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5 ABSTRACT
Even when chemistry teachers’ beliefs about assessment design align with literature-cited best practices, barriers can prevent 

teachers from enacting those beliefs when developing day-to-day assessments. In this paper, the relationship between high 

school chemistry teachers’ self-generated “best practices” for developing formative assessments and the assessments they 

implement in their courses are examined. Results from a detailed evaluation of several high school chemistry formative 

10 assessments, learning goals, and learning activities reveal that assessment items are often developed to require well-

articulated tasks but lack either alignment regarding representational level or employ only one representational level for 

nearly all assessment items. Implications for the development of a chemistry-specific method for evaluating alignment are 

presented as well as implications for high school chemistry assessment design.

KEYWORDS
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Assessment is a complex process involving several interrelated decisions that impact a teacher’s ability to draw 

inferences about the teaching and learning process. Several literature resources are available to high school teachers to assist 

with the complex decisions that go into designing assessments and evaluating assessment quality (Bell and Cowie, 2001; 

Martone and Sireci, 2009; Towndrow et al., 2010; Ruiz-Primo et al., 2012; Towns, 2014a; Harshman and Yezierski, 2017; 

20 Dini et al., 2020). Often, a teacher’s personal goals for assessment design align well to the guidelines present in the literature 

(Sandlin et al., 2015; Schafer and Yezierski, 2020a). However, enacting personal goals and literature-suggested guidelines 

during assessment development can be difficult for high school chemistry teachers (Black and Wiliam, 1998; Mandinach et 

al., 2006; Sandlin et al., 2015). The barriers hindering enactment can cause misalignment between a teacher’s goals and the 

assessments they generate. In this work, a “barrier” is defined as something preventing a teacher from enacting their personal 

25 goals. For example, a “barrier” could be a gap in knowledge, lack of awareness, or even a mismatch of resources. A better 

understanding of the relationship between chemistry teacher assessment goals and assessment products is necessary for 

helping teachers better design formative assessments.
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FRAMEWORK FOR STUDY
Establishing goals is often considered the first step in initiating a cycle of formative assessment. Goals could be, for 

30 example, learning goals to describe expectations for student learning or even goals that establish practices the teacher will 

incorporate into formative assessment design. Essentially, the goals a teacher sets should guide the design of opportunities to 

collect evidence about the progress of student learning and the success of learning activities (Harshman and Yezierski, 2017). 

The evidence gathered can then inform new goals as teachers craft an instructional response, repeating the formative 

assessment cycle. This iterative formative assessment cycle has 

35 been given many names in the literature; here we are calling the 

iterative process data-driven inquiry (Harshman and Yezierski, 

2017). 

The study described herein follows a cohort of high school 

chemistry teachers participating in a professional development 

40 designed to follow the process of data driven inquiry (Figure 1). The 

teachers started this professional development by generating a set of 

“best practices” for designing and interpreting formative 

assessments (Schafer and Yezierski, 2020a) before employing these 

“best practices” to guide the design of planned, formative assessments for their classrooms. Here, “best practices” are in 

45 quotations to reflect that these practices are the participating teachers’ proposed ideas about how to best design and interpret 

formative assessments, not necessarily evidence-based best practices from the literature, although the teacher-generated “best 

practices” were found to align with relevant literature for formative assessment design (Schafer and Yezierski, 2020a). This 

investigation uses the teacher-generated “best practices” to better understand the relationship between chemistry teacher 

assessment goals and design practices. Following data-driven inquiry, the “best practices” specified by the teachers should 

50 inform the design of formative assessments (i.e., the tools used to collect evidence) alongside any lesson-specific learning 

goals. What follows is a brief primer on formative assessments from the literature, a summary of the “best practices” 

generated by teachers in the earlier work (Schafer and Yezierski, 2020a), and literature that contextualizes and/or reinforces 

the high school chemistry teachers’ ideas.

FORMATIVE ASSESSMENT BEST PRACTICES
55 Assessments that are used to inform continued instruction are considered formative assessments (Black and Wiliam, 

1998; Irons, 2008; Clinchot et al., 2017). Formative assessments can range from spontaneous in-class questioning to planned 

Figure 1. Data-driven Inquiry Cycle
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quizzes. Planned, formative assessments allow the teacher to consider items that students will respond to in the future. When 

designing and evaluating the quality of planned, formative assessments, a teacher must enact a practical knowledge of the 

students and classroom alongside content knowledge to effectively generate an opportunity to judge student learning and the 

60 learning activity (Bell and Cowie, 2001; Remesal, 2011; American Chemical Society, 2012; DeLuca et al., 2018). How this 

knowledge is enacted by a teacher is informed by the beliefs they hold about assessment design. Arguably, a teacher will 

attempt to design assessment items in a way that agrees with what they believe to be the “best practices” to employ. A 

teacher’s perception of what counts as a “best practice” is informed by several sources (e.g., peers, current literature, prior 

experiences, training, and content knowledge). However, many sources informing chemistry teachers’ perceptions of “best 

65 practices” create barriers for enacting beliefs about how an assessment should be designed by requiring a significant amount 

of interpretation by the teacher (Black and Wiliam, 1998). Although several studies propose best practices for assessment 

design, few have examined how literature-based practices that align with chemistry teachers’ personal assessment beliefs 

about best practices inform the decisions teachers make while generating planned, formative assessments.

When Schafer and Yezierski (2020a) examined the discourse between a group of high school chemistry teachers 

70 generating a set of “best practices” for formative assessment design, they learned that the teachers collaboratively proposed 

and revised practices as critical friends (i.e., peers who were comfortable and had experiences collegially contributing to 

discourse and resolving disagreements) (Curry, 2008; Loughran and Brubaker, 2015; Schafer and Yezierski, 2020a). Among 

the teachers’ “best practices” were the considerations that an assessment should:

 articulate clearly what the student should do when responding to the assessment item, 

75  address a variety of conceptual and representational levels, and 

 align assessment items to the instructional materials (e.g., learning goals). 

Although this is not an exhaustive list of the “best practices” generated by the teachers, the stated practices represent those 

specific to barriers high school chemistry teachers may face when designing planned, formative assessments. The same 

chemistry teachers who generated the practices in the bulleted list from Schafer and Yezierski are the participants in the study 

80 described herein. While generating the “best practices”, teachers had multiple opportunities to contribute, revise, and remove 

practices before agreeing on a final draft. As such, the “best practices” represent consensus ideas from the participating 

teachers. Employing the “best practices” generated by these teachers presents a unique opportunity to examine the 

relationship between chemistry teacher beliefs and practices about planned, formative assessment design. Before 
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investigating the relationship between the chemistry teacher’s beliefs about best practices and the practices they enact when 

85 designing planned, formative assessments, each of the teacher-generated “best practices” are described in further detail.

Assessments Should Articulate Clearly What the Student Should Do When Responding to the Assessment Item of a Task
The teacher-generated “best practice” of using clear articulations of what the student should do matches guidelines 

proposed in educational literature (National Research Council, 1999, 2001, 2014; Bell and Cowie, 2001; Stiggins, 2001; 

Gibbs and Simpson, 2004; Dwyer, 2007; Lyon, 2011). What the student is required to do is often referred to as the “task” of 

90 an assessment item (McDonald, 1964; Hoffman and Medsker, 1983; Jonassen et al., 1999; Merrill, 2007; Tomanek et al., 

2008). Establishing an appropriate task is a key process teachers undergo when designing or selecting planned, formative 

assessment items, and literature guidance provides teachers with specific considerations in how to productively design tasks 

for assessments (Bell and Cowie, 2001; Tomanek et al., 2008; Kang et al., 2016; Schafer and Yezierski, 2020b). For 

example, teachers may ask students to calculate a value, explain a relationship, or select an appropriate answer from a set of 

95 choices. In these examples, the tasks are to calculate, explain, and select, respectively. Numerous methods for evaluating 

assessment quality employ task as a criteria, further highlighting the importance of establishing a specific, expected action to 

be performed by the student when responding to the assessment item (Webb, 1997; Porter and Smithson, 2001; Rothman et 

al., 2002; Martone and Sireci, 2009). Any task designed into an assessment item is inevitably informed by a teacher’s goals 

for a given formative assessment cycle (Harshman and Yezierski, 2017).

100 Assessments Should Address a Variety of Conceptual and Representational Levels 
The National Research Council encourages teachers to provide students with opportunities to perform tasks that go 

beyond simple recall (National Research Council, 2014). Teachers can move past recall of facts by requiring students to 

apply their conceptual knowledge. However, a common pitfall teachers face is to include mainly recall tasks during 

assessment, potentially resulting in inadequate information about student understanding (Stiggins, 2001; Towns, 2014b; 

105 Schafer and Yezierski, 2020a). When designing assessments, items incorporating recall tasks should not be perceived as 

“bad” formative assessment items, although including only recall items may limit the data available to inform continued 

instruction. Many sources agree that collecting data from a variety of tasks can help teachers better judge student 

understanding (Bell and Cowie, 2001; Gearhart et al., 2006; National Research Council, 2014). If possible, teachers should 

collect multiple measurements, since the additional data can provide the teacher and student with insights about student-

110 specific challenges and knowledge gained (Black and Wiliam, 1998; Bell and Cowie, 2001; National Research Council, 

2001; Stiggins, 2001; Cizek, 2009). Arguably, an appropriate task is one that corresponds to similar items in the instructional 

materials and fulfills the goals(s) of the assessment (Harshman and Yezierski, 2017).
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Assessing student knowledge within a variety of representational levels was a “best practice” generated by the chemistry 

teachers in the study by Schafer and Yezierski, but is not a commonly cited practice in domain-general literature (Schafer and 

115 Yezierski, 2020a). Establishing an appropriate representational level has been found as a practice chemistry teachers engage 

in when developing formative assessment items (Schafer and Yezierski, 2020b). Although some teachers explicitly focus on 

representational level when designing assessment items, several investigations have documented student difficulties 

navigating between different representational levels (Gabel et al., 1987; Nakhleh, 1992; Russell et al., 1997; Gkitzia et al., 

2020). As such, literature guidance suggests carefully scaffolding the number of representational levels per item when the 

120 goal is to assess student knowledge and abilities about representational level (Taber, 2013).

While representational levels have been accepted within chemistry as important descriptors of chemical information, 

other disciplines likely do not have the same need for describing chemical phenomena (Johnstone, 1991; Taber, 2013; 

Vilardo et al., 2017). Inevitably, many assessment practices are domain-general, while others are more discipline specific 

(Coffey et al., 2011). Few investigations focus on the role representational level plays in conjunction with other assessment 

125 item components (such as task); however, better understanding as to how these components are developed in unison could 

improve understanding of chemistry teacher assessment design practices. 

Assessments Should Align Assessment Items to the Instructional Materials
Alignment refers to the degree to which learning goals, learning activities, and assessments are in agreement and 

mutually support students in learning what they are expected to know and do (Tyler, 1949; Webb, 1997; Martone and Sireci, 

130 2009), although there is some disagreement as to what “alignment” means in studies regarding current science standards 

(Fulmer et al., 2018).  In their review of studies about aligning to the Next Generation Science Standards (NGSS), Fulmer et 

al. (2018)  acknowledge that the two main questions regarding alignment involve (1) What aspect of the NGSS are being 

considered? and (2) How is alignment being judged? Addressing these questions presents challenges unique to the discipline 

of chemistry that require teachers receive chemistry-specific support and guidance for developing skills aligning assessment 

135 and instruction. Unfortunately, a review of chemistry education literature reveals that few chemistry-specific methods exist 

for evaluating the alignment of an assessment to instruction; however, alignment methods are prevalent within domain-

general education literature (e.g., Porter and Smithson, 2001; Rothman et al., 2002; Webb and Herman, 2006; Martone and 

Sireci, 2009; Kaderavek et al., 2015; Fulmer et al., 2018; Young et al., 2019). One instrument high school chemistry teachers 

may consider when evaluating lesson alignment is the EQuIP Rubric for Lessons and Units: Science (Achieve, 2016). The 

140 EQuIP rubric evaluates lessons sequences and units for NGSS alignment using three domains: a three-dimensional design, 
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instructional supports, and monitoring student progress (Achieve, 2016). The rubric is extensive in its descriptions for NGSS-

alignment; however, the comprehensiveness of the rubric can be challenging to use, especially for teachers new to the rubric 

(Fulmer et al., 2018). In response to teachers’ struggles using the EQuIP rubric, Achieve released a reduced version of the 

rubric (Achieve, 2016), but the reduced version is not meant to be used as a complete evaluator and requires a follow-up with 

145 the full EQuIP. Overall, the lack of chemistry-specific guidelines and methods burdens high school chemistry teachers with 

translating domain-general practices to their own context or employing comprehensive instruments that can be challenging to 

apply.

Since assessment and instruction do not exist in isolation, improvements in learning are dependent upon the quality of 

alignment among assessments, curriculum, and instruction (Bell and Cowie, 2001; National Research Council, 2001, 2014; 

150 Broman et al., 2015). However, criteria for alignment specific to the discipline of chemistry (such as representational level) 

can increase the difficulty of designing and implementing formative assessment tasks that are tightly aligned to instructional 

materials. The interrelatedness between assessment and instruction implies that teachers cannot make valid inferences from 

assessment data without alignment to instruction (Datnow et al., 2007; Hamilton et al., 2009; Sandlin et al., 2015; Harshman 

and Yezierski, 2017). Although several investigations recognize the importance of alignment, there is not a consensus on the 

155 number of aligned criteria necessary for adequate measurement of student competency. Typically, studies suggest that 

between six and eight observations of students performing a task is sufficient for a reliable measurement (Webb, 2006; 

Martone and Sireci, 2009; Praetorius et al., 2014; Briggs and Alzen, 2019). Although the study presented herein does not 

seek to confirm or refute these values, we recognize that teachers should consider how many items are necessary to evidence 

a given learning goal when designing a planned, formative assessment. Inevitably, what is considered a sufficient number of 

160 ways and instances of assessing a learning goal must be decided by the assessment designer based on the purpose of the 

assessment (Kane, 2006; Webb, 2006; American Educational Research Association et al., 2014; Harshman and Yezierski, 

2017). Processes such as data-driven inquiry can support teachers’ considerations of alignment by establishing goals which 

inform the design of tools to collect evidence and the conclusions drawn from the evidence collected (Harshman and 

Yezierski, 2017).  Better understanding the relationship between teachers’ perceived “best practices” (such as alignment to 

165 instruction) and the assessments they design is essential for helping teachers improve formative assessment design practices.
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RESEARCH QUESTIONS
The purpose of this study is to investigate the nature of the relationship between high school chemistry teachers’ 

perceptions of “best practices” for formative assessment and the planned, formative assessments generated for their 

classrooms. The research questions guiding this study are:

170 1) How can the tasks and representational levels of planned, formative assessment items be diagrammed to allow for 

comparison with corresponding instructional materials (i.e., learning goals and learning activities)?

2) What is the nature of the relationship between teachers’ self-generated “best practices” for formative assessments 

and the assessments they generate?

METHODS
175 To address the research questions, the assessments, learning activities, and learning goals of a group of high school 

chemistry teachers were collected. This research was approved by the university’s Institutional Review Board as an 

investigation into the alignment between high school chemistry teachers’ practices and beliefs about assessment. All methods 

were in compliance with the university’s policies on ethics. Informed consent was obtained for all participants prior to 

participation.

180 Sample
Five teachers participated in a long-term professional development program focused on improving assessment practices 

during the Spring/Summer of 2018. As part of the professional development program, all teachers generated an assessment 

for an inquiry activity implemented in their own classrooms. However, one teacher was unable to complete the professional 

development and another decided to generate a summative assessment. As this investigation focuses on planned, formative 

185 assessments, these two teachers were removed from the study. Demographic information for the three teachers included in 

this study is presented in Table 1. 

190

Data Sources
As part of the professional development, the chemistry teachers were asked to provide the planned, formative assessment 

for a lesson as well as any learning goals and learning activities associated to the lesson to serve as artifacts for the study 

described herein. In this study, an artifact is defined as a singular document, such as the learning goals, a learning activity, or 

Table 1. Teacher Demographic Information
Participant Bachelor’s Degree Major Highest Degree Earneda

Celine Biology Education MEd, MS
Claude Chemistry MEd

Emmerson Chemistry/Earth Science Education MEd
aMEd = Master of Education, MS = Master of Science
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195 an assessment instrument, whereas an item is any singular task requested or question asked of the student within an artifact. 

Further information about the implementation of the lesson can be found in the results. For this work, the learning goals are 

the student expectations set by the teachers at the beginning of the lesson. All teachers recorded the learning goals on the 

materials provided to the students at the beginning of the lesson. Learning activities are any instructional materials used by 

the teachers throughout the lesson. Claude and Emmerson separately implemented laboratory activities while Celine 

200 implemented a lab along with two group work activities.

Artifact Analysis
Following the process of data-driven inquiry, the “best practices” generated by the teachers represent goals for designing 

formative assessment items. Although other goals likely contributed to their assessment design, the “best practices” should be 

evident in the tools that teachers designed and implemented to collect evidence. As such, the “best practices” generated by 

205 the teachers were distilled into distinct analysis categories. The analysis categories synthesized were task (referring to the 

practice of “clearly articulate what the student should do”), representational level (referring to the practice of “address a 

variety of conceptual and representational levels”), and chemistry content (referring to the practice of “align assessment items 

to the instructional materials”). The synthesis of each of these analysis categories is presented in further detail below. 

Task. The tasks within teacher artifacts were coded to address the teacher-generated “best practices” of “clear 

210 articulation of a task” and “assessment of a variety of conceptual levels.” Codes within the task category were inspired by 

“The New Taxonomy” by Marzano and Kendall (Marzano and Kendall, 2008). This taxonomy was modified from previous 

taxonomies (e.g., Bloom’s Taxonomy (Bloom et al., 1956)) to describe specific actions reflective of individual knowledge 

categories (Marzano and Kendall, 2008). The task codes (Table 2) for this study similarly reflect the process students must 

carry out to demonstrate knowledge within each item.

215  Representational Level. To address the teacher-generated “best practice” of “assessing at a variety of representational 

levels” the representational level of each item was coded. Johnstone’s representational levels were used to generate codes for 

the representation category (Johnstone, 1991). The representational level codes describe how information is to be represented 

Table 2. Example Tasks for Each Task Code
Task Code Example Tasks

Retrieval Identify, recognize, calculate, complete, apply, demonstrate
Explanation Explain, summarize
Representation Draw, use models, represent, show
Analysis Sort, categorize, differentiate, assess, critique, evaluate, diagnose
Knowledge Utilization Test, how would you determine, generate and test
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in the student response, if specified. Table 3 presents descriptions of the three representational levels, including the 

“Ambiguous” code for when no representational level is communicated.

220 Chemistry Content. To provide a consistent means of addressing the teacher-generated “best practice” of “assessment is 

aligned with instructional materials” each item was inductively coded for the chemistry content embedded within the item 

using constant comparative analysis to ensure independence across content themes (Maxwell, 2013). The complete 

codebooks for all coding schemes are available in Appendices A, B, and C. Although other studies have investigated 

alignment via comparison of the assessment and/or learning activity items to a learning goal (or state standard), addressing 

225 research question one required the generation of a diagram that was descriptive of items misaligned with the learning goal 

while precisely illustrating items that were aligned with learning goals (Rothman et al., 2002; Martone and Sireci, 2009; 

Polikoff and Porter, 2014). 

It is essential to establish trustworthiness of coding for any qualitative investigation (Patton, 2002). As such, evidence of 

trustworthiness was established by addressing the credibility, dependability, and transferability of the findings. All 

230 investigators have previous experience teaching at the high school level and facilitating professional development for high 

school chemistry teachers, granting credibility to the codes generated. To establish evidence of dependability, interrater 

agreement was conducted as well as frequent debriefings. Interrater agreement of task and representational level codes was 

established by having two researchers independently code items from one learning activity. Code applications were 

compared, with an agreement of 79%. Disagreements in code application were negotiated, code descriptions were 

235 collaboratively revised, and the codes were reapplied to the data set once complete agreement was established. Codes for 

chemistry content were generated by an individual researcher and were independent for each group of artifacts. Once 

chemistry content codes were generated, the descriptions were shared with other members of the research team and 

collaboratively revised until agreement was reached. Debriefings between the authors were held weekly. In addition, monthly 

debriefings were held with several graduate students and another chemistry education research faculty member who were not 

240 involved in the data collection. Transferability of the findings presented are limited but carefully defined; as a small group of 

high school chemistry teachers with several years of professional development. More generally, findings have the capacity to 

Table 3. Code Descriptions for Each Representational Level 
Representational Level Codea Representational Level Descriptions

Macroscopic Representation of species/events on a visible scale to communicate chemical ideas/events/species
Symbolic The use of descriptive words, symbols, or values to communicate chemical ideas/events/species

Particle-level Representation of species/events on an invisible scale to communicate chemical ideas/events/species
Ambiguous No representational level communicated

aMixtures of representational level codes are possible and are written as the two representational levels present in the item (e.g., Macroscopic/Symbolic)
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generate discussion and avenues for future studies as well as guidance for high school chemistry teachers and education 

researchers.

Assessment items were compared to items in the corresponding learning activity and learning goal to investigate for code 

245 co-occurrence. This comparison was facilitated through the use of a novel diagram called an “alignment plot.” These 

alignment plots illustrated each of the codes applied to the items within teacher artifacts. For this work, alignment is defined 

as the presence of code co-occurrence among all artifacts with regard to task and/or representation level within a particular 

chemistry content category. The alignment plots served to visualize the teachers’ enacted practices when designing planned, 

formative assessments. By organizing the features of the artifacts in the alignment plot, we were able to characterize how 

250 teachers designed their assessments as compared to how they thought assessments should be designed. 

RESULTS AND DISCUSSION
Overall Code Occurrences

The first research question seeks to establish a means of diagramming teacher artifacts to illustrate how teachers enact 

their “best practices” during assessment design. To address this research question, a table quantifying the tasks and 

255 representational levels of all the items present in teacher artifacts was generated. The table helps to reveal code occurrence 

across learning goals, assessment items, and learning activity items. 

Table 4 communicates the total number of items that include each task, representational level, and chemistry content 

topic for Claude’s artifacts. The learning goals for Claude’s lesson were that the student would be able to:

1. Identify a redox reaction based on symbolic representations.

260 2. Represent particulate level representations of redox reactions.

3. Predict products of redox reactions.

Claude generated one assessment and one learning activity to address these learning goals. Students in Claude’s classes were 

provided one day to complete the learning activity, taking the assessment the following day.

Table 4. Counts of Each Code Occurrence for Claude’s Artifacts

Category Code Learning 
Goals Assessment Learning 

Activity Total

Retrieval 1 13 22 26
Explanation - 1 13 14
Representation 1 2 5 8
Analysis 1 - 2 3

Task

Knowledge Utilization - - - 0
Symbolic 1 14 26 41
Symbolic/Particle - - - 0
Particle 1 1 3 5
Particle/Macroscopic - - - 0

Representational 
Level

Macroscopic - 1 11 12
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Macroscopic/Symbolic - - 1 1
Ambiguous 1 - 1 2
Static Chemical System 3 7 28 38
Chemical Phenomena - 4 7 11
Electron Count and Movement - 5 2 7
Observations - - 4 4

Chemistry 
Content

All Content Areas - - 1 1
Total 3 16 42

Claude’s artifacts addressed three chemistry topics within oxidation and reduction reactions with an additional code 

265 for items that call for in-lab observations. One item in Claude’s learning activity asked students to summarize what happens 

during a redox reaction. This item addressed all content codes and thus was given its own content code (shown in Table 4 as 

“All Content Areas”). Example items from Claude’s artifacts are shown in Figure 3. The tasks articulated in Claude’s items 

were mainly retrieval (26 total) with fewer explanation (14 total), representation (8 total), and analysis (3 total) tasks. 

Additionally, Claude’s artifacts addressed a variety of representational levels; however, the symbolic representational level 

270 was emphasized much more than others with 41 items out of 61 total. The items in Claude’s artifacts meet the self-imposed 

requirements of articulating specific tasks to complete while also incorporating a variety of conceptual and representational 

levels, although the symbolic representational level was disproportionately emphasized.

Table 5 communicates the total number of items that include each task, representational level, and chemistry content 

topic found in Celine’s artifacts. The learning goals for Celine’s lesson were that students will be able to:

275 1. successfully employ ratios and proportions to obtain relative mass for particles of imaginary elements.

2. successfully explain how Avogadro’s law allows scientists to assign mass to particles as tiny as atoms. 

3. use ratio relationships and reasoning to assign a relative mass to an unknown particle, based on given information. 

Celine generated one assessment and three learning activities to address these learning goals. Students in Celine’s classes 

were provided one day to complete each learning activity, taking the assessment the day after the third learning activity.

Table 5. Number of Each Code Occurrence for Celine’s Artifacts

Category Code Learning 
Goals Assessment Learning 

Activity Total

Retrieval 2 6 40 48
Explanation 1 - 3 4
Representation - 1 - 1
Analysis - - - 0

Task

Knowledge Utilization - - - 0
Symbolic 3 5 42 50
Symbolic/Particle - - - 0
Particle - - - 0
Particle/Macroscopic - 1 - 1
Macroscopic - - 1 1
Macroscopic/Symbolic - 1 - 1

Representational 
Level

Ambiguous - - - 0
Element and Number Relation 3 3 27 33Chemistry 

Content Element Comparison - 4 2 6
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Periodic Table - - 7 7
Math Knowledge - - 6 6
Observations - - 1 1

Total 3 7 43
280 Celine’s artifacts addressed four chemistry topics within a lesson about isotopes and atomic mass, with an additional 

code for items about recording observations. Celine has multiple learning activities because she made in-class decisions 

about student progress, deciding that her students needed more in-class instruction before taking the assessment. Example 

items from Celine’s artifacts are shown in Figure 4. The tasks articulated in Celine’s items were nearly all retrieval (48 total) 

with far fewer explanation tasks (4 total) and only one representation task. Similarly, nearly all items in Celine’s artifacts 

285 incorporated the symbolic representational level (50 out of 53 total items). Celine’s items were disproportionately retrieval 

tasks at the symbolic representational level, meaning that the self-imposed requirements of addressing a variety of conceptual 

and representational levels was not met. 

Table 6 communicates the total number of items that include each task, representational level, and chemistry content 

topic for Emmerson’s artifacts. The learning goals for Emmerson’s lesson were that the learner will be able to:

290 1. classify reactions as a synthesis, decomposition, double displacement, single displacement, or combustion reaction.

2. interpret symbolic representations of equations to make predictions of observable behaviors to link the macroscopic 

and symbolic levels of understanding according to Johnstone’s triangle of chemical levels of thinking. 

3. analyze and develop sub-microscopic representations of reactions. 

Emmerson generated one assessment and one learning activity to address these learning goals. Students in Emmerson’s 

295 classes were provided two days to complete the learning activity, taking the assessment electronically the day after the 

learning activity.

Table 6. Number of Each Code Occurrence for Emmerson’s artifacts

Category Code Learning 
Goals Assessment Learning 

Activity Total

Retrieval 1 10 43 54
Explanation - - 29 29
Representation 1 - - 1
Analysis 2 - 5 7

Task

Knowledge Utilization - - 6 6
Symbolic - 3 6 9
Symbolic/Particle - 2 - 2
Particle 2 3 5 10
Particle/Macroscopic - - 1 1
Macroscopic - - 54 54
Macroscopic/Symbolic 1 2 12 15

Representational 
Level

Ambiguous 1 - 5 6
Reaction Type 1 6 17 24
Reaction Representation 3 4 - 7
Lab Knowledge - - 1 1

Chemistry 
Content

Observations - - 65 65
Total 4 10 83
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Emmerson’s artifacts included two chemistry content codes for a lesson about types of chemical reactions, with 

additional codes to represent items that asked students to make observations or employ their laboratory knowledge. Example 

items from Emmerson’s artifacts are shown in Figure 6. The tasks articulated in Emmerson’s items were largely retrieval (54 

300 total) with at least 1 assessment or learning activity item incorporating explanation, analysis, and knowledge utilization tasks. 

Although the learning activity incorporated a variety of tasks, the assessment included only retrieval tasks. The emphasis of 

retrieval tasks is likely a result of the number of observations in the learning activity, which also likely contributes to the 

emphasis on the macroscopic representational level (54 items). Even though the macroscopic representational level was 

disproportionately emphasized, the learning activity included at least one item from all other possible representational levels 

305 (excluding items including both symbolic and particle levels) and the assessment spanned a variety of representational levels. 

Emmerson’s items met the self-imposed requirements of articulating a task for each item and incorporating a variety of 

conceptual and representational levels, although retrieval items at the macroscopic level were emphasized.

Although investigating individual code occurrences provided insight about overall trends in task and representational 

level use, the complex nature of the items is not illustrated. For example, an item coded as a retrieval task may include a 

310 different representational level than other retrieval tasks within the same chemistry content. Highlighting the co-occurrence 

of the tasks and representational levels of items within each chemistry content code allows for a more thorough 

characterization of alignment to instructional materials which is described in the following section.

Construction of the Alignment Plots
A two-dimensional diagram (called an alignment plot) was generated to allow for a synchronous characterization of the 

315 alignment of tasks and representational levels of items within teacher items from her/his artifacts. To compare individual 

items among assessment and instructional artifacts, every action within each learning goal, learning activity item, and 

assessment item was assigned a shape based on its task code (Table 7) and a color based on its representation level (Figure 

2).

Table 7. Task Code Key for Alignment Plot 

Task Code Shape on 
Alignment Plot

Retrieval Circle
Explanation Triangle
Representation Square
Analysis Pentagon
Knowledge Utilization Star
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320

Figure 2. Representational Level Codes

Example items from Claude’s artifacts are shown in Figure 3. The items in Figure 3 align with the “Static Chemical 

System” chemistry content code, because they ask the student about a system that is assumed to be static (i.e., unmoving). 

The learning goal’s task is depicted by a circle to show that students are asked to identify. The learning goal sets the 

325 requirement that, to demonstrate competency, students need to recognize the correct answer when critical information is 

provided. The circle is colored red to show the symbolic representational level communicated in the learning goal. The 

assessment item’s task is depicted by a triangle to show that the item asks the student to explain. When responding to this 

assessment item, students are provided with the information that a portion of a magnesium strip is placed in a solution of 

chromium (III) iodide. From this information, the student would need to discern critical information from noncritical 

330 information to demonstrate that they understand where the reaction occurred and what observations would be evident. Since 

the item asks for a macroscopic description, the item’s shape is colored yellow. The task of the learning activity item in 

Figure 3 is depicted as a square because the student is asked to draw. To demonstrate competency for this item, the student 

would need to generate a representation. The color of the shape is blue, since a particle-level representation is to be generated 

by the study. Example items for each task and representational level can be found in Appendix A and B.

Artifact Item Codes Shape

Learning 
Goal Identify a redox reaction based on symbolic representations.

Content:
Static Chemical System

Task:
Retrieval

Representational Level: 
Symbolic

Assessment

The student group removes the metal strip from the solution after the 
reaction has completed. Describe what the students would see at 
EACH END of the strip.

 

This end was in 
solution.

This end was 
not in solution.

          

Content:
Static Chemical System

Task:
Explanation

Representational Level: 
Macroscopic
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Learning 
Activity Draw a particulate level representation of zinc metal.

Content:
Static Chemical System

Task:
Representation

Representational Level: 
Particulate

Figure 3: Example items, codes, and alignment plot identifiers from Claude’s artifacts
335

Inspection for matching shapes and colors within content categories of the alignment plots (vertically) allows for a more 

thorough investigation of alignment than comparison of tasks and representational levels separately. A guide for reading the 

alignment plot is provided in Figure 4.

340 Figure 4. Guide for reading and interpreting the alignment plots.
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Alignment Plots
Claude’s Alignment Plot.  Claude’s alignment plot is shown in Figure 5. The alignment plot provides a succinct and 

comprehensive diagram of the nature of what students were asked to do in the learning goals, learning activity items, and 

assessment items within a lesson about redox.

345

Figure 5: Claude’s Alignment Plot

Inspecting only the shapes within Claude’s alignment plot (Figure 5) reveals that the artifacts exhibit instances of 

both alignment and misalignment regarding assessment tasks. The “Static Chemical System” content in Figure 5 shows that 

retrieval (circles) and representation (squares) tasks are present in all artifacts, demonstrating alignment of tasks. However, 

350 analysis (pentagons) and explanation (triangles) tasks are not present in all artifacts, indicating misalignment of tasks. The 

other chemistry content areas shown in Figure 5 do not contain learning goals and thus cannot have alignment among 

assessment and instructional materials. 

A similar evaluation can be performed for the representational level alignment by comparing colors present in Claude’s 

artifacts. Figure 5 shows two learning goals with specified representational levels, one particle-level (blue color) and the 

355 other symbolic (red color), within the “Static Chemical System” content. The items are aligned with items in the assessment 

and learning activity, as indicated by the presence of red and blue shapes in both the assessment and learning activity for that 

content. Alternatively, the lone macroscopic-level (yellow) item in Claude’s assessment for the “Static Chemical System” 

Page 16 of 37Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1/14/21 Page 17 of 37

content is not matched with any learning goals or items in the learning activity for that content, indicating misalignment of 

representational level. Again, the lack of learning goals for the other content areas means that there is not an opportunity for 

360 alignment among the assessment and instructional materials.

Although evaluating task and representational level separately reveals valuable insights about Claude’s assessment 

design practices, the alignment plot allows for these criteria to be evaluated synchronously. For example, one of Claude’s 

learning goals is a symbolic/retrieval item (red/circle). This learning goal is exactly matched with four assessment items and 

13 learning activity items within the same content. Similarly, another of Claude’s learning goals is a particle-

365 level/representation item (blue/square) that is exactly matched with one assessment item and three learning activity items. 

These exact matches represent the highest degree of alignment within Claude’s artifacts.

Celine’s Alignment Plot. Example items from Celine’s artifacts are shown in Figure 6 and Celine’s alignment plot is 

provided in Figure 7. Celine included three learning activities as part of her lesson, which are numbered chronologically for 

the alignment plot (i.e., Learning Activity 1, Learning Activity 2, Learning Activity 3).

370
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Artifact Itema Codes Shape

Learning 
Goal

Students will be able to successfully employ ratios and proportions 
to obtain relative mass for particles of imaginary elements.

Content:
Element and Number Math 
Relation

Task:
Retrieval

Representational Level: 
Symbolic

Assessment
One particle of tinium actually weighs 0.12g. Use this mass and 
your discovered relative masses to calculate the mass of each 
individual new atom.

Content:
Element and Number Math 
Relation

Task:
Retrieval

Representational Level: 
Symbolic

Learning 
Activity 3 Jessie has 89g of Rd. How many moles does she have?

Content:
Element and Number Math 
Relation

Task:
Retrieval

Representational Level: 
Symbolic

aCeline’s artifacts included hypothetical elements (such as tinium).
Figure 6: Example items, codes, and alignment plot identifiers from Celine’s artifacts

Figure 7: Celine’s Alignment Plot
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Beginning with the tasks (shapes) of Celine’s artifacts in Figure 7, nearly all of the items require a retrieval (circle) task. 

Although retrieval tasks (circles) are present throughout all content categories, alignment is only observed for the “Element 

375 and Number Math Relation” content, since this is the only content with learning goals. Additionally, the lone explanation 

(triangle) learning goal is misaligned with items in the assessment and learning activity since there are no corresponding 

shapes within the same chemistry content. Evaluating the representational level (color) of the artifacts in Figure 7 reveals a 

similar trend. Nearly all the items are at the symbolic level (red color). However, since the learning goals are only within the 

“Element and Number Math Relation” content, only these are considered aligned.

380 Again, the alignment plot’s true value stems from the ability to compare task (shape) and representational level (color) 

synchronously. Celine’s artifacts show complete alignment within the “Element and Number Math Relation” content for 

items that involve symbolic/retrieval (red/circles) tasks as these items are present throughout all artifacts for this content.

Emmerson’s Alignment Plot. Example items from Emmerson’s artifacts are shown in Figure 8, and his alignment plot 

is provided in Figure 9.

Artifact Item Codes Shape

Learning 
Goal

Learner will be able to classify reactions as synthesis, 
decomposition, double displacement, single displacement, or 
combustion reaction.

Content:
Reaction Type

Task:
Retrieval

Representational Level: 
Ambiguous

Assessment

Classify each reactions a. though e. as synthesis (S), decomposition 
(D), single replacement (SR), double displacement (DD), or 
combustion (C).

Content:
Reaction Type

Task:
Retrieval

Representational Level: 
Particulate

Learning 
Activity 

Zn(s) + I2(s)  ZnI2(aq)
Mg(s) + O2(g)  2MgO(s)
CaO(s) + CO2(g)  CaCO3(s)

Each of these reactions are classified as synthesis reactions, also 
sometimes called “addition” reactions. Explain why this name fits 
these reactions. 

Content:
Reaction Type

Task:
Explanation

Representational Level: 
Symbolic

Figure 8: Example items, codes, and alignment plot identifiers from Emmerson’s artifacts
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385

Figure 9: Emmerson’s Alignment Plot

Figure 9 shows the tasks (shapes) in Emmerson’s artifacts only exhibit alignment within the chemistry content 

“Reaction Type” for retrieval (circles) tasks, since all artifacts in that content include a circle. Emmerson’s learning goals 

also incorporate representation (squares) and analysis (pentagons) tasks within the “Reaction Representation” content; 

390 however, the assessment and learning activity do not include corresponding shapes, indicating misalignment of tasks. 

Although Emmerson’s artifacts incorporate a variety of representational levels (colors), the colors are not consistent 

throughout the artifacts, leading to no instances of representational level alignment within any chemistry content categories 

(i.e., one color is not present in each the learning goals, assessment, and learning activity for any particular content category). 

Without any instances of alignment in regard to representational level, Emmerson’s artifacts do not exhibit any instances of 

395 matching task and representational level (shape and color) for the evaluated lesson.

The alignment plots allow for a synchronous evaluation of the items across instructional and assessment artifacts; 

however, it is unrealistic for a teacher to generate an alignment plot when designing every planned, formative assessment. 

Nonetheless, these alignment plots may be useful for teachers who wish to evaluate the quality of select planned, formative 

assessments. 
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400 Relationship Between “Best Practices” and Assessment Design
The second research question guided the investigation of the relationship between the “best practices” for formative 

assessments generated by these teachers and the actual assessments they generated. The alignment plots illustrated teachers’ 

enacted design practices for their planned, formative assessments. Comparing these enacted practices to the teachers’ “best 

practices” allows for a characterization of the relationship between the tools teachers use to collect classroom evidence and 

405 their beliefs about how planned, formative assessments should be designed. In a research context, the alignment plots 

configure the codes from teachers’ artifacts into a format that allows a comparison among the enacted practices, “best 

practices,” and the literature. This comparison reveals the barriers that teachers encounter when designing planned, formative 

assessments. As such, the rest of the manuscript leverages assessment design practices illustrated in the alignment plots to 

uncover the relationship between teachers’ enacted practices and perceived “best practices”.

410 The first teacher-generated “best practice” states that an assessment item should clearly articulate a task for the 

student to perform. Other investigations have found teachers often consider the specific action to be performed by students 

when designing and selecting assessment items (Tomanek et al., 2008; Kang et al., 2016; Schafer and Yezierski, 2020b). 

Teachers have a significant body of literature to draw from when considering how to design productive tasks for their 

learning environment (e.g., Harris et al., 2016). A task was able to be assigned for each assessment item within the 

415 assessments generated by this group of teachers. Additionally, each learning goal and learning activity item was also able to 

have a specific task assigned. As such, few barriers seem to exist preventing teachers from enacting the “best practice” of 

stating a specific task for students to perform.

The second listed “best practice” for formative assessments by these teachers was to assess a variety of conceptual 

and representational levels. Assessing content in a variety of ways can help the teacher triangulate student competency 

420 (Sadler, 1989; National Research Council, 2001; Means et al., 2011). Of the teachers in this study, Claude’s assessment 

included the greatest variety of tasks, which were considered synonymous with “conceptual levels” for the purpose of this 

study. Claude included retrieval, explanation, and representation tasks in his assessments, as shown in Figure 5 and Table 4. 

Celine included retrieval and representation tasks in her assessment, as shown in Figure 7 and Table 5. Emmerson included 

only retrieval tasks in his assessment, as shown in Figure 9 and Table 6. It is important to recognize that any particular task is 

425 not necessarily more conceptually difficult or challenging than other by default (National Research Council, 1999, 2014; 

Wauters et al., 2012). For example, students may have opportunities to consistently practice generating representations for a 

chemical phenomenon without being able to reason about the atomic-level events that explain why the phenomenon occurs. 

Additionally, the assessments provided were formative, meaning that each serves the purpose to inform continued instruction. 
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As such, the assessments may be situated near the beginning of a unit of instruction, limiting the opportunity to include 

430 several conceptually challenging items. Either way, the greater variety of tasks on Claude’s assessment more likely addresses 

a range of conceptual difficulties and potentially better equips him to judge the upper limit of his students’ understanding.

Also included in the second “best practice” is the suggestion to include a variety of representational levels. Several 

investigations document student struggles navigating among representational levels (Gabel et al., 1987; Nakhleh, 1992; 

Russell et al., 1997; Gkitzia et al., 2020). Thus, when triangulating student understanding, teachers could benefit from 

435 assessing competency using a variety of ways of perceiving chemical information (National Research Council, 1999). 

However, literature guidance suggests that carefully scaffolding items assessing representational level and that limiting the 

number of representational levels per task may be beneficial (Taber, 2013). Table 6 and Figure 9 reveal that Emmerson 

addressed the greatest variety of representational levels by including four separate levels in his assessment. However, Claude 

and Celine both included three separate representational levels throughout their assessment items. All teachers seemed to 

440 meet the self-generated “best practice” of addressing a variety of representational levels in their assessments. Few barriers 

seem to exist preventing teachers from enacting the “best practice” of incorporating a variety of representational and 

conceptual levels. However, incorporating a variety of representational levels requires teachers to consider their students’ 

prior knowledge and experience, making enactment a more complex process compared to “clearly state a task.” Such 

considerations are commensurate with the process of data-driven inquiry, as employing data-driven methods must consider 

445 the needs their students and learning environment when designing tools for gathering evidence that are aligned with their 

goals (Harshman and Yezierski, 2017).

The final relationship evaluated to address the second research question was that of the “best practice” of aligning 

assessment and instructional materials. Assessment and instruction do not exist in isolation and are intertwined throughout 

the learning process, especially formative assessments. Assessing tasks and concepts not addressed during instruction can 

450 unjustly increase the cognitive demand of an item (National Research Council, 2014; Kang et al., 2016). While assessments 

in this study exhibited instances of alignment and misalignment regarding task or representational level, none were 

completely aligned or misaligned regarding task or representational level. The results from evaluating alignment of each 

teachers’ assessment are shown in Table 8.
Table 8. Results of Assessment Alignment Evaluations 

Teacher Tasks Aligned Representational 
Levels Aligned

Tasks and Representational Levels Synchronously Aligned 
(Shown as Representational Level/Task)

Claude Retrieval, Representation Symbolic, Particle Symbolic/Retrieval, Particle/Representation

Celine Retrieval Symbolic Symbolic/Retrieval
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For this investigation, an assessment was considered “aligned” if one instance of a specified criterion was present in 

455 each of the included artifacts. This one-to-one definition of alignment is commonly employed by methods used to evaluate 

alignment for state-level artifacts (Martone and Sireci, 2009), but may not be suitable for evaluating formative assessments. 

Indeed, several works recognize that a teacher may need to make between six and eight observations of student behavior to 

reliably judge student competency (Webb, 2006; Martone and Sireci, 2009; Praetorius et al., 2014; Briggs and Alzen, 2019). 

The recommended six to eight observations of student observations come from investigations of assessment and instructional 

460 tasks, but not both. So, teachers may need to exercise caution when considering the number of assessment items necessary to 

reliably judge the number of items employed to judge student ability. Teachers in this study generally included several 

assessment items to evaluate a single learning goal and even more learning activity items to address the assessment items. For 

example, Figure 5 shows that Claude’s artifacts included one learning goal that was symbolic/retrieval and matched to four 

symbolic/retrieval assessment items and 13 symbolic/retrieval learning activity items. There are currently no literature-based 

465 guidelines on the ratio of learning goals-to-assessment items-to-learning activity items recommended for a reliable judgement 

of student learning, and a specific ratio is unlikely to be generalizable across all learning environments. However, the 

previously mentioned guidelines about the number of student observations suggests that a structure similar to Claude’s is 

more favorable than a 1-learning goal to 1-assessment item to 1-learning activity item ratio of co-occurrence.

Missing from the chemistry education literature is how representational level factors into evaluations of alignment. 

470 Results of synchronously evaluating task and representational level are included in Table 8. While Claude’s assessment was 

aligned along the synchronous criteria of both symbolic-level/retrieval tasks and particle-level/representation tasks, Celine’s 

assessment showed synchronous alignment regarding only symbolic-level/retrieval tasks and Emmerson’s assessment 

showed no synchronous alignment of representational level and task. Considering students’ documented struggles navigating 

among representational levels (Gabel et al., 1987; Nakhleh, 1992; Russell et al., 1997; Gkitzia et al., 2020), developing a 

475 method for evaluating the alignment of chemistry formative assessments that incorporates task and representational level 

synchronously may be beneficial for research, teacher education, and teacher professional development. As such, significant 

barriers exist for chemistry teachers when evaluating alignment between assessment and instruction in terms of both 1) an 

appropriate ratio of learning goals-to-assessment items-to-learning activity items that can support reliable inferences from 

evidence; and 2) how to incorporate alignment criteria (such as task and representational level).

Emmerson Retrieval
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480 CONCLUSIONS AND RESEARCH IMPLICATIONS
The first research question asks how tasks and representational levels of planned, formative assessment items can be 

diagrammed to allow for a synchronous evaluation of alignment between assessment and instruction. To address this question 

multiple representations were considered, ultimately resulting in the generation of an alignment plot for one lesson submitted 

by three high school chemistry teachers (three total lessons). The alignment plot is able to reveal the formative assessment 

485 design practices of the participating teachers by synchronously visualizing the assessment features of each assessment. In this 

way, the alignment plots may serve as a valuable tool to teachers seeking to evaluate the alignment between their assessment 

and instruction. Although the alignment plots are still extensive, teachers may find it less challenging to employ than other 

alignment evaluation tools, such as the EQuIP (Achieve, 2016; Fulmer et al., 2018). The ability of the alignment plot to 

reveal instances of alignment and misalignment within teacher assessments shows that the diagram may serve as a tool 

490 teachers may use to evaluate the alignment between their assessments and instructional materials. 

Findings from the second research question revealed relationships between high school chemistry teachers’ stated “best 

practices” for formative assessment design and the assessments they generated. The “best practices” developed by these 

teachers state that a formative assessment should articulate a specific task to be performed by the student, address a variety of 

conceptual and representational levels, and align assessment items to instructional materials. Results showed that teachers 

495 met the practices of articulating a task and including a variety of representational levels. However, only Claude’s assessment 

incorporated a variety of conceptual levels (i.e., tasks). Teachers’ ability to consistently meet their “best practices” of 

articulating a task implies that there are few barriers to enacting this goal. Direct literature guidelines are available for 

designing learning activity and assessment tasks for science classrooms (Harris et al., 2016; Laverty et al., 2016; Penuel et 

al., 2019). Although teachers met the “best practice” of incorporating a variety of representational levels, the emphasis on 

500 symbolic items could indicate that barriers still hinder enactment of this goal. Overall, assessment items generally required 

retrieval tasks at symbolic representational levels, potentially limiting the amount of information about student competency 

available to the teacher for effectively interpreting student understanding (Stiggins, 2001; Towns, 2014b; Schafer and 

Yezierski, 2020a).

The third “best practice” generated by teachers required evaluating the extent that assessments aligned to instruction. For 

505 this study, a one-to-one ratio between items in instructional artifacts and assessment artifacts was used. While teachers were 

generally able to align some assessment tasks to instructional materials, representational levels of assessment items were 

frequently misaligned with instruction or only one representational level was employed for nearly all items. Synchronous 

alignment of tasks and representational levels to instructional materials was infrequently observed; however, Claude’s 
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assessment included several items that synchronously aligned task and representation level to instructional materials (while 

510 still employing a variety of tasks and representational levels). The instances of alignment revealed by the alignment plots 

indicate that even experienced teachers with several years attending professional development can still encounter significant 

barriers to aligning assessments to instructional materials. Although there is some literature-based guidance available to 

teachers for aligning assessment and instruction, most studies result in tools for teachers to use for evaluating alignment (e.g., 

Webb, 2007; Kaderavek et al., 2015; Achieve, 2016) which can be challenging for teachers to employ, given variations in 

515 learning environments and teacher goals. Additionally, literature about evaluating alignment has mixed guidance on what 

qualifies as “aligned” (Fulmer et al., 2018), variations in the criteria to use when considering alignment (Martone and Sireci, 

2009; Fulmer et al., 2018), and disagreements in how many aligned criteria are necessary to assume a suitably reliable 

interpretation of student knowledge (Webb, 2006; Martone and Sireci, 2009; Praetorius et al., 2014; Briggs and Alzen, 2019). 

The existing barriers these teachers face for enacting their “best practice” of aligning assessment to instruction implies that 

520 teachers need more than tools for evaluating alignment. Chemistry teachers need guidance understanding the methodological 

and conceptual underpinnings of the available tools, interpreting the results from the tools employed, and appropriately 

adjusting classroom materials to better evaluate the success of the learning environment.

LIMITATIONS AND FUTURE WORK
Although the findings presented are useful for better understanding high school chemistry teacher design practices, there 

525 are several limitations that bound the claims presented. To begin, the study described herein closely examines the physical 

artifacts from three individual lessons and extracted from teachers’ day-to-day practices. The focus on physical artifacts is not 

meant to imply that learning is paused during assessment. and we recognize that chemistry teachers evaluating the alignment 

of their assessments will likely have access to more data, such as additional assessments, learning activities, classroom 

interactions, and knowledge of students. However, investigating a defined set of artifacts allowed for a closer inspection of 

530 the proposed measures, providing guidance for chemistry teachers as they interpret the alignment of their assessments. When 

interpreting alignment in this work, the reader is cautioned against perceiving misaligned items as “bad” items, and 

interpretation of the alignment plot should consider the overall structure of the instrument. For example, Claude included 

items with retrieval tasks to scaffold or support complementary tasks, such as developing a representation. However, well-

designed, planned, formative assessments should include items that evaluate the stated goals. Future studies could expand 

535 upon this investigation to include more teachers and more data sources to better understand how teachers incorporate these 

many data sources into their evaluation of assessment quality.
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Certain limitations exist within the measures, as well. For example, Marzano’s and Kendall’s original framework sets 

knowledge categories as a hierarchy of knowledge levels (Marzano and Kendall, 2008). To exemplify the complexities of 

item difficulty, this study does not employ the hierarchical use of knowledge tasks. Future studies could investigate the extent 

540 to which individual knowledge categories are representative of item difficulty and depth of understanding. 

A limitation of the analysis described herein is that each learning goal, learning activity, and assessment item were 

investigated according to what is asked of the student in the artifact, not the student’s actual response to the item. This 

purposeful bounding of the investigation around the artifacts does not include response process validation from students. 

Additionally, the items generated by these teachers may not be deemed “high-quality” items by chemistry content experts. 

545 The items generated by the teachers were part of an ongoing professional development and reflect what was implemented in 

chemistry teacher classrooms during early sessions. During later professional development sessions, teachers collaboratively 

interpreted student responses to the assessment items presented and posited potential changes to planned, formative 

assessment design practices. Future studies may investigate the tasks that are asked of the student versus the task the student 

performs.

550 IMPLICATIONS FOR TEACHERS
Although this work holds many implications for research, it may also serve to benefit teachers looking to improve 

their classroom practices. For example, chemistry teachers should consider the representations used to teach and assess 

knowledge in their classrooms. Overemphasis on a single representational level or misalignment between representations on 

assessment and instructional materials can impact the quality of interpretations of student knowledge. Teachers may also 

555 consider how tasks and representations are aligned between assessment and instruction. It is likely the one-to-one ratio 

between assessment and instructional items employed in this study is not sufficient and that teachers may benefit from using 

a ratio more like what is found in Claude’s artifacts (1 learning goal : 4 assessment items : 13 learning activity items). The 

exact numbers are likely less important than having one learning goal, assessed multiple times, with even more student 

learning opportunities. The alignment plot can be employed in chemistry teacher education (focused on formative assessment 

560 practices) and chemistry teacher professional development as a tool to examine alignment in the discipline-specific manner.

The “best practices” examined in this work were generated by high school chemistry teachers and align to high 

quality practices stated in relevant literature. The connection between these chemistry teachers’ goals and literature-backed 

practices implies that high school chemistry teachers may benefit from incorporating the stated “best practices” when 

developing formative assessments. The “best practices” were generated as goals for designing and interpreting formative 
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565 assessments by a group of teachers knowingly using the process of data-driven inquiry (Schafer and Yezierski, 2020a). 

Chemistry teachers may similarly benefit by using processes like data-driven inquiry to scaffold their progression from 

designing goals, collecting classroom evidence, and forming an evidence-based instructional response. Additionally, we hope 

chemistry teachers are inspired to reflect on the alignment of the purpose and design of the assessments employed in their 

own classrooms and employ formal measures such as the alignment plot in their practice. 

570 APPENDICES
Appendix A – task codebook and example items
Table 9. Task Codebook

Code Description (Demonstration of competency 
requires…)

Example Task Plot 
Depiction

Retrieval identification or stating of standalone information 
without synthesis or analysis.

Identify, recognize, math 
functions, complete, apply, 
demonstrate

circle 
(Shape)

Explanation communication of critical/essential information 
from noncritical/nonessential information. 

Explain, summarize triangle 
(Shape)

Representation generation of a depiction of a chemical idea, 
phenomenon, or relationship

Draw, use models, 
represent, show

square 
(Shape)

Analysis processes that involve examining 
knowledge/content/observations with the intent of 
generating new conclusions (extending knowledge).

Sort, categorize, 
differentiate, assess, 
critique, evaluate, diagnose

pentagon 
(Shape)

Knowledge 
Utilization

processes that require the application or use of 
knowledge in a novel situation. 

Test, how would you 
determine, generate and 
test

star 
(Shape)

Table 10. Example Items for Each Task Code
Code Example Example 

Source

Retrieval Students will be able to successfully employ ratios and proportions to obtain 
relative mass for particles of imaginary elements.

Celine: 
Learning 
Goal

Explanation Zn(s) + I2(s)  ZnI2(aq)
 Mg(s) + O2(g)  2MgO(s)

CaO(s) + CO2(g)  CaCO3(s)

Each of these reactions are classified as synthesis reactions, also sometimes 
called “addition” reactions. Explain why this name fits these reactions.

Emmerson: 
Assessment 
Item

Representation A student group performs an experiment where a strip of magnesium of placed 
into a solution of chromium (III) iodide. A reaction occurs according to the 
following equation.

Draw a particulate representation of the products in the space that follows.  Use  
the symbols in the key provided. (Note that the zoom-out in the liquid represents 
species that are dissolved in the liquid).

Claude: 
Assessment 
Item

Page 27 of 37 Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1/14/21 Page 28 of 37

Analysis Predict products of redox reactions Claude: 
Learning 
Goal

Knowledge 
Utilization

Calcium chloride (CaCl2) and sodium carbonate (Na2CO3) are ionic compounds 
that dissolve in water. When dissolved, these substances react as expressed by the 
following equation:
CaCl2(aq) + Na2CO3(aq)  CaCO3(s) + 2NaCl(aq)

Suggest a technique or a combination of techniques that would allow you to 
“recover” and observe the other product if you do not currently have evidence for 
its formation.

Emmerson: 
Learning 
Activity

575

Appendix B – representational level codebook and example items

Table 11. Representational Level Codebook

Code Description Example Plot 
Depiction

Symbolic The use of descriptive words, symbols, or values 
to communicate chemical ideas/events/species

Chemical Equations Red 
(Shape)

Macroscopic Representation of species/events on a visible 
scale  to communicate chemical 
ideas/events/species

Observations Yellow 
(Shape)

Particulate Representation of species/events on an invisible 
scale  to communicate chemical 
ideas/events/species

Atomic-Level Particles in 
Solution

Blue 
(Shape)

Symbolic/ 
Macroscopic

Equation paired with 
observation

Orange 
(Shape)

Symbolic/ 
Particulate

Equation paired with atomic-
level particle model

Purple 
(Shape)

Macroscopic/ 
Particulate

Communication of chemical ideas/events/species 
includes combinations of individual 
representational levels

atomic-level particles paired 
with observation

Green 
(Shape)

All Communication of chemical ideas/events/species 
occurs at all representational levels

Answer incorporates all 
levels

White 
(Shape)
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Ambiguous No representational level communicated Representational level not 
specified

Black 
(Shape)

Table 12. Example Items for Each Representational Level

Code Example Example 
Source

Symbolic Identify a redox reaction based on symbolic representations. Claude: 
Learning 
Goals

Macroscopic Sodium carbonate (NaHCO3) is a familiar household compound commonly 
referred to as baking soda. When heated, it reacts according to the following 
equation:
2NaHCO3(s)  Na2CO3(s) + H2O(g) + CO2(g)

Summarize your observations below. Be complete when you record these 
observations. This includes any observations obtained by sight, feel, odor, 
or sound.

Emmerson: 
Learning 
Activity

Particulate A student group performs an experiment where a strip of magnesium of 
placed into a solution of chromium (III) iodide.  A reaction occurs 
according to the following equation.

Draw a particulate representation of the products in the space that follows.  
Use  the symbols in the key provided. (Note that the zoom-out in the liquid 
represents species that are dissolved in the liquid).

Claude: 
Assessment 
Item

Symbolic/ 
Macroscopic Which of the following choices best shows the mass relationship between 1 

mole of Blonko (Bk) and 1 mole of Copperium (Cp)?

Celine: 
Assessment
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Symbolic/ 
Particulate

Which equation best represents the following particulate representation?

a. 2 C2H6 (g) + 7 O2 (g)   6 H2O (g) + 4 CO2 (g)
b. 2 C2H6 (l) + 7 O2 (g)   6 H2O (l) + 4 CO2 (g)
c. C2H6 (g) + O2 (g)   H2O (g) + CO2 (g)

Emmerson: 
Assessment

Macroscopic/ 
Particulate

Copperium has a mass approximately 3 times heavier than tinium. In the 
diagram below the window on the left has 6 particles of tinium (TN). Draw 
how many pieces of copperium would be in the empty window on the right 
so that the mass would balance. 

Celine: 
Assessment

All Did not occur in teacher artifacts. N/A

Ambiguous Predict products of redox reactions Claude: 
Learning 
Goals

580

Appendix C – content codebooks by teacher
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Table 13. Content Codebook for Claude’s Artifacts

Code Description
Static Chemical System Content includes information about what atoms/molecules/ions present in a 

system, their features, and location within the system
Chemical Phenomena Content includes information about changes that occur between provided 

species in a chemical system (including hypothetical, or predicted changes)
Electron Count and 
Movement

Content includes information regarding electrons in a specified system

Observations Content is dependent upon an in-lab observation

Table 14. Content Codebook for Celine’s Artifacts

Code Description
Mathematical Relation 
between an Element and a 
Number

Content involves mathematical relationships and operations between 
values and their meanings in a chemistry context

Element Comparison Content requires the consideration of features/ideas/information of 
multiple elements (includes hypothetical elements)

Periodic Table Information Content is sourced from general periodic table knowledge
Mathematical Knowledge Content includes knowledge about mathematical operations and 

principles
Observations Content is dependent upon an in-lab observation

585

Table 15. Content Codebook for Emmerson’s Artifacts

Code Description
Reaction type Content includes tasks specific to the type of reaction included in the 

item
Reaction Representation Item requires student to use the information embedded within a 

representation
Laboratory Knowledge Content includes general laboratory knowledge at the high school level
Observations Content is dependent upon an in-lab observation
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