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This study investigated the relative efficacy of interleaved versus blocked 
instruction and the role of executive function in governing learning from 
these instructional sequences. Eighth grade students learned about three rock 
concepts (igneous, sedimentary, metamorphic) and their attributes (origin, 
texture, composition). Consistent with prior studies and as predicted by current 
theoretical accounts, students who received interleaved instruction showed 
better memory (i.e., accuracy on true–false questions) when tested 2 weeks later, 
whereas those who received blocked instruction showed better memory when 
tested on the same day as instruction. Also consistent with prior studies and 
theoretical accounts, the blocked group showed greater transfer when tested 
after a retention interval, although this advantage was not significant. Critically, 
and as predicted, the shifting and inhibition executive function abilities were more 
predictive of learning from interleaved vs. blocked instruction. These findings lay 
the groundwork for future studies investigating the role of executive function in 
learning from different forms of instruction.
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1. Introduction

Science concepts are defined and differentiated by their attributes. For example, for igneous 
rocks, their composition is determined by the amount of silica, whereas for metamorphic rocks, 
it is determined by how the grains are arranged. Instruction typically focuses on one concept at 
a time, presenting its attribute-values before moving on to the next concepts. For example, when 
learning about rocks, students might first learn about igneous rocks and their attributes (e.g., 
origin, texture, and composition), then learn about metamorphic rocks and their attributes, and 
so on. We  refer to this organization as blocked-by-concept (i.e., interleaved-by-attribute). 
Blocked-by-concept instruction is ubiquitous in classrooms, perhaps because it aligns naturally 
with the conceptual capacities of school-age children (e.g., Sloutsky and Fisher, 2011). However, 
learning a concept is never so simple. Concepts have multiple representations, raising the 
question of how to sequence them. Here, we contrast blocked-by-concept sequencing with its 
inverse, interleaved-across-concepts (i.e., blocked by attribute). In this sequencing, students focus 
on one attribute at a time (e.g., origin) and learn its value for multiple concepts (e.g., igneous, 
sedimentary, and metamorphic rocks). They then shift to another attribute and learn its value 
for those concepts, and so on. These two instructional sequences are depicted in Figure 1.
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The current study investigated whether blocked-by-concept 
instruction results in different levels of learning – memory for 
instructed information and transfer of this information to new 
problems – than interleaved-across-concepts instruction, and if so 
when and on what measures and for whom. Early studies of blocked-
by-concept versus interleaved-across-concepts instruction were 
conducted in the laboratory with undergraduate participants, and 
educational recommendations were extrapolated from their findings 
(e.g., Rohrer and Taylor, 2007). Subsequent studies have been 
conducted in the classroom (e.g., Rau et al., 2013, 2014; Rohrer et al., 
2014, 2020). Both the laboratory and classroom studies have focused 
primarily on teaching concepts from mathematics (e.g., fractions, 
algebra). Thus, it is important to investigate the relative benefits of 
block versus interleaved instruction for new domains. Here, we do so 
for science concepts (Eglington and Kang, 2017; Samani and Pan, 
2021). Students received either blocked-by-concept instruction or 
interleaved-across-concepts instruction about three concepts 
(igneous, sedimentary, and metamorphic rocks) and three of their 
defining attributes (origin, texture, and composition). Learning was 
measured at two different time points, the day of instruction and two 
weeks later.

Most importantly, we investigated the role of executive function 
in governing learning from these instructional sequences. Executive 
function (EF) is a fundamental of cognitive abilities have been shown 
to predict learning and academic achievement in domains such as 
mathematics (van der Ven et al., 2012; Cragg and Gilmore, 2014; Lee 
and Bull, 2016; Nguyen et al., 2019), reading (Christopher et al., 2012; 
Georgiou and Das, 2016; Follmer, 2018; Barber et  al., 2020), and 
science (St Clair-Thompson and Gathercole, 2006; Gropen et al., 2011; 
St. Clair-Thompson et al., 2012; Rhodes et al., 2013, 2016; Tolmie 
et al., 2016; Varma et al., 2018; Bauer and Booth, 2019; Mason and 
Zaccoletti, 2020; Kim et  al., 2021). These findings leave open the 
question of whether EF abilities influence how well students learn 
from different types of instruction. In particular, which EF abilities are 
important for learning from interleaved-across-concepts instruction 
vs. blocked-by-concept instruction?

We evaluated three hypotheses. The first was that interleaved-
across-concepts instruction would result in better memory 
performance on a long-term retention test but that blocked-by-
concept instruction would result in better memory performance on 
the day of instruction. With respect to this hypothesis, the current 
study attempts to extend the findings of prior studies of mathematical 
concept acquisition (Rohrer and Taylor, 2007). The second 

hypothesis was that blocked-by-concept instruction would result in 
greater transfer at long-term retention. This follows from studies of 
analogical problem solving (Gick and Holyoak, 1983) and concept 
learning (Carvalho and Goldstone, 2015) showing that the 
comparison within a concept, made possible by blocked-by-concept 
instruction, results in greater noticing of similarities and greater 
transfer to new problems. The third, and critical, hypothesis 
concerned individual differences, specifically the role of executive 
function in learning from different instructional sequences. 
We  predicted that the shifting and inhibition abilities would 
be  particularly important for learning in the interleaved-across-
concepts instruction, where students must rapidly switch their 
attention from one concept to another. This potentially corroborates 
the role of attention for sequencing instruction (Carvalho and 
Goldstone, 2017) and nuances a more general finding in the 
literature of a positive association between executive function skills 
and the science achievement scores of middle-school students (St 
Clair-Thompson and Gathercole, 2006; Varma et al., 2018).

1.1. Interleaved vs. blocked instruction

Although most conventional instruction is blocked, recent 
cognitive and educational psychology research has sometimes found 
better learning outcomes when instruction is interleaved – especially 
when learning is measured after a retention interval of several days or 
more (Rohrer and Taylor, 2007). The advantage of interleaved 
instruction has been shown in laboratory studies (Rohrer and Taylor, 
2007; Kornell and Bjork, 2008; Eglington and Kang, 2017; Sana et al., 
2017) and also in classroom studies (Taylor and Rohrer, 2010; Rau 
et  al., 2013, 2014; Rohrer et  al., 2014, 2015, 2020; Samani and 
Pan, 2021).

In an important study, Rohrer and Taylor (2007) examined 
undergraduate learning of geometric concepts under blocked-by-
concept versus interleaved-across-concepts instruction. Participants 
learned to compute one attribute (volume) of four geometric concepts 
(wedge, spheroid, spherical cone, and half-cone solids). Participants 
experienced an instruction phase and a retention phase in a laboratory 
setting. During the instruction phase, participants received a tutorial 
on each solid and later solved 16 practice problems on each one. On 
the day of learning, participants in the blocked condition solved the 
practice problems more accurately than those in the interleaved 
condition. However, at the retention test given one week later, the 

FIGURE 1

Visual depiction of the two instructional sequences.
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interleaved group outperformed the blocked group (d = 1.34).1 This 
study showed the relative effectiveness of interleaved instruction when 
performance is measured after a retention interval of multiple days. 
However, it also showed that blocked instruction can be more effective 
in the short run, when considering performance during learning. 
Although an important demonstration, the laboratory nature of the 
study leaves open the question of whether interleaved instruction 
continues to be  more effective when tested in science classroom 
contexts and with younger participants.

This pattern of superior performance during learning for blocked 
(i.e., massed) instruction and of superior performance after a retention 
interval of a few days or weeks for a different instructional condition 
– in this case, interleaved instruction – has been documented in many 
recent studies. Taylor and Rohrer (2010) found this pattern when the 
different instructional condition is interleaving. This pattern has also 
been shown when the different instructional condition is spacing (e.g., 
Karpicke and Roediger, 2007; Foster et al., 2019) or when it capitalizes 
on the testing effect (e.g., Roediger and Karpicke, 2006). We return to 
this pattern below when articulating the predictions of the 
current study.

To establish their educational relevance, it is important to replicate 
and extend laboratory findings in the classroom context. Rohrer and 
colleagues have investigated whether interleaved instruction is more 
effective than blocked instruction in classroom studies of fourth 
graders (Taylor and Rohrer, 2010) and seventh graders (Rohrer et al., 
2014, 2020) learning mathematics concepts. For example, Rohrer et al. 
(2014) had 140 middle school students learn multiple algebraic 
concepts (i.e., solving linear equations, working with proportions, 
graphing linear equations, computing the slope of a line). The 
instruction phase spanned nine weeks and students received blocked-
by-concept instruction and homework on some concepts and 
interleaved-across-concepts instruction and homework on others. 
Performance during the instruction phase was not measured because 
the teachers provided the solutions to students before scoring their 
homework. Two weeks after instruction ended, retention was 
measured by asking students to solve problems requiring the four 
concepts. Accuracy was almost twice as high when the underlying 
concepts had been learned from interleaved instruction (d = 1.05).

Eglington and Kang (2017) investigated whether the advantage of 
interleaved instruction holds for domains others than mathematics. 
They found that interleaved presentation of the diagrams of organic 
chemical compounds resulted in better memory for those structures 
when tested two days later than blocked presentation. Their study 
focused on the learning of pictures and diagrams, which illustrate the 
information conveyed in expository texts, but ultimately play a 
supporting role. Thus, the relative advantages of blocked versus 
interleaved instruction for learning science concepts remains a largely 
open question. We are aware of only one prior study that has directly 
addressed this question (Samani and Pan, 2021). College students 
enrolled in a physics course completed regular assignments where the 
problems were either blocked or interleaved by the concepts they 
required. On the assignments, students in the blocked condition 
performed better. However, on the surprise tests that were 

1 The computed power of this study was 0.73 given this value of d and the 

size of the interleaved group (n = 11) and the blocked group (n = 7).

administered every several weeks, the pattern reversed, with students 
in the interleaved condition scoring better.

The current study addresses a number of the gaps identified 
above. It investigates whether interleaved-across-concepts instruction 
results in greater learning than blocked-by-concept instruction for 
science concepts studied by middle-school students. During the 
instruction phase, students experienced curricular materials 
comparable to those found in classroom textbooks and assessments. 
They learned about the different attributes of different rock concepts 
by working through a packet of textbook-like content. Each page 
included both expository text and pictures. Memory was measured on 
the day of instruction and again after a long-term retention interval. 
Following prior laboratory studies of mathematics concept learning, 
the prediction was that interleaved-across-concepts instruction would 
result in better memory for science concepts when measured two 
weeks after learning, but that blocked by-concept instruction would 
be superior when memory was tested on the day of instruction.

1.2. Transfer

Education is in the business of transfer. Its goal is learning where 
students are not just able to recognize or recall the information they 
have studied, but also able to apply that information to solve new 
kinds of unstudied problems. Educational psychology offers multiple 
theories of transfer (e.g., Bransford and Schwartz, 1999; Barnett and 
Ceci, 2002). Here, we focus on two approaches that predict greater 
transfer following blocked instruction versus interleaved instruction.

The first theory stems from the seminal study of transfer in the 
context of analogical problem solving by Gick and Holyoak (1983). 
They found that when participants were initially given multiple 
instances of a concept (versus just one instance), they were able to 
induce a new abstraction (i.e., schema) that covers these instances, and 
then were able to transfer this abstraction to understand new instances 
of the same concept. In this study, the materials were stories and 
problems from the Gestalt tradition that are arguably comparable in 
complexity to the content of science textbooks. This finding has been 
replicated and extended many times (e.g., Kurtz and Loewenstein, 
2007; Minervino et al., 2017; Kalra et al., 2020). More generally, the 
power of comparing multiple instances for promoting subsequent 
transfer has been shown in contexts ranging from four-year-old 
children learning new concepts (Namy and Gentner, 2002) to middle-
school students learning new algebra problem solving strategies 
(Rittle-Johnson and Star, 2011).

Converging support for the prediction that blocked instruction 
leads to greater transfer than interleaved instruction comes from the 
work of Carvalho and Goldstone. Their Sequential Attention Theory 
(SAT) proposes that blocked presentation focuses learners’ attention 
on the similarities between instances whereas interleaved presentation 
highlights the differences between them (Carvalho and Goldstone, 
2014, 2015, 2017). Thus, blocked presentation should lead to better 
abstraction of new concepts or schemas, and ultimately to greater 
transfer to new problems. Carvalho and Goldstone (2021) found 
evidence for this prediction in a study science concept learning. They 
had undergraduates learned about four principles of scientific 
psychology (e.g., the availability heuristic) under blocked versus 
interleaved presentations. Experiments 1 and 1b found that 
participants in the blocked condition were better able to form an 
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abstract understanding of the independent principles as measured by 
the quality of the definitions they wrote for them.

Consistent with Gick and Holyoak (1983) account of analogical 
problem solving and Carvalho and Goldstone’s (2015) SAT, 
we predicted an advantage for blocked-by-concept instruction over 
interleaved-across-concepts instruction on measures of transfer. These 
studies and the associated literature have typically measured transfer 
on the day of instruction. The more educationally relevant question is 
whether blocked instruction leads to greater transfer days or weeks 
later. To answer this question, we administered the transfer measure 
after a retention interval of two weeks.

1.3. Executive function abilities

It is critically important to investigate the fundamental cognitive 
abilities for learning from different instructional sequences. Some 
people may learn better from some instructional approaches than 
others. Here, we  ask whether individual differences in executive 
function are relevant for predicting who will learn best from 
interleaved vs. blocked instruction. We adopt the Miyake et al. (2000) 
decomposition of executive function into three abilities:

 • shifting, or switching between mental processes or representations;
 • inhibition, or suppressing prepotent responses; and
 • updating, or modifying the contents of working memory.

Individual differences in executive function have been shown to 
predict performance, learning, and achievement in academic domains 
such as mathematics (Cragg and Gilmore, 2014; Lee and Bull, 2016; 
Nguyen et al., 2019) and reading (Christopher et al., 2012; Follmer, 
2018; Barber et al., 2020). However, only a handful of studies have 
examined their association to science learning and achievement. Kwon 
and Lawson (2000) investigated this relationship in a study of middle 
and high school students. They measured their executive function 
abilities, scientific reasoning skills, and learning of air pressure concepts 
following multiple weeks of instruction. The single best predictor of 
scientific reasoning skills was shifting ability as measured by the 
Wisconsin Card Sorting Task (WCST) – better than planning as 
measured by the Tower of London task, visuospatial ability as measured 
by the Grouped Embedded Figures task, and chronological age. Shifting 
ability was also the single best predictor of learning of air pressure 
concepts (i.e., pre-post gains). Varma et al. (2018) found that shifting as 
measured by the WCST and updating as measured by the digit span task 
were significant predictors of the scientific reasoning skills of middle 
school students. St Clair-Thompson and Gathercole (2006) found that 
inhibition as measured by the stop-signal task and updating as measured 
by the spatial span task predicted the science achievement scores of 
middle school students.

None of these studies investigated the role of executive function 
abilities in learning from different kinds of instruction. The current 
study addresses this gap. We predict that individual differences in the 
shifting and inhibition abilities in particular will be associated with 
learning from interleaved-across-concepts instruction. This 
instructional sequence focuses on one attribute at a time, showing its 
value across varying concepts. This should require inhibition to keep 
one’s attentional focus on the attribute of interest. This should also 
require shifting to switch across the varying concepts. (Note that 

switching from the previous concept to the next concept may also 
recruit inhibition to suppress the previous one.) Under this analysis, 
students with better shifting and inhibition abilities should be able to 
maximize their learning from interleaved-across-concepts instruction. 
By contrast, we predict no particular role for these executive functions 
in learning from blocked-by-concept instruction.

These predictions are consistent with theoretical proposals for 
why interleaving may be  superior to blocking; this is the second 
reason we focus on executive function. The discriminative contrast 
hypothesis is that interleaved learning is superior to blocked learning 
because it promotes learning of the attributes that differentiate 
consecutively presented items (Kang and Pashler, 2012). Consistent 
with this reasoning is the SAT of Carvalho and Goldstone (2015) 
reviewed above. It proposes that during learning, people compare the 
current item with the previous item. For interleaved-across-concepts 
instruction, this will direct their attention to the different values that 
a focal attribute takes on across concepts.

The construct of attention that the SAT invokes is closely related 
to that of executive function, particularly inhibition ability (Engle and 
Kane, 2004; Diamond, 2013). No prior study has attempted to directly 
relate learning interleaved-across-concepts instruction to executive 
function. Thus, the prediction offered here – that shifting and 
inhibition abilities are associated learning in interleaved-across-
concepts instruction – is theoretically important.

1.4. The current study

The current study evaluated the three hypotheses introduced 
above. The first was that interleaved-across-concepts instruction 
will result in better memory for information when measured a few 
weeks later. By contrast, blocked-by-concept instruction will 
result in better memory on the day of instruction itself. The 
second hypothesis was that blocked-by-concept instruction will 
better support the induction of abstractions than interleaved-
across-concepts instruction, and thus result in a greater transfer 
when measured a few weeks later. The third hypothesis was that 
individual differences in two executive function abilities, shifting 
and inhibition, will be associated with learning in interleaved-
across-concepts instruction, but not with learning in blocked-by-
concept instruction.

This study was conducted with science concepts in a middle-
school science classroom. Students experienced the instruction and 
retention phases as part of their normal classroom activities. The 
content was three rock concepts described along three attributes – 
information that was part of their standard curriculum. The intensity 
of the instruction and the assessments of learning (i.e., of memory for 
and transfer of the target information) were consistent with classroom 
norms, thus increasing the potential generalizability of the findings to 
typical classroom instruction.

2. Method

2.1. Participants

We used a quasi-experimental design, recruiting 115 eighth 
graders from a middle school serving a racially and ethnically diverse 
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population in a metropolitan area in the Midwestern Unites States. 
We retrieved demographic data at the school level. The racial/ethnic 
breakdown was: 40% Hispanic, 30% Caucasian, 18% African 
American, 5% Asian, and 7% other. The gender breakdown was 52% 
female and 48% male. Participants were randomly assigned to receive 
either interleaved-across-concepts instruction or blocked-by-concept 
instruction at the class level. The study consisted of an instruction 
phase and a retention phase separated by two weeks. Complete data 
were available for N  = 48 participants for the interleaved-across-
concepts group and N = 46 for the blocked-by-concept group; the 
remaining participants completed the instruction phase but were not 
present in class during the retention phase. The experimental 
protocol was approved by the local IRB.

There was relatively little information to guide a power analysis 
because the current study focused on different academic content than 
prior classroom-based studies of interleaved-across-concepts 
learning (i.e., science vs. mathematics). The closest study is Rohrer 
et al. (2014), which shared with the current study a focus on a STEM 
domain, a target population of middle-school students, and a 
classroom-based (versus lab-based) setting. That study found a large 
(d  = 1.05) advantage of interleaved instruction over blocked 
instruction. To have 85% power to detect the same-size effect in our 
study would require a sample of n = 18 for each instructional group.2 
This estimate is likely too conservative because the Rohrer et  al. 
(2014) study implemented interleaved instruction across multiple 
class periods distributed over multiple months, whereas our 
instructional phase occurred in a single class period. For this reason, 
we elected to make full use of our convenience sample of N = 94 
participants with complete data.

2.2. Materials

2.2.1. Learning materials

2.2.1.1. Instructional study packet
The instructional study packet presented information about 

three rock concepts (igneous, sedimentary, metamorphic) and their 
attributes (origin, texture, composition). Each page of the nine-page 
packet provided a short paragraph of expository text about one 
attribute of one concept and one or more supporting images 
(Figure  2). Participants completed the packet by reading the 
information on each page and answering a fill-in-the-blank question 
at the bottom. The question was intended as a manipulation check 
to ensure that participants were engaging with the materials. (This 
check was important because participants were not pulled out and 
tested individually, but rather were run as part of their normal 
science class. Thus, it was important to verify that they attempted to 
understand the information in the packet.) The question was 
relatively easy, asking about information that was directly mentioned 
in the text.

2 The required sample size was estimated using the pwr.t.test() function of 

the pwr R package. A 0.05 significance level was specified for an independent 

samples t-test comparing interleaved-across-concepts vs. blocked-by-concept 

instructional groups.

The information was derived from the science textbook used in 
the classroom, “Middle Grade Science Earths Structure (Interactive 
Science)” (Buckley, 2011). This ensured that participating in the 
study aligned with students’ learning goals and their curriculum for 
the academic year. Participants only learned information from the 
packet; there was no accompanying lecture by the classroom teacher 
or the experimenter, and no additional seatwork or homework was 
assigned. The classroom teacher verified that the participants had no 
prior exposure to the material in their science classes.

The order of the pages in the packet differed for the two 
conditions; this was the critical manipulation. The blocked-by-
concept group experienced each rock concept in turn, learning 
about each of its attribute values; see Figure 1. Thus, their instruction 
was blocked-by-concept (but interleaved-by-attribute). By contrast, 
the interleaved-across-concepts group experienced each attribute in 
turn, learning its value for each of the three rock concepts; see 
Figure 1. Thus, their instruction was interleaved-by-concept (but 
blocked-by-attribute). Participant were assigned to instructional 
conditions at the class level. This ensured that students were unaware 
that other students in the study experienced a different 
instructional sequence.

2.2.1.2. Fill-in-the-blank test
Participants completed the same set of fill-in-the-blank questions 

twice. During the instruction phase, participants completed these 
questions one at a time, at the bottom of each page of the packet. See 
Figure 2 for a sample question. The answer to each question was stated 
explicitly on the page. Thus, it was possible for participants to answer 
the question by searching the text on the page, although they may of 
course have used different strategies (e.g., retrieving this information 
from their memory). Again, these questions were intended as 
manipulation checks to ensure that students were processing the 
information in the packet. They were not analyzed as measurements 
of learning.

During the retention phase, participants completed the same fill-
in-the-blank questions from the instruction phase a second time, this 
time without the aid of the packet. For this administration, the nine 
questions were collected on a single-page and ordered randomly. See 
Table 1 for sample questions. This was the recall test. It was a true test 
of their memory because, during the retention phase, participants did 
not have access to the study packet when answering these questions. 
The dependent variable was the number of correct answers on 
these questions.

2.2.1.3. True–false test
Participants responded to the same set of true–false statements 

twice. These questions were created by choosing one sentence 
from each of the nine pages of the packet and transforming it into 
a true–false statement. This statement was different than the 
information queried by the fill-in-the-blank question that 
appeared at the bottom of the page. See Table  1 for sample 
statements. Participants did not have access to the study packet 
while completing this test of recognition memory. The dependent 
variable was the number of correct answers, and this was 
computed for both phases.

During the instruction phase, the true–false test was given 20 min 
after participants had completed the packet. During the retention 

https://doi.org/10.3389/fpsyg.2023.1199682
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Park et al. 10.3389/fpsyg.2023.1199682

Frontiers in Psychology 06 frontiersin.org

phase, the same test was given a second time, immediately after 
participants completed the fill-in-the-blank test.

2.2.1.4. Transfer test
The transfer test asked three questions that went beyond the 

information given in the packet. Each required generalizing from 
what had been learned about the three attributes to make an inference 
about a fourth, unstudied attribute: the typical uses of a rock concept 
(e.g., to clad public buildings, which is true for igneous rocks). See 
Table 1 for a sample question. Each transfer item consisted of two 
parts. Participants first answered a multiple-choice question, and then 
they provided a short justification for why they chose their answer. 
The transfer test was only administered during the retention phase. 
The dependent variable was the number of correct answers to the 
multiple-choice questions. We  did not analyze the justifications 
because the data were too sparse. Many students chose not to provide 
a justification, and the justifications that were provided were often 
only a sentence fragment.

Our aim was investigating how people apply information to new 
questions after weeks of interval. Thus, the transfer test was only 
administered during the retention phase. We  will return to this 
possible limitation in the discussion.

2.2.2. Executive function

2.2.2.1. Local–global task
We administered whole-class measures of two executive 

function abilities (Varma et al., 2017, 2018). Shifting was measured 
using a version of the local–global task adapted for group 
administration (Navon, 1977). See Figure 3A for example stimuli. 
Each was the form of a larger letter (e.g., “D”) composed of a 
number of copies of a different, smaller letter (e.g., “A”). If the letter 
was boxed, then participants had to indicate the larger letter; if it 
was unboxed, they had to indicate the smaller letter. The appearance 
of the box was randomized, and therefore, participants had to shift 
between the larger-letter and smaller-letter tasks on a trial-to-trial 
basis. There was a total of 90 stimuli. The dependent variable was 
the number of stimuli correctly completed in 2 min. Pilot testing 
confirmed that adults could not complete all 90 stimuli in 2 min, 
and indeed this was the case with the student participants of the 
current study. Thus, the task was implicitly speeded. We  also 
explicitly instructed participants to complete as many stimuli as 
possible in the allotted time while maintaining high accuracy. 
Higher scores on this task indicate stronger shifting ability. The 
prediction is that for interleaved-across-concepts instruction, 

FIGURE 2

Sample page of the instructional study packet including the fill-in-the-blank question at the bottom.
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shifting should be positively associated with learning, i.e., memory 
and transfer.

2.2.2.2. Anti-saccade task
Inhibition was measured using a version of the anti-saccade task 

adapted for group administration (Hallett, 1978; Roberts et al., 1994). 
See Figure 3B for sample stimuli. This task consisted of a sheet of 16 
neutral stimuli and 16 interference stimuli randomly ordered in 8 
rows of 4 stimuli each. For the neutral stimuli, participants had to 
indicate the direction of the arrow (e.g., “* * ← * *”) by circling 
“L(left)” or “R(right).” Interference stimuli were marked with a dot 
between the “L” and the “R” responses. For those stimuli, participants 
had to indicate the direction opposite that of the arrow. Thus, the 
interference stimuli required inhibiting the prepotent response of the 
arrow’s direction. Participants were explicitly instructed to complete 

the stimuli as quickly as possible without making errors. This time 
pressure was also signaled by the stopwatch project at the front of the 
classroom. After completing the sheet, participants inspected the 
stopwatch and recorded their completion time. The dependent 
variable was their response time (RT). Thus, a larger value indicates 
weaker inhibition ability. The prediction is that for interleaved-across-
concepts instruction, this variable should be negatively associated with 
learning, i.e., memory and transfer.

2.3. Procedure

The experiment consisted of two phases, instruction and 
retention, separated by two weeks. During the instruction phase, each 
class of 20–25 students was randomly assigned to either the 

TABLE 1 Example questions from the learning (memory and transfer) tests.

Test Example questions

Fill-in-the-Blank  1. The minerals in rock can change into other kinds of minerals as a result of very high heat or ____________.

 2. Intrusive rock has a ____________ texture.

 3. Clastic rocks are composed of shale and ____________.

True–false  1. Organic Rocks are composed of the remains of plants and animals.

TRUE FALSE

 2. Breccia rocks have rounded edges.

TRUE FALSE

Transfer  1. Statues, fortresses, bridges, and large public buildings are made up of shiny rocks. Based on what we learned about the texture of different types of 

rocks, which one is most appropriate for building these structures?

 a. Igneous rock

 b. Sedimentary rock

 c. Metamorphic rockWhy did you make this choice? (please use complete sentences)

FIGURE 3

Example stimuli for the two executive function abilities, local-global task (shifting) and anti-saccade (inhibition).
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blocked-by-concept or interleaved-across-concepts instructional 
condition. Each participant received a packet where a total of nine 
pages were ordered according to their condition. Each page provided 
information about one of the three rocks’ attributes; see Figure 2 for 
an example page. Participants worked individually at their desks and 
at their own pace, sequentially reading each page and completing the 
fill-in-the-blank question at the bottom. Students required 10–15 min 
to complete the packet, which was then collected. Following a 20-min 
distractor task, participants then completed the true–false questions 
without access to the instructional packet.

During the retention phase, participants first completed the two 
executive function tasks: local–global measuring their shifting ability 
and anti-saccade measuring their inhibition ability. They then 
completed the fill-in-the-blank test and the true–false test. The 
questions for the fill-in-the-blank test were the questions that appeared 
at the bottom of the pages of their packet, randomly ordered. The 
questions for the true–false tests were the same as those experienced 
during the instruction phase, again ordered randomly. Participants 
completed all of the EF tasks and the content tests while working 
individually at their desks, requiring 20–25 min to do so. Importantly, 
they did not have access to the packet during the retention phase.

3. Results

The main goal of the current study was to investigate the role of 
executive function abilities in interleaved versus blocked instruction. 
We first evaluated the students’ learning gains and their transfer ability 
when they received interleaved versus blocked instruction. Then, 
we analyzed how individual differences in executive function abilities 
were correlated with the learning gains. All of the experimental 
materials are available in the Supplementary materials.

We first considered the manipulation check to ensure that 
participants actively engaged the study materials. These were the 
responses to the fill-in-the-blank questions that appeared at the 
bottom of each page of the packet, that were completed during the 
instruction phase. The answer to each question was stated explicitly 
on the page. Participants in the interleaved-across-concepts group 
answered 8.52 (SD = 1.05) of the 9 questions accurately on average. 
Those in the blocked-by-concept group answered 8.22 (SD = 1.55) 
questions accurately on average. The high level of performance 
indicates that participants in both instructional groups actively 
engaged the study materials. Note that the two groups did not differ 
on this measure, t(92) = 1.12, p = 0.27, d = 0.23.

3.1. Learning gains

3.1.1. Memory
The first hypothesis was that the interleaved-across-concepts 

group would outperform the blocked-by-concept group when 
memory was tested at retention, but that the blocked-by-concept 
group would outperform the interleaved-across-concepts group when 
it was tested during instruction.

We first considered memory as measured by the fill-in-the-blank 
test. This test was only a learning measure at the retention phase, when 
it serves as a recall test. (Again, during the instruction phase, the same 
items served as the manipulation check.) We  analyzed the 

fill-in-the-blank test data collected at retention using an independent 
samples t test. See Table 2 for the associated means and standard 
deviations. There was no difference in the performance of the two 
groups, t(92) = 0.30, p  = 0.76, d  = 0.06. Thus, contrary to the first 
hypothesis, interleaved-across-concepts instruction did not result in 
better memory than blocked-by-concept instruction when measured 
at the retention phase, at least using a recall test. We return to this 
failure in the discussion.

We next considered memory as measured by the true–false test, 
which serves as a recognition memory test. This test was administered 
to both instructional groups during both phases, and therefore 
supports a comprehensive evaluation of the first prediction. 
We analyzed these data in a repeated measures ANOVA with between-
subject factor group (interleaved-across-concepts vs. blocked-by-
concept instruction) and within-subject factor phase (instruction vs. 
retention). See Table  2 for the associated means and standard 
deviations. Not surprisingly, there was a main effect of phase, with 
participants performing better during the instruction phase than 
during the retention phase, F(1, 92) = 5.33, p = 0.023, ηp

2 = 0.055. There 
was no main effect of group (F(1, 92) = 0.015, p = 0.90, ηp

2 = 0.000). 
Critically, the group × phase interaction was significant, F(1, 92) = 5.57, 
p  = 0.020, ηp

2  = 0.057. The performance of the interleaved-across-
concepts group held steady from the instruction phase to the retention 
phase (t(47) = 0, p = 1, d = 0). By contrast, the performance of the 
blocked-by-concept group decreased significantly across this time 
interval, t(45) = 3.42, p < 0.01, d = 0.64. This interaction is consistent 
with our first hypothesis, that interleaved-across-concepts instruction 
results in more durable long-term retention than blocked-by-
concept instruction.

3.2. Transfer

The second hypothesis was that blocked-by-concept instruction 
would result in greater abstraction of rock concepts, and would 
therefore produce greater transfer than interleaved-across-concepts 
instruction (e.g., Gick and Holyoak, 1983). Transfer performance was 
measured during the retention phase. We  analyzed the transfer 
performance of the two instructional groups in an independent 
samples t-test. As predicted, the blocked-by-concept group (M = 1.39, 
SD = 1.04) scored higher than the interleaved-across-concepts group 
(M = 1.00, SD = 0.92). (Note that the maximum score was 3.) However, 
this difference not statistically significant, t(92) = −1.924, p = 0.058, 
d = 0.39. Thus, we found no support for the second hypothesis.

TABLE 2 Performance on the memory tests for the two instructional 
groups.

Test/Phase Interleaved-across-
concepts

Blocked-by-
concept

M SD M SD

Fill-in-the-blank test

Retention phase 2.45 1.64 2.33 1.23

True–false test

Instruction phase 5.65 1.33 6.13 1.41

Retention phase 5.65 1.56 5.22 1.46

For both tests, the maximum score is 9.
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3.3. Executive function abilities

The third hypothesis was that two executive function abilities, 
shifting and inhibition, would be associated with learning for the 
interleaved-across-concepts group because these abilities are critical 
for rapidly switching between different concepts while learning about 
the same attribute. By contrast, no such association was expected for 
the blocked-by-concept group. To test this hypothesis, we examined 
the correlations between executive function abilities on one hand and 
performance on the learning (i.e., memory and transfer) tests on 
the other.

The descriptive statistics for the two executive functions measures 
for the two instructional groups are presented in Table 3. We first 
consider the correlations between these measures and the learning 
measures for the interleaved-across-concepts group. Note that there 
were missing data for five participants in this group (e.g., because of 
absences from class); thus, a total of 43 participants’ data were used in 
the following analyses. There were three significant correlations; see 
Table 4 and Figure 4. First, shifting skills were significantly associated 
with memory performance, r(41) = 0.408, p < 0.01. Second, inhibition 
skills were also significantly associated with their memory 
performance, r(41) = −0.546, p < 0.001. (This correlation is negative 
because the dependent variable for the inhibition measure is response 
time, and therefore faster response times are associated with better 
memory performance.) Interestingly, neither executive function 
measure was correlated with performance on the other memory 
measure, the true–false test, whether administered during the 
instruction phase or the retention phase. Finally, there was a significant 
correlation between inhibition ability and performance on the transfer 
test, r(41) = −0.308, p = 0.04.

For the blocked-by-concept group, we predicted no systematic 
associations between executive function abilities and performance on 
the memory and transfer tests. In fact, there was only one significant 
correlation; see Table  4 and Figure  5. Note that there were again 
missing data for five participants, leaving 41 in the final analyses. Only 
one executive function ability (i.e., shifting) was significantly 
correlated with performance on one memory test (i.e., the fill-in-the-
blank test), r(39) = 0.361, p = 0.02.

4. Discussion

This study investigated the benefits of interleaved-across-concepts 
versus blocked-by-concept instruction for learning science concepts 
in a classroom setting. The first hypothesis was that students who 
received blocked instruction would show better memory when tested 
on the same day as instruction, whereas those who received interleaved 

instruction would show better memory when tested two weeks later. 
The current study found the predicted interaction for the true–false 
questions testing recognition memory. During the instruction phase, 
the blocked-by-concept group performed best. However, the pattern 
reversed during the retention phase, with the interleaved-across-
concepts group performing best. Moreover, this advantage was not 
just statistically significant (p = 0.02), but the medium-to-large effect 
size (d  = 0.64) suggests it may also be  practically significant. This 
finding suggests that the interleaved instruction can be used to bolster 
learning of science concepts by middle school students in classroom 
contexts, consistent with a recent study of college students learning 
physics concepts (Samani and Pan, 2021). That said, there was no 
advantage of interleaved instruction on the second measure of 
memory: The two instructional groups performed comparably on the 
fill-in-the-blank questions during the retention phase. We return to 
this failure below.

The second hypothesis was that blocked-by-concept instruction 
would result in greater transfer during the retention phase. This 
follows from studies of analogical problem solving showing that 
comparing instances of the same concept promotes schema induction 
and transfer to new problems (Gick and Holyoak, 1983). It also follows 
from studies of concept learning showing the blocked presentation 
(vs. interleaved presentation) supports greater noticing of similarities 
within a concept and greater transfer to new problems (Carvalho and 
Goldstone, 2015; Carvalho and Goldstone, 2021). This prediction 
found no support (p = 0.058) in the current study and with a small to 
medium effect size (d  = 0.39). The failure to reach statistical 
significance may have been due to the small number of questions 
(N = 3) on the transfer measure. Future studies should increase the 
number transfer questions and should also broaden the range of 
question types. This will increase the chances of detecting the 
predicted transfer effect if it indeed holds and will also enable a clearer 
evaluation of its practical significance.

The third hypothesis was that individual differences in 
executive function will be associated with learning in interleaved-
across-concepts instruction, but not with learning in blocked-by-
concept instruction. This prediction is novel within the literature. 
That interleaving recruits executive function is consistent with 
theories of why interleaving generally results in greater learning 
than blocking, such as the discriminative contrast hypothesis 
(Kang and Pashler, 2012) and the SAT (Carvalho and Goldstone, 
2015). Both of these proposals invoke attentional mechanisms that 
are also associated with shifting and inhibition. That said, we are 
aware of no prior studies that directly investigated the role of 
executive function in learning from different instructional 
sequences. As predicted, for the interleaved-across-concepts group, 
both shifting ability and inhibition ability were correlated with 

TABLE 3 Descriptive statistics for the two executive function abilities for the two instructional groups.

Executive 
function

Interleaved-across-concepts Blocked-by-concept

Na M SD Range Nb M SD Range

Shifting 43 47.70 11.73 29–90 41 34.68 9.20 9–54

Inhibition 35.77 10.41 14–60 49.95 13.71 30–90

aBecause of missing data, 5 Interleaved-across-concepts participants were excluded.
bBecause of missing data, 5 Blocked-by-concept participants were excluded.
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performance on the fill-in-the-blank test during the retention 
phase. In addition, inhibition ability was correlated with 
performance on the transfer test during the retention phase. By 
contrast, and also as predicted, for the blocked-by-concept group, 
these abilities were generally uncorrelated with performance on the 
memory and transfer tests; the only exception was the association 
between shifting ability and performance on the fill-in-the-blank 
test during the retention phase. We discuss this pattern of findings 
in a greater detail below.

4.1. The complex relationship between 
executive functions and instructional 
sequences

Prior studies have found correlations between executive function 
abilities on one hand and scientific reasoning ability, science 
achievement scores, and learning of science concepts in classroom 
contexts (Kwon and Lawson, 2000; St Clair-Thompson and 
Gathercole, 2006; Varma et  al., 2018). However, no prior study 

investigated the relationship between these abilities and learning 
from different instructional sequences. We predicted that shifting 
and inhibition are more important for learning from interleaved 
instruction than blocked instruction. Interleaved instruction focuses 
on one attribute at a time while the underlying concepts switch, 
requiring inhibition to maintain attentional focus and shifting to 
track the switching. By contrast, blocked instruction requires no 
particular role for these abilities. The findings, summarized in 
Table  4, were roughly consistent with this prediction. For the 
interleaved-across-concepts group, shifting and inhibition generally 
correlated with performance on one of the memory tests (i.e., the 
fill-in-the blank questions). However, they did not correlate with 
performance on the other memory test (i.e., true–false questions) at 
the retention phase. How should we  understand this pattern 
of findings?

Existing theories of executive function offer little guidance in 
answering this question. Within the Miyake et al. (2000) framework 
adopted here, none of the three abilities are relevant for encoding or 
retrieving information from long-term memory. More recent versions 
of the theory have conjectured that the updating ability may 

TABLE 4 Correlations between executive function abilities and performance on the learning (memory and transfer) tests for the two instructional 
groups.

Test/Phase Interleaved-across-concepts Blocked-by-concept

Shifting Inhibition Shifting Inhibition

Fill-in-the-blank test

Retention phase 0.408a −0.546b 0.361c −0.256

True–false test

Instruction phase 0.052 0.215 −0.009 −0.221

Retention phase −0.003 −0.062 0.054 −0.071

Transfer test

Retention phase −0.009 −0.308d 0.265 −0.150

ap = 0.007.
bp < 0.001.
cp = 0.021.
dp = 0.046.

FIGURE 4

Correlations between executive function measures and learning measures for the interleaved-across-concepts group.
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be predictive of controlled retrieval from declarative memory (Miyake 
and Friedman, 2012; Friedman and Miyake, 2017). However, to our 
knowledge, no studies have directly tested this prediction.

However, a handful of studies have empirically investigated which 
memory tests are associated with which EF abilities. This work has 
mostly been done for tests of source memory working with 
developmental samples. Hala et  al. (2016) found that the source 
memory performance of preschool children is predicted by their 
inhibition ability. Rajan et al. (2014) found that both source memory 
and fact recall are predicted by a composite EF variable that includes 
shifting, inhibition, and updating measures. Thus, there is some 
empirical evidence that EF is associated with performance on recall 
memory tests. However, we  are aware of only one study that has 
investigated whether EF is associated with performance on a recognition 
memory test (Earhart and Roberts, 2014). This study found no such 
association, although it only measured one EF ability, inhibition.

The pattern across these studies is generally consistent with the 
one found in the current study. EF may be more relevant for recall 
tests, which require controlled retrieval processes, than for recognition 
tests, which might be  driven by a more diffuse familiarity signal 
(Rotello et  al., 2004). This differential pattern should be  tested in 
future studies investigating the relationship between different EF 
abilities and different memory measures (i.e., recall vs. recognition) 
following learning of academic content.

4.2. Limitations and future directions

The findings of the current study should be  understood with 
respect to its limitations. One limitation was the small sample size. 
There were 48 participants in the interleaved-across-concepts 
instruction group and 46  in the blocked-by-concept instruction 
group. This sample size was larger than in some prior laboratory 
studies [e.g., N = 18 across both groups in Exp. 2 of Rohrer and Taylor 
(2007)] but not others [e.g., N = 120 for each group in Exp. 1a of 
Kornell and Bjork (2008)]. With respect to classroom studies, the 
current sample size was larger than in some studies [e.g., N = 24 across 
both groups of Taylor and Rohrer (2010)] but not others [N = 126 for 

each group of Rohrer et al. (2014)]. Because the classroom context is 
noisier than the lab context, classroom studies typically require larger 
samples. Thus, the smaller sample size of the current study may have 
prevented detection of some of the predicted effects.

Another limitation was the short duration of the instructional 
intervention: there was only a single learning session. By comparison, 
the middle-school student participants of Rohrer et al. (2014) study 
completed 10 practice assignments spread over nearly three months. 
One reason for the smaller scale of the current study was that there 
have been many fewer studies of the efficacy of interleaved and spaced 
instruction (versus blocked instruction) for science concepts 
compared to mathematical concepts. We therefore started smaller, to 
gather initial information about the different instructional sequences 
for learning science concepts. Future studies should implement 
instructional interventions spanning multiple session, and over 
longer timescales.

Another limitation was that we only collected one measure of 
shifting and one of inhibition. This limitation was a consequence of 
the deliberate decision to conduct the study in a classroom context 
within the temporal constraints of normal class periods. The study was 
run during students’ science class periods, and thus for reasons of 
time, we were limited to only collecting one measure of shifting and 
one of inhibition. Future research should collect multiple measures of 
the target executive function abilities.

There were two other limitations caused by the time constraints. 
First, it is an open question whether the third executive function 
ability of Miyake et al. (2000) theory, updating, is associated with 
learning from interleaved (vs. blocked) instruction. Our theoretical 
analysis did not include a role for this ability, and so we chose not to 
measure it, again given the time constraints. Moreover, updating is 
related to working memory (WM), a cognitive ability that Sana and 
colleagues have explored with respect to learning from different 
instructional sequences (Sana et al., 2017, 2018). These studies have 
found mixed evidence for the role of WM in modulating learning. 
Sana et al. (2017) found that WM predicts learning from blocked 
instruction but not from interleaved instruction. However, the role of 
WM was of secondary concern in this study, and the authors wrote 
“given that the examination between WMC and study sequences in 

FIGURE 5

Correlations between executive function measures and learning measures for the blocked-by-concepts group.
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the current study is exploratory, we limit the interpretation of the 
results, which are speculative at best, and caution readers to do the 
same.” (p. 88). By contrast, the role of WM was the primary focus of 
Sana et al. (2018). Across four experiments, they found no evidence 
for this differential prediction. Future studies should investigate 
whether updating and WM are associated with learning from blocked 
versus interleaved instruction.
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