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Abstract

Inquiry-based science instruction has been proposed as an optimal learning environment
for language-integrated teaching. While its potential for developing both content knowl-
edge and language skills has been shown for students with limited language proficiency,
research focusing on mainstream classrooms has mainly considered domain-specific learn-
ing. Despite the effectiveness of inquiry-based science instruction for student outcomes,
research on the role of specific aspects of instructional quality is limited. Addressing this
research gap, the present study investigates the relationship between teachers’ instructional
support during inquiry-based science classes and elementary school students’ learning
gains in science content knowledge and academic language proficiency. Multilevel regres-
sion analyses are based on data from 459 German elementary school students from Grades
3 and 4 who participated in a longitudinal intervention study that took place over one
school year. Our findings indicate a strong impact of students’ prior knowledge on learning
outcomes and compositional effects for the language-related measures. Relations between
teachers’ instructional support, as measured by the Classroom Assessment Scoring System
(CLASS; Pianta et al., 2008), and students’ learning outcomes did not emerge. In interpret-
ing the results, the overall mediocre quality of teachers’ instructional support needs to be
considered.
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Introduction

It is generally accepted in educational research and instructional practice that academic
achievement is related to students’ language skills (e.g., Francis & Stephens, 2018;
Golinkoff et al., 2018; Guo et al., 2015; Kempert et al., 2019). In particular, mastery of the
language register of schooling, the so-called academic language register, has been identi-
fied as an important precondition of school success (Bailey, 2007; Meneses et al., 2018;
Schuth et al., 2017; Snow, 2010). Yet, gaining academic language proficiency is a chal-
lenging task and many students need targeted support to develop the language skills needed
for school success (e.g., Eckhardt, 2008; Francis & Stephens, 2018). Therefore, language-
supportive teaching is widely considered a basic teaching principle for all teachers and
across subjects and grade levels (Becker-Mrotzek & Roth, 2017; Bunch, 2013). This is also
reflected in current curriculum development that aims at fostering both content knowledge
and (academic) language proficiency in domain-specific teaching, for instance, in science
classes (Becker-Mrotzek & Roth, 2017; Snow & Lawrence, 2011). Inquiry-based science
classes are likely to offer ideal prerequisites for developing both conceptual understand-
ing and language proficiency (e.g., Bravo & Cervetti, 2014; Lee et al., 2019). A grow-
ing number of curriculum intervention studies points to the effectiveness of inquiry-based
science instruction for promoting English language learners (ELLs; for a meta-analysis,
see Estrella et al., 2018). Research conducted with mainstream classrooms has, however,
mainly investigated domain-specific learning gains, neglecting their potential for boosting
students’ (academic) language development (for a meta-analysis, see Furtak et al., 2012).
Moreover, although specific teaching strategies are considered particularly beneficial for
student learning, previous research has mostly focused on overall intervention effects with-
out considering individual differences in teachers’ instructional support and their effects on
student outcomes. Addressing this research gap, the present study investigates the relation-
ship between instructional support in inquiry-based elementary school science classes and
students’ learning gains, considering both their science content knowledge and academic
language proficiency. We thereby attempt to clarify the role of instructional support for two
central outcomes of instruction.

Promoting students’ content knowledge and (academic) language
skills in inquiry-based science education

Researchers have repeatedly advocated the incorporation of a linguistic focus and
language-supportive teaching in science instruction (e.g., Bravo & Cervetti, 2014; Francis
& Stephens, 2018; Henrichs & Leseman, 2014; Lee et al., 2019; Llosa et al., 2016;
@degaard et al., 2014; van Dijk et al., 2019). In particular, inquiry-based science classes are
considered an optimal learning environment for developing both conceptual understanding
and language proficiency as they offer rich opportunities for using and developing language
in meaningful contexts (e.g., Bravo & Cervetti, 2014; Estrella et al., 2018; Francis &
Stephens, 2018; Heppt et al., 2022; Lee, 2020; Lee et al., 2019; Zwiep & Straits, 2013).

In such classes, students typically engage in the fundamental steps of scientific inquiry;
i.e., they formulate hypotheses, plan and conduct experiments, and draw conclusions
from the observed results (e.g., Furtak et al., 2012; Minner et al., 2010; Vorholzer &

@ Springer



Instructional support in inquiry - based elementary school... 1379

Aufschnaiter, 2019). These activities are considered crucial for fostering students’
conceptual understanding (e.g., Furtak et al., 2012), but they also provide ample
opportunities for the use of academic language (e.g., Lee, 2020; @degaard et al., 2014;
Seah & Silver, 2018). For formulating and justifying hypotheses, for instance, students
need to know and apply both general academic vocabulary (i.e., vocabulary used across
domains, such as “hypothesize,” “determine”) and specialized academic vocabulary (i.e.,
domain-specific technical terms, such as “buoyancy force,” “evaporate”). Such terms are
often abstract and polysemous, and many students are not familiar with them from their
everyday lives (e.g., Ardasheva et al., 2019; Snow, 2010). Furthermore, students need to
know clause connectives that are typically used for initiating justifications (e.g., “because,”
“therefore”) and use them correctly for building long and syntactically complex sentences.
In describing their observations and explaining their results, students as early as elementary
school level are expected to take a relatively objective stance and report their ideas logically
and coherently (cf. Schleppegrell, 2012). All these features are typical of the academic
register (e.g., Bailey, 2007; Schleppegrell, 2001) and, specifically, of the language of
science (e.g., Ardasheva et al., 2019; Francis & Stephens, 2018; Frindberg et al., 2013;
Seah et al., 2014; Snow, 2010). The mastery of academic language substantially contributes
to student achievement (Ardasheva et al., 2017; Meneses et al., 2018; Schuth et al., 2017),
thus highlighting the interrelatedness of language and conceptual understanding (Francis &
Stephens, 2018; Haug & @degaard, 2014; Snow, 2010).

Empirical findings on the effectiveness of inquiry-based science
instruction for learning gains in science and language

When summarizing prior research on the effectiveness of inquiry-based science instruction,
studies aimed at mainstream classrooms can be differentiated from studies focusing on stu-
dents with limited language proficiency. Studies conducted in mainstream classrooms have
mainly focused on students’ domain-specific knowledge but have largely neglected poten-
tial effects on students’ (academic) language development. These studies provided evi-
dence that inquiry-based instruction can bolster students’ conceptual understanding, high-
lighting selected teaching strategies that seem particularly beneficial (for a meta-analysis,
see Lazonder & Harmsen, 2016; Minner et al., 2010). Specifically, it has been shown that
science instruction benefits students’ conceptual learning if teachers employ scaffolding
(e.g., giving adaptive hints and prompts that are gradually reduced as students master the
task themselves, adequate sequencing of the lesson contents; Hardy et al., 2006) and feed-
back techniques (e.g., providing motivating and informative feedback on students’ current
conceptual understanding, adaptive selection of tasks; Decristan et al., 2015). Moreover,
more general aspects of teaching quality, such as effective classroom management, and the
use of open-ended questions and challenging tasks, have been shown to boost elementary
school students’ conceptual understanding in inquiry-based instruction (Fauth et al., 2019).

Studies aimed at meeting the needs of students with limited language proficiency were
mostly conducted in the USA. Their target group is ELLs who frequently grow up as dual
language learners (DLLs). Overall, this research highlights the effectiveness of inquiry-
based instruction for ELLs in developing their performance in science and language-related
measures, such as reading comprehension and academic language (August et al., 2009,
2014; Bravo & Cervetti, 2014; Estrella et al., 2018; Lara-Alecio et al., 2012; Llosa et al.,
2016; Maerten-Rivera et al., 2016; Tong et al., 2014). In addition to support strategies
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aimed at developing students’ reading comprehension (e.g., reading expository texts cou-
pled with reading strategies) and activating their multilingual resources (e.g., by having
students create bilingual glossaries for academic vocabulary), many of these interven-
tions include teaching strategies that are generally considered to benefit students’ language
development. Such strategies are, for instance, the use of realia or visualizations as scaf-
folds, the implementation of ongoing classroom discussions, language modeling by provid-
ing rich and elaborate language input and multiple explanations, and adequate linguistic
feedback (e.g., by rephrasing students’ answers; August et al., 2009; Lee & Buxton, 2013).

This line of research mostly focuses on the overall effectiveness of specific curricula.
While a few studies additionally investigated the degree to which teachers incorporated
such strategies into their classroom teaching (August et al., 2014; Garza et al., 2018; Tong
et al., 2018), they typically do not report how this impacted the effectiveness of the inter-
vention. In their literature review, Francis and Stephens (2018) thus conclude that there is
a lack of studies relating individual differences in teaching behavior with student outcomes
in the context of language-supportive science instruction.

Instructional support as a basis for student learning

Different approaches have been proposed for assessing individual differences in teaching
behavior, comprising both student ratings and classroom observations. Among the observa-
tion instruments, the Classroom Assessment Scoring System (CLASS; Pianta & Hamre, 2009;
Pianta et al., 2008) stands out as a widely used and internationally validated tool for assessing
interaction quality in instructional settings (e.g., Hu et al., 2016; Leyva et al., 2015; Pakarinen
et al., 2010; Stuck et al., 2016). Moreover, its domain on instructional support, comprising
“concept development,” “quality of feedback,” and “language modeling,” refers to core teach-
ing strategies that are considered key for students’ conceptual and/or language learning. Con-
cept development describes teaching strategies that activate students’ prior knowledge and
engage them in higher-order thinking skills. Teachers who are rated high on the dimension of
concept development regularly engage their students in formulating and evaluating assump-
tions and conducting experiments during instruction, for example. Such activities should help
students develop conceptual understanding and are at the core of inquiry-based science classes
(Vorholzer & Aufschnaiter, 2019). Quality of feedback describes the use of adequate scaffolds
(i.e., additional information, follow-up questions for students to explain their reasoning) that
prompt students’ thought processes and expand their learning (Pianta et al., 2008). Although
feedback strategies are also frequently used for bolstering students’ language development
(e.g., by correcting or rephrasing and extending students’ utterances with more sophisticated
or appropriate terms; Heppt et al., 2022; Lyster & Saito, 2010), the CLASS does not spe-
cifically address language-related feedback but covers feedback in a broader sense. To be very
clear, it mainly refers to feedback strategies aimed at promoting students’ content learning and
conceptual understanding which may also impact their language skills (e.g., when students are
asked to elaborate on their reasoning and assumptions).

Finally, language modeling encompasses teaching behavior that focuses primarily on
students’ language development, such as engaging students in frequent discussions and
peer conversations, asking open-ended questions that require elaborate answers, and pro-
viding them with sophisticated and varied language input (Pianta et al., 2008). These
strategies or linguistic prompts (linguistic scaffolds) are also frequently used within the
scaffolding approach of language-supportive teaching (Gibbons, 2002). Building on the
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fundamental principles of Vygotsky’s theory of social learning (Wood et al., 1976), this
approach aims at helping students gradually expand their language skills from everyday lan-
guage to a more formal register of academic language (Heppt et al., 2022; Lucero, 2014).

The CLASS, hence, offers a sound basis for assessing teaching behavior that is deemed to
benefit students’ conceptual understanding and language skills. While the CLASS dimension
of instructional support in general (Allen et al., 2013) and specific teaching strategies, such as
the use of feedback (Decristan et al., 2015; Wisniewski et al., 2020), have already been shown
to promote students’ domain-specific learning and conceptual understanding, less is known on
its relation to students’ academic language development. Findings on the relationship between
the CLASS domain instructional support and children’s language skills are primarily based
on investigations from early childhood education and care (ECEC) programs, yielding mixed
results. Thus, some studies reported positive effects of the CLASS dimension of instructional
support on, for instance, vocabulary and preliteracy skills, such as phonological awareness and
print knowledge, of preschoolers (Slot et al., 2018) and first-graders (Cadima et al., 2010).
The bulk of studies, however, including a recent meta-analysis summarizing the results of 19
studies (Perlman et al., 2016), reported very small or even no relations between kindergarten
teachers’ instructional support and children’s language skills (e.g., Bihler et al., 2018; Guer-
rero-Rosada et al., 2021; Kohl et al., 2019; Sabol et al., 2018). In interpreting these results, it
needs to be taken into account that, overall, relatively low quality of instructional support was
reported across studies (Perlman et al., 2016). Thus, kindergarten teachers’ strategies aimed at
fostering higher-order thinking and promoting children’s language use did not meet the thresh-
old necessary for boosting children’s language learning (cf. Burchinal et al., 2010). Elemen-
tary school teachers, however, might place more emphasis on instructional support than kin-
dergarten teachers because students’ conceptual understanding and development is a core aim
of instruction in school, and school language is a particular obstacle for many students. Teach-
ers’ language-related instructional support during inquiry-based science instruction might thus
have substantial impact on (academic) language proficiency in elementary school.

The present study

This study investigates the role of teachers’ instructional support for promoting students’ con-
ceptual understanding and academic language skills in standardized lessons of inquiry-based
elementary school science. We investigate the effects of the three dimensions of instructional
support (i.e., concept development, quality of feedback, and language modeling) as measured
with the CLASS (Pianta et al., 2008) on gains of students’ science content knowledge and aca-
demic language proficiency in a multilevel repeated measures design. Considering the teaching
strategies subsumed within each of the three dimensions, we expect concept development and
quality of feedback to be particularly beneficial for students’ gains in science content knowledge,
whereas language modeling should primarily contribute to students’ academic language skills.
Previous research has repeatedly identified substantial relations between students’ prior
knowledge (Geary et al., 2017; Simonsmeier et al., 2021) and various sociodemographic
variables (e.g., gender, language background, socioeconomic status; OECD, 2019; Rosén
et al., 2022; Sirin, 2005) with their learning outcomes. Moreover, student achievement
is related to characteristics of the classroom composition. Thus, students typically show
larger learning gains when they are grouped with high-achieving students (Becker et al.,
2022; Schmerse, 2021) or with students from families with high socioeconomic status
(SES; Rjosk et al., 2014; van Ewijk & Sleegers, 2010). Classroom characteristics are, in
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turn, associated with instructional processes (Fauth et al., 2021; Kuger et al., 2016; Rjosk
et al., 2014). We, therefore, included students’ prior knowledge and various sociodemo-
graphic characteristics (i.e., language background, socioeconomic and educational family
background, gender) in our analyses. In considering variables at the classroom level, we
also extend prior research on the effectiveness of language-supportive inquiry-based sci-
ence instruction which typically did not consider compositional effects.

Method
General study information

This research is part of the project ProSach (‘“Professional development on content-focused
language support in elementary school science instruction”; German: Professionalisierungs-
mafinahmen zur bedeutungsfokussierten Sprachforderung im Sachunterricht der Grunds-
chule) that aimed at evaluating a professional development (PD) program for elementary
school teachers in Germany. The project was conducted in two German federal states (Lénder)
over two full school years. It consisted of a PD phase in Year 1 and an implementation phase
in Year 2. In Year 1, teachers participated in PD for teaching selected elementary school sci-
ence topics (both intervention group [IG] and control group [CG]) and language support in
science classrooms along the lines of the scaffolding approach (Gibbons, 2002; IG only). In
Year 2, teachers delivered the complete science units to their regular Grade 3 or 4 classrooms
(for detailed descriptions of study design, PD contents, and findings regarding the effects on
teachers’ knowledge and classroom behavior, see Heppt et al., 2022). There were no inter-
vention effects on student outcomes (i.e., students from the IG whose teachers participated
in PD on elementary school science and language-supportive teaching did not show larger
learning gains than students from the CG whose teachers participated in PD on elementary
school science topics only). Given the large variance in teaching behavior within both groups,
the present investigation does not differentiate between IG and CG in examining the effects of
instructional support on students’ learning gains.

Sample

The present analyses are based on the data of 459 elementary school students who par-
ticipated in the implementation phase of the project, i.e., whose teachers delivered the les-
son units on “floating and sinking” and ‘“‘evaporation and condensation,” and who took the
accompanying pre- and posttests. Students were distributed across 27 classrooms from 13
schools. The majority of students were in Grade 3 (n=420) but as one of the two federal
states adopts cross-year learning in elementary school, the sample additionally comprised
39 Grade 4 students. At T1, students were 8.49 years old on average (SD=0.68) and half
of them were girls (n=230; 50%). Based on their self-reports, 236 students (51%) were
classified as DLLs; i.e., they speak at least one language other than German at home. Most
of these students indicated to speak German and another language at home (n=191; 81%),
while only 45 students (19%) reported not speaking German in their families.

The 27 participating teachers were on average 42.20 years old (SD=7.44) when entering
the project and 22 of them were female. While almost all teachers had completed a university
degree in elementary school education (n=23; 89%), only eight (31%) had studied science
as a school subject. The gender distribution and training background of the sample are both
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typical of elementary school teachers in the participating states and Germany overall (OECD,
2020). Participation in the study was voluntary for schools, teachers, students, and parents
(who also completed a questionnaire). We obtained informed consent from all participants.

Study design and procedure

The project included units on the elementary school science topics “floating and sinking”
(Topic 1), “evaporation and condensation” (Topic 2), and “education for sustainable devel-
opment” (Topic 3), all of which are part of the elementary school science curricula of the
participating states. Due to sample attrition throughout the implementation phase, the pre-
sent study includes only Topic 1 and Topic 2. The science topics comprised detailed les-
son plans of six (Topic 1) or five (Topic 2) double lessons (90 min each), respectively,
and teachers implemented them in their regular science teaching in the first six months of
the school year 2017/18 (Figure ESM 1 in the Electronic Supplementary Material [ESM]).
Whereas the curriculum on “floating and sinking” aimed at developing students’ under-
standing of the concepts of density, water displacement, pressure, and buoyancy force (e.g.,
Kleickmann et al., 2016), the curriculum on “evaporation and condensation” focused on
the hydrological cycle. Both science curricula were developed based on design principles
of inquiry-based science education. They included a wide range of hands-on activities for
students and actively engaged them in the core steps of scientific inquiry, thus aiming at
developing their conceptual understanding (Fauth et al., 2019; Furtak et al., 2012). By fre-
quently prompting students to express their assumptions and discuss their observations in
small groups or in class, the teaching units also aimed at using and developing language
skills in meaningful contexts. The curriculum on “floating and sinking” has been evalu-
ated before with proven effectiveness in fostering elementary school students’ conceptual
knowledge (Decristan et al., 2015; Fauth et al., 2019). The curriculum on ‘“condensation
and evaporation” was designed accordingly and piloted in several classrooms (Lange-
Schubert et al., 2017).

To ensure a high level of comparability across classrooms, teachers participated in two
5-h PD courses, one for each science topic, focusing on content knowledge and pedagogi-
cal content knowledge needed for teaching the curricula and familiarizing participants with
the lesson plans of both science topics. They received detailed lesson plans for each lesson
and the necessary teaching materials (e.g., worksheets, objects for demonstrating experi-
ments, and for the students to conduct hands-on activities).

We videotaped the second double lesson (90 min) of both topics during the imple-
mentation phase and used the video recordings to investigate implementation fidelity and
instructional support. As a further indicator for implementation fidelity, teachers completed
documentation forms after each double lesson, indicating which of the mandatory lesson
elements they had implemented and whether they had used any further teaching materials.
Additionally, we administered written assignments to the students before (T1) and after
(T2) the lesson unit on “floating and sinking,” before (T2) and after (T3) the lesson unit
on “evaporation and condensation,” and by the end of the school year (T4; Figure ESM
1). Data collection took place in the classroom setting during regular lesson time and was
conducted by trained student assistants. At T1, students completed a questionnaire on their
gender, age, and language background. Basic information on students’ socioeconomic and
educational backgrounds was collected with a parent questionnaire.
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Measures
Instructional support

We used the three CLASS dimensions concept development, quality of feedback, and lan-
guage modeling for assessing teachers’ instructional support (Pianta et al., 2008). All three
dimensions capture teaching behavior and strategies that typically form part of inquiry-based
science instruction and were also deliberately encouraged in our intervention. Indicators used
for assessing concept development are, for instance, the implementation of experiments, the
activation of prior knowledge, and the use of real-world applications. Quality of feedback is
based on an assessment of, among other things, teachers’ adequate use of scaffolds, such as
giving additional information and having students explain their thinking. These strategies were
regularly implemented in the lesson units (e.g., by asking students to justify their assumptions
about the floating and sinking of certain objects and materials or to explain why ice melts).
Language modeling refers to the use of open-ended questions, elaborate language, and self-
and parallel talk as well as the facilitation of frequent conversations, for example. These lan-
guage-support strategies were at the core of the PD for language support (Heppt et al., 2022).
As recommended by the CLASS protocol, ratings are based on 20-min video clips. Spe-
cifically, we selected the introductory sequences of the videotaped second double lesson of
Topic 1 and Topic 2 for the CLASS ratings. The introductory sequences were typically con-
ducted as classroom discussions (e.g., in circle time), with teachers providing impulses for
conversations, referring students back to previous lessons, or demonstrating experiments,
thus facilitating the observation of concept development, quality of feedback, and language
modeling (as opposed to sequences in which experiments are set up, materials are removed,
or students are taking notes). Licensed raters who were blind to our study goals rated each
dimension on a 7-point scale (1-2: low quality; 3-5: average quality; 6—7: high quality).
Raters double-coded each video (Topic 1: n=25, Topic 2: n=25"). The intraclass correla-
tion coefficients (ICC) were satisfactory to very good for both topics (concept development:
ICC=0.82/0.84, quality of feedback: ICC =0.60/0.89, language modeling: ICC=0.74/0.86).
In the case of divergent ratings, we used the mean score of both ratings for further analyses.

Science content knowledge on floating and sinking

For assessing students’ science content knowledge on “floating and sinking,” we constructed
a test (10 tasks with 32 items) assembled of different empirically validated instruments on
“floating and sinking” (e.g., Hardy et al., 2006) and administered it before (T1) and after (T2)
the teaching unit on “floating and sinking.” Our test version included two tasks with multi-
ple-choice (MC), six tasks with forced-choice items (FC), one open-ended question and one
task with items in graphical response format. The test assesses students’ understanding of the
concept of water displacement and the floating and sinking of objects. Given the polytomous
and ordered scoring of the items (0-2), we scaled the test scores of both time points based on
a Partial Credit Model (cf. Masters & Wright, 1997), using ConQuest 4.5.2 (Adams et al.,
2015). We linked the data of both time points longitudinally based on the mean/mean method
(Fischer et al., 2016) and used weighted likelihood estimates (WLE; Warm, 1989) as ability
scores in the subsequent analyses. In line with previous studies, the internal consistency of the

! Although all 27 teachers delivered the lesson units to their classes, only 25 of them participated in the
video-recordings.
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scale was rather low, particularly in the pretest (ar;, =0.52/0.66), reflecting the heterogene-
ous and limited prior knowledge base of elementary school students on this topic.

Science content knowledge on evaporation and condensation

We used a short version of a validated test instrument for assessing students’ content
knowledge on “evaporation and condensation” (e.g., Kleickmann et al., 2010) shortly
before and after the corresponding unit (i.e., at T2 and T3). The test taps students’ con-
ceptual understanding of the aggregation states of water and their transition processes
and mainly refers to phenomena that students should be familiar with from their eve-
ryday lives (e.g., wet dishes at the sink that are dry after a while). The constructed test
consists of 8 tasks with 48 FC items. As for the measure on “floating and sinking,” tasks
were scored with 0, 1, and 2 and calibrated using a Partial Credit Model in ConQuest
4.5.2 (Adams et al., 2015). Again, we linked the data longitudinally based on the mean/
mean-method and used the linked WLE scores for each participant for further analyses.
The reliability of the scale was low (apyr3=0.58/0.60), probably due to the high dif-
ficulty of the test.

Academic language proficiency

Science vocabulary The assessment of students’ domain-specific academic language pro-
ficiency was based on a researcher-developed scale on science vocabulary. While the origi-
nal scale included items for all three science topics that formed part of the larger project,
only items that pertained to the topics “floating and sinking” (s;,,=12) and “evapora-
tion and condensation” (1, =9) were included in the present analyses. As a two-dimen-
sional model (AIC, .05 =5045.46/3612.37, BIC o0 =5141.38/3708.29), differentiating
between the two science topics, did not fit the data better than a unidimensional con-
struct (AIC, o5 =5041.04/3609.14, BIC ;o0 =5128.96/3697.06, X)(zpre/post=0.42/0.76,
A pretpost =25 Pprerpost = 0.81/0.68), we integrated all 21 items into a single scale of science
vocabulary. The target words were selected from the lesson units and accompanying teach-
ing materials (e.g., handouts) and were deemed crucial for gaining conceptual understand-

ing (e.g., to displace water, water cycle).

The items were constructed in multiple choice-format and required students to select
the correct word out of four to complete gapped sentences, label depicted processes, or
find synonyms, for instance. In addition to the printed items in students’ test booklets,
items were read aloud to ensure that also students with limited reading proficiency
could answer them. The scale was administered at T1 and T4, using a multi-matrix
design in which each student answered only a subset of items (Kolen, 2006). Item
responses were calibrated based on a 1 PL item response model in ConQuest 5 (Adams
et al., 2020) and, subsequently, linked longitudinally based on the mean/mean method.
We used the resulting WLE scores as person estimates for all further analyses. The
reliability of the scale was low (a1, =0.58/0.53), possibly because it was fairly easy,
covered two topics, and used a variety of item formats, thus resulting in substantial
heterogeneity.
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General academic vocabulary and comprehension of connectives We drew on a vali-
dated and standardized test instrument for assessing elementary school students’ general
(i.e., cross-subject) academic language proficiency in German (Heppt et al., 2020). Specifi-
cally, we used shortened versions (16 items per scale) of the measures on general academic
vocabulary (BiSpra-Word) and comprehension of connectives (BiSpra-Sentence). BiSpra-
Word taps the comprehension of words that are used across subjects for explaining instruc-
tions and processes, for instance (e.g., structure, to indicate). BiSpra-Sentence focuses on
the comprehension of different types of connectives (e.g., temporal, concessive, modal)
that are more frequently used in formal settings than in everyday interactions (e.g.,
although, however).

In both scales, students have to select the semantically and grammatically correct word
out of three (BiSpra-Word) or four (BiSpra-Sentence) to complete a gapped sentence.
The items are printed in the student booklets and presented auditorily from CD to miti-
gate possible confounding effects of students’ reading comprehension. We administered
both scales at T1 and T4. The reliability of the scales was satisfactory (BiSpra-Word:
arra=0.67/0.71, BiSpra-Sentence: oy, =0.76/0.79). Analyses are based on sum scores.

Control variables

We used the Highest International Socio-Economic Index (HISEI; Ganzeboom et al., 1992)
as an indicator of the families’ SES. The HISEI is an index of the highest occupational sta-
tus of both parents. It ranges from 10 to 90 with higher values indicating occupations with
higher SES. For assessing students’ educational background, we asked the parents about
their highest educational qualification and transformed it into the number of years of edu-
cation (OECD, 2009). The so-called PARED ranges from 4 years (elementary school) to
18 years (doctoral degree) and we used the highest PARED of both parents in our analyses.
In addition, we controlled for gender (0=boy, 1 =girl) and language background (0= Ger-
man monolingual, 1 =DLL).

Statistical analyses

The amount of missing data ranged from 0% (grade level) to 29% (HISEI) with 5% (Topic
1) and 7% (Topic 2) for the CLASS variables. To handle these missing data, we applied
multiple imputation procedures that considered the clustered data structure (Grund et al.,
2017). The imputation model was based on a random-intercept model. It included all vari-
ables used in the subsequent analyses and selected auxiliary variables (e.g., grade level)
that were substantially related to the study variables. Based on the R packages mice (van
Buuren & Groothuis-Oudshoorn, 2011) and mitml (Grund et al., 2021), we generated 30
full datasets. For analyzing the effects of teachers’ instructional support (Level 2) on stu-
dents’ science knowledge and academic language proficiency (Level 1), we subsequently
conducted separate multilevel regression analyses for all dependent variables in Mplus 8.4
(doubly manifest random-intercept models; Muthén & Muthén, 1998-2017). Metric Level
1 predictors were group-mean centered before the analyses. All Level 1 predictors were
additionally entered into the models as classroom-aggregated and z-standardized variables
at Level 2. The results of the 30 analyses were combined, using the option “type =imputa-
tion” (Rubin, 1987). Code files of the analyses in Mplus can be found on OSF: https://osf.
io/7xdkf/?view_only=dd1f3189da014cccb23a09c137ac3d7a.
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Table 1 Descriptive statistics of all study variables

Variable M/% SD

Student-level variables
1 Content knowledge “floating and sinking” (T1)* 0.01 0.85
2 Content knowledge “floating and sinking” (T2)* 0.40 1.00
3 Content knowledge “evaporation and condensation” (T2)* —2.05 1.22
4 Content knowledge “evaporation and condensation” (T3)* 0.25 1.27
5 Science vocabulary (T1)? —-.04 1.04
6 Science vocabulary (T4)* .99 1.14
7 General academic vocabulary (T1) 9.52 3.15
8 General academic vocabulary (T4) 10.94 3.12
9 Comprehension of connectives (T1) 8.93 3.49
10 Comprehension of connectives (T4) 10.53 3.49
11 DLL® 51 -
12 SES 56.76 20.21
13 Parental education® 14.71 3.65
14 Girl° 50 -

Classroom-level variables
15 Concept development (Topic 1) 3.03 0.99
16 Quality of feedback (Topic 1) 2.56 0.66
17 Language modeling (Topic 1) 3.32 0.91
18 Concept development (Topic 2) 4.37 0.91
19 Quality of feedback (Topic 2) 3.52 1.02
20 Language modeling (Topic 2) 3.95 1.05

Nsludenls = 459’ Nclassroams =27

Analyses are based on 30 imputed datasets and were combined based on Rubin’s (1987) formulas. *Per-
formance measure is based on a WLE score (Warm, 1989). °For binary variables, the percentage of cat-
egory “1” is reported instead of the mean. DLL, dual language learner; SES, socioeconomic status (as
measured by the HISEI). “Parental education as indicated by the highest number of education years of both
parents (OECD, 2009)

Results

Preliminary analyses and descriptive statistics

We checked teachers’ implementation fidelity as a baseline for all further analyses. Based
on the videos of both science topics (90 min per topic and classroom), we examined
whether participants implemented obligatory elements of the lesson plans in their class-
room teaching. On average, teachers delivered 90.44% (SD=10.23%) of the compulsory
lesson elements of Topic 1 and 88.47% (SD =9.68) of the compulsory lesson elements of
Topic 2, indicating a highly satisfactory implementation fidelity (cf. Heppt et al., 2022).
Descriptive statistics of all study variables are shown in Table 1. Bivariate correlations
of all variables at the classroom level (Table ESM 1) and at the student level (Table ESM
2) are presented in the ESM. With CLASS scores ranging from 2.56 (SD =0.66) for quality
of feedback in Topic 1 to 4.37 (SD=0.91) for concept development in Topic 2, instruc-
tional support was mainly rated as being of average quality in the present sample (Table 1).
Yet, overall, teachers showed significantly better instructional support for Topic 2 than
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for Topic 1 (concept development: t=4.34, df=26, p<0.001, d=1.41; quality of feed-
back: t=3.97, df=26, p<0.001, d=1.12; language modeling: t=2.29, df=26, p=0.02,
d=0.64). Results further indicate that students gained in content knowledge on “floating
and sinking” from T1 to T2 (=7.33, df=458, p <0.001, d=0.42) and on “evaporation and
condensation” from T2 to T3 (r=30.37, df=458, p<0.001, d=1.85; Table 1) with sub-
stantially larger learning gains on the latter topic (r=20.92, df=458, p<0.001, d=1.44).
Moreover, their achievement on the scales for science vocabulary (r=17.65, df=458,
p<0.001, d=0.94), general academic vocabulary (r=6.89, df=458, p<0.001, d=0.45),
and comprehension of connectives (t=8.08, df=458, p <0.001, d=0.46) improved across
the school year. The learning gains on the science vocabulary scale were slightly larger
than those on the two more general measures of academic language proficiency (general
academic vocabulary: t=1.84, df=458, p=0.07, d=0.16; comprehension of connectives:
t=3.06, df=458, p<0.05, d=0.24). No significant differences emerged in the increase
in general academic vocabulary and comprehension of connectives (¢=0.80, df=458,
p=0.40,d=0.07).

While classroom-level aggregates of students’ performance on the academic language
measures were strongly correlated, smaller correlations emerged for students’ achievement
on the knowledge-related science measures. This might be due to the very different aspects
of domain-specific knowledge that are covered by the measures of conceptual understanding
of “floating and sinking” and “evaporation and condensation” (cf. Stadler et al., 2021). Cor-
relations of the performance measures with concept development, quality of feedback, and
language modeling were mostly negligible at both time points. The correlations between the
three CLASS dimensions across topics were fairly small, thus pointing to low stability of
instructional support over time. Hence, the small relations between instructional support and
students’ competencies might partly be due to the varying quality of instructional support.

Prediction of students’ gains in science content knowledge and academic language
comprehension

The results of the multilevel regression analyses are shown in Table 2 and in Table ESM 3.
Table 2 focuses on the effects of instructional support in Topic 1 (“floating and sinking”);
Table ESM 3 displays the findings for instructional support in Topic 2 (‘“‘evaporation and
condensation”). The ICCs for content knowledge on “floating and sinking,” science vocab-
ulary, general academic vocabulary, and comprehension of connectives range from 0.13 to
0.17, pointing to substantial variance at the classroom level. However, for content knowl-
edge on “evaporation and condensation,” the ICC was very small (0.04). Posttest achieve-
ment of students within the same classroom were thus barely more strongly related than
posttest achievement of students from different classrooms, resulting in limited potential of
the classroom level variables for explaining variance.

Table 2 shows that several variables at the student level predicted knowledge on “float-
ing and sinking” at T2, whereas none of the classroom level variables (i.e., neither instruc-
tional support nor classroom composition measures) was significantly related to students’
posttest achievement (Model 1). Specifically, we found positive effects of prior knowledge,
family SES, and parental education; yet, smaller learning gains occurred for DLLs than for
monolingual students. A slightly different picture emerged for the language-related meas-
ures (Models 2—4). In line with the findings for science knowledge, students’ individual
prerequisites were significantly associated with science vocabulary, general academic
vocabulary, and comprehension of connectives at T4. Again, prior knowledge turned out as
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Table 2 Prediction of students’ science content knowledge and academic language proficiency by instruc-
tional support during the lesson unit on “floating and sinking” (Topic 1)

Science content  Science vocabu- General academic Comprehen-
knowledge lary vocabulary sion of con-
(“floating and nectives
sinking”)
Model 1 Model 2 Model 3 Model 4
p SE p SE p SE p SE
Level 1 (individual students)
Prior knowledge 33k .04 34k .04 37k .06 A .06
DLL —.10% .05 —.04 .05 —.13%* .05 —.05 .05
SES 12 06 .07 05 .04 05 ar .06
Parental education® 107 .06 .04 .05 .07 .06 .05 .06
Girl -.04 05 .09 05 —.04 04 07 .04
Level 2 (classrooms)
Prior knowledge (mean) 37 .23 A4 .18 AT .20 46" .26
DLLs (%) —-.09 .19 — .53k .19 —-.05 22 -.35 22
SES (Mean) .30 A7 79% 32 .23 .28 .30 32
Parental education (mean) .03 42 -.35 .33 .34 25 .06 .26
Girls (%) .10 .28 -.19 18 -.20 15 -.30 23
Concept development —.14 32 -.31 22 -.23 25 —-.04 21
Quality of feedback 12 31 .08 20 -.22 22 -.12 27
Language modeling .04 34 .08 23 .39 .26 -.09 .26
R Level 1 19%* .04 5% .03 20%* .05 26%* .05
R?Level 2 351 .18 91#* 15 85 11 .86%* 18
ICC .14 13 15 17

N=459. Analyses are based on 30 imputed datasets and were combined based on Rubin’s (1987) formulas.
Additionally, including the treatment condition in the analyses (O=control group, 1=intervention group)
does not change the pattern of results. DLL, dual language learner; SES, socioeconomic status (as measured
by the HISEI). *Parental education as indicated by the highest number of education years of both parents
(OECD, 2009)

Tp<.10. *p<.05. *¥p<.01

the most important predictor of all three measures. Being a DLL was negatively associated
with students’ learning gains in general academic vocabulary (Model 3) but not in science
vocabulary and in the comprehension of connectives (Models 2 and 4). Girls showed larger
learning gains on science vocabulary and comprehension of connectives (but not on gen-
eral academic vocabulary). Moreover, family SES turned out as a significant predictor of
comprehension of connectives at T4, indicating a stronger increase in the comprehension of
connectives for students from high-SES families compared to students from socioeconomi-
cally disadvantaged families (Models 3 and 4). Again, none of the CLASS measures of
instructional support was significantly related to students’ learning gains. In addition—and
different from the findings for science content knowledge—classroom composition had an
impact on students’ individual language development. For all three measures, larger learn-
ing gains occurred for students in classrooms with higher average achievement levels at T1.
Students’ gains in science vocabulary were further predicted by the share of DLLs and the
average SES in the classroom. Thus, above and beyond the role of the average achievement
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level in the classroom, students developed their science vocabulary more quickly when
grouped together with students from high-SES families and more slowly when they were
taught in classrooms with a relatively high share of DLLs (Model 2).

By and large, these findings are mirrored by the results on Topic 2. With regard to
students’ science content knowledge, prior knowledge was positively related to student
achievement at T3. Yet, with 4% of explained variance, the effect of prior knowledge was
smaller for “evaporation and condensation” than for “floating and sinking” (R*=0.11),
which might reflect the test difficulty of the measure on “evaporation and condensation.” In
line with the findings for “floating and sinking,” neither teachers’ instructional support nor
student composition at the classroom level significantly contributed to students’ learning
gains.

We additionally investigated the role of concept development, quality of feedback, and
language modeling during the teaching unit on “evaporation and condensation” as predic-
tors of students’ posttest achievement on science vocabulary, general academic vocabulary,
and comprehension of connectives (Models 6-8). Level 1 predictors as well as their class-
room aggregates were the same as in Models 3 through 4 (i.e., prior knowledge and soci-
odemographic characteristics assessed at T1). The observed regression coefficients were
thus identical (Level 1) or very similar (Level 2) to those from Models 2 through 4. In line
with the findings for Topic 1 but contradictory to our hypotheses, concept development,
quality of feedback, and language modeling were not associated with students’ posttest
achievement on the academic language measures.

Across all eight models, the amount of explained variance varied from R*=0.07 for
science content knowledge on Topic 2 to R?=0.26 for comprehension of connectives at
Level 1 and from R?>=0.35 for science content knowledge on Topic 1 to R*=0.91 for sci-
ence vocabulary at Level 2. Thus, overall, the investigated predictors were considerably
more adequate for explaining learning outcomes for the language-related outcomes than for
the science-related outcomes.

Discussion

The present study investigated the impact of teachers’ instructional support on students’ gains
in science content knowledge and academic language proficiency in elementary school science
classes when controlling for important confounding variables at the classroom level. Analyses
were based on data from standardized inquiry-based lesson units on “floating and sinking”
and “evaporation and condensation,” which were consecutively taught in elementary school
science classrooms over 6 months. The study adds to prior research on inquiry-based science
instruction in three ways: first, by considering not only the mere effects of curriculum-based
interventions, but rather individual differences in teaching behavior; second, by investigat-
ing effects on domain-specific and language-related learning gains within regular teaching
in mainstream classrooms, thereby considering both general academic language and science
vocabulary; third, by its systematic analysis of compositional effects.

Results showed a similar pattern for “floating and sinking” and “evaporation and con-
densation.” We observed a strong impact of students’ prior knowledge on science content
knowledge (for both “floating and sinking” and “evaporation and condensation”) and on
students’ academic language proficiency. Students’ sociodemographic background was also
significantly related to their learning gains in some of the outcome variables. Specifically,
DLLs showed smaller gains in science content knowledge on “floating and sinking” and
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general academic vocabulary, and students with higher SES had better posttest achieve-
ment on “floating and sinking” and comprehension of connectives. Moreover, we found
compositional effects for the language-related measures, indicating that a high achievement
level in class benefits students’ academic language development. However, contrary to our
expectations, no substantial relations emerged between the three CLASS dimensions of
instructional support and any of the elementary school students’ learning outcomes.

The finding that instructional support is not associated with students’ posttest achieve-
ment on content-related and language-related measures contradicts theoretical conceptu-
alizations on classroom quality and the importance of teacher-student interactions (Pianta
& Hamre, 2009; Pianta et al., 2008; Praetorius et al., 2018). Thus, along the lines of the
theory of social learning (Wood et al., 1976) and the scaffolding approach (e.g., Gibbons,
2002), students’ conceptual understanding and language development should benefit from
teaching behavior that prompts students to activate prior knowledge, to formulate hypoth-
eses, and to evaluate their assumptions in the light of hands-on activities and observations.
When it comes to empirical results, however, prior research provided an inconclusive pic-
ture regarding the relationship between instructional support and student outcomes. As for
domain-specific knowledge in elementary school science, some studies reported positive
effects of instructional support on students’ content knowledge (Fauth et al., 2019) and
emphasized the role of specific scaffolding strategies and feedback (e.g., Hardy et al., 2006;
Decristan et al., 2015). At the same time, a growing body of research conducted in ECEC
settings did not identify instructional support as an important driver of children’s language
development (e.g., Guerrero-Rosada et al., 2021; Perlman et al., 2016; Schmerse, 2021).
Whereas the present findings are basically in line with prior results in terms of language
skills, they partly diverge from previous findings on the relationship between instructional
support and domain-specific knowledge.

Several reasons may account for the minor role of instructional support in the present
study. First, we implemented a standardized design with ambitious and effective instruc-
tional units on “floating and sinking” (Hardy et al., 2006; Decristan et al., 2015) and “evap-
oration and condensation.” In line with prior research pointing to the general effectiveness
of inquiry-based instruction for mainstream classrooms and for ELLs (e.g., Estrella et al.,
2018), we observed medium (“floating and sinking”) to very large (‘“evaporation and con-
densation”) effect achievement gains in the posttest. Given the effectiveness of the baseline
curriculum and participants’ high treatment fidelity in covering necessary lesson content,
the potential for an additional impact of instructional support might have been limited (for
a similar line of argumentation, see Guerrero-Rosada et al., 2021). Second, in line with
prior work that reported null effects of instructional support on preschoolers’ language
development (e.g., Perlman et al., 2016), the overall quality of instructional support was
only mediocre in the present study. Moreover, as reflected in the small correlations between
the CLASS dimensions across topics, the present sample showed substantial variability in
instructional support over time. Possibly, not only higher levels of instructional support are
needed for significant effects on students’ domain-specific and language-related learning
gains (cf. Burchinal et al., 2010). It can further be assumed that the quality of instructional
support and language modeling, in particular, needs to be sustained over longer periods to
increase students’ (academic) language skills (cf. Alvarez et al., 2012).

In comparing the results of the current study and prior research that implemented sim-
ilar teaching units, the different assessments of instructional support need to be consid-
ered. Whereas previous research mainly drew on researcher-developed observation tools,
we employed the CLASS, an internationally validated observation instrument for assessing
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interaction quality. Treatment effects tend to be larger on researcher-developed assessments,
which are more prone to bias (Oxley & de Cat, 2021), than on well-established, standard-
ized instruments, as the latter were not developed for a particular study (Babinski et al., 2018;
Estrella et al., 2018; Kalinowski et al., 2020). The psychometric properties of standardized
instruments have typically been widely proven and objectivity is particularly high when
engaging independent raters who are not involved in developing or evaluating an intervention
(Kalinowski et al., 2020). Using the CLASS, thus, enables greater objectivity, validity, com-
parability across studies, and international compatibility than using a researcher-developed
observation tool. As the CLASS domain of instructional support captures important aspects
of interaction quality that were also addressed in our PD programs and respective science units
(e.g., linking concepts and activities by conducting experiments, having students think aloud,
engaging students in frequent conversations, asking open-ended questions), it is reasonably
aligned with our intervention. It should be acknowledged, however, that the CLASS does not
explicitly focus on the interplay of language and concept development in inquiry-based learn-
ing environments. Moreover, specific language-support strategies, such as the active inclusion
of students’ multilingual resources or the implementation of reading strategies, are not covered
by the CLASS dimension of language modeling. Yet, based on teachers’ written documenta-
tions about their classroom teaching, we can largely rule out that teachers drew on didactical
approaches or teaching materials other than those included in the lesson plans.

While instructional support was unrelated to students’ learning outcomes at the post-
test, we found pronounced peer effects on students’ academic language achievement. Thus,
students whose classmates had, on average, higher language proficiency concerning gen-
eral academic vocabulary and comprehension of connectives at the beginning of the school
year showed larger learning gains over time. On the one hand, this finding adds to a large
body of research that provided evidence for compositional effects for different age groups
and domains, including language proficiency (e.g., Becker et al., 2022; Foster et al., 2020;
Hanushek et al., 2003; Schmerse, 2021). On the other hand, it extends prior research on
inquiry-based science instruction, which typically did not adhere to compositional effects.
Notably, these effects occurred for all language-related measures but for none of the meas-
ures on science content knowledge. These diverging patterns of results might be due to
design features of the present investigation. Both teaching units aimed at developing stu-
dents’ understanding of challenging concepts and teachers followed detailed lesson plans
when delivering the topics in their classes. Although the lesson units provided numerous
opportunities for language use and development, lessons had a clear focus on science con-
tent knowledge and were led by content-related learning goals. Against this background,
the finding that no compositional effects emerged for science content knowledge might
point to a buffering effect of the standardized instruction.

Limitations of the present study

Several limitations need to be considered in interpreting the findings of the present investiga-
tion. First, the internal consistency of both measures on science content knowledge as well as
of the measure of science vocabulary was fairly low in both pretest and posttest, indicating a
relatively high measurement error. Yet, low reliabilities are, at least to a certain degree, imma-
nent to the constructs being measured and have thus also been reported in prior research that
assessed students’ science knowledge (August et al., 2009; Kleickmann et al., 2010; Decris-
tan et al., 2015; Fauth et al., 2014). Given the comparatively small number of items with little
redundancy among them, low reliabilities are perhaps an inevitable side effect when assessing
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domain-specific content knowledge (cf. Stadler et al., 2021). Yet, all three measures captured
learning gains from pre- to posttest on the respective elementary school science topics and the
related science vocabulary, thus underlining their sensitivity for assessing effects of instruction.

Second, with 27 classrooms and an average cluster size of 17 students, the present sam-
ple was rather small for conducting multilevel analyses. Small sample sizes result in lim-
ited analysis power, as reflected in the large standard errors, especially at Level 2, in the
current study. While it is unlikely that the sample size affected the overall pattern of results,
a larger sample size would have allowed for more complex modeling, including the investi-
gation of cross-level interactions (Hox, 1998).

Third, the assessment of instructional support is based on 20-min cycles of only two
double lessons. While it is quite common in educational research that assessments of
instructional quality and/or specific teaching strategies are based on a very small number
of observations per classroom (Bihler et al., 2018; Guerrero-Rosada et al., 2021; Praeto-
rius et al., 2014; Reyes et al., 2012; Slot et al., 2018) or even on single time points (for an
overview of studies, see Praetorius et al., 2014), relying on small cutouts of teachers’ class-
room behavior certainly comes with constraints. As instructional quality has been shown
to vary across lessons, particularly so in lessons focusing on different topics (Hill et al.,
2012; Praetorius et al., 2014), using combined measures of multiple observations would
help improve the reliability of the assessment.

It should, however, be taken into account that the CLASS ratings in the present study
refer to the discussion-intensive introductory sequences of the lessons. By choosing the
same sequences for all teachers and across topics, we limited potential variability due
to, for instance, differences in teaching arrangements (e.g., independent work in silence
vs. group work) or different instructional goals (e.g., learning to spell words correctly
vs. learning to formulate hypotheses). Moreover, the selected sequences provided ample
opportunity for implementing teaching strategies such as activating prior knowledge, relat-
ing content to students’ everyday lives, or providing adequate linguistic feedback. Com-
pared to other lesson sequences, they, thus, offered great potential for whole-class support
in terms of “concept development,” “quality of feedback,” and “language modeling.”

Conclusions and future directions

There is growing awareness that domain-specific teaching should impact students’ content
knowledge and improve (academic) language proficiency. Therefore, it is of utmost impor-
tance for classroom practice and educational research to develop and evaluate learning envi-
ronments suitable for integrating language promotion and domain-specific teaching and to
prepare teachers for implementing them in their classrooms. Implementing inquiry-based
elementary school science classes, we observed substantial learning gains in students’
conceptual understanding and academic language proficiency. Teachers’ instructional sup-
port, however, did not play out on students’ learning gains, possibly due to insufficient
and altering quality. Given the lack of studies investigating the role of individual differ-
ences in teaching behavior for fostering student outcomes in inquiry-based science instruc-
tion (Francis & Stephens, 2018), the present study serves as a starting point for future
research, focusing more in-depth on the effects of selected teaching strategies. Although
the combined measures of concept development, quality of feedback, and language mod-
eling that comprise a number of closely related teaching strategies, were not effective in
increasing students’ learning gains over and above the effects of the curriculum-based
intervention, the selected strategies might indeed be beneficial for specific student groups.
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Conducting more fine-grained analyses of selected teaching strategies might therefore pro-
vide further insights into effective language-supportive science teaching.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10212-022-00653-6.
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