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rAbstract ]

While there is little doubt that the species is the lowest independent evolutionary unit, understanding the many
different species concepts is a difficult task, even for university students. In the present study, we propose a didactic
sequence that involves fieldwork, laboratory analyses, experimental cultures, and computational work in an inte-
grated strategy for the comprehension of the phenetic, ecological, biological, and phylogenetic species concepts.
This activity is based on the observation of the morphological, ecological, biological, and phylogenetic characteristics
of samples of two copepod crustaceans, Acartia tonsa Dana, 1849 and Acartia lillieborgi Giesbrecht, 1889 (Copepoda,
Calanoida). These species were the focus of a simple practical that contributes to the effective comprehension of
the four species concepts mentioned above, using straightforward methods that can be standardized easily in the
laboratory and classroom. The practical activities developed for the didactic sequence presented here not only made
the classes more interesting and motivational, but also contributed to the more effective assimilation of the content,
as well as the more effective consolidation of the knowledge presented in the class. It is important to note that these
activities can be developed at different educational levels (i.e., undergraduate and graduate students), and can be
applied to other types of organism (e.g., amphibians, insects or other copepods), as long as their characteristics are
adequate for the systematic exploration of the four species concepts included here.
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Introduction

University students often face a number of difficulties
when learning basic concepts in Biology (Lazarowitz
and Penso 1992; Tekkaya et al. 2001), which is frequently
due to the adoption of teaching methods based on sim-
ple memorization (Cimer 2012). Other, more participa-
tive teaching methods may not only contribute to a more
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effective acquisition of knowledge, but can also help to
develop practical skills (Jeronen et al. 2016). Given this,
learning through the development of projects and experi-
ments, in which the educator takes on the role of super-
visor, can have a highly positive effect on the student
(Palmberg et al. 2015), and the adoption of this type of
approach can improve significantly the understanding of
fundamental concepts in Biology.

Adequate comprehension of the concept of species—
the fundamental evolutionary unit (Mayr 2004; Gao and
Rieseberg 2020)—is essential to learning and research
in many fields of Biology. In particular, the species con-
cept is fundamental to studies of biodiversity and the
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elaboration of conservation policies and legislation,
which demand the reliable quantification of species-level
taxa (Agapow et al. 2004; de Queiroz 2007; Stanton et al.
2019; Hosegood et al. 2020). The importance of the spe-
cies concept for Biology is equivalent to the difficulty of
defining a concept that applies equally well to all the pos-
sible scenarios observed in nature (Rossello-Mora 2003).
This has resulted in the proposal of a large number of
different concepts, based on a range of different criteria,
which may generate conflicting results, hampering both
the adequate application of the concepts, in practise, and
the understanding of their theoretical fundaments (Hey
2006; Zachos 2016).

The unified concept, which defines the species as the
smallest possible independent evolutionary unit, was
proposed in an attempt to resolve this problem. This
concept considers that two organisms represent distinct
species when their populations follow different evolu-
tionary trajectories (de Queiroz 2005, 2007). When this
criterion is adopted, any evidence whatsoever of separa-
tion is considered to be relevant to the classification of
the units, and distinct properties may be important for
the delimitation of species (de Queiroz 2007). Although
this concept has been adopted in some recent studies,
there is considerable controversy with regard to the exact
moment at which two lineages would be considered to
have separated in evolutionary terms (Zachos 2016), a
problem that exemplifies the ongoing debate on the spe-
cies concept (Zachos 2018, 2019; Gippoliti 2019).

Depending on the type of approach, at least 32 differ-
ent species concepts have been proposed up to now, and
each of these proposals is based on a different set of clas-
sification criteria (Zachos 2016). This enormous diver-
sity of concepts limits the ability of the educator to cover
the whole range of approaches in the classroom, which
means that, typically, only the best-known and most
widely-used concepts are presented in textbooks and, in
turn, in classes (Ridley 2003; Herron and Freeman 2014).
In general, the most popular concepts are the biologi-
cal (Mayr 1942), ecological (van Valen 1976), phenetic
(Michener 1970; Sokal and Crovello 1970), and phyloge-
netic species concepts (Hennig 1966; Mishler and Dono-
ghue 1982; Mishler and Brandon 1987).

The biological species concept is based on the repro-
ductive isolation of populations (Mayr 1942), while the
ecological concept evaluates the environmental con-
ditions to which the species is adapted and the ways in
which it interacts with this environment through its
ecological niche (van Valen 1976). The phenetic species
concept is based primarily on the analysis of diagnostic
characters, while the phylogenetic concept focuses on
the monophyletism of lineages, which can be determined
by the analysis of DNA sequences (de Queiroz 2007).
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While a number of studies demonstrate the application
of these different concept (Razkin et al. 2017; Finot et al.
2018; Galen et al. 2018; Kajtoch et al. 2018; Nwankwo
et al. 2018), incongruities often arise between the differ-
ent approaches (Roca et al. 2001; Fiser et al. 2018; Pastori
etal. 2018).

For example, Lee (2000) verified a number of incon-
gruities in the data on geographic distance, genetic diver-
gence, reproductive isolation, and the morphological
differentiation of the copepod Eurytemora affinis Poppe,
1980 (Crustacea, Maxillopoda, Copepoda) from a num-
ber of different localities in the northern hemisphere.
This analysis of 38 populations identified eight geneti-
cally divergent groups, which were morphologically
indistinguishable. The study also confirmed reproductive
incompatibility between genetically proximate and mor-
phologically identical populations. In a review of cryptic
amphipod species (Crustacea: Malacostraca: Peracarida),
Fiser (2018) found that 109 morphological species actu-
ally encompassed a mean of 304 cryptic species, with
estimates ranging from 295 to 315, depending on the
approach.

Cryptic species, in particular, represent a major prob-
lem for the interpretation of biological diversity, and the
application of the different species concepts (Kotsakiozi
et al. 2018; Figueroa et al. 2020). All in all, these examples
(which are just a few of the many similar studies) rein-
force the difficulties faced by many researchers to delimit
species and estimate the total number of taxa in existence
(de Queiroz 2007). They also epitomise the fundamental
practical challenges facing the teachers of this important
component of the biological sciences in the classroom.

Despite the extensive body of published material on
species concepts (de Queiroz 2005, 2007; Aldhebiani
2018; Zachos 2018), many students, and even educators,
in some cases, are unable to gauge the practical impor-
tance of these concepts for the understanding of biodi-
versity (Palmberg et al. 2018). This is reflected in many
common deficiencies in the assimilation of this knowl-
edge and the consolidation of the learning process. If
learning is defined as a change in the cognition, behav-
ior, and attitudes of the individual that results from their
experiences (Klein 2018), practical activities may often
have a decisive impact on the assimilation of knowledge
by the student (Randler and Bogner 2006; Price et al.
2016; Pope et al. 2017).

Randler and Bogner (2006) demonstrated that teach-
ing students how to recognize and identify species can
improve the consolidation of the key concepts necessary
for the development of practical activities. Given this, we
propose a didactic sequence based on practical activities
that involve two copepod species, Acartia tonsa Dana,
1849 and Acartia lilljeborgi Giesbrecht, 1889 (Copepoda:
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Calanoida), which are common on the Brazilian coast,
as a strategy that aims to improve the understanding of
the most widely-used species concepts by undergraduate
students.

The choice of the two species used to demonstrate the
practical application of species concepts was due to their
ample distribution and sympatry, which facilitates the
collection of samples and, in particular, the existence of
traits appropriate for the application of the phenetic, eco-
logical, biological, and phylogenetic species concepts. It
is important to note that, while A. tonsa and A. lilljeborgi
were used as the model for the present study, the prac-
tical activities proposed here can just as easily be devel-
oped with any number of other copepod species from
different regions of the world, as well as other organisms
or even microorganisms that satisfy the basic prerequi-
sites for the distinction of the different concepts (as out-
lined below).

These activities were tested during classes in the dis-
cipline of Evolution, part of the undergraduate course in
Biological Sciences at the Braganca campus of the Fed-
eral University of Pard, in northern Brazil. The approach
was evaluated in terms of the effectiveness of the meth-
ods, which were discussed in class, and the performance
of the student in the final exams.

Materials and methods

The practical activities presented here can be developed
with either undergraduate or graduate students, attend-
ing courses in the biological and other natural sciences.
The activities can be developed in two to four weeks, fol-
lowing the initial collection of the samples, although they
do require basic equipment, including plankton nets,
bottles, and stereoscopic microscopes (other equipment
is specified below), and access to a teaching laboratory or
similar working space.

As the activities described here involve a specific type
of organism (in the present case, zooplankton), it is also
important to provide the students with a theoretical
overview of the biology of these organisms prior to the
development of the didactic sequence. This overview can
include topics such as the definition of the organisms,
their ecological role and importance, the classification of
species (biological, ecological, and phylogenetic charac-
teristics), and methods for the collection of samples.

Collection of the biological material

Samples of zooplankton containing A. tonsa and A. lillje-
borgi can be collected easily from most estuaries located
within the geographic distribution of the two species,
which includes the whole of the Brazilian coast (Fig. 1).
It is important to note, however, that A. tonsa represents
a species complex (Figueroa et al. 2020), so the practical

Page 3 of 10

described here focuses on the cryptic species found in
South America. The activities described here can be
developed equally successfully using other copepod spe-
cies, as long as they satisfy the criteria (see below) neces-
sary for the differentiation of the species concepts.

The samples were collected by horizontal trawls of
the subsurface water using a conical plankton net with
a 120-200 pm mesh or by filtering a known volume of
water (collected in plastic containers or using a suction
pump) through a net of the same mesh size. The samples
were processed in three ways, being: (i) fixed in 4% for-
maldehyde and stored in transparent plastic containers
for the morphological identification of the organisms, (ii)
fixed in 95% ethanol for the extraction of DNA, and (iii)
stored on ice in a controlled environment to avoid the
death of the specimens (which are taken immediately to
the laboratory for culture).

The morphological identification of copepods is nor-
mally based on specimens fixed in formaldehyde, given
that, when fixed in ethanol, the carapace becomes trans-
parent and, when viewed under a magnifying glass, the
heat emitted by the bulb used to illuminate the speci-
mens causes the ethanol to evaporate, resulting in a
shimmer effect that hampers the viewing of the morpho-
logical traits. Specimens fixed in ethanol can neverthe-
less be used for the extraction of DNA, which tends to be
degraded in formaldehyde (Tokuda et al. 1990).

The copepods stored on ice, which reduces the metab-
olism of these animals, are required for experimental
culture in the laboratory. Storing on ice is important to
cannibalism (Hansen et al. 2018), and this temporary
immobility also facilitates the morphological identifica-
tion of the specimens.

The genetic material of the specimens can be obtained
using a specific lysis buffer containing detergents, follow-
ing the protocol described by Lee and Frost (2002). Once
the DNA has been extracted, the mitochondrial COI
gene (the Cytochrome b gene can also be used) can be
amplified by Polymerase Chain Reaction (PCR) using the
primers and protocol described by Gomes (2018). The
positive PCRs can be sequenced for analysis.

The COI sequences obtained in the laboratory can be
analyzed together with GenBank sequences by the stu-
dents using personal computers, who can learn basic
approaches of genetic analysis, including the edition and
alignment of the DNA sequences in MEGA X (Kumar
et al. 2018), which can also be used to construct phylo-
genetic trees and calculate genetic distances (p). The phy-
logenetic trees can be edited and visualized in Figtree 1.4
(Rambaut and Drummond 2014).

For the culture of the copepods, the adult males
and females of the two species must be identified and
separated. The simplest way of doing this is to sort the
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Fig. 1 Map of the coast of South America showing the occurrence of Acartia tonsa and Acartia lillieborgi based on the published data (http://
www.marinespecies.org). The black arrow indicates the spines present in the posterior margin of the prosoma of A. lillieborgi (Photographs: Camila

specimens by size, given that the females are typically
larger (body length: 0.90-1.50 mm) than the males
(1.00-1.10 mm). It is important at this stage not to
select fecundated females, which would lead to false
positive results during the tests of reproductive isola-
tion (Plough et al. 2018). To ensure this, the females
must be isolated from the males for at least 2 days (Hol-
ste and Peck 2006), which would be long enough to
guarantee that any fecundated eggs hatch, resulting in
the appearance of nauplii in the containers, given that
these copepods have a relatively short generation time,
of approximately 28 days (Mauchline 1998).

For the practical, the males and females must be sep-
arated and rearranged in groups of 10 or 12 individuals,
half of which should be of each sex. These groups must
be kept alive long enough to guarantee the experimen-
tal pairing of the males and females. The culture condi-
tions are as follows:

. The copepods are raised in sterile containers filled

with filtered seawater obtained from the collecting
site, in order to guarantee that the salinity of the cap-
tive environment is the same as that in the wild (Stot-
trup et al. 1986).

. The detritus, feces, and leftover food should be

syphoned daily from the containers to maintain the
quality of the water (Stettrup et al. 1986; Plough et al.
2018);

. The containers should be maintained under a 12/12 h

light/dark photoperiod (Kaviyarasan and Santhanam
2019), and the organisms must be provisioned daily,
given that food availability favors the hatching of the
eggs (Hansen et al. 2018);

. The copepods should be provisioned with marine

microalgae, such as Rhodomonas salinas Hill and
Wetherbee 1989 (Zhang et al. 2013; Arndt and Som-
mer 2014; Plough et al. 2018) or Rhodomonas bal-
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tica Karsten 1898 (Costa and Ferndndez 2002; Costa
et al. 2008). However, any other species known to be
consumed by Acartia could be used to provision the
copepods.

Results

Practical 1: The phenetic species concept

The phenetic species concept can be demonstrated
through the identification of the morphological char-
acteristics of the samples of A. tonsa and A. lilljeborgi
using a stereoscopic microscope, Petri dishes, and iden-
tification keys (Boltovskoy 1999). The students should
be provided with the identification key at the beginning
of the exercise, to enable them to familiarize themselves
with the morphological traits used to identify the species.
Alternatively, the students can be directed to observe the
specimens and identify their phenotypic differences with-
out using an identification key. This would demonstrate
the observational capacity of the students, although the
key would need to be applied at the end of the exercise,
to enable the identification of the species. The principal
morphological traits used to distinguish A. fonsa and A.
lillieborgi are shown in Fig. 1.

Practical 2: The ecological species concept

As A. tonsa prefers more brackish water (salinity of
15-22) and A. lilljeborgi, more salty water, i.e., salin-
ity of 25-35 (Montt and Goeden 1986; Cervetto et al.
1999; Magalhaes et al. 2015), the density of the two spe-
cies tends to vary systematically over the course of the
year, in accordance with the fluctuation in the salinity of
estuarine and coastal waters between the rainy and the
dry seasons. As the two species coexist throughout the
year, the ecological species concept can be demonstrated
through the comparison of the counts of the two species
in the samples collected during the rainy and dry seasons.
As proposed above, then, copepod samples should be
obtained either prior to the class or during the semester,
to provide comparative data.

The students should also receive data on the salinity
(the primary ecological variable) of the water at the sites
from which the samples were collected. The copepod
abundance and salinity should be plotted graphically to
allow the students to visualize the relationship between
the two variables.

The findings of the study of Magalhdes et al. (2015)
should be presented here to provide an example of the
expected pattern. This study recorded a higher density of
A. tonsa during the rainy season, and an increase in the
abundance of A. lilljeborgi during the dry season, in the
Taperacu Estuary, in northern Brazil (Fig. 2). This pattern
can be confirmed easily in practise by the students, given
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that A. tonsa and A. lilljeborgi, together with Pseudodi-
aptomus marshii, Wright S., 1936, are the principal cope-
pod species found in this estuary.

Practical 3: The phylogenetic species concept

The phylogenetic species concept can be demonstrated
through the analysis of the genetic material obtained
from the copepods collected by the students. It is impor-
tant to note here that, if genetic analyses are not possible,
COI sequences of the two Acartia species (or any other
species used in this practical) can be obtained for analysis
from GenBank. The phylogenetic tree obtained from the
analysis of the sequences produced by the students dur-
ing the present study, together with those obtained from
GenBank, is shown in Fig. 3. This tree shows clearly that
the A. tonsa (Ato) and A. lilljeborgi (Ali) clades are recip-
rocally monophyletic, and that the samples can be easily
differentiated from each other, given that their genetic
divergence is greater than 16%.

Practical 4: The biological species concept
The biological species concept can be presented using
tests of reproductive isolation. For this, the captive
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Fig. 2 a\Variation in the rainfall and salinity recorded in the study
area in northern Brazil during the rainy and dry seasons, and b the
relative densities of the Acartia tonsa and Acartia lilljeborgi samples
collected during the dry and rainy seasons in the Curucé estuary
(adapted from Magalhées et al. 2015)
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Fig. 3 Neighbor-joining tree based on sequences of the COl gene
of the A. tonsa (Ato) and A. lillieborgi (Ali) samples collected during
the present study. Acartia negligens (Ane) and Acartia danae (Ada)
were included as the outgroups. The samples collected for molecular
identification are identified as “sample’, and the number at the end of
each species code is the GenBank accession number
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Fig.4 Schematic representation of induced reproduction: group
1—A. tonsa only (males and females); group 2—A. lillieborgi only
(males and females); group 3—A. tonsa males and A. lillieborgi

females, and group 4—A. lillieborgi males and A. tonsa females

copepods collected during the class, must be organized in
four different containers corresponding to: group 1—A.
tonsa only (males and females); group 2—A. lilljeborgi
only (males and females); group 3—A. tonsa males and A.
lilljeborgi females, and group 4—A. lilljeborgi males and
A. tonsa females (Fig. 4).

Reproduction should only occur in groups 1 and 2,
that is, between the males and females of the same spe-
cies. This can be confirmed within 5-10 days, and the
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experimental culture does not need to be maintained any
longer than this. Reproductive efficiency can be evalu-
ated through the analysis of groups 1 and 2, which can be
designated as the positive controls.

Testing the didactic sequence proposed here

As assessment is an integral part of the teaching—learn-
ing process, and is essential for the establishment of an
effective teaching approach (Leenknecht et al. 2021),
it was essential to evaluate the outcome of the didac-
tic sequence presented here. This evaluation was con-
ducted primarily through the establishment of discussion
groups, which allowed the students to reflect on the
activities, and debate the themes presented. A more sys-
tematic evaluation was conducted using a written test
which required the students to discuss what they learned
about the four species concept presented during the
didactic sequence, and discuss the themes included in
the sequence. This was followed by diagnostic evaluation
of the capability of the students to differentiate A. tonsa
and A. lillieborgi. The students received all the material —
photographs, phylogenetic trees, graphs, etc. — presented
during the activities.

Discussion

Although technological tools are becoming increas-
ingly important for the accumulation and dissemina-
tion of knowledge, in particular in the educational field
(Shim et al. 2003; Al-Azawei et al. 2017), the assimilation
of some concepts remains a challenge, and may lead to
persistent errors on the part of the students (Lazarowitz
and Lieb 2006). The principal bottlenecks for the assimi-
lation of knowledge include the difficulty of linking the
learned content systematically with the external reality
and, in particular, a lack of interest or motivation on the
part of the students, with regard to the content (Tenen-
baum et al. 2011). Given this, the development of prac-
tical activities, such as those presented here, can be an
extremely valuable didactic tool. In addition to providing
a much more effective contextualization of the content,
these activities can convert the classes into a far more
dynamic and mentally-stimulating process (Pajares and
Schunk 2001; Bonney 2015). The need for interaction
among the students may greatly increase their motiva-
tion and, eventually, contribute to their academic success
(Pajares 1996, 2002; Pajares and Schunk 2001).

During the didactic sequence presented here, the stu-
dents were involved in activities that enabled them to
(i) identify and understand the morphological (practical
1) and genetic (practical 3) differences between the two
study species, (ii) to demonstrate the influence of envi-
ronmental factors on their occurrence in the wild (prac-
tical 2), and (iii) to confirm their reproductive isolation
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(practical 4). By exploring the different species concepts
in practise, the students were not only able to reinforce
their understanding of their content presented in the
classroom, but were also motivated to discuss the differ-
ent approaches presented in class and their contribution
to the understanding of biological phenomena.

In addition, the experiences accumulated by the
students during the practical activities were likely to
stimulate a number of questions, such as “what are the
mechanisms responsible for the reproductive isola-
tion of closely-related species that occur in sympatry?”
or “if interbreeding does occur, what will happen to the
hybrids?” related to post-zygotic incompatibility, that is,
the Dobzhansky-Muller model of hybrid incompatibility
(Coyne and Orr 2004). This type of association between
theory and practise is important to guarantee that the
processes understood during the didactic sequence can
be extrapolated by the student to other types of organism,
such as other copepods, insects, toads, or even mam-
mals and birds (Carneiro et al. 2010; Sequeira et al. 2011;
Poelstra et al. 2014; Taylor et al. 2014; Seixas et al. 2018;
Konig et al. 2019; Lima et al. 2019). This will amplify their
understanding of the concepts and ensure the consolida-
tion of this knowledge (Ausubel 1963).

Given this, other examples can be presented in the
form of explanatory texts or published papers, allow-
ing the students to decide which of the species concepts
they have learned could be applied (or not) to the study
organisms, in this case, the toads of the genus Rhinella
(see Sequeira et al. 2011; Acevedo et al. 2016; Sodré et al.
2018; Bessa-Silva et al. 2020). It is important to note
here that the organisms chosen for these exercises were
selected because of the specific knowledge of some of
the co-authors of the present study. In other words, any
other type of organism could be selected by the educa-
tor, according to their scientific specialty, to ensure the
best possible discussion of the subject and the material.
Finally, the educator also has the option of testing the
knowledge of the students before and after the species
concept practicals, in order to evaluate the quality of the
teaching.

The performance of the students in the final test also
indicated that their assimilation of the species concept
was superior to that of the classes of previous years,
which were not exposed to the didactic sequence pre-
sented here.

While questions on the species concept may be
resolved easily by an experienced educator or researcher,
they may not be so obvious to the typical undergradu-
ate student. This is especially the case when the content
is presented in a typical textbook manner, which may
often employ terminology that is hard for the student
to digest, especially when language is a barrier (Duran
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et al. 1998). Clearly, any approach that brings the content
closer to the everyday reality of the student and involves
the hands-on resolution of problems will improve com-
prehension, contribute to the development of practical
abilities, and ultimately ensure the more effective con-
solidation of knowledge (Pajares 1996, 2002; Pajares and
Schunk 2001; Bonney 2015).

It is important to note here that, while two Acartia
species were used as the model in the present study, the
activities proposed here can just as easily be developed
with any other type of organism, in accordance with the
expertise of the educator, and the available of resources
(in some more complex cases), such as the materials
needed for the raising and breeding of the study organ-
isms. Insects can be an excellent model for this practical,
given their low maintenance costs, but any other type
of organism can be used, including vertebrates such as
mammals or amphibians, depending on the educator’s
own personal experience or access to resources. Even so,
it is essential that the chosen organism satisfies the pre-
requisites for the systematic analysis of species concepts.
That is, organisms with adequate levels of morphological,
ecological, and genetic divergence, as well as reproduc-
tive isolation, although the inclusion of species able to
hybridize may also be useful, especially for the demon-
stration of Haldane’s rule (Orr 1997; Hay-Roe et al. 2007).

Conclusions

The use of practical activities as a complement to class-
room content can be an important didactic tool, capa-
ble of both motivating the students and contributing to
their assimilation of complex topics. These activities
may not only ensure the more effective assimilation of
complex ideas, such as the different species concepts,
but also motivate the student to develop new abili-
ties and the capacity to discuss academic content more
knowledgeably.
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