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Abstract
Women remain underrepresented in physical science, engineering,

and computer science collegemajors and careers. Prior research has

suggested that motivational beliefs and experiences in high school

play a critical role in girls’ persistence in science fields. We hypothe-

sized that compared to male students, female high school students

may experience less daily autonomy support from teachers and

lower psychological need satisfaction in physics, chemistry, and engi-

neering courses. In turn, we expected that these differences would

explain girls’ lower daily engagement in these courses compared to

boys. In line with current trends indicating gender parity in biology

and biomedical fields, we did not expect to find gender differences in

biology courses. Results froma six-week intensive longitudinal study

in which high school students reported their daily experiences of

teacher autonomy support, need satisfaction, and engagement dur-

ing science class supported our hypotheses. The implications of the

results for theory and practice are discussed.
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Engaging girls in science, technology, engineering, andmathematics (STEM) classes remains a critical challenge for edu-

cators. Though they have achieved parity in biological and biomedical degrees and occupations (Snyder, de Brey, &

Dillow, 2016), women remain underrepresented in non-biological and biomedical STEM college majors and careers,

including physics, engineering, and computer sciences (National Science Foundation, 2017; Riegle-Crumb, & King,

2010). These gender disparities persist even though girls obtain higher course grades in math and science than boys

and are just as likely to be enrolled in advanced STEMcourses in high school (e.g., Hyde, Lindberg, Linn, Ellis, &Williams,

2008; National Science Foundation, 2017; Riegle-Crumb, King, Grodsky, andMuller, 2012; Snyder et al., 2016).

This underrepresentation of women in the physical sciences (e.g., physics and chemistry) and engineering areas of

STEM is troubling as increasing female participation is paramount to meeting increasing demands for STEM profes-

sionals equipped to meet the challenges of the 21st century in the current global marketplace (National Academy

Science Education. 2018;1–27. wileyonlinelibrary.com/journal/sce c© 2018Wiley Periodicals, Inc. 1
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of Sciences, 2007a,b). Further, discoveries in STEM are likely to be enhanced by diversity of people and ideas

(Allen-Ramdial & Campbell, 2014). Finally, this underrepresentation of women is troubling from a social equity per-

spective, as STEM careers, particularly in engineering and computer science, are linked with greater economic pros-

perity and social status (Cataldi, Siegel, Shepherd, & Cooney, 2014).

Undoubtedly, girls’ classroom experiences and motivational beliefs during high school play a critical role in pre-

dicting whether they persist in STEM fields into college and for their careers (e.g., Legewie & DiPrete, 2012; Tai, Liu,

Maltese, & Fan, 2006). However, thus far, little research has focused on gender differences in daily perceptions of

teachers’ motivating practices and subsequent motivation and engagement during class. In particular, a substantial

body of research based on self-determination theory (Ryan & Deci, 2000) has suggested that when teachers are per-

ceived to engage in practices that encourage students to see themselves as the initiator of their actions, known as

autonomy-supportive practices, students’ experience numerous benefits. These benefits include greater psychological

need satisfaction, that is, a greater sense of autonomy, competence, and relatedness, as well as enhanced motivation

and engagement (e.g., Assor, Kaplan, & Roth, 2002; Patall, Dent, Oyer, &Wynn, 2013; Reeve& Jang, 2006; Reeve, Jang,

Carrell, Jeon, & Barch, 2004).With this in mind, we asked the following research questions.

1. Do high school girls and boys differ in their experiences of teachers’ autonomy support, need satisfaction, and

engagement in science courses, particularly in physical science courses?

2. Dogender differences in students’ experiences of teachers’ autonomy support andneed satisfaction explain gender

differences in students’ engagement in science courses, particularly in physical science courses?

This research investigated the intriguing novel hypothesis that students’ daily experiences of autonomy support and

psychological need satisfaction is lower for girls than for boys in physics, chemistry, and engineering courses, given per-

vasive negative stereotypes about girls’ suitability particularly for physical and engineering science fields (e.g., Leslie,

Cimpian, Meyer, & Freeland, 2015; Wang & Degol, 2017). Moreover, we hypothesized that these gender differences

in daily experiences of teachers’ autonomy support and need satisfaction would explain girls’ lower daily engagement

in these courses compared to boys. Finally, given that women are well represented in biology and biomedical fields

and that social perceptions of those fields are less inconsistent with social roles traditionally ascribed to women (e.g.,

Leslie et al., 2015), we hypothesized that such gender differences would not be found in biological courses. To exam-

ine these hypotheses, we conducted a six-week intensive longitudinal study with high school students in which stu-

dents provided daily reports of their experiences of teacher autonomy support, psychological need satisfaction (for

autonomy, competence, and relatedness), and engagement in science class each class day. Repeatedly assessing stu-

dents’ perceptions of teacher practice and students’ psychological need satisfaction and engagement over class days

provided an opportunity to collect strong evidence regarding gender differences in students’ daily experiences in

science class.

1 EXPLAINING FEMALE UNDERREPRESENTATION IN STEM

Explanations for gender disparities in physical and engineering science fields, fields that emphasize the study of inan-

imate objects and have a strong inclusion of mathematics, abound. Though differences in ability, particularly mathe-

matical and spatial ability, have often been implicated to explain disparities (e.g., Baron-Cohen, 2003; Halpern et al.,

2007), most researchers agree that such ability differences are small (if they exist) and do not seem to fully account

for female underrepresentation in STEM careers (Ceci, Williams, & Thompson, 2011;Wai, Cacchio, Putallaz, &Makel,

2010). Rather, the literature on gender differences suggests that despite comparable levels of achievement and STEM

course-taking among male and female students prior to college, lower female persistence in physical and engineer-

ing science fields is likely explained by a complex set of motivation-related beliefs shaped by experiences in the home,

school, and society. Moreover, students’ experiences during high school are particularly critical in shaping beliefs and

determining whether students pursue a STEM college major and career (Legewie & DiPrete, 2012; Tai et al., 2006).



PATALL ET AL. 3

Girls decide in high school to abandon the pursuit of a science or engineering education at a higher rate than boys, even

if they previously expressed interest. Such decisions made in high school are critical, because the highly prescribed

nature of the coursework for STEMmajorsmakes it difficult for students to switch into a STEM field following the start

of college (e.g.,Wang &Degol, 2013).

Along these lines, research has routinely documented gender differences in adolescents’ motivational beliefs and

attitudes that promote persistence in STEM. In particular, girls experience lower perceived competence and interest in

STEM during adolescence and perceive greater costs of pursuing careers in STEM fields than boys (e.g., for review see

Wang & Degol, 2013, 2017). For example, high school boys tend to rate their math competence higher than girls with

similar grades and test scores in math, both globally (e.g., Correll, 2001; Nagy et al., 2008), and when they are asked to

rate their skill on a particular task on any given day in the science classroom (e.g., Shumow& Schmidt, 2013). Research

suggests that high school girls’ value and interest toward science are lower than of boys (e.g., Frenzel, Goetz, Pekrun,

&Watt, 2010; Shumow & Schmidt, 2013; Watt, 2004), and some prior research suggests that unlike boys, girls’ inter-

est in math and science decreases in adolescence (Eccles & Harold, 1992; Köller, Baumert, & Schnabel, 2001; Sadler,

Sonnert, Hazari, & Tai, 2012). These gender differences in perceived competence or self-efficacy, value, and interest

are important given the well-established links of these variables to achievement-related behaviors and performance,

as well as academic and career decision-making (e.g., for review, see Wang & Degol, 2013, 2017). Indeed, these fac-

tors are likely to be equally or more important as ability and achievement in explaining students’ STEM persistence.

For example, adolescents with average math achievement and high interest in pursuing a science occupation are far

more likely to complete a science degree in college than adolescents with high math achievement but little interest in

pursuing a STEMoccupation (Tai et al., 2006).

While the importance of adolescents’ motivational beliefs has clearly been recognized, few studies have explored

gender differences in students’ daily experiences in high school STEM classrooms, despite that ongoing daily experi-

ences in the classroom and other social contexts help to mold the enduring motivational beliefs predictive of gender

disparities (e.g., for a review of sociocultural influences on motivational beliefs, seeWang & Degol, 2013, 2017). Thus,

in this study, we focus on discrepancies in students’ daily engagement during science class: we examine the extent

to which students are actively involved in tasks or activities in class each day, as well as the environmental and psy-

chological experiences during class that shape that engagement. Engagement is a multidimensional construct that

plays a critical role in students’ learning (Archambault, Janosz, Fallu, & Pagani, 2009; Fredricks, Blumenfeld, & Paris,

2004; Reeve & Tseng, 2011; Skinner, Kindermann, Connell, & Wellborn, 2009). Behavioral engagement describes stu-

dents’ involvement in class in terms of their effort, attention, persistence, and participation. Emotional engagement

describes students’ involvement in class in terms of interest, enjoyment, and other positive emotions.Cognitive engage-

ment describes students’ involvement in class in terms of their attempts to regulate the process of learning. Agentic

engagement describes students’ involvement in terms of their proactive attempts to influence the instruction so that

it better supports their ownmotivation and learning. Although classroom engagement has yet to be the focus of much

research focused on gender disparities in STEM,we focus on engagement (across these dimensions) because it is amal-

leable criticalmediator between the school environment and student learning, school success, and persistence in STEM

fields (Croninger & Lee, 2001; Fredricks et al., 2004; Jang, Kim, & Reeve, 2012; Ladd &Dinella, 2009; Sinatra, Heddy, &

Lombardi, 2015).

2 TEACHER AUTONOMY SUPPORT

Students’ engagement is facilitated by high-quality interactions with teachers who consider students’ motivation in

their practice (Allen, Pianta,Gregory,Mikami,&Lun, 2011).According to self-determination theory, peoplehave funda-

mental psychological needs for autonomy, competence, and relatedness that underlie their motivation and well-being

(Ryan & Deci, 2000). Students thrive when they experience their behavior as emanating from or consistent with their

understandingsof self (i.e., autonomy), success in interactingwith theenvironment (i.e., competence),1 andconnections
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with other individuals (i.e., relatedness). However, teachers can also support students’ experiences of need satisfaction

with their practice.

Autonomy support in the classroom context reflects a motivational approach in which teachers identify, nurture,

and develop students’ inner motivational resources so that students perceive themselves as the initiator of their

actions (Reeve, 2009). Autonomy-supportive teachers offer choices, encourage students towork in their ownwayor at

their own pace, are open to students’ opinions and negative feelings, and respond to students’ progresswith encourag-

ing, informational feedback. Such teachers attempt to structure course activities around students’ interests, but when

that is impossible, they providemeaningful rationales to explain the usefulness or importance of “boring” course activ-

ities (see Patall, Vasquez, Steingut, Trimble, & Pituch, 2017; Reeve, 2009; Reeve & Jang, 2006; Su & Reeve, 2011 for a

reviewof autonomy-supportive practices). Extensive research has indicated that teachers’ autonomy-supportive prac-

tice and, more proximally, perceiving teachers to engage in autonomy-supportive practices predict students’ need sat-

isfaction and, in turn, need satisfaction predicts students’ engagement in class (Hafen et al., 2012; Jang et al., 2012;

Patall et al., 2017, 2018). For example, Jang and colleagues (2016) found that Korean high school students’ perceptions

that teachers supported their autonomy predicted changes in need satisfaction, which, in turn, predicted changes in

engagement over the course of a school semester.

Moreover, although autonomy support and the experience of need satisfaction, and particularly autonomy need

satisfaction, has been found to have widespread benefits across people and contexts, several factors suggest it may

be particularly important in high school science classes. First, high school students’ perceptions that teachers are sup-

porting their autonomy and the subsequent experience of autonomy need satisfaction may be particularly important

because adolescence coincides with an increased need for autonomy and independence (Eccles, Wigfield, Harold, &

Blumenfeld, 1993; Erikson, 1968). Second, given that innovation and discovery, appreciation for ambiguity, and build-

ing on past discoveries and failures are all fundamental values in science (e.g., Allchin, 1999; Bartos, and Lederman,

2014; Kuhn, 1962), support for personal autonomymay be particularly important to science education.

Taken together, it seems that students’ perceptions of teachers’ autonomy support and the need satisfaction that

such support facilitates are important predictors of engagement in STEM courses, and ultimately persistence in STEM.

Given women's underrepresentation in physical and engineering science fields, such relationships beg the question:

do high school girls experience the same level of daily teacher autonomy support, need satisfaction, and ultimately,

engagement, as boys in their high school physics, chemistry, and engineering courses?

3 GENDER DIFFERENCES IN STUDENTS’ EXPERIENCES

IN THE SCIENCE CLASSROOM

Despite the benefits of autonomy-supportive teaching across content areas including STEM (e.g., Black, and Deci,

2000; Reeve et al., 2004), pervasive stereotypes associating the physical and engineering sciences with innate talent

that men, and not women, possess (e.g., Leslie et al., 2015; Nosek et al., 2009; Tiedemann, 2002) may influence the

extent to which teachers equitably support male and female students’ motivation in physical and engineering science

classes. Research suggests that teachers stereotypemath and science as domainsmost suitable for boys, believing suc-

cess can be attributed to ability for boys but to effort for girls (Fennema, Peterson, Carpenter, & Lubinski, 1990; Keller,

2010; see Li, 1999 for a review; Tiedemann, 2002). These stereotypes predict teachers’ disparate expectations for

male and female students (e.g., Chalabaev, Sarrazin, Trouilloud, & Jussim, 2009) and, in turn, differential treatment (e.g.,

Hattie, 2009; Jussim & Harber, 2005; Turner & Patrick, 2004). Moreover, although the effects of differential expecta-

tions and treatment are typically small (Jussim&Harber, 2005), among students from stigmatized groups, such as girls

within physical and engineering science fields, the cumulative negative effects on students’ motivation and achieve-

ment aremore substantial (Green, 2002; Jussim, Eccles, &Madon, 1996).

Today, even though few U.S. adults openly endorse gender stereotypes in STEM (e.g., Schmader, Johns, &

Barquissau, 2004; Shumow& Schmidt, 2013), teachers’ behavior may nonetheless unintentionally reflect implicit bias
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and internalized stereotypes (e.g., Milford & Tippett, 2013). In fact, classic and contemporary research have docu-

mented discriminatory treatment of girls in science, suggesting that teachers’ interaction patterns differ across stu-

dent genders. Often without explicit awareness, teachers communicate higher expectations of, ask more questions of,

and spendmore time interacting with male than female students in science classes (e.g., Altermatt, Jovanovic, & Perry,

1998; Becker, 1981; Jones &Wheatley, 1990; Shumow& Schmidt, 2013).

Furthermore, students’ own socialization and endorsement of widespread stereotypes about girls’ suitability for

physical and engineering science fields may negatively skew their perceptions of supportive teacher practices and

experiences of need satisfaction in STEM classrooms. Repeated direct and indirect (e.g., mass media) observations

of men and women lead children to associate men and women with particular roles and activities (e.g., Eagly, and

Wood, 2012;Wood & Eagly, 2012). In addition, gender-disparate ability and value beliefs of parents and teachers (and

even peers) not only influence these socializers’ behaviors to create opportunities for students to engagewith science,

but also shape students’ own science ability and value beliefs to be consistent with socializers over time (e.g., Eccles-

Parsons, Adler, & Kaczala, 1982; Simpkins, Fredricks, & Eccles, 2012; Wang & Degol, 2013). These stereotypes of sci-

ence as a male domain emerge at a young age (Chambers, 1983; Steffens, Jelenec, & Noack, 2010) and are pervasive

across cultures (Nosek et al., 2009).Within this decade, only 35% of American children depicted a womanwhen asked

to a draw a picture of a scientist (Farland-Smith, 2009). Given these pervasive stereotypes, teachers may be less likely

to provide autonomy support to girls in physical and engineering science courses, given explicit or implicit expectations

that girls will benefit less from such support, and additionally, girls may expect and perceive their teachers to provide

greater support to boys compared to girls in such courses and, likewise, experience less need satisfaction. Given these

pervasive stereotypes, it is also possible that girlsmight needmore autonomy support from teachers, or even different

kinds of support compared to theirmale peers, in order to experience the same resulting sense of need satisfaction and

engagement.

It is important to emphasize that science-related gender stereotypes are particularly pronounced in physical and

engineering science. Recent research (e.g., Leslie et al., 2015) suggests that women are underrepresented particularly

in fields in which practitioners believe that innate talent is a prerequisite for success, because women are stereotyped

as having less innate talent compared to men. In contrast to biological and biomedical areas (as well as fields like edu-

cation, psychology, and anthropology), math-intensive fields like physics, engineering, and computer science (along

with some humanities and arts such philosophy andmusic composition) are among the fields whose practitionersmost

strongly endorse such beliefs. These trends suggest that teachers’ practices, students’ perceptions of teachers’ prac-

tices, and, in turn, students’ subsequent need satisfaction, motivation, and engagement are likely to vary by student

gender, particularly in physical science courses, including engineering, rather than in biological science courses.

4 THE PRESENT INVESTIGATION

In an effort to better understand persistent underrepresentation of women in physical and engineering science fields,

the purpose of the current study was to explore gender differences in high school students’ daily experiences of

teachers’ autonomy support and psychological need satisfaction in science class, as well as whether such differences

might explain any observed gender differences in daily engagement during science class. Given self-determination

theory's assumption that students’ subjective experiences of teachers’ practice, not the objective reality of teacher

practice, ultimately influences their motivation and engagement, we focused on students’ perceptions of autonomy-

supportive teaching and experience of need satisfaction. We hypothesized that female students would perceive less

daily autonomy support from their teachers and experience lower need satisfaction compared to male students in

physics, chemistry, and engineering courses. Moreover, we expected girls’ weaker experiences of autonomy support

and need satisfaction would explain their lower daily engagement relative to boys in such courses.2 In contrast, and

in line with the equal representation of women in biological and biomedical fields and less salient gender stereotypes

(e.g., Leslie et al., 2015), we did not expect to observe any gender differences in biological courses.
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In order to strengthen confidence in the findings,weexplored thesehypotheses after controlling for a variety of stu-

dent and classroom characteristics (e.g., students’ ethnicity, free or reduced price lunch eligibility, age, and prior course

grade, as well as classroom content difficulty and teacher years of experience). We controlled for these covariates

given prior research, which has suggested that these student and classroom factors may influence students’ engage-

ment and perceptions of the environment (e.g., Eccles et al., 1993;Murdock, 1999; Solomon, Battistich, & Hom, 1996),

particularly within the science domain (e.g., Sinatra et al., 2015). Given some evidence that race, ethnicity, and gender

are linked to attrition from STEM fields (for example, see Griffith, 2010, for evidence that racial minorities may have

higher rates of attrition due to disparate educational experiences but Riegle-Crumb, and King, 2010, for evidence that

disparities in choice of collegemajor may be limited to gender), we thought it was particularly important to control for

these student characteristics in our analyses.

Overall, we expected the current study to extend evidence related to engaging girls in science by providing the first

test of whether gender differences in students’ daily perceptions of teachers’ need supportive practices and psycho-

logical need satisfaction explain gender differences in daily engagement in science classes.Moreover, this study has the

particular strength of distinguishing these relationships by characteristics of subdomain of science. Finally, it used a rig-

orous intensive longitudinal design to provide accurate and reliable evidence of students’ daily experiences in science

classrooms.

5 METHOD

5.1 Participants

Two-hundred and eight students (54% female; 13 to 18 years of age; 41% eligible for free or reduced lunch) from 41

science classrooms across eight urban and suburban public high schools in the southwestern United States partici-

pated (see Table 1 for sample descriptive information). Students responded to a questionnaire related to their class-

room experiences after every science class during a six-week instructional unit (2,176 total reports). The study was

conducted between January 2013 andMay 2014.

Every classroom was led by a different science teacher. Students were approximately evenly split between biol-

ogy courses and physical science (physics, chemistry, and engineering) courses. The gender composition of biology and

physical science courses was similar; slightly over 50% of participants in both biology and physical science courses

were female (52% female in biology and 56% female in physical science). Forty-eight percent of studentswere enrolled

in a grade-level biology, physics, or chemistry course, and the rest were enrolled in an advanced biology, physics, or

chemistry course or a specialty topic science course (anatomy, environmental systems, engineering, or aquatic sci-

ence). Forty-two percent of the students across these classes were Hispanic/Latino, 32%were white, 10%were black,

2% were Asian, and 14% were of mixed ethnicities or another ethnicity. Forty-two percent of students were 9th

graders, 24% were 10th graders, 17% were 11th graders, and 17% were 12th graders. The mean grade point average

(GPA) was 2.92 (SD = 0.96; minimum = 0.82, maximum = 4.0) on a 4-point scale at the start of the study. A compar-

ison of our sample demographics to demographics of the urban and suburban school districts from which students

were drawn indicated that our sample was representative of the student population being served in these school

districts.

Participation was voluntary. Parent permission was required for students under the age 18. Three to six students

in each class participated in the study. In 35 classes, five or six students were randomly selected to participate among

volunteers from the class. In the remaining six classes, fewer than five students volunteered. In five of these classes,

four students participated and in one class, three students participated. Despite randomly selecting among volunteers

in classes in which we were able, given that participation was contingent on volunteering and a limited number of stu-

dents in each class volunteered, this sample should not bemistaken for a true randomsample and should be considered

a convenience sample. Students were paid $5 for every complete survey and received a $50 bonus for completing all

reports for which they were present in class.
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TABLE 1 List of science courses and sample descriptive information

Classes, n Students n (%)

Grade-level biology 7 36 (17)

Grade-level physics 6 28 (13)

Grade-level chemistry 4 21 (10)

Integrated grade-level physics and
chemistry

3 14 (7)

Pre-AP Biology 8 42 (20)

Pre-AP chemistry 4 21 (10)

Pre-AP physics 2 10 (5)

AP physics 1 5 (2)

Anatomy 2 11 (5)

Aquatic science 2 9 (4)

Environmental systems 1 5 (2 )

Engineering 1 6 (3)

Biology
(n= 103)

Physics,
chemistry, and
engineering
(n= 105)

Total
(n= 208)

Class characteristics

Students in advanced class, n (%) 48 (46) 43 (42) 91 (44)

Mean teacher years of experience (SD) 9.62 (7.77) 11.31 (11.05) 10.45 (9.53)

Student characteristics

Mean age 14.96 (1.20) 16.11 (1.05) 15.54 (1.26)

Female, n (%) 58 (56) 54 (52) 112 (54)

Latino/Hispanic, black, or other, n (%) 60 (58) 71 (68) 131 (63)

Free/reduced lunch, n (%) 32 (31) 54 (51) 86 (41)

Prior unit course grade, M (SD) 82.84 (18.40) 81.59 (17.86) 82.21 (18.10)

Autonomy support, M (SD) 2.97 (0.65) 2.93 (0.73) 2.54 (0.66)

Need satisfaction,M (SD) 2.51 (0.61) 2.57 (0.71) 2.95 (0.69)

Engagement, M (SD) 2.96 (0.63) 2.86 (0.73) 2.91 (0.68)

Note. M=mean. SD= Standard deviation.

Teachers were 25 to 66 years of age (M = 38.12; SD = 12.49) and had between 0 and 40 years of experience

(M = 10.40, SD = 9.85). Most teachers were white (30) and female (30), with more male teachers teaching physical

science courses.3 One teacher was black, three were Asian, three were Hispanic/Latino, and four were of mixed eth-

nicities or another ethnicity. Teachers received $50 for participation. Schools received $100 for every teacher who

participated in the study.

5.2 Procedure

The recruitment process includedmultiple steps. First permissionwas obtained from the two school districts, aswell as

individual high school principals, vice principals, and science chairs at eachof the eight schools.Next, group information

sessions were held to recruit teachers. Teachers were informed that the purpose of the study was to examine the rela-

tionship between students’ experiences in the classroom and their motivation and engagement. Themethods involved

in the study were also explained to teachers. Teachers were encouraged to view participation in the study as an edu-

cational experience, since they would be provided information about the relationships between teacher practices and
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students’ motivation and engagement at the end of the study and all the information collected as part of the studywas

confidential. With that in mind, the research team encouraged teachers to select their most typical course for partici-

pation that suited the study best for scheduling reasons and contained a diverse group of students. The research team

discouraged teachers from selecting a course because they felt it was the one in which they or their students would

perform best (or worst). Across all schools, approximately 50% of recruited science teachers expressed willingness to

participate and approximately 40% actually participated in the study.

Student participants were recruited via in-person classroom visits in which the study was described. During these

visits, a parent information letter and consent documents in both English and Spanish were distributed. A box was set

up in the main office of each school so students could return signed consent documents in a sealed envelope without

teachers knowing which students opted to participate.

Each participant met individually with a member of the research team for a study orientation. During this meet-

ing, participating students received an Apple iPod touch for completing surveys for the duration of the study. Student

participants also practiced using the iPod during this meeting and completed a background survey regarding their age,

grade level, sex, ethnicity, eligibility for free or reduced lunch at school based on U.S. government policy, school GPA,

and science course grade for themost recent instructional unit.

On every class day of the six-week instructional unit, students were emailed during their first non-instructional

free period following the science class session with a survey about their teachers’ practices, their experiences of need

satisfaction, and their engagement in class. All surveys were programmed using Qualtrics and completed by students

online. All classesmet approximately every other school day. The number of report opportunities varied across courses

and six-week instructional units. The number of scheduled class sessions ranged between 11 and 17, with classes

having between 8 and 17 opportunities to report on experiences as a result of various disruptions to class sessions

(median = 14). Students had until the next class day to complete their daily report. Student participants completed

between 1 and 17 reports across the instructional unit (mean (SD)= 10.46 (3.77); mode= 10), with girls and boys com-

pleting a similar number of reports (girls mean(SD) = 10.64 (3.56); boys mean(SD) = 10.14 (4.02)). Only one student

completed just one report, and thus this student's responseswere excluded because change in outcomeswas the focus

of our analyses. Figure 1 provides an illustration of the procedures for this study.

5.3 Measures

5.3.1 Engagement

Engagement is conceptualized as a multidimensional construct, including four related but distinct behavioral, emo-

tional, cognitive, and agentic components (e.g., Fredricks et al., 2004; Reeve, 2013; Skinner et al., 2009). In line with

this multidimensional conceptualization, students’ daily engagement in science class was assessed with 15 items we

adapted from the Engagement versus Disaffection with Learning Student Report (Furrer & Skinner, 2003; Skinner

& Belmont, 1993; Skinner et al., 2009), the Metacognitive Strategies Questionnaire (Wolters, 2004) and the Agentic

Engagement Scale (Reeve&Tseng, 2011). The Engagement versusDisaffectionwith Learning Student Report contains

scales for behavioral and emotional engagement from which we adapted seven items (three behavioral and four emo-

tional engagement) for the daily context.We used items from these particular scales because prior research has found

that scores on these scales are associated with important student outcomes including achievement, and they are reg-

ularly used in school-based self-determination theory research to assess behavioral and emotional engagement (e.g.,

Reeve, 2013; Skinner et al., 2009). Four itemsmeasuring learning strategies adapted from theMetacognitive Strategies

Questionnairewere used to assess students’ cognitive engagement in science class.We used items from this particular

scale because its conceptualization of cognitive engagement focused on the use of cognitive learning strategies (distin-

guishing it from behavioral engagement), it has been linkedwith students’ achievement (e.g.,Wolters, 2004), and it has

been used in prior school-based self-determination theory research (e.g., Reeve, 2013). Students’ agentic engagement

in science class was assessed with four items adapted from the Agentic Engagement Scale (Reeve & Tseng, 2011), cur-

rently the only scale for assessing agentic engagement. For all engagement items, students rated the extent to which



PATALL ET AL. 9

F IGURE 1 Illustration of study procedures

they agreed with each item on a 5-point Likert scale ranging from not at all true (1) to extremely true (5). The validity

and reliability of all engagement scales for cross-sectional research have been established in previous studies (Furrer&

Skinner, 2003; Reeve, 2013; Reeve&Tseng, 2011;Wolters, 2004). Given thatwe adapted and shortened themeasures

in order to use them in an intensive longitudinal design, we conducted factor and reliability analyses to confirm that

these adaptedmeasures were appropriate for the daily context.
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To assess the factorial validity of daily measures of engagement, we conducted a multilevel confirmatory factor

analysis (ML-CFA) with six factors (includes two additional disengagement scales not the focus of this investigation) at

both the day and student levels inMplus 6.12. Parameters were estimated using amaximum likelihood estimation pro-

cedure (i.e., MLR) that is robust to violations of both the assumptions of normality and independence of observations

and provides for optimal parameter estimates when data are missing at random.We examined both day- and student-

level (by computing the mean across class days for each student) factor structures. Given the complexity of modeling

a three-level exploratory factor structure with the small number of classrooms, we used the TYPE = COMPLEX TWO

LEVEL command in Mplus to adjust standard errors and chi-square tests of model fit, accounting for the clustering at

the classroom level (level 3). To obtain proper estimates at each level, we followed standard multilevel modeling prac-

tices and used group-mean centering for items at both the day and student levels using the student as the group for

the lowest level and the class as the group for the student level. A well-fitting model was defined by a comparative

fit index (CFI) of approximately .95, a root mean square of approximation (RMSEA) less than .05, a standardized root

mean square residual (SRMR) less than .08, and factor loadings >.40 (Kline, 2015). Items were allowed to load only on

their target factor (i.e., behavioral, emotional, cognitive, or agentic) and factors were allowed to correlate. Inspection

of fit indices for themodel (CFI= .92, RMSEA= .03, and SRMR<.04 both for day and student levels) indicated that the

model fit the data adequately (Kline, 2015). Factor loadings (i.e., standardized regression coefficients) at both levels

suggested that items loaded sufficiently (>.40) onto their respective factors. Items and the mean daily reliabilities of

each subscale are reported in Table 2.

Given that our hypotheses did not differ by type of engagement, we created a composite engagement variable by

averaging daily behavioral, emotional, cognitive, and agentic engagement scales (mean daily 𝛼 = .91). Sizeable corre-

lations between factors supported this approach: the correlation between behavioral, emotional, cognitive, and agen-

tic engagement factors ranged between .42 and .66. Moreover, using an aggregated measure of engagement was an

appealing approach given that it limited the number of statistical tests conducted and yielded excellent reliability.

5.3.2 Need satisfaction

Students’ daily need satisfaction in science class was assessed with 12 items adapted for use in our daily intensive lon-

gitudinal design from the Perceived Self-Determination Scale (Reeve, Nix, &Hamm, 2003), the Perceived Competence

Scale (Williams & Deci, 1996), and perceived relatedness subscale of the Activity-Feeling States (Reeve & Sickenius,

1994). Autonomy need satisfaction was measured with six of nine items from the Perceived Self-Determination Scale.

Reversed items were dropped because they typically load most weakly in factor analyses. Competence need satisfac-

tion was assessed with three of four items from the Perceived Competence Scale. Relatedness need satisfaction was

assessed with the three items from the Activity-Feeling States for the relatedness subscale. Students rated the extent

to which they agreed with each item on a 5-point Likert scale ranging from not at all true (1) to extremely true (5).

We selected items from these particular scales to assess need satisfaction on the three needs because they are rela-

tively brief, and are regularly used in school-based self-determination theory research (e.g., Patall & Leach, 2015; Patall

et al., 2013; Reeve & Lee, 2014), and because previous studies have established the validity and reliability of all scales

for cross-sectional research (Reeve & Jang, 2006; Reeve & Sickenius, 1994; Reeve et al., 2003). We conducted multi-

level factor analyses and reliability analyses to confirm that our abbreviated measures were appropriate for our daily

context.

Toexamine the structureof thedaily need satisfactionmeasure,weconductedamultilevel confirmatory factor anal-

ysis (ML-CFA) using MLR to examine a three-factor structure at both day and student levels using the TYPE = COM-

PLEX TWO LEVEL syntax in Mplus to account for clustering at the classroom level. Items were group-mean centered

for both the day and student levels using the student as the group for the lowest level and the class as the group for the

student level. Items were allowed to load only on their target factor and factors were allowed to correlate. Inspection

of model fit indices (CFI = .96 RMSEA = .03; and SRMR = .03 for the day level and .09 for the student level) indicated

that the model fit the data well (Kline, 2015). Factor loadings at both levels suggested that items loaded sufficiently

(> .44) onto their respective factors. Items and themean daily reliabilities of each subscale are reported in Table 2.
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TABLE 2 Daily report items and reliabilities

Construct (mean daily
Cronbach's alpha)

Subconstruct (mean daily
Cronbach's alpha) Items

Daily perceived
autonomy support
(.91)

Provision of choice (.83) My teacher allowedme to choose which questions or parts of
an assignment to work on today.

My teacher provided options for the kinds of assignments or
activities I could do today.

My teacher allowedme to choose how to domywork in the
classroom today.

My teacher allowedme to choose how to usemy time for
studying and classwork today.

My teacher encouragedme towork inmy ownway today.

Consideration for student
interests and
preferences (.87)

My teacher structured class activities today aroundmy
interests.

My teacher tookmy preferences into consideration for
assignments today.

My teacher workedmy interests into his/her lesson(s) today.

Rationales identifying
usefulness, importance,
and relevance of
activities (.86)

My teacher explained howwhat wewere learning today is
important.

My teacher demonstrated howwhat wewere learning today
is useful.

My teacher explained how the course assignments today
were important.

My teacher talked about the connection betweenwhat we
are studying in school today and real life.

Consideration for
negative affect (.79)

My teacher was open to hearing criticism or complaints about
activities today.

My teacher was accepting of any negative feelings about
coursematerial today.

Informational/
encouraging feedback
(.73)

My teacher provided encouragement when I struggled with
the coursematerial today.

My teacher gave suggestions when I struggled with course
work today.

My teacher toldmewhen I made progress in learning course
material today.

Daily psychological need
satisfaction (.90)

Autonomy (.87) I felt I did what I wanted to be doing in my science class today.

I felt I pursued goals that weremy own in science class today.

I felt a sense of personal freedom in science class today.

In science class today, I felt free.

I believe I generally had choices in science class today.

I feel like learning wasmy own choice in science class today.

Competence (.82) I felt competent while working on assignments for my science
class today.

I felt confident aboutmy ability to learn thematerial during
science class today.

I felt able to performwell in science class today.

(Continues)
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TABLE 2 (Continued)

Construct (mean daily
Cronbach's alpha)

Subconstruct (mean daily
Cronbach's alpha) Items

Relatedness (.88) Today in science class, I felt I belonged and the people in class
care about

Today in science class, I felt involvedwith close friends

Today in science class, I felt emotionally close to the people
aroundme.

Daily engagement (.91) Behavioral (.68) I worked as hard as I can in science class today.

I participated today in science class discussions.

I paid attention today in science class.

Emotional (.89) When I was in science class today, I felt good.

I felt interested today in science class.

I enjoyed science class today.

I felt happy today in science class.

Cognitive (.86) I tried to connect what I was learning in science class today
withmy own experiences.

I tried tomake different ideas fit together andmake sense in
science class today.

When doing work for science class today, I tried to relate
what I'm learning to what I already know.

I made upmy own examples to helpme understand the
important concepts in science class today.

Agentic (.80) I let my science teacher knowwhat I needed andwanted
today.

During science class today, I expressedmy preferences and
opinions.

During science class today, I asked questions to helpme learn.

I let my science teacher knowwhat I am interested in today.

Given that our hypotheses did not differ across the different components of psychological need satisfaction, we

createda composite need satisfaction variable byaveragingdaily perceivedautonomy, perceived competence, andper-

ceived relatedness scales (meandaily 𝛼= .90). Correlations between factors supported this approach, ranging between

.47 and .62. Moreover, using an aggregated measure of need satisfaction limited the number of statistical tests con-

ducted and yielded excellent reliability characteristics. Finally, this approach is consistent with prior research in which

needs are aggregated in a single measure (e.g., Jang, Kim, & Reeve, 2016).

5.3.3 Perceived autonomy-supportive teacher practices

Students’ perceptions of the extent to which their teachers used practices theorized to support autonomy on a given

class day were assessed with a measure designed explicitly for use in this study (see Table 2 for the final set of items).

We attempted to capture a broad set of practices that have been conceptualized as autonomy-supportive, drawing

on a variety of prior measures used in cross-sectional research (Patall et al., 2013; as well as Assor et al., 2002; Assor,

Kaplan, Kanat-Maymon, & Roth, 2005; Belmont, Skinner, Wellborn, & Connell, 1992; Connell, 1990; Katz, Kaplan, &

Gueta, 2010; Reeve & Jang, 2006; Wellborn & Connell, 1987). Twenty items assessed perceptions of six supportive

daily practices hypothesized to be related to autonomy need satisfaction andmotivation based on prior research. Sup-

portive practices included (a) provision of choices, (b) opportunities for students towork in their ownway, (c) consider-

ation for student opinions, preferences, and interests, (d) rationales regarding the usefulness and importance of course

material, (e) consideration for students’ negative affect, and (f) encouraging, informational feedback. Students rated
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the extent to which they agreed with each item on a 5-point Likert scale ranging from not at all true (1) to extremely

true (5).

Toassess the factorial validity of dailymeasuresof perceivedautonomy-supportive teacherpractices,we conducted

multilevel exploratory factor analyses (Roesch et al., 2010) using the oblique geomin rotation and MLR in Mplus 6.12

to examine both day- and student-level factor structures. A range of factors at each level of the nested data structure

(from 1 to 7 factors) were tested. Again, we used the TYPE = COMPLEX TWO LEVEL command in Mplus to account

for the clustering at the classroom-level and group-mean-centered items for both the day and student levels using the

student as the group for the lowest level and the class as the group for the student level. We used a change of .01

or greater in the CFI as our model selection criterion when attempting to identify the best fitting model (Cheung &

Rensvold, 2002).

The results of ML-EFAs of these 20 items (plus three additional items not included in this investigation focused on

question opportunities) supported a six-factor structure (CFI = .98, RMSEA = .018, SRMR (day/student) = .007/.009).

All items loaded sufficiently (>.40) on the intended factor as expected with minimal cross-loadings, with the caveat

that perceptions of provision of choice items and opportunities for students to work in their ownway items loading on

a single factor rather than two separate factors. Several items were retained only at the student level. These included

one itemassessing theprovisionof choice and two itemsassessing consideration for student interests andpreferences.

Scale scores for each perceived teacher practice were calculated by taking the mean of all items loading above .40

on the factor. When factor analyses suggested that a slightly different version of a scale should be used at day ver-

sus student levels, we computed multiple versions of the scale to be used at the appropriate level. However, for the

purposes of this investigation, we used only day-level scales (final items and mean daily reliabilities of each subscale

are reported in Table 2), though results were nearly identical using either version of the scales. In addition, given that

our hypotheses did not differ across the various perceived autonomy-supportive practices and our prior research indi-

cated that all scales were significant predictors of students’ experience of autonomy (Patall et al., 2017), we created a

composite perceived autonomy support variable by averaging daily perceptions across the five subscales (mean daily

𝛼 = .91). Again, using aggregated measures across types of perceived autonomy-supportive practices was an appeal-

ing approach given that it limited the number of statistical tests conducted and yielded excellent reliability. Finally, this

approach is consistentwith a great deal of other research inwhich various practices are aggregated in a singlemeasure

(e.g., Jang et al., 2012; Katz et al., 2010).

5.4 Multilevel analyses

We tested our main hypotheses about the relationships among gender, daily perceptions of teacher autonomy-

supportive practices, daily experiences of need satisfaction, and daily engagementwith a series of three-level (day, stu-

dent, and class) regressionswhere the interceptwas allowed tovary randomlyusing theMixedprocedure in SPSS21. In

linewith recommendations from experts on conducting intensive longitudinal data analysis (e.g., Bolger & Laurenceau,

2013), we used hierarchical linear modeling (HLM; Raudenbush & Bryk, 2002) for our primary tests because it appro-

priately addressed non-independence of observations and the hierarchically nested design of our data set in which

lower-level units (i.e., days) were nested within a second higher-level unit (i.e., students), and students were nested

within a third higher-level unit (i.e., classrooms). HLM supports generalizations of the findings to awider population by

treating students and classrooms as a random rather than a fixed effect.

For all multilevel models, at level 1 (day level) we included the class day (time) and the outcome reported on the

previous day. Some models also included daily perceived autonomy support or daily need satisfaction as predictors

when the purpose was to examine the extent to which daily autonomy support or need satisfaction explained the link

between gender and engagement.We constructed the class day (time) variable by consecutively numbering each class

session during the unit starting with zero. We opted to use class session as the time metric, as opposed to calendar

days or school days elapsed, given Kim-Spoon and Grimm's (2016) recommendation to consider the dominant rea-

sons for why changes in the outcome might occur when selecting a time metric. In our investigation, the dominant

reason student perceptions, need satisfaction, and engagement in science class were expected to vary is because of
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their experiences during science class sessions. The prior class session's outcome was entered to control for possible

carryover effects from one class day to the next (e.g., see Sheldon, Gable, Roscoe, & Ryan, 2000, for an example of this

strategy). To minimize missing data, reports were carried forward to the next available day of reporting when creat-

ing lagged variables. Including the prior class session's outcome value as a predictor allowed us to predict day-to-day

change in the outcome rather than sheer level (Cohen&Cohen, 1983) inmodels examining the predictive power of stu-

dents’ perceptionsof teacher autonomysupport orneed satisfaction reportedon the sameclassdayas theengagement

outcome.

At level 2 (student level), we included student gender as a focal variable (0 =male, 1 = female), as well as student

ethnicity (0 = white or Asian, 1 = black, Hispanic/Latino, or other ethnic minority), students’ free or reduced price

lunch eligibility (0 = not eligible, 1 = eligible), students’ age, and students’ course grade for the prior unit in all models.

At level 3 (class level), we included variables representing whether the class was advanced or grade typical (0 = grade

typical, 1= advanced) and teacher years of experience in all models. Somemodels also included themean of perceived

autonomy support or need satisfaction across days for each student in order to examine the extent towhich cumulative

autonomy support or need satisfaction explained the link between gender and engagement.

To decompose within-student (day) effects from between-student and between-class effects, daily perceived

autonomy support and need satisfaction were student-mean-centered (around each student's own average score)

and student-level (between-student) autonomy support and need satisfaction predictors were class-mean centered

(around the average score for the class). Likewise, student gender, as well as ethnicity, age, free/reduced lunch eli-

gibility, and prior course grade were class-mean centered (around the average score for the class).4 Class day (time)

and the value of the outcome variable from the prior class session were grand-mean centered since they were simply

control variables in these models, as were the class-level covariates. To treat missing data, we used a maximum like-

lihood estimation procedure with robust estimates of standard errors (REML). We also specified an AR(1) correlated

error structure since adjacent residuals may be correlated across measurements in repeatedmeasures data (Bolger &

Laurenceau, 2013).

6 RESULTS

6.1 Preliminary analyses

First, we computed correlations among themain study variables, aggregating daily variables across days in the unit.We

computed correlations separately for biology courses and physics, chemistry, and engineering courses. As expected,

significant negative correlations were found between gender and perceived autonomy support, need satisfaction, and

engagement in physics, chemistry, and engineering courses (r ranged between −.25 and −.38), though correspond-

ing correlations were not statistically significant for biology courses. In physics, chemistry, and engineering courses,

teachers’ years of experience was negatively correlated with both perceived autonomy support and need satisfaction.

In these physical science courses, students’ eligibility for free/reduced lunch was positively correlated with perceived

autonomy support. In biology courses, students’ eligibility for free/reduced lunch was negatively correlated and prior

course gradewas positively correlatedwith need satisfaction. Also, as expected, therewere strong correlations among

perceived autonomy support, need satisfaction, and engagement, regardless of domain (r ranged between .70 and .87).

Table 3 provides a correlationmatrix for all study variables.

6.2 Gender differences in students’ daily engagement, perceived autonomy support,

and need satisfaction

First, the extent towhich students’ gender predicted their daily engagementwas examinedwith two random intercept

three-level (day, student, and class) regressions, one model for physics, chemistry, and engineering courses and one

model for biology courses, that included gender, and all other covariates as previously described. Results (see Table 4)
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TABLE 4 Multilevel regressions for students in physics, chemistry, and engineering courses

Perceived autonomy
support Need satisfaction Engagement

Fixed effects b(SE) 𝜷 b(SE) 𝜷 b(SE) 𝜷

Class level

Intercept 2.54 (0.05) 2.92 (0.05) 2.85 (0.05)

Advanced class 0.01 (0.10) 0.01 0.14 (0.11) 0.08 0.13 (0.10) 0.07

Teacher experience −0.01 (0.004) −0.10 −0.01 (0.005) −0.10 −0.01 (0.004) −0.07

Student level

Age −0.04 (0.06) −0.04 −0.03 (0.07) −0.02 −0.03 (0.07) −0.03

Free/reduced lunch 0.22 (0.11) 0.10 −0.02 (0.13) −0.01 0.02 (0.13) 0.01

Ethnicity −0.04 (0.11) −0.02 −0.11 (0.13) −0.05 −0.03 (0.13) −0.01

Prior unit course grade −0.002 (0.003) −0.03 −0.002 (0.003) −0.03 −0.0001 (0.003) −0.002

Gender −0.27 (0.09) −0.13** −0.35 (0.10) −0.16** −0.25 (0.10) −0.12*

Day Level

Class day (time) 0.007 (0.003) 0.04* −0.003 (0.004) −0.01 −0.003 (0.003) −0.01

Lagged outcome 0.44 (0.03) 0.44*** 0.37 (0.03) 0.37*** 0.42 (0.03) 0.42***

Random effects Variance SE Variance SE Variance SE

Class (level 3) intercept 0.02 0.02 0.02 0.02 0.01 0.02

Student (level 2) intercept 0.11** 0.03 0.15*** 0.05 0.16*** 0.04

Day (level 1)

Residual 0.22*** 0.01 0.27*** 0.01 0.24*** 0.01

Autocorrelation −0.19** 0.06 −0.13* 0.07 −0.16** 0.06

Note. Level 1 (daily reports) n = 939 to 982 reports. Level 2 (students) n = 100. Level 3 (classes) n = 21. The class day (“time”)
variable reflects the day of reporting across the 6-week instructional unit. The “lagged outcome” variable reflects the prior
class session's value for the outcome. For student sex, 0 = male and 1 = female. For student ethnicity, 0 = white or Asian
and 1 = black, Hispanic/Latino, or other ethnic minority. For free and reduced lunch status, 0 = not eligible for free/reduced
lunch and 1= eligible for free/reduced lunch. For advanced class, 0= grade typical class and 1= advanced class. Students’ age
and prior course grade were measured continuously. Teacher experience was measured continuously as the number of years
teachers had been professionally teaching. b= unstandardized regression coefficient. 𝛽 = standardized regression coefficient.
Standardized estimateswere computed using the following formula (Hox,Moerbeek, & van de Schoot, 2010): 𝛽 = (b× sdx)/sdy.
SE= standard error. *p< .05, **p< .01, ***p< .001.

suggested that girls’ daily engagement in physics, chemistry, and engineering classes was lower than that of boys, con-

trolling for student and classroom characteristics, the lagged outcome, and class day (time). In contrast, there was no

gender difference in engagement in biology courses (see Table 5). In both models, the only other variable that signifi-

cantly predicted students’ daily engagement was their level of engagement on the prior class day.

Next, the extent to which students’ gender predicted their daily perceptions that teachers engaged in practices

supportive of their autonomy was examined with two random intercept three-level regressions with the same set

of predictors, one regression for physics, chemistry, and engineering courses and a separate regression for biology

courses. As expected, results (see Table 4) suggested that girls perceived less autonomy support from their teachers

in physics, chemistry, and engineering classes compared to boys, controlling for student and classroom characteristics,

the lagged outcome, and class day (time). Again, therewas no gender difference in perceived autonomy support in biol-

ogy courses (see Table 5). The perceived autonomy support on the prior class day positively predicted students’ daily

perceptions of autonomy support in eachmodel. Class day also positively predicted daily perceptions of autonomy sup-

port in physics, chemistry, and engineering courses, suggesting that students’ perceived autonomy support increased

over the six weeks.
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TABLE 5 Multilevel regressions for students in biology courses

Perceived autonomy
support Need satisfaction Engagement

Fixed effects b(SE) 𝜷 b(SE) 𝜷 b(SE) 𝜷

Class level

Intercept 2.52 (0.07) 3.00 (0.05) 2.97 (0.05)

Advanced class 0.06 (0.14) 0.04 −0.01 (0.11) −0.01 0.001 (0.11) 0.001

Teacher experience 0.01 (0.01) 0.07 −0.003 (0.01) −0.03 0.0002 (0.007) 0.002

Student level

Age −0.04 (0.08) −0.03 0.03 (0.07) 0.02 0.005 (0.07) 0.004

Free/reduced lunch 0.10 (0.12) 0.05 −0.09 (0.10) −0.05 0.01 (0.10) 0.01

Ethnicity −0.01 (0.10) −0.01 0.05 (0.09) 0.03 0.06 (0.09) 0.04

Prior unit course grade −0.002 (0.003) −0.03 0.002 (0.002) 0.03 0.001 (0.002) 0.03

Gender 0.04 (0.10) 0.02 −0.01 (0.08) −0.003 −0.03 (0.08) −0.02

Day level

Class day (time) 0.001 (0.003) 0.004 −0.001 (0.003) −0.004 −0.002 (0.003) −0.01

Lagged outcome 0.35 (0.03) 0.35*** 0.46 (0.03) 0.46*** 0.47 (0.03) 0.47***

Random effects Variance SE Variance SE Variance SE

Class (level 3) intercept 0.05 0.03 0.03 0.02 0.02 0.02

Student (level 2) intercept 0.12*** 0.04 0.09* 0.04 0.08** 0.03

Day (level 1)

Residual 0.17*** 0.01 0.22*** 0.02 0.18*** 0.01

Autocorrelation −0.22*** 0.06 −0.29*** 0.07 −0.21** 0.07

Note. Level 1 (daily reports) n=773 to 840 reports. Level 2 (students) n=91. Level 3 (classes) n=20. The class day (“time”) vari-
able reflects the day of reporting across the 6-week instructional unit. The “lagged outcome” variable reflects the prior class
session's value for theoutcome. For student sex, 0=male and1= female. For student ethnicity, 0=whiteorAsianand1=black,
Hispanic/Latino, or other ethnicminority. For free and reduced lunch status, 0= not eligible for free/reduced lunch and 1= eli-
gible for free/reduced lunch. For advanced class, 0= grade typical class and 1= advanced class. Students’ age and prior course
gradeweremeasured continuously. Teacher experiencewasmeasured continuously as the number of years teachers had been
professionally teaching. b= unstandardized regression coefficient. 𝛽 = standardized regression coefficient. Standardized esti-
mates were computed using the following formula (Hox et al., 2010): 𝛽 = (b × sdx)/sdy. SE = standard error. *p < .05, **p < .01,
***p< .001.

Third, the extent to which students’ gender predicted their daily need satisfaction was examined with two iden-

tical random intercept three-level regressions. Results (see Table 4) suggested that girls’ daily need satisfaction in

physics, chemistry, and engineering classes was lower than that of boys, controlling for student and classroom char-

acteristics, the lagged outcome, and class day (time). However, there was no gender difference in need satisfaction in

biology courses (see Table 5). In both models, the only other variable that significantly predicted students’ daily need

satisfaction was their level of need satisfaction on the prior class day.

6.3 Mediational analyses

Given that we found gender differences in physics, chemistry, and engineering classes, but not biology courses,

we examined the extent to which students’ daily and cumulative perceptions of their science teachers’ autonomy-

supportive practices and need satisfaction explained gender differences in daily engagement in physics, chemistry,

and engineering courses (see Table 6). To examine the extent to which daily perceived autonomy support and need

satisfaction mediated the association between gender and daily engagement within physics, chemistry, and engineer-

ing courses, we estimated two three-level models similar to those described above for engagement (one for perceived
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TABLE 6 Multilevel regressions to test mediation of relationship between gender and engagement for students in
physics, chemistry, and engineering courses

Model 1 Model 2

Fixed effects b(SE) 𝜷 b(SE) 𝜷

Class level

Intercept 2.87 (0.08) 2.89 (0.09)

Advanced class 0.13 (0.16) 0.07 0.19 (0.18) 0.10

Teacher experience −0.01 (0.01) −0.10 −0.01 (0.01) −0.10

Student level

Age 0.01 (0.06) 0.01 0.01 (0.05) 0.01

Free/reduced lunch −0.23 (0.12) −0.10 −0.11 (0.10) −0.05

Ethnicity 0.06 (0.12) 0.03 0.11 (0.10) 0.05

Prior unit course grade 0.002 (0.003) 0.04 0.003 (0.002) 0.05

Gender −0.03 (0.10) −0.02 0.09 (0.08) 0.05

Autonomy supportmean 0.72 (0.08) 0.46*** — —

Need satisfactionmean — — 0.91 (0.06) 0.63***

Day Level

Autonomy support 0.48 (0.03) 0.25*** — —

Need satisfaction — — 0.47 (0.03) 0.35***

Class day (time) −0.01 (0.003) −0.04* −0.01 (0.003) −0.04

Lagged outcome 0.18 (0.03) 0.18*** 0.15 (0.03) 0.15***

Random effects Variance SE Variance SE

Class (level 3) intercept 0.09* 0.04 0.13* 0.06

Student (level 2) intercept 0.12*** 0.03 0.08*** 0.02

Day (level 1)

Residual 0.18*** 0.01 0.18*** 0.01

Autocorrelation 0.04 0.07 0.07 0.08

Note. Level 1 (daily reports) n = 951 reports. Level 2 (students) n = 100. Level 3 (classes) n = 21. The class day (“time”) variable
reflects the day of reporting across the 6-week instructional unit. The “lagged outcome” variable reflects the prior class ses-
sion's value for the outcome. For student sex, 0=male and 1= female. For student ethnicity, 0=white or Asian and 1= black,
Hispanic/Latino, or other ethnicminority. For free and reduced lunch status, 0= not eligible for free/reduced lunch and 1= eli-
gible for free/reduced lunch. For advanced class, 0= grade typical class and 1= advanced class. Students’ age and prior course
gradeweremeasured continuously. Teacher experiencewasmeasured continuously as the number of years teachers had been
professionally teaching. b= unstandardized regression coefficient. 𝛽 = standardized regression coefficient. Standardized esti-
mates were computed using the following formula (Hox et al., 2010): 𝛽 = (b × sdx)/sdy. SE = standard error. *p < .05, **p < .01,
***p< .001.

autonomy support and one for need satisfaction as the mediator). However, in these models we added students’ daily

and aggregate (mean across all days in the six-week unit) perceived autonomy support or need satisfaction as predic-

tors (see Table 4). Then, we used the Monte Carlo method for assessing mediation (MCMAM; Selig & Preacher, 2008)

using 20,000 replications. MCMAM allowed us to specify the aforementioned level-1 residual structure in our three-

level multilevel models and simultaneously estimate and test indirect effects at the day and student levels. Statistical

methods traditionally used to test for mediation assume that an indirect effect is normally distributed, which it gener-

ally is not. The MCMAMmethod allows for a test of mediation without assuming a particular distributional shape for

the indirect effect and yields more accurate inferences.

As expected, in physics, chemistry, and engineering courses, perceptions of teachers’ daily autonomy support pre-

dicted an increase in daily engagement over above the prior class day and controlling for student and classroom
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characteristics and class day (time). Likewise, greater cumulative perceptions of teachers’ autonomy support predicted

greater engagement in physics, chemistry, and engineering courses.More importantly, tests of the indirect effects sug-

gested that girls’ lower daily and cumulative experiences of autonomy support from teachers explained the discrep-

ancy in daily engagement between girls and boys in physics, chemistry, and engineering courses (daily-level indirect

path b=−.13, 95% confidence interval [CI−.21,−.05] and student-level indirect path b=−.19 95%CI [−.33,−.07]).
Likewise, using the samestrategy in a separatemodelwithneed satisfactionas themediator, students’ need satisfac-

tion predicted an increase in daily engagement over and above the prior class day and controlling for student and class-

room characteristics and class day (time). As expected, cumulative need satisfaction also predicted greater engage-

ment. Again, tests of the indirect effects suggested that girls’ lower daily and cumulative need satisfaction explained

the discrepancy in engagement between girls and boys in physics, chemistry, and engineering courses (daily-level indi-

rect path b=−.16, 95%CI [−.26,−.07] and student-level indirect path b=−.32 95%CI [−.51,−.14]).

7 DISCUSSION

Thepresent investigation examinedwhether girls experienced lowerdaily engagementduring their high school science

classes, and the extent to which gender differences in daily engagement could be explained by differences in students’

daily perceptions of autonomy support and need satisfaction during class. We used a diary method to track students’

daily perceptions of teacher practices and experiences during science class over a six-week instructional unit.

The findings were consistent with our hypotheses and fit with predictions derived from self-determination theory

and the research on gender stereotypes and gender socialization.We found that in physics, chemistry, and engineering

courses where gender stereotypes disadvantaging women are particularly prominent, girls perceived their teachers

to provide about 1/8 of a standard deviation less daily support for their autonomy and experienced about 1/6 of a

standard deviation less daily psychological need satisfaction in class than boys. While the size of these effects might

seem rather modest, it is important to note that daily effects are likely to accumulate over time to create meaningful

differences. In turn, these differences, both on a daily basis and cumulatively across an instructional unit, explained

girls’ lower daily engagement in these courses. For every standard deviation decrease in daily autonomy support or

need satisfaction, there was 1/4 to 1/3 of a standard deviation decrease in daily engagement. At the student level, for

every standarddeviationdecrease in students’ aggregated experienceof autonomy support or need satisfaction across

the six weeks, there was about 1/2 to 2/3 of a standard deviation decrease in daily engagement.

In line with our predictions and current trends suggesting that women are underrepresented in physical and engi-

neering science fields, but well represented in biological and biomedical fields, we did not find gender differences in

biology courses. Notably, little else predicted students’ daily engagement, thoughwe included a variety of covariates in

ourmodels. In particular, we did not observe any differences in daily engagement, perceptions of autonomy support, or

need satisfaction in high school physics, chemistry, and engineering courses among black andHispanic/Latino students

compared towhite or Asian students, which is consistentwith at least some evidence suggesting that STEMdisparities

upon entering college aremostly centered on gender rather than race/ethnicity (e.g., Riegle-Crumb&King, 2010).

The findingsof this study leadus to speculate that girls’ underrepresentation inphysical andengineering science col-

lege majors and careers may be partly explained by routinely lower levels of engagement during relevant high school

classes that emerge as a function of experiencing less autonomy support from teachers and lower need satisfaction

compared to boys. As this study did not examine students’ intentions to pursue STEM majors and careers, it falls on

future research to examine the extent to which differences in students’ in-class engagement experiences during high

school predict gender differences in persistence in STEM fields in college and beyond. The existing research and theory

certainly implicate high school engagement in gender discrepancies in STEM. Students’ engagement has been linked

with school success at all educational levels and persistence in STEM (e.g., Nelson Laird, Chen, & Kuh, 2008; Sinatra

et al., 2015). Moreover, evidence suggests that girls are particularly likely to decide not to pursue a STEM educational

path before they even get to college (e.g., Legewie &DiPrete, 2012). As such, it is not hard to imagine that girls may fail
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to develop or maintain intentions to persist in physical and engineering science fields in reflection of their unremark-

able daily experiences of engagement during relevant high school classes. However, regardless of the extent to which

girls’ in-class engagement predicts long-termpersistence in physical and engineering science, the fact that girls demon-

strate lower levels of daily engagement in high school physics, chemistry, and engineering classes presents a challenge

to the goal of producing equitable educational experiences and outcomes in high school.

Our evidence suggests girls may be less engaged during physics, chemistry, and engineering classes because they

do not feel the context is supporting their psychological needs for autonomy, competence, and relatedness. Given

widespread criticism of the teaching practices in college-level STEM coursework that lead to low levels of engage-

ment (e.g., Gasiewski, Eagan, Garcia, Hurtado, & Chang, 2012), our observed findings at the high school level are likely

to replicate at the college level and further contribute to girls’ underrepresentation in physical and engineering sci-

ence fields. Based on our findings, we can conclude that girls perceive teachers to engage in autonomy-supportive prac-

tices (e.g., provision of choices, provision of rationales about the importance of course activities, use of activities that

incorporate students’ existing interests, consideration for negative affect, and provision of encouraging informational

feedback) and experience need satisfaction to a lesser extent than boys in these science courses. Do high school teach-

ers in physics, chemistry, and engineering science courses really support girls’ motivation to a lesser extent than boys’

motivation? This study cannot answer this question, though as previously reviewed, research on gender stereotypes in

science and teachers’ differential practice suggests that it is certainly possible. An important next step for research is

to explore the extent to which observationmethods replicate or extend findings based on students’ perceptions.

Even if teachers do not objectively treat students differently, girls’ less positive perceptions of teacher practices

and poorer need satisfaction still predict lower levels of engagement compared to boys. On the one hand, it is possible

that girls own gender stereotypes guide their expectations for how teachers support their motivation and what their

motivational experiences should be like in physics, chemistry, and engineering classes. Consequently, they perceive

teachers to support needs to a lesser extent and experience less need satisfaction in those classes compared to boys,

independent of teachers’ objective practice. However, both quantity and quality are key to determining the effects of

teacher practices. In line with self-determination theory, students’ interpretation of teacher practices and determina-

tion of how they relate to personal values, interests, and preferences is key to determining their effects. As such, an

alternative explanation of the findings is that teachers infrequently engage in autonomy-supportive practices in a way

that ismeaningful to girls and, thus, readily perceived by girls and experienced as need supportive. That is, for example,

the nature of the choices, rationales, or “interesting” activities that teachers provide may not be personally relevant

to girls’ and fail to tap into their values, interests, and preferences. To summarize, three potentially complementary,

non-mutually exclusive explanations for the findings seem possible: (1) teachers may objectively engage in differential

practices that students more or less accurately perceive, (2) girls’ own gender socialization leads them to experience

the classroom environment in ways that are consistent with gender stereotypes, or (3) girls fail to perceive teachers’

motivation support andexperience its benefits because thequality of support is notwell alignedwith girls’ interest, val-

ues, and preferences. An important direction of future researchwill be to uncoverwhich of thesemechanisms explains

gender differences in students’ classroom experiences in physical and engineering science courses.

7.1 Limitations and implications for future research

Given the importance of increasing women's representation in physical and engineering science, replicating and

extending the findings of the current investigation in future research is crucial. Strengths of the current investigation

include that it was the first to examine gender differences in students’ experiences of autonomy support, need satis-

faction, and engagement in science classrooms separately for various science fields and using an intensive longitudinal

design that allowed us to assess daily experiences. Despite the strengths of the current design, there are also a number

of limitations that need to be addressed in future research.

The exclusive reliance on student reports in the current investigation presents a limitation that should be

addressed in future research. Although the focus on student perceptions of teachers’ practice is reasonable given self-

determination theory's assumption that it is students’ subjective experiences that are the most powerful predictor of
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theirmotivation andengagement, response-bias and shared-methodvariancemayhave influenced the results. Accord-

ingly, using independentobservationsof the classroomtoexplore theextent towhich teachers areobjectively engaging

in differential levels of autonomy support across male and female students, and the extent to which such observations

explain gender differences in students’ engagement during class is an important next step in this scholarship, though

weacknowledge that observations present their own set of limitations andbiases. This is an important step indisentan-

gling the extent towhich various possiblemechanisms (e.g., differences in teachers’ objective treatment, differences in

students’ perceptions of treatment, or differences in students’ experiences of treatment) explain the current findings.

Also related to ourmeasures of teacher autonomy support, it is important to note thatwe focused on relatively gen-

eral practices (e.g., choice provision, informational feedback, etc.) in science classrooms that are also routinely used to

support students’ autonomy, motivation, and learning across educational domains. While this study provided a good

first step for understanding how experiences of those practices and their correlates may vary across students in a sci-

ence classroom, itmaybeuseful for future research toexplore theuseandcorrelatesof autonomy-supportivepractices

that aremore unique to the science classroom.

Moreover, students’ intentions to take STEM coursework or pursue STEM educational and career paths was not

measured in this study, norwas theextent towhich studentsor teachers implicitly or explicitly endorsedgender stereo-

types in science. However, information about each would be important to further explain the underlying mechanisms

of the findings observed in this investigation. Qualitative assessments of students’ experiences of need support in the

classroom would also be a useful strategy for uncovering the extent to which the autonomy support teachers provide

is or is not perceived as personally meaningful to girls. Along these lines of understandingmechanisms and the context

of these findings, future research might consider the extent to which the gender of the teacher explains variation in

the relations between students’ perceptions of autonomy support, experiences of need satisfaction, and engagement.

Although the small teacher sample and uneven distribution of teacher genders across science domains prevented us

from exploring this possibility, research pointing to the importance of role models in girls’ identities and persistence in

STEM (e.g., Ramsey, Betz, & Sekaquaptewa, 2013) suggests that gender and other characteristics of the teacher (e.g.,

femininity, masculinity) may influence these relations.

We also note that the intense nature of students’ reporting across six weeks in the current design required that

we rely on a small sample of volunteers from each class and teachers who were willing to participate. Although we

randomly selected student participants among volunteers and successfully recruited approximately 40% of teachers

across participating schools, the voluntary and selective nature of the sample leaves open the possibility of biased

results that are idiosyncratic to the current sample. Future research should attempt to address this limitation by ran-

domly sampling classes and students.

Finally, the correlational nature of the design means that the present findings cannot be taken to imply causation.

Consequently, findings of this investigation should be corroborated with experimental designs in authentic classroom

contexts that intentionally target girls’ need satisfaction and engagement via teachers’ motivating practices. Although

current reform efforts have primarily focused on increasing girls’ STEM opportunities, achievement, and exposure to

advanced curriculums, this and other evidence suggests that such efforts alonewill not be sufficient for addressing the

complexity of motivational factors that contribute to girls’ underrepresentation in in physical and engineering science

fields. The findings of this research suggest that interventions should include professional development to help high

school teachers effectively use autonomy-supportive practices to boost motivation and engagement, particularly for

female students. Targeting teachers’ daily motivating practice stands out as a potentially powerful lever for reducing

gender gaps, as teachers may bemore accessible and amenable to change than families or media, who also play critical

roles.

8 CONCLUSION

In conclusion, this investigation adds to the vital body of research exploring girls’ motivation in science in an effort

to explain their underrepresentation in physical and engineering science. This study goes beyond those previously
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conducted by using an intensive longitudinal design to examine students’ perceptions of the autonomy support they

received from teachers, their experience of need satisfaction, and their engagement in science classrooms on a daily

basis. Results suggested that girls perceived their teachers toprovide less daily autonomysupport andexperienced less

daily need satisfaction during physics, chemistry, and engineering classes. In turn, results suggested that these expe-

riences explained girls’ lower daily engagement in these courses compared to boys. We encourage researchers and

educators to test the effectiveness of interventions that focus on supporting adolescents’, and especially girls’, critical

psychological needs in science classes. We expect that such efforts will have significant payoffs for increasing gender

diversity in STEM.

ENDNOTES
1 Competence need satisfaction shares similaritieswith related concepts, including self-efficacy, self-concepts of ability, expec-

tations for success (e.g., see Bandura, 1997; Valentine, Dubois, & Cooper, 2004; Bong & Clark, 1999) and other competence

beliefs that prior evidence has linkedwith gender differences in STEM (seeWang &Degol, 2013, 2017 for review).

2 Given extensive existing evidence linking autonomy-supportive practices and need satisfaction (e.g., Jang, Kim, & Reeve,

2012; 2016; Patall, Dent, Oyer, & Wynn, 2013; Patall, Vasquez, Steingut, Trimble, & Pituch, 2017; Reeve & Jang, 2006), we

focus on the mediating role of each need in the link between gender and daily engagement, rather than looking at the link

between perceived support and need satisfaction inmediation analyses.

3 Of the 30 female teachers, 16 taught a biology course and 14 taught a physical science (e.g., physics, chemistry) course. Of

the 10 male teachers, 3 taught a biology course and 8 taught a physical science course. Given the small sample size at the

teacher level and the uneven distribution of teacher genders across science domains, we did not conduct any analyses to

examine whether teacher gender moderated relationships between students’ perceptions of teachers’ autonomy support,

need satisfaction, and engagement. Such analyses would have limited statistical power andwould not be reliable.

4 Group-mean centering of continuous and dichotomous predictors is often recommended bymultilevelmodeling experts (see

Raudenbush & Bryk, 2002, p. 34; Enders, & Tofighi, 2007). The primary reason for such centering is to ensure that slope esti-

mates of focal variables at lower levels of the analysis (e.g., day and student) are unbiased. Use of grand-mean centering (or

no centering) can produce a slope value that is an “uninterpretable blend” of within-cluster and between-cluster slopes for

predictors at lower levels of the analysis (Raudenbush & Bryk, 2002). Since grand-mean centering can produce biased slope

estimates for predictor variables at the lower levels of the analysis, we used group-mean centering, which avoids this bias, for

our focal (i.e., non-control) variables of interest.
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