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Abstract. As constructing concept maps from scratch can be time consuming, this study explores critiquing given concept maps with deliberate errors as an alternative. A form of concept map that distinguishes between different levels, called Knowledge Integration Map (KIM), was used as an assessment and embedded learning tool. The technology-enhanced biology unit was implemented in four high school science classes (n=93). Student dyads in each class were randomly assigned to the KIM generation (n=41) or critique (n=52) task. Dyads in the generation group created their own connections from a given list of concepts, while dyads in the critique group received a concept map that included commonly found errors. KIMs in both groups consisted of the same concepts. Findings indicate that generating or critiquing KIMs can facilitate the construction of cross-level connections. Furthermore, results suggest that critiquing concept maps might be a more time-efficient alternative to generating concept maps from scratch.
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1 Introduction

The theory of evolution is a unifying theory of modern biology, and notoriously difficult for students to understand (for example [1], [2]). To form a coherent understanding of biology, students need to connect micro-level (genotype) concepts to macro-level (phenotype) concepts. The distinction between genotype and phenotype level concepts is fundamental to understanding heredity and the development of organisms [3]. Genotype level concepts describe the genetic material and its changes over time, for example genes and mutations. Phenotype level concepts describe the phenotype of an organism and its interactions with the environment, for example natural selection and fitness. An integrated understanding of evolution requires simultaneous thinking in and linking genotype and phenotype levels. However, research suggests that students have difficulty reasoning across different levels [4], [5]. 
Previous studies suggested that a combination of generating and critiquing concept maps can support integrating evolution concepts within and across levels, but also that the combination of activities can be time-consuming [6]. As time in science classrooms is limited and valuable, this study aims to identify and develop a more efficient concept mapping activity by distinguishing the time requirements and learning effects from either collaboratively generating or critiquing concept maps that integrate phenotype and genotype level concepts. Both co-generation and co-critique of concept maps is expected to facilitate learning gains but they might differ in their time requirements.

1.1 Theoretical framework
This study uses knowledge integration (KI) [7] as its operational framework to build and evaluate an evolution unit that focuses on the connection between genotype and phenotype concepts. The KI pattern supports students to make their existing non-normative concepts and the connections between them explicit, critically sort them out by comparing them against scientific evidence, and apply scientific concepts more frequently in multiple contexts. Students who connect concepts across different levels might be better at identifying important evolution concepts as well as distinguishing normative from non-normative concepts. To support integrating concepts related to evolution, this study contrasts generating to critiquing concept maps.
Generating concept maps: This study uses generative concept mapping activities to elicit students’ existing concepts, add normative concepts, connect concepts within and across levels, and help students distinguish and sort out concepts. Generating artifacts, such as concept maps, can promote conceptual learning [8]. The “generation effect” [9] has been well-documented in a variety of different settings. For example, Chi [10] found that generating explanations of a text or diagram, whether for oneself or for others, can be more effective for learning than receiving explanations. Using concept maps throughout a unit as an embedded learning tool may allow learners to collect and connect concepts from different contexts. However, research suggests that generating concept maps from scratch can often be time-consuming and cognitively demanding [6].
Critiquing concept maps: Critique is an essential step in the knowledge integration process of distinguishing alternative concepts. This study explores if critiquing existing concepts maps that include common non-normative propositions can provide more efficient scaffolding to learning about evolution concepts than generating concept maps from scratch. Asking students to critique and revise has been found to support the development of more coherent criteria [11]. Critiquing is the process of creating a set of criteria, applying criteria to compare one's own or others’ alternative concepts against each other, reflecting on how those concepts apply to different concepts, and selecting supported concepts based on evidence [12]. To develop critical thinking, learners need to elicit connections between existing and new concepts and develop their own criteria to distinguish alternative concepts [7]. The social process of reaching agreement is critical in shaping one's concepts [13]. Students need authentic opportunities to develop criteria to distinguish valid alternative concepts based on evidence and scrutinize the reliability of sources [14]. However, students have often few opportunities to critique [12]. Critiquing one’s own work can be challenging, for novices as well experts [15]. As an alternative, learners could critique work generated by peers [16]. However, critiquing peers may be socially difficult as students tend to give overly generous or overly critical feedback [17] and students receive artefacts of varying quality. Therefore, this study investigates using another option: Critiquing a concept map that combines non-normative propositions commonly found in student-generated work. Using such a combined map for a critique activity provides all students with the same artefact and could reduce discrimination issues inherent in peer critique (as it cannot be attributed to a specific peer).

2 Method
2.1 Participants

A week-long technology-enhanced unit on evolution, delivered through the WISE platform [18], was implemented by a science teacher in four classes in a high school with an ethnically and socio-economically diverse student population of 9th and 10th grade students (n=93). The high school had an enrolment of around 2000 students and was located in the urban fringe of a large city. The participating teacher was an experienced master teacher with nine years of teaching experience. The teacher implemented the unit as an introduction to the subsequent topic of evolution after completing several weeks of introduction to genetics. The teacher randomly grouped students into dyads. Students worked collaboratively in dyads by sharing a computer throughout the project. 
Student dyads in each class were randomly assigned to the concept map generation (n=41) or critique (n=52) task. Student dyads in the generation group created their own connections from a given list of concepts. Generating their own connections allows students to elicit their existing and missing connections and organize concepts in context to each other. Student dyads in the critique group received a concept map that included errors in connections and concept placements commonly found in student-generated concept maps and the literature. The concept maps of the generation and critique groups consisted of the same concepts. Students were instructed to generate their own criteria to review the presented concept map and negotiate with their partner how to critique and revise the map.
2.2 Knowledge Integration Maps (KIM)
To distinguish different levels (genotype and phenotype) of concepts, the unit used knowledge integration maps (KIM). KIMs are a non-hierarchical form of concept map that divides the drawing space into subject-specific areas (see figure 1) [19]. KIMs used in this study divide the drawing space into the evolution-specific levels ‘genotype’ and ‘phenotype’. KIMs were designed to provide a balance between constraints (usage of given list of concepts) and openness that allows expressing a variety of concepts (student-generated connections and placement of concepts). Learners received a list of concepts that needed to be categorized and placed in the corresponding areas. KIMs can elicit connections within and across levels. Cross-level connections are especially desirable as they represent connections between concepts on different levels. 

When KIMs are collaboratively constructed, they become shared social artifacts that can make existing and missing connections explicit and spur discussion among students and teachers. As each connection between two concepts can consist of only one link, students need to negotiate which connection to make. This constraint requires student dyads to negotiate and make decisions about which connection to revise or add, which creates an authentic need for effective criteria and supporting evidence to distinguish among concepts in students’ repertoires [20]. For KIM activities, the java-based concept-mapping tool Cmap [21] has been used.
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Fig. 1. Embedded KIM worksheet (generation group): 1) Focus question, 2) Evolution-specific areas (genotype and phenotype), 3) Instructions, 4) Given list of concepts, 5) Starter map

	KIM task
	Training 

(individual and in dyads)
	Pretest

(individual)
	Embedded KIM 1: Genotype level (in dyads)
	Embedded KIM 2: Phenotype level (in dyads)
	Posttest 

(individual)

	Generation group
	KIM generation and critique activity
	Genotype & Phenotype KIM generation and critique activity
	KIM generation map 1
	KIM generation map 2
	Genotype & Phenotype KIM generation and critique activity

	Critique group
	KIM generation and critique activity
	Genotype & Phenotype KIM generation and critique activity
	KIM critique map 1
	KIM critique map 2
	Genotype & Phenotype KIM generation and critique activity


Table 1. KIM tasks
2.3 Procedure

The teacher introduced all students to the concept mapping method and the Cmap software. Students individually received identical pretests and posttests delivered through the WISE environment. The WISE unit consisted of five consecutive activities. The first three activities focused on changes in the genotype caused by mutations. The third activity presented an overview of the connections between mutations and genetic variability in the gene pool. Student dyads either generated or critiqued a genotype-level KIM (see figure 1) using the provided six concepts DNA, gene, allele, genetic drift, genetic diversity, and mutation. The second section focused on phenotype level concepts. The fourth activity presented two guided inquiry activities to explore the connections between mutations, natural selection, and genetic diversity. The fifth activity introduced the concept ‘genetic drift’ as an additional selection process and explored the effects of small population sizes on genetic drift. Finally, student dyads either generated or critiqued a phenotype-level KIM, using the provided five concepts population size, natural selection, environment, adaptation, and fitness.
2.4 Data sources
This study used a pretest-posttest design to measure changes in knowledge integration. The assessment consisted of five identical two-tired items (combining multiple choice and a subsequent explanation), three short essay items, and a KIM generation task. The first tier presents students with multiple choices of common misconceptions, followed by the second tier that asks students to provide an explanation for their choice in the first tier. The two-tier item design lowered the chances for random selection in the multiple-choice tier as students had to justify their choice [22]. The pre/posttest items underwent systematic revisions after pilot testing with biology teachers, students, and assessment experts. Liu, Lee, and Linn [23] reported the validity and reliability of knowledge integration test construction and analysis. The KIM generation task provided students with the combined list of concepts from the embedded KIM 1 and 2 (11 concepts: natural selection, adaptation, DNA, mutation, genetic drift, genetic diversity, population size, gene, fitness, gene, allele, and environment). Students were instructed to place the concepts in the corresponding area (genotype or phenotype) and generate connections (within and across levels).
2.5 Analysis

The two-tired items were scored using a five-level knowledge integration rubric (see table 2) [24]. Higher knowledge integration scores indicate more complex normative links among different concepts relevant to the genetic basis of evolution. Paired t-tests, chi-square tests and effect sizes were calculated. Multiple regression analysis and ANOVA was used to investigate whether the two groups (generation and critique) differed from each other in learning gains and KIM usage.

	
	KI Score
	Sample Answers

	No Answer (blank)
	0
	None

	Offtask
	1
	I don’t know.

	Irrelevant/Incorrect 
	2
	Finches develop new beaks to adapt to a new environment

	Partial
	3
	Finches inherit traits from their parents.

	Basic
	4
	Finches have differently shaped beaks that give them different chances to survive natural selection.

	Complex


	5
	Natural selection causes those finches with helpful mutations to their beaks to be more genetically fit and adapt to the environment better. Therefore, the finches with the beaks adapted to their environment are more likely to reproduce and the trait gradually becomes dominant in the group.


Table 2. Knowledge Integration rubric: Sample item: “What changes occur gradually over time in groups of finches that live in different environments?”

This study used a multi-tiered KIM analysis method [19](Schwendimann 2014), including presences or absence of connections, quality of connections, network density, and spatial placement of concepts. The main goal of the KIM analysis was to identify students’ non-normative concepts about evolution and track changes throughout the sequence of concept maps.
KIM generation analysis
· Propositional level: A five-level knowledge integration rubric for KIM propositions [19] was used to determine changes in link quality. The propositional analysis focused on overall and essential connections. Essential connections were identified from a benchmark KIM generated by a group of experts.

· Network level: An analysis method that focuses only on isolated propositions does not account for the network character of a whole map. To capture this information, network analysis methods were used to identify changes in the prominence (incoming and outgoing connections) of expert-selected indicator concepts: ‘Mutation’ for the genotype-level and ‘natural selection’ for the phenotype level. Multiplied with the KI score for each connection, a ‘weighted prominence score’ for each of the two indicator concepts was calculated (see figure 4 and 5). A better integration of genotype and phenotype concepts would be expected to lead to a more frequent use of the normative concept ‘mutation’.
To describe semantic changes in the relationships between concepts, qualitative variables are needed. This study used the structure-behavior-function (SBF) framework to create the super-categories of the taxonomy. The SBF framework was originally developed by Goel [25], [26] to describe complex systems in computer science, and then applied to complex biological systems by Hmelo-Silver and colleagues [2], [27]. The taxonomy is both theory-driven and informed by empirical data from previous studies [6], [19]. The taxonomy distinguishes between structure (what is the structure/static relation?); behavior (what is the dynamic relation between concepts?); and function (what are the functional relations between concepts?) (see table 3). The sub-categories (for example part-whole, deterministic, probabilistic, quantified, procedural-temporal) for the taxonomy emerged from KIM analysis and were reported in [19].

	Super-Category
	Sub-category
	Code
	Examples

	UNRELATED
	No Connection
	0
	

	
	No Label (just line)
	1
	

	
	Unrelated label
	2
	

	STRUCTURE [What is the structure (in relation to other parts)?]
	Part-Whole [Hierarchical)]
	3
	Is a/are a; is a member of; consists of; contains; is part of; made of; composed of; includes; is example of

	
	Similarity/ Comparison/ Contrast
	4
	Contrasts to; is like; is different than

	
	Spatial Proximity
	5
	Is adjacent to; is next to; takes place in

	
	Attribute/Property/ Characteristic (Quality (permanent) or State (temporary)
	6
	Can be in state

	
	
	
	Is form of

	BEHAVIOR [What action does it do? How does it work/ influence others?
	Causal-Deterministic (A always influences B)
	7
	Contributes to; produces; creates; causes; influences; leads to; effects; depends on; adapts to; changes; makes; results in; forces; codes for; determines

	
	Causal-Probability (modality)
	8
	Leads to with high/low probability; often/rarely leads to; might/could lead to; sometimes leads to

	
	Causal-Quantified
	9
	Increases/Decreases

	
	Mechanistic
	10
	Explains domain-specific mechanism/ Adds specific details or intermediary steps

	
	Procedural-Temporal (A happens before B)
	11
	Next/ follows; goes to; undergoes; develops into; based on; transfers to; happens before/during/after; occurs when; forms from

	FUNCTION [Why is it needed?]
	Functional
	12
	Is needed; is required; in order to; is made for

	
	Teleological
	13
	Intends to; wants to


Table 3. Categories of different KIM link labels
3 Results

Pretest-posttest results: Findings indicate that students overall made significant learning gains from pretest to posttest. Paired t(93) = 6.08, p<0.0001 (two-tailed)]; effect size (Cohen’s d)=0.63 (SD pretest=2.24, SD posttest=2.41). Results indicate a shift towards higher knowledge integration scores (KI score 3 or higher).

Students in both KIM task groups (critique and generation) used significantly fewer non-normative concepts in the posttest than in the pretest (t(96) = -2.67, p<0.01). For example, in the pretest, a student chose three non-normative options in the multiple-choice item and focused only on phenotype level concepts in the explanation. In the posttest, the same student chose only the normative option and provided an explanation that used the normative genotype level concept ‘mutation’.
Students can improve their KIM performance not only quantitatively (the number of links and knowledge integration score of KIM connections) but also qualitatively change the types of relationships (see figure 2). Using the structure-behavior-function (SBF) framework to categorize different types of relations, students most frequently generated links in the ‘behavior’ category (to describe dynamic relations). 
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Fig. 2. Changes in KIM relation super-categories from pretest to posttest.

A more detailed analysis of the relation types in each super-category revealed that students generated fewer causal-deterministic (-7%) and more causal-probabilistic (+4%) (for example ‘could lead to’) and quantified (+11%) (for example ‘increases’) KIM relations in the posttest (see figure 3). The increase in causal probabilistic relationships can be seen as shift towards more statistical thinking on the gene pool level. The increase of quantified relations could indicate a shift towards thinking more in dynamic relationships that reflects the functional interdependency of evolution concepts [28].
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Fig. 3. Changes in KIM relationship sub-categories from pretest to posttest.

Multiple regression analysis indicates that both groups gained significantly in their average KIM knowledge integration scores, R2=2.013, F(2, 88)= 11.09, p=0.000. Both KIM task groups significantly increased the number of cross-links between genotype and phenotype concepts from pretest to posttest, (N=94): Pretest mean=2.52 (SD=1.66), Posttest mean=1.03 (SD=1.15). t(93) = 7.49, p< .001; effect size (Cohen’s d) = 1.04. This indicates that students gained in integrating genotype and phenotype concepts after the WISE unit. 
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Fig. 4. Example of a student's pretest and posttest KIM (critique group). The posttest KIM shows a higher number of cross-connections and more connections to/from the indicator concepts ‘mutation’ and ‘natural selection’.
In accordance with gains in prominence of the KIM indicator concepts ‘mutation’ and ‘natural selection’, multiple regression analysis suggests that students overall used normative evolution concepts more often than non-normative concepts in the posttest than in the pretest (R2 =0.18, F(1,94) = 20.18, p < .001 (see figure 4).

Findings from network analysis suggest that students in both groups created significantly more links to and from the two indicator concepts in the posttest: ‘Mutation’ (t(93) = 5.39, p=0.00) and ‘natural selection’ (t(93) = 5.83, p=0.00) (see figure 4). These observations indicate that the two normative indicator concepts gained in explanatory strength in students’ repertoire of evolution concepts. The KIM variables ‘weighted prominence score’ for the indicator concepts ‘mutation’ and ‘natural selection’ (see figure 5) are strongly correlated with the overall KIM KI score: ‘Mutation’ r(94) = 0.75, p<0.001, and ‘natural selection’ r(94) = 0.70, p<0.001.
	[image: image4.emf]


0	
  



2	
  



4	
  



6	
  



8	
  



10	
  



12	
  



Genera-on	
   Cri-que	
  



W
ei
gh
te
d	
  
Pr
om



in
en



ce
	
  S
co
re
	
  o
f	
  K



IM
	
  g
en



ot
yp
e	
  



le
ve
l	
  I
nd



ic
at
or
	
  Id



ea
	
  "
M
ut
a;



on
"	
  



Pretest	
  



Pos6est	
  










0	

2	

4	

6	

8	

10	

12	

Generaon	 Crique	

W

e

i

g

h

t

e

d

	

P

r

o

m

i

n

e

n

c

e

	

S

c

o

r

e

	

o

f

	

K

I

M

	

g

e

n

o

t

y

p

e

	

l

e

v

e

l

	

I

n

d

i

c

a

t

o

r

	

I

d

e

a

	

"

M

u

t

a

o

n

"

	

Pretest	

Posest	


	[image: image5.emf]


0	
  



1	
  



2	
  



3	
  



4	
  



5	
  



6	
  



7	
  



8	
  



9	
  



10	
  



Genera1on	
   Cri1que	
  



W
ei
gh
te
d	
  
Pr
om



in
en



ce
	
  S
co
re
	
  o
f	
  K



IM
	
  p
he



no
ty
pe



	
  le
ve
l	
  



In
di
ca
to
r	
  
Id
ea
	
  "
N
at
ur
al
	
  S
el
ec
<
on



"	
  



Pretest	
  



Pos:est	
  










0	

1	

2	

3	

4	

5	

6	

7	

8	

9	

10	

Generaon	 Crique	

W

e

i

g

h

t

e

d

	

P

r

o

m

i

n

e

n

c

e

	

S

c

o

r

e

	

o

f

	

K

I

M

	

p

h

e

n

o

t

y

p

e

	

l

e

v

e

l

	

I

n

d

i

c

a

t

o

r

	

I

d

e

a

	

"

N

a

t

u

r

a

l

	

S

e

l

e

c

o

n

"

	

Pretest	

Posest	




Fig. 5. Weighted prominence scores of the KIM indicator concepts ‘mutation’ (left) and ‘natural selection’ (right).

Regarding time, students in both KIM task groups spent about the same average amount of time on the pretest KIM (14 minutes) and posttest KIM (13 minutes) (see table 4). Both groups showed equal KIM posttest performance. However, the critique group needed significantly less time for the embedded KIM activities, p<0.05. (t(27)=2.72, p=0.01. These results indicate that KIM critique tasks were more time efficient than the KIM generation tasks while leading to the same posttest gains. 

	In minutes
	Generation group mean
	Critique group mean
	Total mean (median)

	KIM 1 (Genotype)
	11.94
	6.55
	9.03 (8)

	KIM 2 (Phenotype)
	8.62
	5.39
	6.54 (4)

	Pretest
	14.95
	13.39
	14.12 (16)

	Posttest
	13.65
	13.06
	13.35 (12.5)


Table 4. Time spent on KIM tasks.

4 Discussion

Overall, findings suggest that the combination of collaborative KIM tasks and technology-enhanced inquiry tasks in the WISE unit improved students’ integration of evolution concepts. Findings indicate that the collaborative technology-enhanced concept mapping form ‘Knowledge Integration Map’ facilitated students’ generation of connections between and across genotype and phenotype levels. As anticipated, students in both KIM task groups showed equal improvement in the posttest tasks. Results from this study suggest that generating or critiquing KIMs can effectively support knowledge integration of evolution concepts. This could be explained by the relatively short duration of the two embedded KIM activities (only about twenty minutes out of a week-long unit), the similarities of the tasks (same given concepts, same drawing areas), and that both generation and critique activities can support knowledge integration [6]. Both KIM tasks were designed to support students’ knowledge integration through adding, connecting, distinguishing, sorting out, and contrasting evolution concepts on different levels. Sorting concepts into domain-specific levels can provide scaffolds for students to think about why concepts belong into a specific category. This aligns with Marzano’s findings that the identification of similarities and differences is one of the most effective learning strategies [29]. Students collaboratively used their existing knowledge to compare categories, generate criteria for each category, and negotiate where to place concepts.
Students in both KIM task groups increased the number of cross-links between genotype and phenotype level concepts, used more normative evolution concepts, and generated more connections to/from indicator concepts in the posttest. The increase of prominence of the normative indicator concepts ‘mutation’ and ‘natural selection’ coincided with a decreased usage of non-normative concepts in posttest explanations. Results suggest that building more connections between genotype and phenotype level concepts can reduce the usage of non-normative concepts when generating explanations of evolutionary change. Students not only generated more connections in the KIM posttest, but they generated more quantified relationships, which can be seen as an indicator for deeper understanding [28]. Working on KIMs collaboratively in pairs required students to negotiate and make their criteria explicit. The visual knowledge representation of KIMs can support collaborative work by enabling efficient information retrieval and exchange. Multiple embedded KIMs can allow students to self-monitor their learning progress by making existing and absent connections explicit.
Previous studies [6], [16] suggested that the combination of generating and critiquing KIMs can support students’ integration of concepts related evolution. However, the combination of both tasks can be time-consuming. This study developed and investigated critiquing as a more time-effective KIM activity designs. Despite similar learning outcomes, the critique group required significantly less time to complete their two embedded KIM tasks. The critique group might have been faster because generating new links from scratch can be more challenging than revising existing connections, and it requires in-depth reflection of smaller selection of propositions. Critique-task KIMs can reduce the demanding decision-making process as students only revise connections they disagree with. On the other hand, students in the KIM generation group needed to make decisions for each proposition and placement. As time in the classroom is limited and precious, this study suggests that collaborative KIM critique tasks can be a beneficial and more time-efficient alternative to generating concept maps from scratch. Critiquing and sorting out of alternative concepts is a central process of knowledge integration and an important skill for autonomous, lifelong learning.

5 Implications

This study demonstrates that Knowledge Integration Map tasks embedded within a technology-enhanced evolution unit focused on knowledge integration have the potential to transform learning in biology classrooms where time is limited and precious. This study developed and explored critiquing KIMs as a time-effective form of collaborative concept mapping task that can foster knowledge integration of complex scientific knowledge, such as evolution. Additionally, critiquing KIMs can elicit criteria to distinguish non-normative concepts and provide students with a genuine opportunity to negotiate and apply critique. For Knowledge Integration Maps to provide maximum benefit to students, KIM activities should be integrated with a variety of other learning activities, such as scaffolded inquiry activities. Learning how to generate KIMs and how to revise KIMs takes time and practice. Ideally, KIMs would be introduced early in a student's academic career rather than later, so they can integrate it into their developing study strategies (for example see [30]). Critiquing KIMs that include common non-normative concepts can generate genuine opportunities for students to reflect on their own knowledge and apply critique. Critique activities can support criteria generation as student dyads have to negotiate which elements they want to revise. Critiquing KIMs can encourage knowledge integration by fostering self-monitoring of learning progress, identifying gaps in knowledge, and distinguishing non-normative concepts. A forced-choice design for KIM concepts but free choice for concept placement, connections, and labels was found to be an effective and balanced form of concept mapping.
To capture the wide variety of students’ non-normative concepts, this study suggests using a combination of quantitative and qualitative KIM analysis methods in addition to traditional assessment methods [18]. KIMs can contain different forms of information: Presence or absence of connections, quality of connections, different types of link labels, different types of networks, and spatial placement of concepts. To account for these different aspects of KIMs, several different analysis strategies need to be applied to triangulate changes over time. Findings from this study are valuable for the design of effective collaborative learning environments to support more integrated understanding of biology.
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