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One challenge in science education assessment is that students often focus on surface features of 
questions rather than the underlying scientific principles. We investigated how student written re-
sponses to constructed-response questions about photosynthesis vary based on two surface features 
of the question: the species of plant and the order of two question prompts. We asked four versions 
of the question with different combinations of the two plant species and order of prompts in an in-
troductory cell biology course. We found that there was not a significant difference in the content of 
student responses to versions of the question stem with different species or order of prompts, using 
both computerized lexical analysis and expert scoring. We conducted 20 face-to-face interviews 
with students to further probe the effects of question wording on student responses. During the 
interviews, we found that students thought that the plant species was neither relevant nor confus-
ing when answering the question. Students identified the prompts as both relevant and confusing. 
However, this confusion was not specific to a single version. 

Article

biological processes. However, substantial research in biol-
ogy education has documented that undergraduates in in-
troductory-level courses have a number of alternative con-
ceptions about cellular respiration and photosynthesis that 
are grounded in a failure to trace matter through biological 
systems (Wilson et al., 2006; Hartley et al., 2011; Maskiewicz 
et al., 2012; Parker et al., 2012, 2013). Instructors need assess-
ments that can reveal the nature of student understanding in 
order to improve and evaluate student learning.

CONSTRUCTED-RESPONSE ASSESSMENT

Assessment is an important classroom practice. The infor-
mation gained from assessment allows instructors to make 
important and timely instructional and curricular decisions 
(Pellegrino et al., 2001; Pellegrino, 2006). Ultimately, the 
goal of assessment is to improve student learning (Wiggins, 
1998; Pellegrino et al., 2001; Pellegrino, 2006). Assessments 
that reveal student conceptual understanding are especially 
important and useful for this goal in undergraduate STEM 
education (Smith and Tanner, 2010). Assessments can be 
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INTRODUCTION

National calls for biology and science, technology, engineer-
ing, and mathematics (STEM) education reform are shift-
ing the focus of STEM instruction from a collection of facts 
to a focus on key concepts or principles in the disciplines 
(American Association for the Advancement of Science, 2011; 
Achieve, 2013). This is an attempt to help students see connec-
tions between different science disciplines and to draw con-
nections between units/chapters within a course. A common 
fundamental principle in these calls is tracing matter through 
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broadly classified as closed form (e.g., multiple choice, 
true/false), in which students must select an appropriate 
answer, or open form (e.g., essay, interview, short answer), 
in which students must construct their own answers. These 
open-form, or constructed-response questions, give faculty 
greater insight into student understanding than do multi-
ple-choice questions (Birenbaum and Tatsouka, 1987). Ad-
ditionally, constructed-response assessments may reveal 
deeper understanding and represent a more authentic task 
(Kuechler and Simkin, 2010). In contrast, there is evidence 
that closed-form assessments, such as multiple-choice items, 
invoke memorization strategies and influence student study 
habits, encouraging surface-level learning (Biggs, 1973; Stan-
ger-Hall, 2012).

Recent work in undergraduate biology education pro-
vides evidence that students can select a correct answer on 
a multiple-choice assessment yet still exhibit mixed models 
of understanding (i.e., including both correct and incorrect 
ideas) or be unable to supply scientifically accurate expla-
nations for their choices (Nehm and Schonfeld, 2008; Lyons 
et al., 2011; Haudek et al., 2012). In particular, Parker et al. 
(2012) investigated students’ explanations of the source of 
plant biomass and found that students were less likely to 
identify a correct source of matter in a constructed-response 
version of a question as compared with a multiple-choice 
question. In addition, the researchers were able to identify 
mixed-model answers, responses that included both correct 
and incorrect sources of biomass, in student responses to the 
constructed-response version. Both these findings further 
support the benefits of using constructed-response items as 
opposed to closed-form type items (Parker et al., 2012). In 
this paper, we continue to examine the impact of formative 
constructed-response assessment and how item features of 
these assessments affect student explanations.

ITEM FEATURE EFFECTS

An important consideration for constructed-response ques-
tions is their item validity, or the degree to which the students’ 
cognitive processes elicited by the question match those in-
tended by the question writer (Pollitt et al., 2008). Item va-
lidity is required in order to use responses to make accurate 
inferences about student understanding (Pollitt et al., 2008). 
Sometimes students respond to constructed-response ques-
tions in unexpected ways, which could indicate a problem 
with their interpretation of the question and thus the item’s 
validity (Sweiry, 2013). One possible cause of misinterpret-
ing the question is its context. When answering a question 
with a detailed context, students may expect that the answer 
requires their everyday knowledge or preconceptions about 
the context rather than the disciplinary knowledge that the 
question was intended to elicit (Sweiry, 2013). Another im-
portant factor influencing student responses is their expecta-
tions of what is required in a complete answer based on cues 
at the question level or even the sentence level (Crisp et al., 
2008). Schurmeier et al. (2010) studied alterations in question 
wording and tasks and found that even small changes could 
influence the content of student responses. They suggested 
that this may be due to changing the cognitive load for stu-
dents. When evaluating item validity, it is important to study 
the effects of question context and wording.

Instructors often desire multiple versions of questions to 
prevent memorization during pre- and posttesting and stu-
dent question sharing over time. From a learning perspec-
tive, students can benefit from answering questions across 
multiple cases, because it requires them to transfer their 
knowledge across situations (National Research Council, 
1999). For these reasons, it is worthwhile to develop con-
structed-response questions that can be used interchange-
ably without expecting significant differences in the content 
of student responses.

PREVIOUS WORK ON ITEM FEATURES IN 
BIOLOGY

Previous research has shown that novices can have difficulty 
applying the appropriate conceptual knowledge to solve a 
problem (Chi et al., 1981; Baxter and Glaser, 1998). Instead of 
identifying the core concepts that characterize an assessment 
task, novices may focus on surface features of the problem 
(Chi et al., 1981; Baxter and Glaser, 1998). Surface features are 
defined by Chi et al. (1981) as objects that the question refers 
to as well as discipline-specific terms. In their work with bi-
ology students, Smith et al. (2013) used a card-sorting strate-
gy to distinguish how novices and faculty categorize biology 
assessment questions. Novices (nonmajors in a laboratory 
course) sorted questions based on surface features such as 
the type of organism, whereas faculty sorted them based on 
“deep features,” or core concepts. Nehm and Ha (2011) found 
that undergraduates’ responses to constructed-response 
questions about natural selection were significantly affected 
by two surface features: whether the question addressed trait 
gain or trait loss and whether it made evolutionary compar-
isons between or within species. Later, Nehm et al. (2012a) 
found that undergraduate students were influenced by other 
surface features of questions about evolution. For example, 
students constructed explanations using different concepts 
in response to questions with organisms from different king-
doms or questions with different traits of interest. Similar re-
sults have been found when examining student responses to 
genetics questions, in that students were less likely to identi-
fy mutations as a source of new alleles in response to a ques-
tion version about bacteria than one about animals (Prevost 
et al., 2013). So far, little work has been done that investigates 
the influence of question surface features on student ability 
to trace matter in photosynthesis questions.

PREVIOUS USE OF A CONSTRUCTED-
RESPONSE QUESTION ON PHOTOSYNTHESIS

One item that has been used and revised in our research 
using constructed-response questions is on photosynthe-
sis (Lyons et al., 2011; Weston et al., 2012). Hereafter, this 
question will be referred to as the photosynthesis question. 
Originally, this question was developed by the Diagnostic 
Question Cluster (DQC) project (Parker et al., 2012). It was 
used in the DQC as a multiple-choice question and as a con-
structed-response question. The multiple-choice version 
was assessed for content validity by disciplinary experts and 
construct validity through student interviews (Parker et al., 
2012). The constructed-response version asks,
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Each Spring, farmers plant ∼5–10 kg of dry seed corn 
per acre for commercial corn¡ production. By the Fall, 
this same acre of corn will yield ∼4–5 metric tons of dry 
harvested corn. Explain this huge increase in mass.

This question asks about plant growth at the macroscopic 
level. However a correct explanation requires students to 
trace the path of matter from a molecular input of photosyn-
thesis to the final form of organic material in the plant. Thus, 
while they trace the path of matter, students must also move 
between scales.

In the past, we have asked this photosynthesis question 
with multiple species: a maple tree, corn plants, radish plants, 
and peanut plants. We used the different versions in pre- and 
postinstruction assignments and for different exam forms. We 
chose these four species, because we assumed they were all 
familiar to students. But throughout our work with the pho-
tosynthesis question, we encountered several instances of stu-
dents including species-specific ideas in their responses, which 
raised concerns that the scientific content of their responses 
was influenced by these surface features of the question.

This project investigates what impact, if any, the surface 
features have on student responses. For example, when con-
ducting student interviews using the corn version of the 
photosynthesis question, Parker et al. (2012) interviewed a 
student who said that corn is not a photosynthesizing plant, 
because it is yellow, not green. In written responses to the 
peanut version of the question, we noticed that some students 
accounted for the addition of biomass through cell division 
causing one peanut to turn into many peanuts. In addition, 
both questions ask about commercial plant production and 
could be influenced by the students’ preconceptions about 
the agriculture industry. For instance, in a written response, 
one student talked about corn production requiring commer-
cial fertilizers and “an application of an N, P, L fert [sic] in 
order to produce profitable yields.” This student’s response 
appears to include information that might otherwise not be 
included if the question were about noncommercial plants. 
We chose to compare responses to two of the species versions 
for which we had evidence of students bringing species-spe-
cific preconceptions to their answers: corn and peanut plants.

In addition to species differences, we were interested 
in investigating whether the order of prompts influenced 
the content of student responses. We noted previously that 
many responses to the original constructed-response ques-
tion included a source of matter but not a process involved 
in adding biomass to plants (Lyons et al., 2011). Students 
may not have known that photosynthesis is the process in-
volved in adding biomass to plants, or alternatively, they 
may not have thought that a complete answer requires a 
process. This difference is important to instructors, who are 
interested in assessing their students’ understanding of pho-
tosynthesis. One explanation for the incomplete responses 
could be the vagueness of the prompt “explain.” Pollitt et 
al. (2008) studied student responses to 2000 questions from 
a large-scale test and found the prompt “explain” to be par-
ticularly troublesome, because it has multiple meanings 
and can be answered at multiple depths. To guide student 
responses and be more specific about what the question 
requires, we revised the question’s “explain” prompt to 
be: “Where did the huge increase in biomass come from 
and by what process?” When we added this prompt, we 

found that it led to an increase in the number of students 
who mentioned a process in their answer but a decrease in 
the number who included a source of biomass (Weston et 
al., 2012). Other research has shown question-order effects 
can happen within a single item and may arise because the 
content elicited by the two prompts is similar (Schuman 
and Presser, 1981). It is possible that the change we noticed 
was because students find the prompts redundant and only 
answer the one prompt, which they feel encapsulates the 
other (Schuman and Presser, 1981). An alternative explana-
tion is that students may forget to address the first prompt 
and only respond to the last prompt. In this study, to see 
whether the order that the prompts appear in the question 
stem changes how students respond, we tested two ver-
sions of the question, each with a different prompt first.

This project investigated the effects on student responses 
of changing two surface features of the photosynthesis ques-
tion: the plant species and the order of prompts.

RESEARCH QUESTIONS

1.	 Does changing the surface features of this photosynthe-
sis question stem result in significant changes to student 
responses?
A.	 Does changing the species of plant in the question stem 

influence the concepts present in student responses?
B.	 Does changing the order of prompts in the ques-

tion stem influence the concepts present in student 
responses?

2.	 What parts of this photosynthesis question stem do stu-
dents find important when they are answering it?

METHODS

Four Versions of the Question Stem
We used four different versions of the photosynthesis ques-
tion (Table 1). Two of the versions asked about corn plants 
as the species and the other two versions asked about pea-
nut plants. Two of the versions had the order of prompts 
“What process adds this huge increase in biomass?” and 
then “and where does the biomass comes from?” The oth-
er two versions had the reverse order of prompts, “Explain 
where the huge increase in biomass comes from” and then 

Table 1.  Four versions of the photosynthesis questiona

Order of prompt

Process,  
where (PW)

Where,  
process (WP)

 
Total

Sp
ec

ie
s Corn (CO) Version 1 (V1) Version 2 (V2)

n = 83 n = 77 160
Peanut (PE) Version 4 (V4) Version 3 (V3)

n = 70 n = 92 162
Total 153 169 322

aThis table includes the different versions of the question stem, the 
order of the prompts, the species of plant identified in each version, 
and the number of students responding to each of the four versions 
of the question stem. Total n = 322.
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representative of the class. In addition, instructors can use 
this information to compare their student population with 
the sample used in this study.

Text Analysis of Homework Responses
Our approach to analyzing the students’ constructed respons-
es takes advantage of automated text analysis (TA) that can 
rapidly summarize keywords and concepts from large data 
sets of student writing in response to constructed-response 
questions (Haudek et al., 2012; Nehm et al., 2012b; Prevost et 
al., 2012). Previous work has shown these techniques to be 
reliable and to provide good insight into student thinking 
(Haudek et al., 2012, Nehm et al., 2012b). We used IBM SPSS 
Text Analytics for Surveys version 4 and Modeler 14.2 (SPSS, 
2010b, 2011) for computerized analysis. The TA features of 
these programs are similar in that they extract terms—words 
and phrases—from written data. These terms are then aggre-
gated into conceptual TA categories that are specified by the 
user (hereafter, titles of conceptual TA categories are italicized 
throughout the paper). The goal of creating conceptual TA 
categories is that all terms within a single category could be 
interchanged without fundamentally altering the meaning of 
a student’s response to the specific question in consideration, 
while encompassing an idea that has disciplinary relevance. 
For example, the category sugars includes responses that men-
tion glucose, sugar, cellulose, starch, glyceraldehyde-3-phos-
phate, and any relevant synonyms and/or misspellings. Ini-
tially, we chose the categories that are relevant to common 
correct ideas and alternative conceptions in the students’ writ-
ing and then added categories for less common ideas until we 
established a comprehensive group of categories reflecting the 
concepts in this set of responses.

Human Scoring with a Photosynthesis Rubric
In addition to using computerized TA, we created an ana-
lytical photosynthesis scoring rubric (PS rubric) based on 
well-documented alternative conceptions in photosynthesis 
(Table 2; Eisen and Stavy, 1988; Köse, 2008; Parker et al., 

“and by what process.” Because of the class size in this study, 
we constrained our investigation to two species so that we 
could do a cross-over design with our second surface-feature 
variable, the order of prompt, and have a sufficient n in each 
group to maintain statistical power. The general format of 
the question is shown below along with the two order-of-
prompts variations:

Question text: “Each Spring, farmers plant ∼5-10 kg of 
species per acre for commercial species production. By 
the Fall, this same acre of species will yield ∼4-5 metric 
tons of dry harvested species.” order of prompts.

Order of prompts: process, where. “Explain what pro-
cess adds this huge increase in biomass and where the 
biomass comes from.”

Order of prompts: where, process. “Explain where this 
huge increase in biomass comes from and by what 
process.”

Written Homework Responses
We gathered responses to the four versions of the question in 
an introductory molecular and cell biology course for biolo-
gy majors at a large public university. Each student was ran-
domly assigned one of the four versions of the question stem 
as a homework question in an online course-management 
system. The question was given postinstruction following a 
cell metabolism unit that covered photosynthesis and cellu-
lar respiration. This question was part of a homework as-
signment for which the points awarded comprised <1% of 
the students’ overall course grade. Students were given cred-
it for any reasonable attempt to answer and were not grad-
ed on the content of their answers. We received responses 
from 326 out of 468 enrolled students. Four students were re-
moved from the analysis, because we did not have complete 
demographic data for them (see Supplemental Table S1). We 
used student ethnicity, gender, course grade, and cumula-
tive grade point average (GPA) in our demographic anal-
ysis. We chose to include this information to test whether 
our homework responders and interviewed students were 

Table 2.  Distribution of responses in the PS rubrica

Scientific or alternative concept Examplesb Cornc Peanutd WPe PWf

Correct process Photosynthesis, Calvin cycle 53% 59% 57% 55%
Incorrect process Light reactions alone, respiration, cell division 39% 35% 36% 39%
Correct source of biomass CO2, carbon from the atmosphere 36% 23% 30% 29%
Incorrect source of biomass Sunlight as mass, oxygen, ATP 21% 22% 25% 29%
Water as source Water   6%   7%   5%   9%
Nutrients from the soil Nutrients from the soil, minerals, fertilizer 29% 24% 17% 26%
Correct product Glucose, sugar 23% 20% 26% 16%
Incorrect product CO2, ATP, energy   6%   4%   5%   5%

aThe PS rubric includes eight scientific and alternative concepts typically found in student responses. It is scored dichotomously based on the 
presence or absence of each concept. Each response can fall into 0–8 of the individual scientific or alternative concepts.
bThe PS rubric identifies concepts in context. For example, it is possible for carbon dioxide to be used correctly as a source of biomass by one 
student and incorrectly as a product of photosynthesis by another.
cn = 160.
dn = 162.
en = 169.
fn = 153.
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“consistent.” Two disciplinary experts independently read a 
full transcript of each interview and coded the interview as 
“consistent” or “inconsistent.” After coding independently, 
the experts discussed any scoring disagreements and came 
to a consensus.

Data Analysis
We analyzed the content of written student responses in 
two ways: via TA and via human scoring with the PS rubric. 
We used the results of these analyses as variables to deter-
mine whether there were differences in responses based on 
the form of the question the students received. The depen-
dent variables were the question surface features (species 
and order of prompts), while the independent variables 
were the 25 TA categories and the eight PS rubric concepts. 
We used univariate tests with a false discovery rate (FDR) 
correction that adjusts the significance level for multiple 
tests. We used an FDR correction, because it controls the 
expected proportion of incorrectly rejected null hypotheses 
(Benjamini and Hochberg, 1995). This correction works by 
ranking the tests based on their p values and then multiply-
ing the desired alpha level for each test by its proportion 
of the ranks producing an overall false rejection rate at the 
desired alpha level (Benjamini and Hochberg, 1995), in this 
case α = 0.05.

Logistic regression analysis was run using the JMP nomi-
nal logistic model script, loading species, order of prompts, 
and the cross between species and order of prompts as 
construct model effects, and whether the observation was 
in the TA category or PS rubric concept as the response 
variable.

A chi-square test was used to determine whether the like-
lihood of a student’s response belonging to each TA category 
or rubric concept was independent of the version he or she 
received. These 33 tests were done independently. A general 
assumption of the chi-square test is that expected values for 
any cell are greater than five. For 14 of the variables, this 
did not hold true (ATP, carbon, chlorophyll, electron transport 
chain, fertilizer, green, I don’t know, incorrect product, incor-
rect source of biomass, nitrogen, oxygen, respiration, self-pol-
lination, and storage). Therefore, we used Fisher’s exact test 
rather than the chi-square tests for those TA categories and 
PS rubric concepts. The Fisher’s exact test has more power 
than a chi-square test when there are low expected values, 
because the significance is measured exactly, not approxi-
mated (Agresti, 1992).

We used Mann-Whitney U-tests to compare the distribu-
tion of responses across TA categories and PS rubric concepts. 
We used whether students were interviewed or not inter-
viewed as the grouping variable. We chose the Mann-Whit-
ney test as an alternative to the Student’s t test, because the 
Mann-Whitney test is nonparametric and the data were not 
normally distributed (McKnight and Najab, 2010). The FDR 
correction was also applied to this test.

Logistic regression, chi-square tests, and Fisher’s exact 
tests were done in JMP version 11.1.1 (SAS Institute, 2014). 
The demographic analysis (independent sample t tests of 
mean course grade and cumulative GPA compared inter-
viewed and not-interviewed groups and responders with 
nonresponders) and Mann-Whitney U-tests were done in 
IBM SPSS Statistics version 21 (SPSS, 2010a).

2012). The PS rubric scores for eight scientific and alterna-
tive concepts (hereafter, titles of concepts from the rubric 
will be underlined throughout the paper; see Supplemental 
Table S2 for the complete PS rubric with student examples). 
Responses are scored dichotomously and receive a “1” for 
the presence of the scientific or alternative concept, or a “0” 
for its absence. Each response is scored independently for 
each of the scientific and alternative concepts and therefore 
can fall into 0–8 of the individual scientific or alternative 
concepts.

Three disciplinary experts independently scored the 
322-response data set using the PS rubric. The scorers then 
met to resolve any scoring disagreements and arrive at a con-
sensus score for those responses. Any necessary revisions to 
the rubric were also discussed.

Interviews and Coding for Consistency
Approximately 4–6 wk after instruction, we conducted 20 
student interviews. The purpose of these interviews was to 
investigate how closely students’ verbal responses resemble 
their written responses to this question and to ask about the 
photosynthesis question stem itself. The course instructor 
emailed the students, asking them to participate in face-
to-face interviews to give feedback about the course. Only 
homework responders were solicited. Each student received 
a payment of $20 for participating in interviews. We chose 
students who responded on a first-come-first-served basis 
until we had five students from each question-stem version. 
The group of interviewed students had a statistically signif-
icant higher course grade average (3.03 vs. 2.40, p < 0.008) 
than the rest of the homework responders (see Supplemental 
Table S1).

Interviews were conducted by four interviewers who fol-
lowed the same interview protocol (see the Supplemental 
Material for the complete interview protocol). The protocol 
was similar in structure to other clinical interview proto-
cols (Haudek et al., 2012; Parker et al., 2012). First, we asked 
students to respond out loud to the same photosynthesis 
question stem they had answered in their homework. Af-
ter their initial verbal responses, we showed students their 
original written homework responses and asked them to 
reconcile any differences. In the second part of the interview, 
we asked the students questions about how they interpreted 
the question prompt itself. Third, we asked clarifying and/
or follow-up questions about the content of the students’ 
interview responses to the photosynthesis question. All se-
lected students provided consent to be interviewed and re-
corded, and the interviews were subsequently transcribed 
for analysis.

Two disciplinary experts independently scored each stu-
dent’s initial verbal response to the question using the PS ru-
bric. Any disagreements were discussed and consensus was 
reached about a proper score. We also developed a coding 
scheme to characterize interviews based on whether the stu-
dent’s response stayed consistent throughout the interview 
or whether new ideas about plant biomass were uncovered. 
If the student seemed to modify his or her initial answer by 
adding or removing ideas through the interview probing, 
then the interview was coded as “inconsistent.” If no ideas 
were added to or removed from his or her answer through 
the interview probing, then the interview was coded as 
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between the predictor variables for any of the PS rubric con-
cepts or TA categories. Therefore, we were able to eliminate 
the interaction term and use chi-square tests.

We used a chi-square test to see whether differences across 
the four versions of the question are due to chance or some 
other factor. For those TA categories and PS rubric concepts 
that had expected values less than five, we used the Fisher’s 
exact test rather than the chi-square test. We also adjusted 
the significance level for 33 tests using an FDR correction for 
multiple tests. None of the differences across question-stem 
versions with different species and orders of directives were 
significant at the alpha levels set by the FDR correction.

In addition to testing for differences in individual catego-
ries and PS rubric concepts across versions of the question 
stem with different surface features, we also compared the 
total number of TA categories per response to see whether 
students used a different number of ideas when responding 
to different prompts. Figure 1A shows that the distribution of 
the total number of categories is similar across the two order-
of-prompts versions. Figure 1B shows that the distribution of 
the total number of categories in responses to the corn version 
is similar to the distribution for peanut version, but the corn 
version has some responses with more categories. Box-and-
whisker plots display the distribution of the total number of 

RESULTS

Research Question 1. Does Changing the Surface 
Features of This Photosynthesis Question Stem 
Result in Significant Changes to Student Responses?
Results for Student Written Responses.  We investigated wheth-
er the surface features used in the different question-stem 
versions influenced the content of student responses. Using 
TA, we examined the concepts used by students when con-
structing their answers. We created 25 categories to capture 
scientific and alternative conceptions from student respons-
es. One category called I don’t know was created for students 
who expressed this in their responses. The two most com-
mon categories (photosynthesis and growth) were the same for 
all four versions of the question stem, regardless of species or 
order of prompts (see Supplemental Figure S1). About half of 
the categories are commonly used (present in more than 10% 
of the responses) in all versions of the questions. However, 
none of the specific categories we created to capture previ-
ously observed species language (cell division, nitrogen, and 
green) appeared in more than 10% of the responses.

We also compared responses across different species and 
order-of-prompts versions of the question stem by using 
the results of scoring with the PS rubric (Table 2). The PS 
rubric looks for eight scientific and alternative concepts in 
student writing, and many of the concepts encompass mul-
tiple TA categories. This gives the rubric a larger grain size 
for analyzing responses. Responses were scored by experts 
for each of the eight scientific and alternative concepts in the 
PS rubric. Examples of student responses and how they are 
classified by TA categories and scoring with the PS rubric are 
given in Table 3.

From our scoring with the PS rubric, we found that more 
than 50% of the responders were scored for correct process, 
in this case photosynthesis (see Table 2). Incorrect processes, 
such as respiration and cell division, were detected in more 
than 35% of student responses and are captured by the al-
ternative concept incorrect process. Students also included 
content that addressed the other part of the question prompt, 
which asks where the biomass comes from. Around 30% of 
the responders included a correct source of biomass, a little 
less than 30% included an incorrect source of biomass, and 
∼20% were scored for nutrients from the soil. Nutrients from 
the soil is designed to identify students who write about nu-
trients from the soil as a source of plant biomass, which is a 
previously researched alternative concept (Eisen and Stavy, 
1988). Few students wrote about products of photosynthesis, 
but those who did were more likely to be scored for correct 
product than for incorrect product.

We used logistic regression, chi-square tests, and Fish-
er’s exact tests to test for significance in differences of dis-
tributions of responses across PS rubric concepts and TA 
categories for our two surface features, species and order 
of prompts. We chose logistic regression, because it will 
predict the outcome of a binary response variable, that is, 
whether the response is in or out of a TA category or PS 
rubric concept, based on multiple predictor variables. The 
logistic regression can also be used to look for interaction ef-
fects between two predictor variables, in this case 1) species 
and 2) order of prompts (Jaccard, 2001). The results of the 
logistic regression indicated there were no interaction effects 

Table 3.  TA categories and PS rubric concepts for three example 
responses

Response TA categories PS rubric concepts

From seedlings the 
plants reproduce 
(divide) their cells 
at an incredible rate. 
If given the proper 
nutrients the plants 
will continuously 
reproduce cells and 
eventually produce 
peanuts.

Cell division 
and organic 
or inorganic 
substance

Incorrect process 
and nutrients 
from the soil

The increase in biomass 
comes from photosyn-
thesis. This is because 
photosynthesis allows 
plants to use light 
energy and carbon 
dioxide and convert 
it to carbohydrates 
(sugars). As these 
sugars accumulate 
it allows the plants 
to grow larger and 
larger.

Photosynthesis, 
carbon dioxide, 
sugars, growth, 
and solar radiation

Correct process, 
correct source, 
and correct 
product

Dry seed corn under-
goes photosynthesis. 
The light reactions 
and Calvin Cycle 
create sugar, which 
enters cellular respi-
ration, and all of these 
processes causes [sic]
the seeds to grow. The 
increase in biomass 
comes from these 
processes.

Photosynthesis, 
respiration, sugars, 
and growth

Correct process, 
incorrect 
process, and 
correct product



Constructed-Response Surface Features

Vol. 14, Summer 2015� 14:ar19, 7

his interview response for the scientific concept correct pro-
cess, because both the homework and the interview were 
scored as a 1. All student responses are verbatim:

Student 1 homework: Photosynthesis is the cause of 
this increase in mass. The corn uses the energy from 
the sun for the light reactions in photosynthesis. These 
reactions store the sun’s energy in the form of ATP and 
NADPH which are used in the Calvin cycle. This en-
ergy is used to from [sic] glucose from carbon dioxide 
which is then used by the plant. The increase in bio-
mass is a result of the buildup of glucose in the plant.

Student 1 interview: I think when I answered this 
the first time I said that photosynthesis is obviously 
the main cause, the reason being that the plants would 
absorb carbon dioxide from the atmosphere in the 
form of CO2. And then through the different cycles 
with photosynthesis, like carbon fixation, the car-
bon dioxide would be turned into sugars and so that 
would be the increase in mass. It’s from the sugars that 
are being produced by the corn, which help it grow 
and get bigger.

Nutrients from the soil and water as source were the two 
alternative concepts that did not have high agreement be-
tween the homework and the interview. For nutrients from 
the soil, four responses added this alternative concept and 
four responses lost it in the interview. After reviewing the 
responses, there do not seem to be any other commonalities 
in these responses.

As for the alternative concept, water as source, five stu-
dents were scored 1 on the homework only, and one student 
was scored 1 on the interview only. Four out of five of the stu-
dent responses that were scored 1 on the homework only for 
water as source talk about water as an input to photosynthe-
sis. However, during the interview, these students seemed 
more uncertain about the photosynthetic process, and only 
two of them were able to explain photosynthesis and its in-
puts. This may be a possible explanation for why water as 
source was less common during the interview than on the 
homework. For example, one student mentioned water be-
ing necessary for photosynthesis on the homework but then 
struggled with identifying a process during the interview:

Student 2 homework: The biomass comes from the 
growth of the plant. The process of photosynthesis 
makes food for the plant. Like any other species when 
an organism is given food it will grow. The seeds must 
be given water and sunlight so that it [sic] can actually 

categories for responses to each version (Figure 1). In a box-
and-whisker plot, the left edge of a box represents the 25th 
percentile, and therefore the lowest 25% of responses fall to 
the left of that line. The right edge of the box represents the 
75th percentile, and therefore the top 25% of responses fall to 
the right of that line. The thick line inside the box represents 
the median. The “T” bars, or whiskers, extending from the 
box show the distribution of data within the 95% confidence 
interval. Any values outside of the 95% confidence interval 
are considered outliers and are shown as circles on the graph.

We then used the TA and PS rubric scoring results to com-
pare the concepts the interview group (n = 20) wrote about in 
their homework responses with the rest of the responders (n 
= 302). We used Mann-Whitney U-tests for this analysis and 
the FDR correction for multiple tests. The results showed 
that the distribution of responses were significantly different 
for only one TA category, seed dispersal, and for none of the 
PS rubric concepts. This category, seed dispersal, was created 
to help capture the idea observed in previous semesters that 
plants gain biomass by dispersing their seeds throughout 
the field, with each growing into a new plant that has bio-
mass. One student from the interview group wrote about 
seed dispersal in his homework response, whereas no one in 
the not-interviewed group mentioned it. These results show 
that the content of written responses (as measured by TA cat-
egories and the PS rubric) were nearly identical for the group 
of interviewed students when compared with the noninter-
viewed students.

Results for Student Interviews.  Each of the 20 interviews be-
gan with asking the student to verbally answer the same 
version of the photosynthesis question that he or she had 
been given on the homework. The interviewers waited for 
the students to finish answering and did not ask probing 
questions during this part of the interview. The purpose of 
this part of the interview was to compare how students re-
sponded in writing with how they answer verbally during 
an interview. We used both TA and the PS rubric to identify 
scientific and alternative conceptions in this part of the inter-
view transcripts to compare the results with each student’s 
written homework response. We found that six out of eight 
of the scientific and alternative concepts scored by the PS ru-
bric showed agreement above 75% between the homework 
and interview. That means that, for each of those concepts, 
a student was scored the same (either 0 or 1) on both on the 
homework and the interview. For example, this student’s 
homework response would be considered in agreement with 

Figure 1.  Distribution patterns of TA catego-
ries by (A) species and (B) order of prompts. 
n = 322.
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We compared the total number of categories in students’ 
homework responses with the number of categories in their 
interview responses. Figure 2 shows the distribution of the 
total number of TA categories for two groups, the written 
homework responses and the interview responses. The 
homework responses and interview responses have the 
same median and similar distributions. One student could 
not answer the question during the interview, so his inter-
view response had no scientific content and was only in the 
category I don’t know.

The majority of students showed agreement between their 
homework and interview responses, as measured by PS ru-
bric scoring (Table 4) and TA categorization (see Supplemen-
tal Table S3). Also, the overall number of TA categories did 
not change from the homework to the interview (Figure 2).

We also coded interviews for whether or not the student 
modified his or her initial interview answer throughout 
the course of the interview. Modifying the initial interview 
response could include adding or removing a concept. 
We found that 14 students were consistent throughout the 
interview, meaning they did not substantially modify their 
explanation. Six students were coded as inconsistent. These 
students were an even mix of those whose initial responses 
had correct ideas, incorrect ideas, and mixed ideas. For some 
of these students, their inconsistency stemmed from the fact 
that they “readopted” ideas from their homework when 
shown their original homework responses.

Research Question 2. What Parts of This 
Photosynthesis Question Stem Do Students Find 
Relevant When They Are Answering It?
Toward the end of each interview, we asked the student 
which parts of the question stem are the most relevant to 
answering it, which parts are confusing, and then followed 
up by asking him or her to explain why. We found that none 
of the 20 students chose the species (corn or peanut) as some-
thing that was the most relevant for them in answering the 
question or as something that was confusing. In contrast, 
nine students identified the prompts as relevant to answer-
ing the question, and several found some aspect of the 
prompts confusing. Students also chose parts of the question 
stem that include experimental and control variables, such 

begin the process of photosynthesis with the light reac-
tions. The dark reactions do not necessarily need light 
but it uses the products form [sic] the light reactions to 
start. If there was not photosynthesis you would just 
eat the peanut seeds and not actually peanuts.

Student 2 interview: I know he, the instructor, talked 
about how plant … I know plant seeds, they grow; but 
it’s through the nutrients and Calvins … all that stuff … 
photosynthesis stuff and Kreb’s, Calvin, cellular respi-
ration. And then I guess they just grow. I’ve not a clue.

When we used TA to compare how individual students 
responded to the homework and the interview, we found 
that students showed consistency above 75% between their 
homework and interview responses for 20 of the 25 catego-
ries. Two of the five categories with agreement below 75% are 
aligned with the PS rubric agreement results. The category 
water corresponds to the alternative concept water as source, 
and the category in/organic substance often corresponds to the 
alternative concept nutrients from the soil. Two other catego-
ries with poor agreement between homework and interview, 
energy and growth, are not fundamental to the scoring for any 
single PS rubric concept; therefore they are not well aligned 
to any of the eight PS rubric concepts.

Table 4.  Distribution of responses from interviewed students across scientific and alternative conceptions on the homework and interviewa

Agreement Disagreement
Scientific and alternative 

conception
Present in homework  

and interview
Absent in homework 

and interview
Present in  

homework only
Present in  

interview only
Percent  

agreement

Correct process 9   7 3 1 80
Incorrect process 2 13 4 1 75
Correct source 4 13 0 3 85
Incorrect source 0 17 2 1 85
Water as sourceb 4 10 5 1 70
Nutrients from the soilb 3   9 4 4 60
Correct product 2 13 5 0 75
Incorrect product 0 18 0 2 90

aThe following categories did not have any responses and were removed from the table: chlorophyll, fertilizer, green, I don’t know, nitrogen, and 
self-pollination. n = 20.
bThese alternative concepts did not have agreement between the homework and interview for at least 15 students.

Figure 2.  Distribution of total number of TA categories for respons-
es to the homework and during the interview. n = 20.
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TA category or PS rubric Also, changing this surface feature 
did not influence the number of ideas, as measured by TA 
categories, used by students in their responses either. This 
is seemingly in contrast to other studies that have identified 
surface features as relevant variables in the way students re-
spond to questions (Nehm and Ha, 2011; Prevost et al., 2013; 
Smith et al., 2013).

We found that questions with familiar, but different, spe-
cies did not result in more variable alternative conceptions 
from students, as was seen by Nehm et al. (2012a) when 
they altered other item features. Our interviews offer some 
insight. Because students chose the prompts and not the spe-
cies as relevant to answering the question, we can see that 
they were unlikely to be focused on the species as they for-
mulated their answers. Nehm et al. (2012a) chose item fea-
tures based on their familiarity to students in order to assess 
a range of questions with differing familiarity. This differs 
from the stimulus of this report, in that we investigated the 
prevalence and influence of species-specific ideas that we 
had observed in student responses, despite the familiarity 
of both species. We found that, for our questions, previously 
observed preconceptions about corn and peanut plants were 
not prevalent in the population and did not significantly in-
fluence student responses.

In our analysis, some TA categories were designed to look 
for species-specific preconceptions. The category cell division 
was designed to determine whether the concept of cell divi-
sion was more common in responses to the peanut version. 
We found that equal distributions of responses (28%) to the 
corn and peanut versions were distributed in the category 
cell division. The category nitrogen was used to look for a 
pattern of associating nitrogen-fixing processes with peanut 
plants. In this data set, only three responses were in the ni-
trogen category, and all three listed it along with other nu-
trients that the plant takes in through the soil. These three 
students all received the peanut version, but after review-
ing these responses, it seems as though they were describ-
ing nitrogen as a required nutrient for plant growth, not the 
nitrogen-fixing process. Another category informed by our 
previous research was green. During an interview in a previ-
ous semester, a student said that he was not sure whether or 
not corn undergoes photosynthesis because it is yellow, not 
green. Because students have differing familiarity with plant 
species, we used the TA category green to see whether there 
was a disproportionate number of students talking about 
one of the species being green. While ∼7% more of the corn 
responses than the peanut responses were in the category 
green, the difference was not significant. In the end, none of 
the TA categories we created to capture unusual ideas uncov-
ered during previous use of this question was significantly 
influenced by the question version. Therefore, it is unlikely 
the surface features of the question itself are triggering these 
unusual ideas in student thinking in any consistent way.

Order of Prompts.  Our results showed that there was no sig-
nificant difference in the content of responses to versions of 
the question with different orders of prompts nor was there 
a difference in the number of ideas used by students in their 
responses. This is consistent with work done by Schuman 
and Presser (1981), in which some of the questions they 
studied did not have order effects, even though they asked 
about similar content. In the past, we noticed that adding 

as the amount of time that passed, the change in biomass, 
and the fact that the same acre of corn was measured before 
and after the growing season, as parts of the stem that are 
relevant to answering it.

Of those students who found the prompts both relevant 
and confusing, two said the prompts were confusing because 
they both seem to be asking for the same thing. Three other 
students indicated that the prompt that asks for a process 
was confusing. One student’s explanation of what he finds 
confusing about the prompt asking for a process is shown 
below:

Student 7: I guess it would be if they’re asking for 
like one specific process here, it’s just one thing, or if 
they’re asking for just like whole steps of processes 
that leads to it. That would probably be it.

Other parts of the question stem that confused students 
were the words “dry harvested corn” and “biomass,” be-
cause they did not know what they meant.

In summary, none of the 20 students who were interviewed 
chose the plant species as something that was the most rel-
evant to them in answering the question or as a part of the 
question that was confusing. In contrast, a total of nine stu-
dents chose one or both of the prompts as the most relevant 
parts of the question, and five students found the prompts 
confusing. Two of the students who chose the prompts as 
relevant also chose them as confusing.

DISCUSSION

This report analyzed both written and verbal student re-
sponses to different versions of a photosynthesis question. 
The versions varied in plant species and orders of prompts. 
We used the results of computerized TA and expert rubric 
scoring to compare the content of student written respons-
es to these different versions of the question stem (research 
question 1). In addition, we confirmed these findings using 
student interviews (research question 1) and further used 
these interviews to investigate how students interpret the 
question stem itself (research question 2).

TA categories and scientific and alternative concepts from 
the PS rubric can be used to characterize responses in dis-
tinct ways. TA categories have a finer grain size and repre-
sent the majority of content ideas in student writing. The 
categories provide a comprehensive summary of concep-
tual ideas in individual responses and across an entire data 
set. Concepts found in the PS rubric represent a larger grain 
size and scientific and alternative concepts that are of inter-
est for student understanding of photosynthesis. Because 
there may be many permutations of the scientific and alter-
native concepts, one PS concept can encompass multiple TA 
categories.

Research Question 1. Does Changing the Surface 
Features of This Photosynthesis Question Stem 
Result in Significant Changes to Student Responses?
Species.  There was no difference in the scientific or alterna-
tive concepts in responses to question versions with different 
species, as measured by the distribution of responses in any 
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they identified the prompts as both relevant and confusing. 
However, this confusion was not specific to a single version. 
The interviews showed that, while students could identify 
the parts of the question that give them directives, sever-
al students were unsure of what the question was asking. 
This confusion seems to be due to students being unsure of 
what constitutes a scientific “process” in the context of the 
question. Research has shown that students’ understanding 
and explanations of scientific processes may change as they 
move through a learning progression for carbon-transform-
ing processes (Parker et al., 2013). One explanation for stu-
dents’ confusion about the word “process” may be due to 
differences in their progress along this learning progression, 
particularly for students who are in its early stages.

Implications.  It is encouraging that students identified the 
prompts as relevant, as opposed to the species of plant, as 
this should focus them on the information the question was 
designed to assess. It is important in evaluating the item va-
lidity, and thus the inferences that we make about student re-
sponses, that the question cue students properly about what 
is expected in their responses (Crisp et al., 2008). Therefore, it 
is unlikely that unexpected responses are due to a mismatch 
between the students’ and writer’s ideas of relevant parts of 
the question.

However, despite being able to identify the question 
prompts as the relevant parts for answering the question, 
students still had trouble defining a scientific “process.” This 
could indicate that the task is not defined completely to stu-
dents, which is a requirement for constructed-response ques-
tions (Liu, 2010). While we were able to support the validity 
of the item when students picked the prompts and not the 
species as relevant to answering it, we uncovered the word 
“process” as a possible source of confusion to some students. 
Complete answers to many of our constructed-response 
questions require a process, so students’ poor understanding 
of this term could account for unexpected responses. In the 
future, we plan to further investigate student understanding 
of scientific processes and its effect on their responses.

Validating the Photosynthesis Question with Interviews.  We 
found the content of written responses of the interviewed 
students to be nearly identical to that of the rest of the class, 
as shown by the results of our Mann-Whitney U-tests. There-
fore, the photosynthesis constructed-response question is 
likely to elicit student understanding equally well for the 
groups of students in the class who were interviewed and 
not interviewed, although it is important to note that the in-
terview group had higher course grade averages.

In comparing the interviewed students’ written home-
work responses with their verbal interview responses, we 
found that the majority of students showed agreement for 
most PS rubric concepts (Table 4) and TA categories (see 
Results for Student Interviews and Supplemental Table S3). 
This further bolsters previous findings that student writ-
ing is well-aligned to interviews and is a better measure of 
student thinking than multiple-choice items (Haudek et al., 
2012; Beggrow et al., 2013). We also found that the two PS ru-
bric concepts that did not have greater than 75% agreement 
(water as source and nutrients from the soil) were aligned 
with the disagreements we found using TA categories. This 
result lends validity to both methods of analysis, in that they 
are finding similar constructs in student responses. Finally, 

a second prompt, “What process adds this huge increase in 
biomass?,” led to an increase in the number of students who 
mentioned a process in their answer but a decrease in the 
number who mentioned a source of biomass or an answer 
to the prompt “Explain where this huge increase in biomass 
comes from?” (Weston et al., 2012). Our results show that 
this occurrence is not likely to be due to the order of the two 
prompts. Our interviews may offer some insight. We found 
that a few students view the prompts as redundant, so they 
may think that when they answer with a process, a source or 
input is implied. This is a special type of item-ordering effect 
wherein one question is believed to be more broad and en-
capsulate the other (Schuman and Presser, 1981). However, 
we need to conduct more detailed and focused interviews in 
order to test this hypothesis.

Implications.  These findings are important in our work with 
constructed-response questions, because they allow us to 
make more valid inferences about student understand-
ing across these question versions. We now have evidence 
to allow the interchangeable use of familiar species in the 
question with at least some populations of students, without 
influencing the content of their responses. These results help 
meet a call for developing variations of questions that are 
shown to maintain validity (Nehm et al., 2012a). For exam-
ple, Smith et al. (2009) used similar questions that addressed 
the same genetics content, in order to compare how students 
answer clicker questions individually with how they answer 
them in peer groups. Multiple question versions are need-
ed by instructors as well, for example, when using pre- and 
posttesting to measure the effect of instructional interven-
tions or for giving multiple forms of an exam in a fair way. 
Items within the diagnostic question clusters are examples of 
questions with surface features that could possibly be varied 
as we varied the photosynthesis question (Wilson et al., 2006; 
Parker et al., 2012). In part, this may be due to the similarity 
of the question task (i.e., tracing matter or energy through 
an organism). However, as other reports have documented 
item-feature effects in evolutionary explanations (Nehm and 
Ha, 2011), it is not clear to what extent content domain or 
question task may interact with specific item features. This 
research area is open to further exploration.

Our results also show that the order of the two prompts in 
this question does not significantly influence the content of 
responses. That means we can continue using the two-part 
version of the photosynthesis question, which elicits more 
complete responses than the original. Pollitt et al. (2008) call 
for more detailed prompts than “explain” alone, and these 
results will be useful, in that they show that the order of two-
part prompts does not affect validity. Also, the methods that 
we used in comparing the content of responses to the four 
questions in a cross-over design will continue to be useful to 
our work validating constructed-response questions.

Research Question 2. What Parts of This 
Photosynthesis Question Stem Do Students Find 
Relevant When They Are Answering It?
During the interviews, we asked each student which parts 
of the question stem are the most relevant to answering it 
and whether any parts are confusing. We found that stu-
dents thought the plant species was neither relevant nor 
confusing to them when answering the question. In contrast, 
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having a validated constructed-response question about 
photosynthesis allows continued investigation into how stu-
dents trace matter through biological processes, without the 
need for in-depth interviews. Students’ written responses 
matched their verbal responses closely in both content (TA 
categories) and expert scoring (PS rubric). This finding al-
lows the use of student writing about tracing matter in 
photosynthesis to be used more broadly to investigate new 
research questions about student understanding of these 
fundamental principles.

In addition to comparing students’ homework responses 
with their initial responses during the interview, we also 
wanted to see whether we would uncover additional ideas 
in the interviews through probing. When we coded the inter-
views for consistency, we found that a large majority of stu-
dents did not modify their answers over the course of the in-
terview. Those who did modify their answers tended to add 
an idea from their homework responses after seeing them 
during the interview. Therefore, some students did not add 
“novel” ideas at the time of the interview but instead were 
reminded of a concept that they had talked about previously 
in their homework. These few students who were coded “in-
consistent” may represent students with a less-stable mental 
model of photosynthesis. These students may have “bits” of 
knowledge about photosynthesis but have not yet connected 
them in meaningful ways. In addition, they are probably less 
likely to have a framework constrained by scientific princi-
ples for thinking about problems (Parker et al., 2012), as evi-
denced by their tendency to pick up and discard ideas when 
discussing their responses.

Limitations.  Students included in this study came from a sin-
gle public university and from an introductory majors biol-
ogy course. We recognize that geographic and cultural vari-
ables, as well as other demographics, most likely influence 
familiarity with given species.

Conclusions from our face-to-face interviews may be lim-
ited in that the subsample of students who volunteered for 
interviews had a higher course grade average than those 
students who did not volunteer for the interview or did not 
answer the homework (see Supplemental Table S1). There-
fore, interview data are representative of higher-performing 
students in this course. However, as we have noted before, 
there is only one significant difference (seed dispersal) in the 
content of interviewed students’ homework and noninter-
viewed students’ homework as measured by TA categories 
and scientific or alternative concepts from the PS rubric. Sim-
ilarly, the homework responders are more representative of 
higher-performing students within the course and the uni-
versity than students who did not respond. Therefore, some 
conclusions about student understanding about photosyn-
thesis may not extend to students who did not respond.

Finally, this study focused on our manipulations of one 
question, which limits the generalizability of our results to 
other questions.
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