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Abstract

:

International assessments have revealed that students in numerous nations lack scientific reasoning skills. Science teachers who support students’ scientific skill development through the use of authentic practices provide students with tools needed for success in future science courses. Teachers training focused on pedagogy that supports student scientific reasoning development is particularly important as some studies have also suggested that pre-service teachers have a tendency to display a lack of scientific reasoning skills. Additionally, few studies exist that assess teachers’ scientific reasoning skills, including the effectiveness of professional development to strengthen teacher scientific reasoning abilities over time. To help fill this gap, this study examines the effects of a Modeling Instruction in a biology workshop on teachers’ scientific reasoning skills. In addition to teacher interviews, focus groups, and writing samples, data from Lawson’s Classroom Test of Scientific Reasoning (LCTSR) were collected from teachers before and after the workshop. The results suggest that the three-week Modeling Instruction in the biology workshop contributed to gains in in-service teachers’ scientific reasoning, and thus provides evidence that the teachers in this study are more prepared to help develop similar skills with their own students as they engage in the Modeling Instruction curriculum.
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1. Introduction


International testing over the last decades has revealed that students in numerous nations do not have an adequate grasp of conceptual scientific knowledge nor the scientific reasoning skills that allow them to construct arguments based on scientific evidence [1,2]. The Organisation for Economic Co-operation and Development (OECD) [2] recommends the use of authentic practices, which include model-based pedagogy, to improve student ability. Students worldwide could benefit from authentic instruction that focuses on improving their scientific reasoning abilities. The development of student scientific reasoning skills has been correlated with increases in conceptual scientific knowledge in physics [3,4,5] and biology [6], as well as general science and mathematics [7]. Therefore, it is important that science teachers focus on authentic practices that allow students to develop their scientific reasoning skills in order to succeed in future science courses. Unfortunately, training of pre-service and in-service teachers may be lagging behind this need.



A few studies have assessed the scientific reasoning skills of pre-service science teachers, however, the results are not encouraging. Hilfert-Rüppell et al. [8] found that pre-service science teachers in Germany lacked a number of scientific reasoning skills, such as control of variables. In addition, it has been found that pre-service teachers have a low understanding of biological models, which are essential when using the authentic practice of modeling [9], as well as the pedagogical content knowledge (PCK) to engage students [10]. Thus, the training of pre-service biology teachers in authentic practices, such as modeling, that enhance scientific reasoning has not been shown to be effective.



In addition, it has been shown that in-service teachers’ knowledge of how to adapt their subject matter knowledge to engage diverse learners in scientific endeavors (i.e, PCK) affects the level of authentic practice utilized in classrooms [11]. If the level of authentic practice, such as modeling and multiple representation utilization, are not emphasized, Tsui and Treagust, [12] found that reasoning in genetics can be negatively impacted. In-service teachers have also shown that their understanding of biological models is limited [13,14]. Additionally, in-service teachers realize that their scientific reasoning skills are lacking as a majority of teachers self-select that they need to improve in their ability to engage in scientific inquiry [15]. Therefore, it is surprising that few studies exist that assess teacher scientific reasoning skills, as well as the effectiveness of professional development to strengthen teacher scientific reasoning abilities.



1.1. Scientific Reasoning


Reasoning is a process undertaken both formally in the academic domains, and informally, in everyday situations for making sense of phenomena, events, and processes. Reasoning has been identified as a skill necessary for effective engagement and learning of the theoretical and procedural knowledge associated with science disciplines [16,17]. In scientific efforts, reasoning is regarded as a key skill to ensure effective learning and engagement in all disciplines. Previous research has defined scientific reasoning in various ways. Some researchers define scientific reasoning as thinking about a topic and with scientific knowledge [18,19]. While this definition is a good starting point, it can be expanded to include subskills associated with scientific reasoning (i.e., hypothetical-deductive reasoning, control of variables, hypothesis generation, and evidence-based conclusion-making) [20].



Scientific reasoning ability has been regarded as crucial to science education. Recent PISA results have shown that only 7.7% of all students worldwide can evaluate methods to explore questions scientifically and identify limitations in experiments [2]. As a result, science education and research institutions, such as the Institute of Educational Assessors (IEA), the United Nations Educational, Scientific, and Cultural Organization (UNESCO), the American Association for the Advancement of Science (AAAS), and the National Academy of Sciences (NAS), have advocated, developed, and promoted national and international content standards and curriculum with scientific reasoning as a universal theme [21,22,23]. Furthermore, scientific reasoning has been identified as necessary for the “practice” of science in a number of countries [24,25]. These organizations recommend that the learning of scientific reasoning and scientific procedural/conceptual knowledge should be integrated. This recommendation seems appropriate as a number of studies have shown a connection between scientific reasoning ability and content knowledge gains. Specifically, scientific reasoning has been found to be a predictor of student performance in multiple contexts, especially when inquiry oriented engagement methods are utilized [3,6,26,27,28,29]. This curricular emphasis on the development of students’ reasoning abilities implies that teachers may also need to be competent scientific reasoners in order to help their students develop their reasoning capacities. However, few studies have been conducted to determine secondary teachers’ scientific reasoning abilities.



Many instruments have been employed to measure students’ scientific reasoning, however, the majority tend to target a broad context of scientific literacy such as the nature of science and ethics in sociocultural settings [30]. Examples of such instruments include the Scientific Reasoning Test Version 9 (SR-90 [31] and Test of Scientific Literacy Skills (TOSLS) [32]. The Lawson’s Classroom Test of Scientific Reasoning (LCTSR) [33], on the other hand, draws on the practices of scientific inquiry, such as hypothesis formulation and experimentation, and claims to measure scientific reasoning [30,33]. This LCTSR instrument has been utilized for nearly three decades and represents a task-based assessment that has been used to collect quantitative data on students’ scientific reasoning ability and skill development from middle school to college level [30,34]. According to Lawson ([33], p. 12), the purpose of the LCTSR is to “(1) measure concrete- and formal-operational reasoning; (2) be capable of administration to classes of secondary school and college age students in a relatively short period of time; (3) be easily scored; (4) use a format involving physical materials and require as little reading and writing as possible; and (5) include a large enough number and variety of problems to assure a high degree of reliability.” In 2000, Lawson released a modified version of the LCTSR that contained 24 multiple choice questions displaying the same two-tier design as the original version of the LCTSR. Generally, the first tier targets a “what” explanation and the second tier elicits a “why” explanation. The paired questions assess specific subskills of scientific reasoning The LCTSR targeted the following scientific reasoning subskills: (i) matter and volume conservation, (ii) proportional reasoning, (iii) control of variables, (iv) probability reasoning, (v) correlation reasoning, and (vi) hypothetical-deductive reasoning [30,34]. Additionally, Lawson [33,34] incorporated the concrete operational, transitional, and formal operational levels of reasoning when developing the LCTSR. As shown in Figure 1, the LCTSR questions can be used to identify learners as Level 0 (formal operational reasoner), Levels 1 and 2 (transitional reasoner), or Level 3 (formal operational reasoner) [35]. The scoring levels are based on a two-tier scoring method and include the following ranges: 0–4 (concrete formal operational reasoners); 5–7 (early transitional reasoners); 8–10 (late transitional reasoners) and; 11–13 (formal operational reasoners) [7].



In this study, the instrument chosen to assess teachers’ scientific reasoning was Lawson’s Classroom Test of Scientific Reasoning (LCTSR) because the instrument seeks to measure scientific reasoning skills grounded in scientific inquiry and has been used with adult as well as secondary school age populations, thus allowing for comparisons between various populations of learners. In addition, the skills assessed by the LCTSR are aligned with ontological tenets of Modeling Instruction (MI).




1.2. Modeling Instruction (MI)


Studies have shown that students who are taught by using inquiry-based methods have demonstrated increases in their scientific reasoning skills [36,37,38]. However, the teaching methods practiced in the world are failing to yield the desired results on PISA given that only 7.7% of students displayed advanced scientific literacy abilities [2]. Likewise, more than 90% of secondary students in the US unsuccessfully displayed formal operational reasoning skills as measured by the LCTSR [39]. To promote and improve students’ scientific literacy, OECD [2] recommends the use of authentic practices in science education. One authentic practice that makes use of inquiry-oriented activities is Modeling Instruction (MI).



Modeling Instruction is a pedagogical technique that was developed in the mid-1990s for the teaching of physics [40] and since has expanded to other science disciplines including biology. Modeling Instruction is constructivist in nature and makes use of a learning cycle during instruction [41]. This instructional technique was designed to simulate authentic practices in science because scientists routinely construct models and use them within the context of modeling cycles when exploring and creating knowledge [42]. Thus, MI uses a learning cycle approach similar to the three phased cycle developed by Karplus [43] based on authentic science practices and Piagetian development theories. MI, however, collapses Karplus’s three phases of exploration, concept introduction, and concept application into two phases which are model development and model deployment. The model development phase allows for student exploration and initial concept introduction. The model deployment phase consists of further concept development as well as concept application. Within each of these phases, students undergo a modeling cycle (see Figure 2) that consists of constant generation or analysis of data to produce a model with multiple representations while checking the model’s correspondence with real world phenomena. MI provides students with the opportunity to engage in the authentic scientific practices of designing and conducting experiments and collecting and analyzing data; and in turn, these inquiry-based experiences allow students to develop and refine models representing the scientific phenomena being studied. That is, student groups analyze the collected data to determine any patterns between the tested variables. Then, these patterns are used by the students to construct external representations of their developing model. Student representations of the model can take the form of a graph, an algebraic equation, a physical prototype, a diagrammatic or verbal explanation. Students engage in consensus meetings where the class arrives at a final model that takes into account the multiple representations developed by the groups through the use of dialogic argumentative reasoning. This forum allows for student expression of understanding including how each representation not only describes the phenomena, but can be predictive of the behavior of the phenomena as well. Thus, all of the representations encompass the scientific model that can be used to describe, explain, and/or make predictions about the natural phenomena [41,44]. Students learn that no single representation truly exemplifies a scientific phenomenon; and as such, it takes multiple representations to portray the entire depth of the phenomena [42,45]. As students use the model and its multiple representations to solve problems and make predictions in other contexts, they develop knowledge that all the representations work together to comprise the model, but that different representations work better under specific conditions [45,46]. Students’ initial models allow them to predict what might occur in these new situations which is called a deployment. After each deployment of the model, students must consider if their predictions were correct; and if the predictions were not correct, then adjustments would need to be made to their model. Students develop the ability to fluidly switch between representations as required, which is a characteristic that has been identified as expert-like behavior in scientific professions [47]. Figure 2 illustrates the Modeling Cycle. As the figure suggests, students are constantly checking their model by using it to make predictions. If that model fails to make accurate predictions, then students must revise the model based on the new data and the cycle continues as shown.



For example, in the context of studying cell growth and reproduction, students develop the cycles of mitosis using the Modeling Cycle to determine that the number of chromosomes increases in some of the phases of mitosis but the final daughter cells consist of the same number of chromosomes as the parent cell. Students determine that the limitation of this model is that they do not understand how the chromosomal DNA replicates. Thus, students move towards the idea of developing a model for DNA replication to expand their current model of cell growth. When studying DNA replication (specifically, Meselson and Stahl’s famous experiment), students construct a physical prototype of the replication process. In order to accomplish this learning, the students design physical models of “DNA” strands. One example would be using pop beads and chenille stems (see Figure 3). The materials in Figure 3 include a DNA strand with silver beads which represents a DNA strand created in the presence of N15 isotopes. The orange beads represent N14 isotopes that are used for the creation of new DNA by the students. Next, students determine possible methods to replicate the DNA during mitosis using the physical beads representing N14 isotopes. Figure 4 shows three common replicated DNA strands that students develop. Students then compare their possible replication products to the results taken from the Meselson and Stahl density gradient centrifugation banding strips (see Figure 5 for an example). Students understand that the different densities of the DNA strands are due to variation in isotope composition and which cause the DNA strands to appear at different levels in a density gradient. Figure 4 is the density gradient centrifugation banding results of the first round of DNA replication showing that the real world results would display a mid-range density. Students discover that only the physical models from Figure 4 image b and image c match the data. The representations developed by each group are shared during a post lab consensus meeting where student groups discuss their findings and soon determine they cannot arrive at a consensus because there are two possible results that match Meselson and Stahl’s lab data (see Figure 5). Therefore, students decide they need to try a second round of replication using the DNA strands shown in Figure 4 image b and image c. This final replication allows the class to reach the consensus that the physical model that best represents DNA replication is the process that led to the DNA strand in image b in which the semi-conservative model of DNA replication is represented. Next, students represent their physical models with white-boarded diagrams and graphs (see Figure 6). At the final consensus meeting, the class arrives at a final model that takes into account the multiple representations developed by the groups through the use of dialogic argumentative reasoning. Thus, the students develop an understanding of the three DNA replication alternative models (i.e., conservative (Figure 4 image a), semi-conservative (Figure 4 image b), and dispersive (Figure 4 image c) without being told via direct instruction by the teacher. In the final step of this Modeling Cycle, students discuss the limitations of the physical DNA model and graphs and diagrammatic representations which lead students to the understanding that they do not know about the molecular structure of DNA (i.e., the nucleotide subunit comprised of a nitrogenous base, five-carbon sugar, and phosphate group).



Effectiveness of Modeling Instruction on Student Learning and Teacher Learning


The pedagogical practice of Modeling Instruction has been shown to have positive effects on secondary science students in terms of (i) increased use of expert-like problem solving and metacognitive skills [49], (ii) greater use of multiple representations [48,49], as well as (iii) improvements in conceptual performance [40,41,48,49,50,51,52], and (iv) scientific reasoning skills across biology, chemistry, and physics [53]. Malone, Schuchardt, and Sabree [48] discovered that biology students who were taught using a natural selection Modeling Instruction (MI) unit showed significantly higher gains in conceptual knowledge over that of a comparison group. In addition, the MI biology students also used a greater number of multiple representations when describing evolution. Comparable results were found with physics students who were taught using MI [49]. While solving complex physics problems during talk-aloud interviews, MI trained students were able to move fluidly between representations to check their work, whereas, the comparison group used mostly one representation to solve the problems and were more likely unable to check their solutions.



It becomes essential that we determine how to best train our science teachers given that students are often not being taught how to reason scientifically according to large scale testing like PISA. Given the lack of greater scientific literacy in our youth, it is possible that students are not being taught by using reformed science teaching methods that utilize inquiry-based methods and authentic practices in science. Studies of science teaching practice show that teachers continue to teach the way they were taught using direct instruction and rewarding memorizing and repeat performance [54]. Studies have also shown that pre-service teachers taught using inquiry based reform methods display increases in the use of such methods in their in-service instruction [55] and gains in their own scientific reasoning skills [56,57]. Adamson et al. [55] enrolled pre-service biology teachers into reformed college biology classes using inquiry methods and tracked their subsequent use of reformed methods as in-service teachers. The study revealed that when these teacher candidates became in-service teachers, they demonstrated an increased used of reformed methods and their students also had higher gains in scientific reasoning than comparison students. However, little research exists concerning the effects of an authentic practice like Modeling Instruction on either pre-service or in-service teachers.





1.3. Quality Teacher Workshop Characteristics


Teaching in 21st century schools requires many skills. Teachers face challenges meeting the needs of diverse learners, collaborating with school administrators and colleagues, adapting to changes in disciplinary standards and expectations, withstanding scrutiny from the public and parents, staying abreast of relentless advances in technology, and understanding and implementing the constant changes required as a consequence of decisions in the legal groundings of schools. Once teachers join the work force, their need to continually refresh their skills is an ongoing challenge. Professional development is a strategy employed by many teachers, professional organizations, districts, and universities to enhance and strengthen teacher practice [58].



Characteristics of effective professional development have been researched by many. Loucks-Horsley, Stiles, Mundry, Love and Hewsen [59] identified the importance of clearly defined goals that are focused on student learning. Professional development should consider teachers’ knowledge, beliefs, and attitudes, and is most effective when closely tied to the needs of the professionals enrolled in the programs [59,60]. A variety of researchers emphasize the need to base professional development experiences on specific content and classroom practices [61,62]. PD providers are advised to plan a coherent outline of practices to develop both content and pedagogical knowledge concurrently about both what to teach and how students learn that particular content [63]. PD leaders should have appropriate content expertise and classroom experience to lead and collaborate with their professional students [59,63]. Active learning where teacher participants alternate roles between students and teachers with concrete tasks involving examining student work and opportunity to try out lesson plans and ideas have shown positive results in PD experiences [62,64]. Sustained and intensive experiences with follow-up and learning community supports have also been identified in research studies as key characteristics in effective PD (e.g., [58,61,62,65,66,67]).



Professional development workshops in Modeling Instruction for teachers have been conducted for many years [50]. These workshops were designed based on professional development research. While the effects of MI on students have been publicized to a great extent the effects of MI workshops on teachers has not been assessed to the same depth. Jackson et al. [50] published qualitative survey results showing that teachers self-reported that the MI workshops highly influenced the way they taught. However, there have been no published reports to date concerning how these workshops might affect science teachers’ own scientific reasoning skills, problem solving skills or content knowledge. This study fills this gap by studying the effects of MI workshops on biology teachers’ scientific reasoning skills.





2. Materials and Methods


2.1. Workshop Context


The workshop was designed with the elements of effective PD taken into account in order to support teachers as they designed experiments, gathered data, and analyzed that data to construct biology models. The teachers participated in the workshop in both student mode and teacher mode. In student mode, they worked through the modeling activity as their own students would. Also while in student mode, the teacher leaders took on the role of the classroom guide and helped the teachers to ask questions of others and interact as they constructed the scientific models in question. The teacher leaders were well versed in MI having taught with the pedagogy at the secondary level for three to ten years, as well as being part of the MI in biology development team for two years prior to the workshop. In teacher mode, the participants discussed how the enactment of these units would occur in their classrooms so that they could increase their self-efficacy concerning the implementation of the MI in biology units with their own students. For example, the teachers would practice developing questioning strategies to use with their own students. Engaging in these activities may have aided teachers in further developing and refining their scientific reasoning skills. Days 1–3 of the workshop focused on the unit of What is Life? Days 3–7 dealt with the unit of Population Interactions, and days 8–14 centered on Evolution. Teachers completed the pre-LCTSR on day 1 and post-LCTSR on day 14. Refer to Figure 7 for an overview of each workshop day’s activities including the intended student learning objectives and the teacher modeler scientific reasoning goals.




2.2. Workshop Participants (Modelers)


The workshop provided model-based biology curricula training to 32 secondary teachers (grades 6–12) employed at schools servicing students in both urban and suburban areas in the Midwest of the United States. Of these 32 teacher modelers, 30 completed the LCTSR before and after the workshop. Within this participant group, five were middle school educators, three were English language learner (ELL) co-educators, and 22 were high school educators.




2.3. Measures


2.3.1. LCTSR


The 24 item, selected response, two-tier designed Lawson’s Classroom Test of Scientific Reasoning (LCTSR) was administered as both a pre- and post-assessment to the modelers who attended the three-week workshop [34] (see Figure 8 for a sample item). The LCTSR was constructed on a foundation of the Piagetian theoretical perspective of cognitive development. The theory of cognitive development is comprised of the following three formal reasoning levels: concrete operational, transitional, and formal operational [5,68]. A learner classified as a concrete operational reasoner displays logical skills in concrete tasks but finds difficulty when applying problem solving to abstract concepts [5]. A formal operational reasoner displays the ability to reason abstractly in varying contextual situations and thus displays the skills associated with “thinking like a scientist” ([5], p. 4). A transitional reasoner is an intermediate classification between the two fore-mentioned reasoners and demonstrates the ability to reason abstractly in some contexts [5]. The LCTSR questions can be used to identify learners as these various reasoner categories. The scoring levels are based on a two-tier scoring method (i.e., examining paired items collectively). The following ranges are used to identify reasoning levels using the LCTSR: 0–4 (concrete reasoners/formal operational reasoners); 5–7 (early transitional reasoners); 8–10 (late transitional reasoners) and; 11–13 (formal operational reasoners) [7]. Both the 1978 and 2000 versions of the LCTSR targeted specific scientific reasoning subskills. These subskills are as follows: (i) matter and volume conservation, (ii) proportional reasoning, (iii) control of variables, (iv) probability reasoning, (v) correlation reasoning, and (vi) hypothetical-deductive reasoning [33,34]. Proportional reasoning involves making sense of co-variant relationships that are expressed in different rates, units, and/or ratios. Correlation reasoning involves discerning the relationships between two or more variables. Hypothetical-deductive reasoning involves making sense of a general theory which includes the possible outcome and using deductive processes to apply that theory to make predictions/hypotheses to predict future events. Control of variables (COV) reasoning involves making sense of the relationships between independent and dependent variables. Reasoning within the context of matter and volume conservation are not discussed exhaustively in this paper since the Modeling Instruction workshop curriculum dealt primarily with the aforementioned reasoning skills since these skills were used consistently throughout all units of the curriculum.



To better understand our teacher modelers, their performance on the LCTSR was investigated in two ways: single-tier item approach and two-tier item approach. The single-item analysis approach (i.e., treating all 24 items as independent) was used to determine the overall LCTSR performance scores and subskill average scores. Using the two-tier item analysis approach (i.e., treating paired items as a collective), the LCTSR scores were categorized based on reasoning classifications.




2.3.2. Teacher Focus Groups, Interviews, and Writing Samples


The teachers attending the Modeling Instruction workshop participated in focus group interviews on the last day of the summer workshop and individual interviews at the end of the school year following the implementation of the MI curriculum with their biology students for a full academic school year. All of the interviews were semi-structured meaning that not only was there a number of set of standard questions used for both interviews, but also the interviewees’ comments guided the direction of the interviews including the types of follow-up questions asked. Each of the six focus groups included approximately five teacher modelers. The interviews lasted approximately 60 min and included 17 questions. Eleven modelers volunteered to participate in the end of the school year individual interviews which lasted between 30 and 60 min and included twenty six questions. All interviews were audio taped and transcribed. Out of the 26 questions asked during both interviews, the responses to three questions that were the same for both interviews are reported in this paper and are as follows:




	
After the workshop, do you have new ways to help your students experience biology topics in your classroom?



	
What do you think your students will learn about biology from incorporating models into your classroom?



	
What do you think your students will learn about biology from incorporating modeling instruction into your classroom?








These selected interview questions do not specifically ask information about scientific reasoning. During the MI workshops scientific reasoning skills were taught implicitly via the classroom activities when teachers were in student mode. The questions were used to determine if the teachers made the explicit connections between the MI methodology and the targeting of scientific reasoning skills. The interviews were audio recorded and transcribed. The transcriptions were checked for accuracy by the researchers. The interview transcripts were read and coded using a coding scheme developed for this project that focused on the scientific reasoning sub-skills. The sub-skills included control of variables, proportional reasoning, probability reasoning, correlation reasoning, and hypothetical-deductive reasoning. Before coding the answers to the above questions, responses were segmented into coherent thought segments. The subset of the interviews was read and a code book was constructed with example statements for each code. The open coding included segmenting the answers to the above questions into coherent thought fragments. These segments were then coded using the coding scheme for references to scientific reasoning skills (see Table 1 for an example of the codebook).



At the end of the summer workshop (post sample) and the academic school year (delayed post sample), teachers were asked to answer a single question pertaining to Modeling Instruction. This writing sample focused on one question: what does modeling in science mean? These writing samples were segmented and coded using the same codebook described above and in Table 1.






3. Results


3.1. Single-Tier Item Analysis


The single-tier item analysis approach was used to determine the overall LCTSR and subskill average scores. To determine the overall average score, each of the 24 questions on the LCTSR was treated as a stand-alone question. On average, the teacher modelers correctly answered 17 of the 24 questions on the pretest, which equates to a mean score of 71.4% (N = 30, SD = 3.97). Figure 5 shows the sample’s mean percentage score for specific reasoning subskills assessed by the LCTSR. Modelers demonstrated competency within the subskills of conservation of matter (100%) and probabilistic reasoning (82.8%) but seemed to score lower on items related to correlational (62.5%) and proportional reasoning (62.5%) subskills.



On average, the teachers correctly answered 18 of the 24 questions on the post-test, which equates to a mean score of 75.0% (N = 30, SD = 4.41). Given that raw scores for assessments are seldom linear nor of equal difficulty, Rasch person measures were utilized when comparing mean performance on the LCTSR. A paired-samples t-test was conducted to compare pre-test performance and post-test performance. There was a significant difference in the scores for the pre-test (M = 1.24, SD = 1.12) and post-test (M = 1.64, SD = 1.45) suggesting that three-week Modeling Instruction in the biology workshop contributed to gains in in-service teachers’ scientific reasoning (t(29) = −2.74, p < 0.011). Figure 9 shows the averages for specific reasoning subskills measured by the LCTSR during the post-test. Again, modelers performed better within the subskills of conservation of mass (98.5%) and probabilistic reasoning (86.3%) but seemed to perform lower on the correlational (63.0%) and proportional reasoning (61.1%) subskills. All subskills mean scores increased during the post-test except for conversation of mass and proportional reasoning. Although conversation of mass was not a central focus of the MI workshop, the proportional reasoning subskill was a scientific reasoning goal during several days of the workshop; and therefore, these results suggest that the teacher modelers need more practice making sense of co-variant relationships that are expressed in different rates, units, and/or ratios.




3.2. Two-Tier Item Analysis


The two-tier item analysis approach was used to determine the distributions of the formal reasoning categories. Using individual teacher scores on the LCTSR, modelers were classified into one of the four formal reasoning categories. Unlike the single-tier item analysis approach which considered the correctness of each individual item, the two-tier item analysis approach requires a teacher to correctly answer both items within a scenario correctly to receive credit. Using this analysis technique, teacher modelers correctly answered on average 7 of the 12 question-pairs on the pretest, which equates to a mean score of 61.3% (N = 30, SD = 2.08). The following scoring levels were used to classify the teachers based on scientific reasoning ability: 0–4 (C-FO: concrete reasoners/formal operational reasoners); 5–7 (ET: early transitional reasoners); 8–10 (LT: late transitional reasoners) and; 11–13 (FO: formal operational reasoners) [7]. Figure 6 shows the distribution of the formal reasoning categories assessed by the LCTSR. Most teachers were classified as late transitional reasoners (N = 15), followed by the category of early transitional researchers (N = 12). Only one teacher was identified as a formal operational reasoner.



On the post-test, teachers correctly answered, on average, 9 of the 12 question-pairs, which equates to a mean score of 75.0% (N = 30, SD = 2.69). Figure 10 shows the population distribution of the formal reasoning categories assessed by the LCTSR. The majority of teachers were again classified as late transitional reasoners (N = 15), followed by the category of early transitional researchers (N = 7). Six modelers were identified as a formal operational reasoner based on post-test data. This shift towards late transitional reasoners and formal operational reasoners suggest that the teacher modelers are more capable of reasoning abstractly in varying contexts following the Modeling Instruction in the biology workshop.




3.3. Focus Groups, Interviews, and Writing Sample


Of the six focus groups, five groups discussed scientific reasoning subskills without prompting when asked the three open ended questions. In addition, 6 out of 11 modelers spoke about scientific reasoning sub-skills during the individual interviews at the end of the school year. The transcription comments were coded in terms of the sub-skill that was discussed. The majority of the statements focused on the scientific reasoning skills learned through Modeling Instruction. Most of the scientific reasoning statements focused on control of variables and hypothetical-deductive reasoning, 47% and 33% of the coded statements, respectively. For example, when speaking about control of variables one teacher said that MI focused on “how research is done and how scientists test ideas.” An example of hypothetical-deductive reasoning was contained in the following comment about MI “start with...a research question, you generate some data, you look for the patterns that represent the data, and then you come up with a model.” This statement included the sub-skill of proportional reasoning when it focused on determining patterns in the data. Another Modeler stated, “student centered lessons that engage the student to learn and utilize active thinking skills”, which suggests that MI promotes students to participate in scientific reasoning skills.



Based on the delayed post interviews, the implementation of MI pedagogy seemed to support the development of scientific reasoning skills in teachers and students alike. As one teacher said during the delayed post interview, Modeling Instruction is about “placing each learner in the role of a scientist and letting them explore and learn about their world by experiencing real science situations.” It is this focus of Modeling Instruction pedagogy which supports scientific reasoning shifts in participants. Another in-service teacher expressed that Modeling Instruction gets participants to “think like scientists by engaging them in observation, analysis, drawing conclusions, reaching consensus, then applying the consensus model to new or different situations. If the model holds up great! If not, then a second iteration is needed.”



The analysis of the writing sample showed comparable results in both the post and delayed post writing sample with the majority of the statements focused on MI’s use of control of variables (38% vs. 28%, respectively) and hypothetical-deductive reasoning (38% vs. 28%, respectively). However, in the delayed post writing sample, teachers wrote more often of the use of proportional, probability, and correlational reasoning (10% in the delayed post vs. 8% in the post sample). Moreover, in both the interviews and writing samples, there was never a specific mention of scientific reasoning skills in general or specifically connected to any aspect of the Modeling Instruction workshop nor the use of MI units during the implementation with students. In fact, only one teacher mentioned that the students were learning skills, but even then, it was a generic mention that students were learning “a lot of good skills.” In the writing sample, only two teachers mentioned skills but in a circumlocutory way such as “active thinking skills.” Thus, teachers did not seem to explicitly connect the generation of scientific reasoning skills with MI pedagogy.





4. Discussion


The single-tier item analysis indicated that scientific reasoning gains occurred between assessment administrations. The two-tier item analysis suggested shifts in teacher modelers’ scientific reasoning towards late transitional and formal operational reasoning. This shift towards formal operational reasoning is indicative of the ability to reason abstractly in varying contextual situations as is displayed by scientists. These results suggest that the three-week Modeling Instruction in the biology workshop contributed to gains in in-service teachers’ scientific reasoning making them more prepared to help develop similar skills within their own students while implementing Modeling Instruction. The interview results provide additional support to the LCTSR findings demonstrating shifts in scientific reasoning skills. The interview comments about modeling demonstrate that teachers were able to make the implicit connection within the Modeling Instruction units to the development of scientific reasoning skills. However, the teachers did not seem to make this connection explicitly since none mentioned scientific reasoning skills or reasoning in general in interviews or writing samples.



The greatest overall increase in sub-skills occurred within the context of control of variables (about a 9% increase pretest to post-test) and this sub-skill was the one most often mentioned by teachers in the interviews and writing samples. The second largest increase in subskill shown on the LCTSR was in hypothetical-deductive reasoning with about a 4% increase pretest to post-test. The Modelers engaged in hypothetical-deductive reasoning in 13 out of 14 of the MI workshop days, and this skill was also the second most often mentioned in the writing samples, interviews, and focus groups. However, the sub-skills of proportional and correlational reasoning were not impacted by the Modeling Instruction workshop even through Modelers engaged in these activities 7 and 13 days, respectively, out of the 14 days of the MI workshop. This is a discouraging finding and may highlight the need to incorporate explicit connections to proportional and correlational reasoning skills into future Modeling Instruction workshops through the use of additional deployment tasks that target each type of reasoning skill independently rather than concurrently.




5. Conclusions


This study provides evidence that Modeling Instruction grounded in biology and authentic practice has the capacity to support the development of in-service teachers’ scientific reasoning skills. After participating in the three-week workshop, teachers related how MI pedagogy enhances and promotes scientific reasoning subskills, especially as it relates to control of variable reasoning and hypothetical-deductive reasoning. In part, these results may be attributed to the development and implementation of the Modeling Instruction workshop which utilized the following effective practices associated with quality professional develop: (i) concurrent exploration of content and pedagogy that is embedded in practice (i.e., modeling cycle in teacher-mode and student-mode); (ii) experienced workshop leaders with classroom and content experience; (iii) focused content (i.e., What is Life?, Population Interactions, Evolution units of study); (iv) sustained duration and with a professional learning community (i.e., three-week workshop with follow-up meeting and interviews throughout the academic year); (v) planned with a coherent set of strategies (i.e., white boarding, consensus meetings, deployments) [58,61,62,65,66,67].



Although the modelers displayed gains in scientific reasoning skills, only 20% of the teachers were identified as formal operational reasoners at the end of the workshop. This result is not surprising however, as past research suggests that pre-service teachers have a tendency to display a lack of scientific reasoning skills [8]. When coupled, these results for pre-service and in-service teachers do not bode well for the education received during their college years and stress the need for in-service workshops that allow educators to experience authentic practices, as well as a need to explore shifts in pre-service teacher training. As has been found in the teaching and learning of nature of science (NOS) concepts and processes [69], scientific reasoning skills may not be easily apparent when taught implicitly. Thus, there is a need for teacher education to include opportunities for the explicit instruction of scientific reasoning skills which may include metacognitive reflection practices on scientific reasoning skill utilization after teachers engage in activities in student-mode.



While this study illuminates the scientific reasoning skills of a small group of life science teachers who engaged in this project, more studies are needed to extrapolate these findings to other science disciplines and other areas of the world. This study is limited by the small number of teachers who completed the assessments and participated in interviews and focus groups, as well as the fact that all the teachers were from one science discipline (biology).
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Figure 1. Comparison of the Lawson’s Classroom Test of Scientific Reasoning’s (LCTSR’s) four levels of reasoning and the Piagetian cognitive development three levels of formal reasoning. Using a two-tier scoring method, LCTSR items can be analyzed to identify learners as Level 0: formal operational reasoner, Levels 1 and 2: transitional reasoner, or Level 3: formal operational reasoner whereby the following score ranges are utilized: 0–4 (concrete formal operational reasoners); 5–7 (early transitional reasoners); 8–10 (late transitional reasoners) and; 11–13 (formal operational reasoners) [7,35]. 
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Figure 2. Modeling Cycle (adapted from [48]). This figure represents how Modeling Instruction (MI) explores scientific phenomenon through the use of data, models with representations in algebraic, graphical, diagrammatic, and/or verbal form, and correspondence. 
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Figure 3. Example of physical model for DNA replication modeling using pop beads and chenille stems (silver beads = DNA containing N15; orange beads: DNA containing N14). 
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Figure 4. Possible DNA replication models developed by students (image (a) = conservative replication model; image (b) = semi-conservative replication model; image (c) = dispersive replication model). 
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Figure 5. Meselson and Stahl density gradient centrifugation banding strip displays the results after one round of DNA replication. 
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Figure 6. White-boarded graphical representations of students’ physical models (i.e., beads and chenille stems). (a) semi-conservative replication model; (b) conservative replication model. 
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Figure 7. Instruction Chain of Modeling Workshop in biology (WB: white boarding; C: consensus building). 
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Figure 8. Example of a Lawson’s Classroom Test of Scientific Reasoning (LCTSR) correlation reasoning two-tier item [33,34]. 
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Figure 9. Pretest and post-test mean percentage scores on Lawson’s Classroom Test of Scientific Reasoning (LCTSR) subskills from the single-tier item analysis showing increased post-test scores in all subskills except for conversation of mass and proportional reasoning. 
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Figure 10. Pretest and post-test formal reasoning level distribution (C-FO: concrete formal operational reasoners with a score range from 0–4; ET: early transitional reasoners with a score range from 5–7; LT: late transitional reasoners with a score range from 8–10; and FO: formal operational reasoners with a score range from 11–13) [7]. 
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Table 1. Examples from the codebook.
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	Main Code
	Examples Coded from Interviews





	Control of Variables
	FG1: start with research question and generate data

FG4: how to gather data



	Proportional Reasoning
	FG1: look for patterns that represent the data



	Hypothetical-deductive reasoning
	FG2: a process of thinking

FG3: [conclusions are] evidence based; evidence and reasoning
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Day1

¢ Activities: Pre-LCTSR; Characteristics of Life WB & C

e Student Learning Objective: Analyze what characterizes an organism as living.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning, correlational reasoning, and hypothetical-deductive reasoning. |
Day 2

* Activities: Are Viruses Living or Nonliving Debate

*Student Learning Objective: Analyze what characterizes an organism as living

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning, correlational reasoning, and hypothetical-deductive reasoning. |
Day3

* Activities: Organism Classification Card Sort

Student Learning Objective: Based on morphological evidence, analyze the classification of organisms according to their evolutionary
relationships.

* Modeler Scientific Reasoning Goal: With minimal data, develop classification schemes using argumentative reasoning, correlational
reasoning, and hypothetical-deductive reasoning.

Day 4

e Activities: Bacteria Lab; Paramecium Population Graphing Lab

*Student Learning Objective: Design or simulate a population growth model which allows for the manipulation of environmental
conditions.

* Modeler Scientific Reasoning Goal: Analyze data using proportional reasoning, correlational reasoning, probabilistic reasoning,
conservation of matter reasoning, hypothetical-deductive reasoning, and control of variable reasoning.

Day5

e Activities: Misconception Article Reflection
* Modeler Scientific Reasoning Goal: Analyze article using correlational reasoning and hypothetical-deductive reasoning.

Day 6

* Activities: Mathematical Modeling and Population Growth Lab WB & C
*Student Learning Objective: Apply mathematical models to explain homeostasis and evaluate population growth in ecosystems.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning; and analyze data using proportional reasoning, correlational
reasoning, probabilistic reasoning, hypothetical-deductive reasoning, conservation of matter reasoning, and control of variable
reasoning.

Day?7

e Activities: Population Growth Simulations & WB; What is Engineering? Discussion
*Student Learning Objective: Predict population interactions within an ecosystem based on the developed model of population growth.

* Modeler Learning Objective: Analyze data using proportional reasoning, correlational reasoning, probabilistic reasoning, hypothetical-
deductive reasoning, conservation of matter reasoning, and control of variable reasoning.

Day 8

* Activities: Lazy Lizards Natural Selection Lab
*Student Learning Objective: Use data to determine relationships between a change in a population and its environment.

* Modeler Scientific Reasoning Goal: Analyze data using proportional reasoning, correlational reasoning, probabilistic reasoning,
hypothetical-deductive reasoning, and control of variable reasoning.

Day$9

e Activities: Lazy Lizards Natural Selection Lab WB & C

*Student Learning Objective: Summarize and analyze the survival and reproductive success of organisms in terms of behavioral,
structural, and reproductive adaptations.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning; and analyze data using proportional reasoning, correlational
reasoning, probabilistic reasoning, and hypothetical-deductive reasoning.

Day 10

* Activities: Field Trip to Conference on Evolution and Ecology Research

Day 11

e Activities: Lazy Lizards Natural Selection Lab C

Student Learning Objective: Develop a model that demonstrates how external biotic and abiotic conditions select for phenotypes that
aid in survival.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning; and analyze data using proportional reasoning, correlational
reasoning, probabilistic reasoning, and hypothetical-deductive reasoning.

Day 12

e Activities: Sexual Selection, Genetifc Drift, and Speciation WB & C

e Student Learning Objective: Summarize and analyze the survival and reproductive success of organisms in terms of behavioral,
structural, and reproductive adaptations.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning; and analyze data using proportional reasoning, correlational
reasoning, probabilistic reasoning, and hypothetical-deductive reasoning.

Day 13

e Activities: Bioengineering Design Challenge Ideation

* Modeler Goal: Develop an engineering design challenge in biology that target students’ content knowledge and reasoning skill
development.

* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning, correlational reasoning, and hypothetical-deductive reasoning |

Day 14

e Activities: Bioengineering Design Challenge Ideation; Closure; Post-LCTSR
* Modeler Scientific Reasoning Goal: Engage in argumentative reasoning, correlational reasoning, and hypothetical-deductive reasoning.
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Farmer Brown was observing the mice that live in his field. He discovered that all
of them were either fat or thin. Also, all of them had either black tails or white
tails. This made him wonder if there might be a link between the size of the mice
and the color of their tails. So he captured all of the mice in one part of his field
and observed them. Below are the mice that he captured.

Do you think there is a link between the size of the mice and the color of their
tails?

a. appears to be a link

b. appears not to be a link

o3 cannot make a reasonable guess

because

a. there are some of each kind of mouse.

b. there may be a genetic link between mouse size and tail color.

G there were not enough mice captured.

d. most of the fat mice have black tails while most of the thin mice have white

tails.
e. as the mice grew fatter, their tails became darker.





media/file2.png
(

* Concrete formal

operational reasoner
 Struggles with
abstract reasoning

LCTSR
Level O

—

LCTSR
Levels 1 & 2

N

 Early and late
transitional reasoner

» Reasons abstractly

only 1n some
contexts

"« Formal operational\
reasoner

* Reasons abstractly

1n varying contexts

LCTSR
Level 3

—






media/file20.png
16
14
12
10

o N O

15(50.0%) 15(50.0%)

12(40.0%)

7(23.3%) 6(20.0%)

2(6.67%)2(6.67%)
1(3.3%)
T —
C-FO ET LT FO

M Pretest 1 Posttest





media/file5.jpg





media/file1.jpg
« Conerete formal
operational reasoner
+ Struggles with

abstract reasoning

LCTSR
Levels 1 &2
« Early and late.

transitional reasoner

+ Reasons abstractly
only in some
contexts

« Formal operational
reasoner

+ Reasons abstractly.

in varying contexts






media/file12.png





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
Conservation of Mass

Conservation of Volume

|

Proportional Reasoring
Control of Variables
Probublistc Reasoning,
Comelationsl Reasoning.

Hypothetic-deductive Reasoning

0 0 2 M N 0 O W H % 10

B Posttest Mean Percentage Score Bl Pretest Mean Percentage Score





