [37].

For further exploration of the learning effectiveness of CM as an elaboration-supportive
learning strategy in a retrieval setting, O’Day and Karpicke [43] conducted another two
experiments in which students had to read short texts and practiced retrieving the informa-
tion by free recall, CM, or both. Their results indicate a superiority of the free recall group
over the CM group and the CM-and-recall group regarding retention of information.

However, the aforementioned results of Blunt and Karpicke [37] as well as O’Day and
Karpicke [43] should be viewed with caution since they could have been biased by a lack
of practice and familiarity with CM on the part of the learners, causing additional cognitive
load. These studies’ participants who were asked to apply CM in learning only received a
short introduction about the strategy’s basics, which has also been criticized by researchers
such as Mintzes et al. [89]. In addition, the brevity of the learning text of approximately
250 words used in the study of O’Day and Karpicke [43] may have represented an unrealis-
tically low burden for students and could therefore have undermined their motivation to
elaborate on their prior knowledge.

Since CM is also considered an effective metacognitive tool (see Section 1.1), Karpicke
and Blunt [38], Blunt and Karpicke [37], and O’Day and Karpicke [43] additionally exam-
ined the aspect of judgement of learning (JOL) by asking their participants to judge how
much (0 to 100%) of the learning content they will be able to remember one week later.
The results of Karpicke and Blunt [38] and Blunt and Karpicke [37] show that even though
retrieval practice groups performed better in follow-up tests, students in the elaborative
studying setting rendered higher JOLs beforehand. Comparable results were also found
in other studies focusing on effects of the availability of learning material [90,91]. The
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incorrect prognoses regarding one’s own learning success are often explained by the em-
pirical finding that JOLs apparently show a positive linear dependency on the perceived
ease of information processing. When the material is available to learners, information
processing usually seems smooth and easy, resulting in high JOLs and somewhat unre-
alistic self-efficacy beliefs compared to actual test performance levels. In contrast, it is
possible that active retrieval changes the basis of judgement: instead of judging how easily
information can be read and/or processed, judgments could more likely be based upon the
ease of memory recall of this information during retrieval practice [92–94].

1.3. Previous Research on the Effectiveness of Different Concept Mapping Training Approaches

Since CM requires abilities such as identifying important terms or concepts (e.g., in a
learning text), determining hierarchical relationships among them, and specifying mean-
ingful propositions, it seems obvious that learners need additional training and support to
use the strategy successfully. Accordingly, some studies involved several weeks of training
with repeated intervention and feedback measures [44,45,78,83,89,95,96]. In contrast, other
researchers such as Jonassen et al. [97] state that CM is comparably easy to learn, so they
regard short introductions to be sufficient when investigating the strategy [37,38,43]. Even
if such short introductions have been implemented successfully in some cases [98], it
is not clear to what extent such effects depend on specific characteristics of the partici-
pants (e.g., cognitive abilities, previous experience with CM) and/or methodical variations
between the studies (e.g., level of requirement, intensity of instruction). Accordingly, em-
pirical recommendations on parameters such as the content and duration of a training
course/instruction vary [84,86,99,100].

In a previous study, we already have been able to show that the overall learning
success can be improved by an extensive CM training and that stable CM strategy skills, in
particular, can be promoted by additional integration of scaffolding and feedback elements
in the course of such a training. However, we also noted that our small sample (N = 73)
was not sufficient in terms of external validity and further studies were needed to replicate
these findings [44]. Therefore, in the present study, we wanted to take the opportunity to
validate our previous results.

1.4. Research Questions and Hypotheses

Considering the aforementioned different training and instruction approaches as well
as the different effects of CM setting variations (elaboration vs. retrieval) on learning
outcome, we designed a study to provide more clarity in this regard. Specifically, we try
to answer the following questions, using a four-group plan: (1) How effective is CM if
the learners do not have the textual learning material available while constructing their
concept maps (retrieval setting) in contrast to the classical elaboration setting, where the
learning material is available? (2) Do potential effects of the two settings depend on the
intensity of a previous method training in the utilization of CM? To answer these two
questions, we have translated them into three corresponding hypotheses:

(1) Based on the findings of Blunt and Karpicke [37], we expect that the availability of
the learning material is crucial for cognitive processes during CM. In absence of a
learning text, a CM construction task regarding the learning content should induce
memory-related recall processes which bind cognitive resources usually required for
further elaboration. Vice versa, elaboration processes should increase if the learning
material is available to participants during CM, which should also be reflected in
a more elaborative character of the propositions participants specified in their con-
cept maps. Since a higher level of elaboration is additionally associated with better
learning outcomes in general, we expect these participants to achieve higher scores in
subsequent knowledge tests regarding the covered learning content.

(2) Furthermore, we expect that extensive training in CM is helpful for its successful
use as a learning tool [44,45,95] by inducing a certain familiarity, especially with me-
thodical aspects. This effect should become particularly evident in comparison with
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another condition in which the participants only receive a short introduction to the
CM strategy. Accordingly, we expect participants who took part in an extensive CM
training to show higher CM-related self-efficacy expectations, to achieve better results
in analyzing and editing given concept maps, as well as to make fewer methodical
mistakes when creating own concept maps.

(3) Finally, we expect that the combination of both factors, an extensive CM training
and the availability of the learning material during CM, will improve CM- and
knowledge-related learning outcomes the most, which should also be reflected in a
related metacognitive assessment of the participants regarding their own learning
success [36].

2. Materials and Methods

Our quasi-experimental study was conducted as a four-group plan. On the one hand,
the variable “CM training intensity” (extensive CM training [T+] vs. control training
followed by a short introduction to CM [T−]) was varied; on the other hand, the variable
“availability of learning material” during CM (learning material not available/retrieval
[R] vs. learning material available/elaboration [E]) was varied. The implementation of
this design took place over a six-week period of weekly sessions, which comprised three
consecutive phases:

(1) A training phase (weeks 1–3), in which students received an extensive CM training
(T+) or a control training (T−);

(2) A learning phase (week 4), in which students created a concept map on the topic cell
biology in presence (E) or absence (R) of the respective learning material; and

(3) A test phase (weeks 5–6), in which the students’ learning success was measured by
implementation of various knowledge tests (see Section 2.4).

In order to avoid test effects of the training phase on the later learning and test
phases, we have chosen different but comparably abstract learning topics for these parts:
intelligence for the training phase and cell biology for the learning and test phases. This
approach has proven to be useful in our previous study [44].

The learning texts that the participants worked on during the study units of the
training and learning phases were designed by us prior to our previous study [44] and
assessed as appropriate to the university level by 13 experts in the respective fields of
biology education (n = 9) and psychology (n = 4). The text Theories and Models of
Intelligence comprised 3197 words (8 pages) and was divided into three equal units to cover
the three training sessions, whereas the text The Structure and Function of Eukaryotic Cells
comprised 2010 words (7 pages) and was used entirely in the learning phase. Throughout
the study, the same standard of behavior and situation was strictly implemented for all
four groups in every study-related interaction with the participants in order to minimize
investigator and context effects.

2.1. Sample

A total of N = 93 undergraduate university students of different fields of study (54%
enrolled in a natural science study program) participated in our study. On average, our
participants were 21.9 years old, and 84% of them were female.

Participation was based on self-selection in the first instance, as our study was car-
ried out as part of an elective curricular course on learning strategies. Accordingly, the
participants had to spend their free time, so we offered each weekly session at a total of
five different time slots (different days of the week and different times of the day). After all
participants had individually decided in advance on the most suitable time slot for them,
they were permanently assigned to it for the entire duration of the study. Afterwards, we
randomly assigned each of the five time slot groups to one of the two training conditions,
resulting in a total of n = 48 participants in the T+ and n = 45 participants in the T− groups.
These participants were again randomly assigned to one of the two setting conditions
(learning material not available/retrieval [R] vs. learning material available/elaboration
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[E]), so that the four final quasi-experimental groups were created (see Figure 1). The
minimally unequal distribution of the participants in the respective groups is due to a
dropout of a total of five subjects during the study period.
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2.2. Procedure

During the three training sessions (weeks 1 to 3), all participants worked on a learning
text on the topic of intelligence, but the groups differed in terms of the strategy they should
use in learning: whereas the T+ groups used CM, the T− groups used non-CM strategies.
Accordingly, the participants in both groups received different instructions, which were
partly based on that of our previous study, and thus, already proven to be useful [44]:

(1) Participants of the T+ groups received an extensive CM training including supportive
and feedback elements. Every weekly session started with a theoretical lecture on
the CM strategy. In addition to the lectures, the participants received CM-specific
scaffolding (see Table 1) and metacognitive prompts regarding the individual study
unit following the lecture (e.g., “Did I label all arrows clearly, concisely, and cor-
rectly?”; adapted from Großschedl and Harms [101,102]). However, the number of
prompts was reduced over the course of the training phase (fading) [73] to prevent
unnecessary distraction. In order to give the participants the opportunity to check
the correctness of the concept maps they had constructed, they received a scripted
overview of the most common CM errors. Feedback by the instructor was provided
continuously during the study unit: individual verbal feedback was given on request
during the participants’ construction of own concept maps, and written feedback on
these constructed concept maps was given after the study unit using a knowledge of
correct results (KCR) approach. Here, feedback was limited to marking CM errors
and pointing out possible resulting misconceptions. In addition, an expert map was
discussed at the end of each training session, so participants had the opportunity to
compare it to their own and ask questions.

(2) Participants of the T− groups did not receive any CM training but rather a control
training including popular non-CM learning strategies [103,104] (see Table 1). How-
ever, the training sessions’ procedure followed a similar pattern to that of the T+
groups: the instructor started with an advance organizer and introduced the learning
strategy to be used that day, including metacognitive prompts. Afterwards, partici-
pants used the respective strategy to work on the learning material, whose content
was identical to that of the T+ groups and related to the topic of intelligence. At
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the end of the training session, an expert solution was discussed, too, allowing for
comparison of own learning results and asking questions.

Table 1. Group activities during the training phase.

Training Content Week 1 Week 2 Week 3

Scaffolding in T+
group Skeleton map Given set of concepts Free practice

Learning strategy in
T− group

Small group
discussion Writing a summary Carousel workshops

T+ = CM training group (n = 48); T− = control training group (n = 45).

At the beginning of the learning phase in week 4, all participants of both training
conditions received a short introduction to the CM strategy as the T− groups had not
yet received any CM training. For the participants of the T+ groups, this was certainly
a repetition, but it seemed important to us to refresh their knowledge at the beginning
of the learning phase in order to counteract a possible diminishing effect of the training.
After this short introduction, all participants filled out a questionnaire on their CM-related
self-efficacy expectation. We expected the T+ groups to rate this higher than the T−
groups. In order to be able to check objectively whether their assessment was accurate,
they received a pre-built but error-including concept map afterwards, in which as many
errors as possible should be detected and corrected within a four-minute time limit. In
the following study unit, all participants read a text on the structure and functions of
eukaryotic cells. Afterwards, those participants of the T+ and T− groups who were
assigned to the elaboration setting were allowed to keep the text while constructing a
concept map on the topic of cell biology (groups T+E and T−E), whereas those who were
assigned to the retrieval setting had to construct the map without the text available (groups
T+R and T−R; see Figure 1). After completing CM, all participants gave a judgment of
learning on how much about the topic of cell biology they would remember one week later
(see Section 2.4.2).

In the test phase (weeks 5 and 6), on the one hand, the participants’ CM skills were
assessed again in the context of a further construction of a concept map on the topic of cell
biology, and on the other hand, we evaluated their overall learning success by application
of declarative, structural, and conceptual knowledge tests (see Section 2.4.3).

2.3. Concept Map Scoring

Taking into account the expectation that participants who had the learning material
available during CM (elaboration setting) would potentially specify more propositions than
those who worked memory-based (retrieval setting), we used two different approaches to
evaluate the quality of the concept maps constructed: an absolute (aQCM) and a balanced
quality of concept map (bQCM) index. This approach has proven to be useful in our
previous study [44].

(1) In order to determine the aQCM index, we followed the approach of McClure
et al. [105], assigning each specified concept map proposition a value of 0 to 3 points:
0 points if there actually did not exist a relation between the concepts; 1 point if there
was a relation between the concepts, but the arrow label was meaningless; 2 points
if the arrow label was meaningful, but the arrow pointed in the wrong direction;
3 points if the whole proposition was correct and meaningful.

(2) In contrast, the bQCM index considers the statistically higher probability of making
mistakes when specifying more propositions by putting the aQCM index into relation
to the number of the participants’ overall propositions specified.

Additionally, we analyzed the type of the participants’ CM mistakes by classifying
them as methodical (e.g., missing arrowhead) or content-related (e.g., animals—have→cell
walls). On the one hand, this categorization allows for quantifying individual methodical
CM skills by focusing on the concept map error ratio (number of methodical mistakes
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divided by the number of overall propositions specified). On the other hand, it can be
used to assess individual understanding of the learning content by focusing on the content-
related error ratio (number of content-related mistakes divided by the number of overall
propositions specified).

Finally, we analyzed the type of the participants’ CM propositions by classifying them
as recall- (R), organization- (O), or elaboration-suggesting (E). If both the relation and the
associated concepts were covered completely by the learning material, this suggests an
R-proposition; relations that were not explicitly named in the learning material but were
constructed between concepts covered by it represent O-propositions; relations between
two concepts, which included at least one that was not mentioned in the learning material,
represent E-propositions, since prior knowledge needed to be integrated into the concept
map (see Section 3.5).

2.4. Further Measures and Operationalizations

In the following, we describe the operationalization of the other dependent variables
and some variables we controlled for baseline differences in chronological order of the
consecutive study phases. Figure 2 provides an overview of all assessed variables and their
relations to the study’s hypotheses.
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2.4.1. Measures of the Training Phase (Week 1)

At the beginning of the training phase, we first assessed socio-demographic data and
other relevant variables we controlled for baseline differences: (1) familiarity with CM,
(2) prior knowledge of biology, and (3) reading skills (see Section 3.1).

Familiarity with CM was assessed via a questionnaire adapted from McClure et al. [105].
Using seven items, the participants rated their previous experience with CM on a five-point
Likert scale (1 = never/very rarely to 5 = very often/always). The internal consistency of this
scale was α = 0.88.

The participants’ prior knowledge of biology was assessed in two different ways in
order to obtain both a valid indicator for general knowledge of biology and a specific one
regarding the topic of cell biology. For this purpose, we asked about the extent of their
biology education during the past two years of schooling (no biology vs. basic biology vs.
advanced biology) and used an 18-item knowledge test on the topic of cell biology. This test
comprised (partly adapted) established items used in previous studies [24,44,106–108], and
consisted of single-choice and grouping tasks. For the present sample, this test showed an
internal consistency of α = 0.77 (after three items were excluded due to a lack of item-total
correlation).

Since the participants had to work on the (demanding) learning texts in a given time
frame during the learning units, it seemed important to us to ensure that there were no
systematic variations regarding reading speed and comprehension. Therefore, we assessed
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both variables using a validated instrument (Lesegeschwindigkeits- und Verständnistest
[LGVT] 6–12) [109]. The task was to fulfill blank spaces by marking in each case the one
meaningful out of three answer options while reading the text as fast as possible. The
LGVT’s internal consistency was α = 0.51 for the present sample, indicating a lack of
homogeneity of the construct [110]. Consequently, we needed to exclude the scale from
further analyses.

2.4.2. Measures of the Learning Phase (Week 4)

After all participants had received the short introduction to the CM strategy at the
beginning of the learning phase, they filled out a questionnaire on their CM-related self-
efficacy expectation (see Section 3.2), as we expected differences between the T+ and T−
groups. The scale (α = 0.83) consisted of six items (e.g., “I feel competent in choosing the
important concepts for my concept map”, or “I could explain concept mapping only with
words to a friend so that he could construct one on his own”), each rated on a five-point
Likert scale (1 = I do not agree at all to 5 = I strongly agree). Afterwards, the participants
received a pre-built but error-including concept map, in which as many errors as possible
should be detected and corrected within a four-minute time limit (see Section 3.2). The
pre-built concept map consisted of 18 propositions and a total of 10 common errors (e.g.,
missing arrowhead). Two measures were considered to obtain an objective measure of CM
competence (besides the CM-related self-efficacy ratings): the number of errors detected
and the accuracy of error correction.

The concept maps constructed by the participants themselves on the topic of cell biol-
ogy were evaluated following the procedure described in Section 2.3 (see also Section 3.5).
Interrater reliability of bQCM indexing was proven by randomly selecting one-third of the
participants’ concept maps for an independent re-scoring by a second rater [111]. The anal-
ysis yielded excellent interrater reliability on average (ICCunjust = 0.98, CI95% [0.93, 0.99]),
indicating that participants’ concept maps can be clearly judged using the coding scheme
provided [112].

In addition to the CM-related measures, we assessed the judgment of learning (JOL)
by asking the participants to give a metacognitive prediction regarding their learning
outcome one week later (see Sections 1.2 and 3.3). As many researchers suggest that CM
represents a useful metacognitive learning tool [66,113], this kind of JOL prediction has
been used in several previous studies [37,38,43]. Specifically, we asked our participants to
rate on a scale from 0 to 100% how much information of the learning text on cell biology
they will probably remember one week later. Later on, these JOLs were compared to the
corresponding objective performance measures resulting from knowledge tests of the test
phase (see Section 2.4.3).

2.4.3. Measures of the Test Phase (Weeks 5 and 6)

In order to evaluate the participants’ overall learning outcome, several measures
were used during the two test sessions, including re-assessment of CM competence
(see Section 3.5) as well as testing of declarative, structural, and conceptual knowledge
(see Section 3.4). The three latter types of knowledge differ from one another: (1) declar-
ative knowledge refers to coexisting but separate facts, (2) structural knowledge also
includes relationships between such individual chunks of information, and (3) conceptual
knowledge is characterized by a highly decontextualized organization of features and
principles within the facts and their interrelations. Accordingly, learners with a high level
of conceptual knowledge can flexibly use extensive abstract knowledge in different specific
contexts [114,115].

The test phase started with the participants being given the task of constructing a
concept map within 60 min by using a given set of 22 concepts taken from the text of
the learning phase on the topic of cell biology. Concept map evaluation followed aQCM
and bQCM indexing, as described in Section 3.3. Using the same procedure as for the
corresponding measure of the learning phase, the interrater reliability was determined
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for one-third of the participants’ concept maps; this analysis indicated it as excellent on
average (ICCunjust = 0.99, CI95% [0.90, 1.00]) [112].

After solving the CM task, participants’ cell biology-related structural knowledge was
assessed in a 30-minute time frame using a 55-item Similarity Judgments Test (SJT; adapted
from Großschedl and Harms [116]). This SJT consisted of pairs of overall 11 cell biological
concepts (e.g., “cell membrane”–“ribosomes”; “rough endoplasmic reticulum”–“proteins”),
and the participants’ task was to judge the semantic proximity of these pairs on a nine-point
Likert scale (1 = minimally related to 9 = strongly related). In order to control for possible
sequence effects, the 55 pairs were presented in a balanced manner using two test versions
A and B. The participants’ individual responses for each item were compared to an average
rating of n = 7 experts. Regarding these experts’ rating, the intraclass correlation coefficient
indicated excellent agreement on average (ICCunjust = 0.95, CI95% [0.93, 0.97]) [112], so
content validity of the procedure can be assumed. The correlation of the participants’ and
experts’ ratings was used as indicator of structural knowledge.

The first test session (week 5) ended after a test on declarative knowledge of cell
biology (60 min). This multiple-choice test comprised a total of 30 items (e.g., “Which
of the following statements about the cytoplasm are correct?”) and showed an internal
consistency of α = 0.85. During the last day of our study (week 6), the participants’ cell
biology-related conceptual knowledge was assessed. For this purpose, we have created a
15-item open answer format test (α = 0.86) including an associated coding manual. The
participants’ answers were coded as either incorrect (0 points), partially correct (1 point)
or completely correct (2 points). Face validity of both the test and the coding manual was
checked in advance by six independent experts in the fields of biology education (n = 3)
and test construction (n = 3) and found to be adequate.

3. Results

To determine the statistical correlations and differences of interest, we used paramet-
ric (Pearson correlation, t-test, ANOVA, and MANOVA) and non-parametric statistical
analyses (Chi2, Mann–Whitney, and Kruskal–Wallis test). The specific decision for a para-
metric or non-parametric method was based on distribution parameters of the analyzed
variables. Accordingly, relevant empirical distributions (skewness, kurtosis, variance) were
always considered within preliminary analyses in order to be able to decide whether the
assumption of parametric statistical analyses were met. If there were significant deviations
in one or more of these parameters, we applied nonparametric analyses accordingly.

In order to ensure the best possible clarity, the following results section is structured by
content-related aspects, i.e., the analyses referring to related measures (e.g., all knowledge
tests) are reported together.

3.1. Baseline Difference Testing

Since our sample was made up of self-selected participants and the number of subjects
per test condition was comparatively small, we first checked for potential baseline differ-
ences between the groups on relevant variables using the data assessed at the beginning of
the training phase.

Regarding the categorical variables educational level in biology and university study
program, Chi2 tests indicates an equal distribution across the four groups (see Table 2).

Regarding the metric variables age, GPA, prior knowledge in cell biology, and famil-
iarity with CM, the results of a univariate ANOVA do not indicate any baseline differences
(see Table 3).
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Table 2. Chi2 test results regarding possible baseline differences between the four (quasi-) experi-
mental groups.

Variable Category
Observed n in Groups

Chi2 Test
T+E T+R T−E T−R

Educational
level in biology

essential 2 7 6 8
χ2(6) = 7.83, p = 0.25basic 17 13 9 11

advanced 4 5 8 4

University study
program

B. A. 12 14 8 9
χ2(3) = 2.75, p = 0.43B. Sc. 11 11 15 13

T+E = CM training group (n = 23) assigned to elaboration setting (learning material available during CM);
T+R = CM training group (n = 25) assigned to retrieval setting (learning material not available during CM);
T−E = control training group (n = 23) assigned to elaboration setting (learning material available during CM);
T−R = control training group (n = 22) assigned to retrieval setting (learning material not available during CM); an
essential educational level in biology means no biology education during the past two years of schooling.

Table 3. ANOVA results regarding possible baseline differences between the four (quasi-) experimental groups.

Variable

Group

ANOVAT+E T+R T−E T−R

M SD M SD M SD M SD

Age 22.96 7.54 21.28 4.04 22.09 5.31 21.27 4.44 F(3, 89) = 0.50, p = 0.69
GPA 1.95 0.67 2.06 0.74 2.06 0.67 1.80 0.53 F(3, 89) = 0.83, p = 0.48

Prior knowledge of cell biology 8.52 3.13 7.28 3.61 7.00 4.10 7.04 3.43 F(3, 89) = 0.92, p = 0.44
Familiarity with CM 1.60 0.64 1.81 0.83 1.94 0.74 2.22 0.89 F(3, 89) = 2.49, p = 0.07

Reading speed analyses not carried out due to the scale’s lack of reliability (α = 0.51; see Section 2.4.1)
Reading comprehension

T+E = CM training group (n = 23) assigned to elaboration setting (learning material available during CM); T+R = CM training group (n = 25)
assigned to retrieval setting (learning material not available during CM); T−E = control training group (n = 23) assigned to elaboration
setting (learning material available during CM); T−R = control training group (n = 22) assigned to retrieval setting (learning material not
available during CM); M = mean value; SD = standard deviation; a lower GPA (=final school exam grade) indicates better performance; the
maximum score for prior knowledge of cell biology was 15.

Consequently, no covariates were included additionally in subsequent statistical
analyses as our results do not show any significant group differences regarding potentially
confounding variables.

3.2. Concept Mapping-Related Self-Efficacy and Error Detection Task (Measures Prior to Learning
Phase, Week 4)

After all participants of both training conditions received a short introduction to the
CM strategy at the beginning of the learning phase in week 4, CM-related self-efficacy
expectations and objective measures of CM competence by working on a pre-built but
error-including concept map were assessed.

Although we had expected that the T+ groups would show higher CM-related self-
efficacy expectations after the training phase than the T− groups, the corresponding
Mann–Whitney test surprisingly showed no statistically significant group differences
(see Table 4).

Furthermore, Mann–Whitney test could not reveal any statistically significant dif-
ferences between the T+ and T− groups regarding the number of errors detected when
working on a pre-built but error-including concept map. However, a comparison of the ac-
curacy of error correction indicates a significant group difference in favor of the T+ groups,
specifically with regard to the mean number of improperly corrected errors U(n1 = 48,
n2 = 45) = 878.0, p < 0.05, dCohen = 0.33 (see Table 4).



Educ. Sci. 2021, 11, 530 12 of 25

Table 4. Mann–Whitney test results regarding CM-related self-efficacy and the error map task.

Variable

Group

Mann–Whitney TestT+ T−

M SD M SD

CM self-efficacy 5.21 1.05 5.17 1.14 U = 1071.0, p = 0.94
Error detection 7.52 2.09 7.27 1.63 U = 1219.5, p = 0.28

Proper error correction 7.48 2.12 7.27 1.63 U = 1209.0, p = 0.31
Improper error correction 0.23 0.59 0.44 0.66 U = 878.0, p < 0.05

T+ = CM training group (n = 48); T− = control training group (n = 45); M = mean value; SD = standard deviation;
the maximum score for error detection and proper error correction was 10.

3.3. Metacognitive Prediction/Judgment of Learning (JOL)

An ANOVA carried out to determine differences regarding the JOL showed no sig-
nificant differences between the four groups, F(3, 89) = 0.79, p = 0.50. This means, on
average, all groups were equally confident about their later learning success, even though
the groups nominally differed slightly in their ratings: group T−E predicted the most
success (M = 57.39, SD = 20.72), followed by group T−R (M = 55.91, SD = 24.23), group
T+E (M = 53.91, SD = 22.10), and group T+R (M = 47.6, SD = 27.58). This result indicates
that neither an extensive CM training nor the presence or absence of the learning material
during CM influence the JOLs significantly.

In addition, correlational analyses across all groups indicate statistically significant as-
sociations between these JOLs and corresponding objective performance measures resulted
from the test phase’s knowledge tests (see Table 5). However, the results show that the
students’ reference point in giving their metacognitive prediction obviously related more
to declarative (r = 0.62, p < 0.001) and structural (r = 0.52, p < 0.001), but less to conceptual
knowledge (r = 0.15, p = 0.16). In this context, it is noticeable that conceptual knowledge did
not correlate with neither the metacognitive prediction nor with declarative or structural
knowledge and thus actually seems to represent an independent domain of knowledge.

Table 5. Correlations between JOL and objective performance measures across all groups (N = 93).

Variable 1 2 3 4

1 Metacognitive prediction —
2 Declarative knowledge 0.62 *** —
3 Structural knowledge 0.52 *** 0.65*** —

4 Conceptual knowledge 0.15 0.09 0.14 —
Declarative knowledge refers to coexisting but separate facts; structural knowledge also includes relationships
between these facts; conceptual knowledge is characterized by a highly decontextualized organization of features
and principles within the facts and their interrelations; *** = p < 0.001.

3.4. Declarative, Structural, and Conceptual Knowledge

In order to evaluate the students’ overall learning outcome, we assessed three different
types of knowledge beside CM quality in the test phase (weeks 5 and 6). To determine poten-
tial group differences between all four groups, we carried out two analyses: (1) MANOVA,
taking into account declarative and structural knowledge as one latent dependent variable
(linear combination), as the correlation analysis had already shown that these two types
of knowledge were highly correlated in our sample, and (2) a separate ANOVA for the
variable of conceptual knowledge, as it has been proven to be independent from the other
types of knowledge (see Section 3.3). However, these analyses could neither reveal any
significant group differences in terms of declarative and structural knowledge nor in terms
of conceptual knowledge (see Table 6). On the other hand, these results are consistent with
our findings above that no significant group differences could be shown regarding the
metacognitive prediction of learning success in terms of knowledge acquired, even though
two of the three types of knowledge were partially highly correlated across all groups.
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Table 6. (M)ANOVA results regarding different types of knowledge acquired.

Variable

Group

(M)ANOVAT+E T+R T−E T−R

M SD M SD M SD M SD

Declarative Knowledge 17.48 6.25 16.96 6.56 19.52 5.55 17.32 5.35 F(6, 178) = 0.78, p = 0.58
Structural Knowledge 0.40 0.18 0.41 0.19 0.41 0.20 0.39 0.21

Conceptual Knowledge 14.61 7.26 14.20 5.63 15.43 6.36 13.27 6.34 F(3, 89) = 0.44, p = 0.72

T+E = CM training group (n = 23) assigned to elaboration setting (learning material available during CM); T+R = CM training group (n = 25)
assigned to retrieval setting (learning material not available during CM); T−E = control training group (n = 23) assigned to elaboration
setting (learning material available during CM); T−R = control training group (n = 22) assigned to retrieval setting (learning material
not available during CM); M = mean value; SD = standard deviation; the maximum scores for declarative knowledge and conceptual
knowledge were 30; the maximum score for structural knowledge was 1.0.

In addition to these analyses taking into account all four groups, we performed spe-
cific comparisons between the two settings elaboration (E) and retrieval (R), neglecting
the affiliation to the T+ and T− groups, as we expected that a higher level of elabora-
tion is associated with better learning outcomes in general, including better knowledge.
However, these comparisons also did not show any significant differences in terms of
significant advantages of the elaboration groups regarding the three domains of knowledge
(see Table 7).

Table 7. t-test results regarding different types of knowledge acquired.

Variable

Group

t-TestE R

M SD M SD

Declarative Knowledge 18.50 5.94 17.13 5.96 t(91) = 1.11, p = 0.27
Structural Knowledge 0.40 0.19 0.40 0.20 t(91) = 0.06, p = 0.95

Conceptual Knowledge 15.02 6.76 13.77 5.93 t(91) = 0.95, p = 0.34
E = group (n = 46) assigned to elaboration setting (learning material available during CM); R = group (n = 47)
assigned to retrieval setting (learning material not available during CM); M = mean value; SD = standard deviation;
the maximum scores for declarative knowledge and conceptual knowledge were 30; the maximum score for
structural knowledge was 1.0.

3.5. Concept Map Quality

In order to be able to evaluate the quality of the concept maps created by the partici-
pants both in the learning (week 4) and in the test phase (weeks 5 and 6), we used several
indicators: (1) an absolute (aQCM) and a balanced quality of concept map (bQCM) index,
(2) an analysis of the type of the participants’ CM mistakes, and (3) an analysis of the type
of the participants’ CM propositions (see Section 2.3).

3.5.1. aQCM and bQCM Indices

Regarding the aQCM and bQCM indices, the four groups only differed in the learning
phase (week 4), FaQCM(3, 88) = 4.23, p < 0.01, dCohen = 0.76 and χ2

bQCM(3) = 8.66, p < 0.05,
dCohen = 0.52 (see Table 8). An additional specific consideration of the learning phase’s
settings shows that the elaboration groups achieved significantly higher scores on average
than the retrieval groups: UaQCM(n1 = 47, n2 = 46) = 1310.5, p < 0.05, dCohen = 0.37 and
UbQCM(n1 = 47, n2 = 46) = 1384.0, p < 0.05, dCohen = 0.50. Regarding the later test phase,
however, we found no significant group differences at all, indicating equal CM quality
across all groups on average (see Table 8).
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Table 8. ANOVA and Kruskal–Wallis test results regarding aQCM and bQCM indices.

Variable

Group
Kruskal–Wallis

Test/ANOVA
T+E T+R T−E T−R

M SD M SD M SD M SD

aQCM Index (LP) 106.30 37.87 78.13 35.60 124.70 59.82 113.55 50.70 F(3, 88) = 4.23, p < 0.01
bQCM Index (LP) 2.70 0.34 2.46 0.52 2.62 0.31 2.40 0.49 χ2(3) = 8.66, p < 0.05
aQCM Index (TP) 62.00 19.27 59.40 22.08 62.72 14.22 63.27 21.90 F(3, 89) = 0.18, p = 0.91
bQCM Index (TP) 2.40 0.44 2.50 0.38 2.37 0.40 2.32 0.38 χ2(3) = 2.94, p = 0.40

T+E = CM training group (n = 23) assigned to elaboration setting (learning material available during CM); T+R = CM training group (n = 25)
assigned to retrieval setting (learning material not available during CM); T−E = control training group (n = 23) assigned to elaboration
setting (learning material available during CM); T−R = control training group (n = 22) assigned to retrieval setting (learning material not
available during CM); M = mean value; SD = standard deviation; aQCM Index = absolute quality of concept map index; bQCM = balanced
quality of concept map index; LP = learning phase; TP = test phase.

3.5.2. Types of Mistakes

Additionally, we analyzed the type of the participants’ CM mistakes by determining
the concept map error ratio (number of methodical CM mistakes divided by the number
of overall propositions specified) and the content-related error ratio (number of content-
related mistakes divided by the number of overall propositions specified; see Table 9).

Table 9. Means and standard deviations regarding the type of the participants’ CM mistakes.

Group
Concept Map Error Ratio (%) Content-Related Error Ratio (%)

Learning Phase Test Phase Learning Phase Test Phase

M SD M SD M SD M SD

Training T+ 7.0 12.0 2.0 4.0 10.0 8.0 21.0 16.0
T− 10.0 11.0 7.0 8.0 9.0 7.0 22.0 15.0

Setting R 10.0 14.0 4.0 6.0 12.0 9.0 21.0 15.0
E 7.0 9.0 5.0 6.0 7.0 6.0 21.0 16.0

Means and standard deviations are reported as percentages, so an error ratio of M = 7 indicates that, on average,
7.0% of specified propositions were inaccurate (CM- or content-related); M = mean value; SD = standard deviation;
T+ = CM training group (n = 48); T− = control training group (n = 45); R = retrieval setting (learning material not
available during CM; n = 47); E = elaboration setting (learning material available during CM; n = 46).

Regarding these measures, we first performed a Mann–Whitney test to evaluate
whether the CM-related mistakes differed between the participants of the two training
conditions T+ and T−. An analysis of all four groups, in which the setting is also taken
into account, was not advisable at this point, since it cannot be plausibly assumed that the
setting influences the rate of merely methodical CM mistakes (see Sections 1.1 and 1.2).
Our results show that an extensive CM training significantly reduced the CM error ratios
both in the learning phase U(n1 = 48, n2 = 45) = 783.5, p < 0.05, dCohen = 0.49, and in the test
phase, U(n1 = 48, n2 = 45) = 656.0, p < 0.001, dCohen = 0.72.

Afterwards, we performed a second Mann–Whitney test to evaluate whether the
content-related mistakes differed between the participants of the two setting conditions
elaboration (E) and retrieval (R). An analysis of all four groups, in which the training
is also taken into account, was again not advisable, as this time it cannot be plausibly
assumed that merely methodical CM skills influence the rate of content-related mistakes
(see Section 1.3). Regarding the learning phase, our results show that the elaboration
groups’ content-related error ratios were significantly lower than those of the retrieval
groups: U(n1 = 47, n2 = 46) = 697.5, p < 0.01, dCohen = 0.64. However, these differences go
missing when looking at the test phase. Accordingly, the retrieval groups’ higher content-
related error ratio in the learning phase, indicating more misconceptions, does not seem to
have a meaningful impact on later performance.
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3.5.3. Types of Propositions

Finally, we analyzed the type of the participants’ CM propositions that were specified
during the learning phase in the presence or absence of the learning material. Since the
total number of specified propositions differed significantly between groups, F(3, 88) = 5.84,
p < 0.01, dCohen = 0.89, we decided to report the respective ratios of proposition categories
here. A Kruskal–Wallis test taking into account all four groups showed no statistically
significant differences, but non-specific trends (p < 0.10) regarding the E- and R-proposition
ratios (see Table 10), so we decided to take a closer look at the specific differences between
the settings elaboration and retrieval, neglecting the affiliation to the T+ and T− groups.

Table 10. Kruskal–Wallis test results regarding different types of CM propositions specified.

Variable

Group

Chi2 TestT+E T+R T−E T−R

M SD M SD M SD M SD

R-proposition ratio (%) 93.0 10.0 87.0 16.0 88.0 10.0 84.0 14.0 χ2(3) = 6.98, p = 0.07
O-proposition ratio (%) 2.0 3.0 3.0 5.0 2.0 3.0 3.0 4.0 χ2(3) = 1.73, p = 0.63
E-proposition ratio (%) 1.0 2.0 1.0 3.0 0.4 1.0 3.0 5.0 χ2(3) = 6.44, p = 0.09

T+E = CM training group (n = 23) assigned to elaboration setting (learning material available during CM);
T+R = CM training group (n = 25) assigned to retrieval setting (learning material not available during CM);
T−E = control training group (n = 23) assigned to elaboration setting (learning material available during CM);
T−R = control training group (n = 22) assigned to retrieval setting (learning material not available during CM);
M = mean value; SD = standard deviation; R-proposition = recall-suggesting proposition; O-proposition =
organization-suggesting proposition; E-proposition = elaboration-suggesting proposition; means and standard
deviations for proposition ratios are reported as percentages, so a R-proposition ratio of M = 93 indicates that, on
average, 93.0% of propositions in the concept map were recall-suggesting.

In respect of these potential setting effects, the respective Mann–Whitney tests indicate
still no significant difference regarding R-propositions, U(n1 = 47, n2 = 46) = 1259.5, p = 0.11,
but regarding E-propositions, U(n1 = 47, n2 = 46) = 866.5, p < 0.05, dCohen = 0.35. The
latter result indicates that participants of the retrieval setting obviously specified more
E-propositions (M = 1.91; SD = 3.99), although we had plausibly assumed the opposite,
namely that participants who had the learning material available during CM would specify
more (M = 0.54; SD = 1.77). Overall, the fact that there are significant differences between
the settings, but not if the affiliation to the training groups is taken into account, can be
interpreted as an indication that the presence or absence of the learning material during
CM influences the quality of propositions specified considerably stronger than an extensive
CM training.

4. Discussion

In our study, we tried to find out to what extent CM- and knowledge-related learning
success measures differ depending on CM training intensity and the (non-) availability of
learning material during the creation of concept maps in order to identify determinants
for a learning-effective implementation of CM in academic contexts. Overall, our results
show a significantly positive but setting-independent effect of the CM strategy training on
CM-related learning outcome but not necessarily on knowledge-related learning outcome.
Regarding the different setting conditions, we found both advantages and disadvantages,
but in the end, the groups seem to perform equally effective, implying that CM in retrieval
settings could be as effective as in elaboration settings.

4.1. Decision on Hypothesis 1

Our first hypothesis based on the assumption that non-availability of learning material
during CM (R groups) could be crucial for induced cognitive processes by increasing
memory-related recall [37], and thus, binding cognitive resources required for further
elaboration. Accordingly, we expected an increase in elaboration processes if the learning
material was available during CM (E groups), resulting in a more elaborative character
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of the propositions that participants specified in their concept maps and an achievement
of higher scores in subsequent knowledge tests regarding the covered learning content
(see Section 1.4).

Regarding the general quality of specified propositions (aQCM and bQCM indices)
and the content-related error ratios within the participants’ concept maps of the learning
phase, the E groups achieved higher scores on average than the R groups, but both differ-
ences levelled out until the test phase one week later (see Section 3.5.1 and Section 3.5.2).
Furthermore, regarding the types of propositions, our results surprisingly show that partici-
pants of the E groups specified significantly fewer elaboration-suggesting propositions than
participants of the R groups (see Section 3.5.3). Finally, regarding declarative, structural,
and conceptual knowledge, our analyses did not reveal any significant advantages of the
E groups (see Section 3.4). Accordingly, hypothesis 1 is not empirically supported by the
data collected in our sample.

The result that, at least in the learning phase, the E groups generally specified higher
quality propositions, which also offered fewer content-related mistakes, indicates that the
availability of the learning material during CM obviously enables the learners to check
whether their propositions specified are consistent with the text and, if necessary, to correct
mistakes. Nevertheless, this process did not lead to stable learning effects in our study, as
such effects should have been reflected in the test phase one week later. Accordingly, it
seems likely that the availability of the learning material during a specific CM task can
positively influence methodical quality aspects but does not have a beneficial effect on the
consolidation of the learning content itself. This finding is in line with that of Blunt and
Karpicke [37], who also consider their elaboration groups’ participants to focus more on
detailed representations of encoded knowledge than on improvement of cue diagnosticity,
occurring more likely in retrieval practice groups. Additionally, these considerations imply
a plausible explanation for the counterintuitive finding that participants of the E groups
specified significantly fewer elaboration-suggesting propositions than participants of the R
groups. The E groups’ participants may have focused more on methodically converting
the information of the text into high-quality propositions, neglecting the integration of this
information into prior knowledge structures, which is crucial for the specification of propo-
sitions of a more elaborative character. Conversely, the higher proportion of elaboration
processes in the R groups could obviously not support better knowledge consolidation,
since the two groups achieved similar scores regarding subsequent tests of declarative,
structural, and conceptual knowledge. Accordingly, this result is inconsistent with the
previous findings of Blunt and Karpicke [37] as well as O’Day and Karpicke [43], stating
the superiority of retrieval practice over elaboration regarding knowledge acquisition.
However, the fact that the availability of the learning material does not have a significant
impact on knowledge acquisition during CM is considerable as this suggests that CM in
retrieval settings could be as effective as CM in elaboration settings [38,90].

4.2. Decision on Hypothesis 2

Our second hypothesis was based on the assumption that a short methodical introduc-
tion on CM principles (T− groups) is not sufficient to enable a successful use of the strategy
since applying CM as an effective learning tool requires certain familiarity, especially with
methodical aspects, and thus, an extensive training in CM [89,96,117,118]. Accordingly,
we expected participants who took part in such a training (T+ groups) to show higher
CM-related self-efficacy expectations, to achieve better results in analyzing and editing
given concept maps, as well as to make fewer methodical mistakes when creating their
own concept maps (see Section 1.4).

Regarding CM-related self-efficacy expectations, our results surprisingly did not show
any significant group differences, i.e., participants of the T+ groups were as confident
about their CM skills as those of the T− groups (see Section 3.2). Furthermore, regarding
analysis and editing of given concept maps within the error task, the T+ and T− groups
performed similar concerning the number of errors detected, but T+ participants corrected
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these errors considerably more adequately (see Section 3.2). This result implies that the
number of detected, and somehow corrected, errors is largely unaffected by the intensity
of a CM training, but an extensive CM training can obviously decrease the bias toward
correcting errors improperly, which in turn indicates a better understanding of methodical
aspects of CM [79,88]. Finally, regarding the number of methodical mistakes made when
creating own concept maps both in the learning and in the test phase, participants of the
T+ groups clearly outperform those of the T− groups by showing significantly reduced
the CM error ratios (see Section 3.5.2). Accordingly, the data collected in our sample partly
provide empirical evidence for hypothesis 2.

The result that participants of the T+ groups were as confident about their CM skills
as those of the T− groups seems surprising, but is in line with findings of our previous
study [44]. The extensive training in using the demanding strategy of CM should actually
have led to higher self-efficacy expectations of the T+ groups participants, especially since
preliminary analyses did not reveal any significant group differences regarding experience
with CM prior to our study (see Section 3.1). Accordingly, one explanation for the missing
group difference could refer to a too homogeneous structure of our sample since it solely
consisted of university students having many years of practical experience with learning
and knowledge acquisition as well as the constant adaptation of new learning strategies.
Therefore, it seems hardly surprising that all participants, regardless of their affiliation to
T+ or T− groups, hold a certain degree of basic trust in their own academic abilities [119].
This consideration also implies a plausible explanation for the error task-related findings
that the T+ group only deviated positively with regard to the incorrect error correction
rate, whereas both groups achieved comparable results regarding error detection and
proper error correction rate. If the assumption regarding the homogeneity of the sample in
terms of experience in academic performance settings is correct, the aforementioned results
highlight the need for a more difficult and thus better differentiating error task, including
not only methodical errors but also content-related errors (see Section 2.4.2). However, the
participants of the T+ group were obviously able to transfer their knowledge of methodical
CM errors from the error task’s more passive reception context to an active production
context, which is reflected in the result that their own concept maps contained significantly
fewer methodical CM mistakes both in the learning and test phase.

4.3. Decision on Hypothesis 3

Our third hypothesis consolidated hypotheses 1 and 2, as we expected that a combi-
nation of both advantageous factors, an extensive CM training and the availability of the
learning material during CM (T+E), would be most effective regarding CM- and knowledge-
related learning outcomes as well as their reflection in a corresponding metacognitive
assessment of the participants regarding their own learning success (see Section 1.4).

However, our analyses could not reveal any significant advantages of the T+E groups
compared to the other three groups (T+R, T−E, and T−R) regarding the general concept
map quality (aQCM and bQCM indices; see Section 3.5.1), the types of specified propo-
sitions (E-, O-, or R-propositions; see Section 3.5.3), or the three domains of knowledge
(declarative, structural, and conceptual knowledge; see Section 3.4). Consistent with this,
the metacognitive predictions in terms of judgements of leaning (JOLs) between the four
groups did not differ from one another (see Section 3.3). Accordingly, hypothesis 3 does
not find any empirical support from the data collected in our sample.

As this hypothesis addressed a particular effectiveness of combined training and
setting conditions, it is directly dependent on the two previous hypotheses. Accordingly,
concerning the homogeneous performance of the four groups with regard to CM skills
and knowledge measures, the same explanations apply as we have already specified
in Section 4.2. In the following, we will therefore only refer to those findings that go
beyond this and thus involve further implications.

The result that the aQCM and bQCM indices of the four groups differed significantly
in the learning phase in favor of the T+E and T−E groups, but not any longer in the test
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phase, indicates that the presence of the text could temporarily compensate a missing
training on CM regarding the general quality of specified propositions, but this positive
effect obviously starts fading to the same degree as the processes of forgetting occur. The
assumption that significant processes of forgetting actually took place in our study is
supported by the finding that the concept maps constructed by the participants of all
groups in the test phase contained, on average, 2.2 times more content-related mistakes
as those of the learning phase. In this context, the question arises whether a different
experimental timeline (see Section 2.2) should be chosen in order to counteract such
processes of forgetting. Beyond that, a potentially low level of the participants’ learning
motivation must be taken into account, which is particularly suggested by the results of
the knowledge tests, ranking at a consistently low level of only around 40% to 60% of
the achievable scores. With regard to the merely numerical scores of the knowledge test
results, it seems to be slightly more advantageous for declarative knowledge acquisition if
the learning material is available to the learners during CM if they have not received an
extensive CM training before (T−E group). Regarding the conceptual knowledge test, it is
noticeable that, on the one hand, the control training group in an elaborative setting (T−E)
performed best and, on the other hand, the control training group in a retrieval setting
(T−R) performed worst. The CM training groups (T+E and T+R) are in between those
two, with participants in an elaboration setting performing slightly better than those in a
retrieval setting. Therefore, in terms of knowledge acquisition, it might be generally better
to have the learning material available during CM. If the learning material is not available,
however, it seems advantageous to be familiar with CM to support knowledge acquisition
during the use of the strategy as a learning tool.

Beyond that, such a familiarity with CM also seems to be beneficial in terms of metacog-
nitive processes, since, with regard to the merely numerical scores of their judgements of
learning (JOLs), the participants of the T+ groups assessed their future learning outcome
slightly more accurately than those of the T− groups. In this context, it is also interesting
that the participants in elaboration settings predicted a better learning outcome on average
than those in retrieval settings, which confirms the results of previous studies, showing
that participants in retrieval settings obviously refer to the perceived ease of memory recall
of information when giving such assessments, whereas participants in elaboration settings
refer to the perceived ease of information processing [37,90,91]. Nonetheless, across all four
groups, the participants assessed that one week later they would only be able to remember
about 50% of the information they had learned. Since the learning text on cell biology
was previously assessed by experts as understandable, structured, and appropriate for
the university level, it can be assumed that the JOLs of the participants were primarily
quantitatively oriented towards the simple number of words. This consideration finds
support if our correlational findings are also taken into account, as they suggest that the
JOLs of the participants are obviously much more related to declarative and structural than
to conceptual knowledge. This interesting secondary finding can most likely be attributed
to the fact that our participants are simply unaccustomed to thinking in a conceptual
manner, since in their everyday university life, they tend to focus on the acquisition and
reproduction of declarative knowledge and sometimes structural knowledge, while con-
ceptual knowledge, i.e., a deeper understanding of relations and dependencies between
central concepts of respective fields, seems to be less required regarding completing most
university study programs successfully [120], which is also reflected in popular terms such
as “bulimic learning” [121].

4.4. Limitations

The previously discussed heterogeneous and sometimes unexpected findings should
additionally be evaluated against the background of the study’s major limitations:

(1) Our findings suggest that the structure of our sample could have been too homoge-
neous and thus might have undermined the occurrence of several training and setting
effects. Our sample solely consisted of university students having many years of
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practical experience with learning and knowledge acquisition as well as the constant
adaptation of new learning strategies. In addition, it could be assumed that our
student participants may not elaborate new information habitually, but are generally
more familiar with rote learning, which in turn is supported by the segregated state
of conceptual knowledge in our data. Therefore, we predominantly interpret the
unexpectedly missing significant group differences as an effect of sampling. In this
respect, it is to be expected that referring to other samples than students could reveal
more distinct group differences if the participants belong to a population in which
learning activities are a less central everyday topic. Furthermore, if this assump-
tion regarding the homogeneity of our sample in terms of experience in academic
performance settings is correct, our results also highlight the need for better differ-
entiating assessments regarding few measures. In this regard, especially the error
task should probably include content-related errors in addition to the methodical
ones (see Section 2.4.2), as, in our previous study, we already found a similar result,
indicating the task’s low difficulty [44].

(2) Additionally, it should be taken into account that the final number of N = 93 partici-
pants was too small to reach sufficient power, ranking below 0.50 for the majority of
the statistical analyses of differences performed. Therefore, a replication of our study
would be desirable, taking a larger sample in order to either detect small but possibly
still relevant effects or to be able to negate them without fail. Post-hoc power analyses
have shown that our sample should have consisted of at least N = 150 participants in
order to be able to detect small to medium-sized effects at a power level of 0.80 to 0.90.
Considering the intensive and time-consuming care of the participants over a period
of six weeks, it was not possible for us to carry out our study on a larger sample due
to limited resources.

(3) Finally, the LGVT’s [109] reliability was completely insufficient (<0.60) for inexplicable
reasons, so we had to exclude these scales assessing reading speed and comprehension
from further statistical analyses to avoid impairment of our conclusions’ validity. Of
course, such an exclusion is always associated with a loss of information, as we
were not able to determine any baseline differences regarding reading speed and
comprehension. Nevertheless, we think that this did not affect internal validity
excessively, since it can be assumed that students in general offer comparable reading
skills at a high level in order to be able to successfully complete their studies at all.

4.5. Prospects for Future Research

Even if our results turned out to be more heterogeneous than expected, they allow for
tentative conclusions and imply suggestions for the design of prospective studies in this
area that go beyond solely removing the previously discussed limitations of our study.

Regarding the setting conditions, the two groups, elaboration vs. retrieval, have both
advantages and disadvantages, and in the end, they seem to perform equally effectively.
This finding implies the need for taking a closer look at considerably more differentiated
constellations of experimental conditions in order to uncover possible differential effects
of individual parameters in the context of learning. For example, it is conceivable that
corresponding effects only come into operation after a specific number of repetitions of
learning phases and/or another time delay between learning and test phase, which would
require respective variations and repeated short-interval follow-up measurements.

Regarding the training conditions, we were able to show that an extensive CM train-
ing has a positive effect on methodical CM skills, in particular, but not necessarily on
knowledge-related learning success. This result is partly inconsistent with the results of
our previous study, in which we found both significantly better CM skills and knowledge-
related advantages of participants who received an extensive training [44]. This missing
effect of an extensive training on knowledge acquisition in our present study allows for
drawing two possible conclusions:
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(1) Possibly, the 30-minute short introduction of the T− groups regarding to the most
important CM principles was just as effective as the extensive CM training of the T+
group. Such an effect could be attributed in two different ways. Either it again must
be interpreted against the background of our sample of experienced and generally
successful learners (which seems unlikely, since the overall performance of the groups
ranged on a comparatively low level), or it is due to a generally low level of learning
motivation, since incentives (e.g., study credits) for participation in our study were
not offered to the students (see Section 2.1). If the latter should be true, it would be
necessary to consider the participants’ learning motivation as a covariate in future
studies.

(2) Additionally, it is once more possible that resounding effects of an extensive CM
training could be more successfully activated by a different experimental timeline
than the one we chose (see Section 2.2). For example, it is conceivable that the
training’s success differs depending on the overall number of repetitions and/or
the duration of individual training sessions and/or the time interval between these
sessions, which could be clarified in future studies by systematic variation.

Finally, it would be interesting to investigate the potential effect of implementing
an effective training with alternating phases of text availability vs. non-availability on
overall learning success. In the studies of Karpicke and Blunt [38], Blunt and Karpicke [37],
and O’Day and Karpicke [43], such an alternation was implemented, but the participants
received only a short introduction to CM (~T− condition in our study) and furthermore,
these studies’ textual learning material consisted of approximately only 300 words, so
ecological validity in terms of appropriateness regarding university level can be ques-
tioned. Future studies could, therefore, focus on experimental conditions that are closer to
university learning and performance contexts, as we did in our study.

The design and implementation of such studies would help identify the conditions for
an efficient use of CM and thus provide learners with an effective strategy that can support
a deeper understanding of a field.
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