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Despite  increasing  emphasis  in the  United  States  on promoting  student  engagement  and  achievement  in
science,  technology,  engineering,  and  mathematics  (STEM)  fields,  the  origins  of  scientific  literacy  remain
poorly  understood.  We  begin  to address  this limitation  by  considering  the  potential  contributions  of
two  distinct  domain-general  skills  to  early  scientific  literacy.  Given  their  relevance  to  making  predic-
tions  and  evaluating  evidence,  we  consider  the  degree  to which  causal  reasoning  skills  relate  to  scientific
literacy  (as  measured  by an  adaptive  standardized  test  specifically  designed  for  preschoolers).  We  also
consider  executive  function  (EF) as  a potentially  more  fundamental  contributor.  While  previous  research
has  demonstrated  that  EF  is predictive  of achievement  in  other  core  academic  domains  like  reading  and
math,  its relationship  to scientific  literacy,  particularly  in early  childhood,  has  received  little  attention.  To
examine  how  causal  reasoning  and EF  together  potentially  relate  to the  development  of  scientific  literacy
in  young  children,  we  recruited  125  3-year-olds  to complete  three  causal  reasoning  tasks,  three  EF tasks,
and  the  aforementioned  measure  of scientific  literacy.  Results  from  a  series  of  hierarchical  regressions
revealed  that  EF,  and  one  measure  of causal  reasoning  (causal  inferencing)  were  related  to  scientific  liter-

acy,  even  after controlling  for  age,  ethnicity,  maternal  education,  and  vocabulary  knowledge.  Moreover,
causal  inferencing  ability  was a significant  partial  mediator  between  EF  and  scientific  literacy.  Although
additional  research  will  be  required  to further  specify  the  nature  of  these  relationships,  the  current  work
suggests  that  EF  has  the potential  to support  scientific  literacy,  perhaps  in  part,  by  scaffolding  causal
reasoning  skills.

©  2018 Elsevier  Inc. All  rights  reserved.
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e research and policy recommendations highlighting the
ce of science to early childhood education, preschool
s typically do not focus on promoting learning in this

(Gopnik, 2012; Nayfeld, Fuccillo, & Greenfield, 2013;
Research Council [NRC], 2012; Next Generation Science
s [NGSS] Lead States, 2013; U.S. Department of Health and
ervices (U.S. DHHS), 2015). Unfortunately, this is espe-
e of preschools that primarily serve low-income families
ld et al., 2009; Nayfeld, Brenneman, & Gelman, 2011). In
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ppage in our nation’s standing as a world leader in sci-
novation, as well as persistent achievement gaps within
d States. One reason for our slow progress in developing
early science programming might have to do with our lim-
rstanding of the developmental foundations of scientific

romising contributor to early scientific literacy is causal
. Evidence suggests that even toddlers are capable of
ms of causal reasoning (see Gopnik, & Schulz, 2007).
ing how central causal discovery is to hypothesis test-
heory development, it seems likely that early emerging
asoning capabilities scaffold the development of more
d sophisticated scientific inquiry skills and knowledge.
, the emergence of scientific literacy surely cannot rest
evelopment of causal reasoning skills alone. Indeed,

 function (EF) may  be an even more fundamental con-

Not only might EF directly facilitate the acquisition of
nd conceptual knowledge about science by optimally

 attention during the learning process, it might also
 support the development of scientific literacy by pro-
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uccessful and efficient causal reasoning ability. Several
onducted with elementary school-aged children have
hown that EF is strongly related to academic achieve-
ther domains like reading and mathematics (Best, Miller,
ri, 2011; Blair & Razza, 2007; Rimm-Kaufman, Curby,
athanson, & Brock, 2009; Clark et al., 2014; Nathanson,
,  2009). However, potential relationships between EF,
asoning, and scientific literacy remain largely unspeci-

al in this paper is to determine whether causal reason-
F skills are related to early scientific literacy. Although we
ntemporaneous correlational approach, thereby preclud-
efinitive causal conclusions, this study will help to clarify
the former have the potential to lay the foundation for
ent of the latter. To address this goal, we examined EF

 different measures of causal reasoning as they relate to a
ized measure of scientific literacy in children who are just
g preschool.

tific literacy in preschoolers

t national preschool and kindergarten science stan-
nceptualize scientific literacy in accordance with a
ensional integrated framework that includes disciplinary

cientific practices, and crosscutting concepts (NRC, 2012).
ect to disciplinary content, current standards emphasize
d conceptual areas: life sciences (e.g., animals, organ-
lution), earth and space sciences (e.g., weather, the earth’s
ion), physical sciences (e.g., object properties, states and
, and engineering and technology (e.g., structures and
GSS, 2013; NRC, 2012; U.S. DHHS, 2015). In the rare
n a preschool classroom emphasizes science (Brenneman,
ntzicopoulos, Patrick, & Samarapungavan, 2013), these
reas are evident when children learn about gravitational,
r, forces (e.g., why balls roll down hills), what humans,
d animals need to live and grow (e.g., water, food and
, object properties and state changes (e.g., why ice melts),
(e.g., how the clouds make rain), and properties of struc-
., stable and unstable buildings).
espect to scientific practices, young children are expected
p abilities foundational to scientific experimentation and
-based reasoning (Klahr, 2005; NGSS, 2013; NRC, 2012;
S, 2015; Zimmerman, 2007). For example, children might
raged to begin observing the world around them by focus-
hat they see and hear, and by learning to use tools like
ng glasses and rulers to enhance their observations. Chil-
ht further learn how to describe, record, and reflect on
y observe (e.g., “this block is heavy and smooth”) in ways
elp them figure out how the world works. These skills are
n turn to scaffold the ability to make comparisons (e.g.,
nks, but a leaf floats), generate questions (e.g., “why does

 sink but this leaf float?”), make predictions (e.g., “this ball
ike the block so I think it will sink”), and execute experi-
g., drop the ball in water to see if it will float) (e.g., Duschl,
ruber, & Shouse, 2007).
t standards further advocate for a special focus on cross-

oncepts that bridge key disciplinary areas in science and
ng. Some examples include understanding systems and

structure and function, and stability and change (NRC,
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al reasoning as a potential foundation for scientific

l reasoning is the process by which children make sense
nships between objects and events that specify the rules
tion governing the world around them (Kushnir, Gopnik,

 Danks, 2003). Although the componential structure of
ess has yet to be clearly articulated in the literature, tasks
ssess causal reasoning in children typically involve track-
bilistic contingencies and drawing on existing knowledge
er or make inferences about alternative causal mecha-

 this study, we focus on three such tasks, chosen based on
minence in the literature, and their potential for tapping
spects of causal reasoning. First, we  evaluate children’s

 diagnose causes from observed spatiotemporal contin-
etween objects and outcomes (Gopnik, Sobel, Schulz, &

, 2001). Second, we evaluate children’s ability to infer
om snapshots of the start and end states of transforma-
ts (Das Gupta & Bryant, 1989; Gelman, Bullock & Meck,
ally, we  measure children’s ability to reason counterfac-

out alternative chains of events in imagined stories (e.g.,
 & Turley-Ames, 2004; Rafetseder, Renate, & Perner, 2010;
r, Schwitalla, & Perner, 2013).

 with current National Research Council guidelines, we
that causal reasoning likely plays a foundational role in
g the development of scientific literacy (NRC, 2012). This
rther reflected in the preliminary framework of scien-

king recently advanced by Tolmie, Ghazali, and Morris
 which causal reasoning takes center stage. Specifically,

t al. (2016) argue that scientific literacy is supported pri-
 the ability to extract, reason about, and explain observed
enomena. This framework, however, was developed to

for scientific thinking in primary and secondary school-
dren who  were learning chemistry, biology, and advanced
pecific vocabulary. Thus, these children were likely build-

 an already extensive base of relevant content knowledge.
tion remains as to whether these relationships between
asoning and scientific literacy hold in younger children

 latter is just beginning to take shape.
rging evidence suggests that causal reasoning is indeed a
g foundation for early scientific literacy. It is well estab-
at young children are inherently interested in trying to
nd the causal structure of the world around them (e.g.,

 Booth, 2014; Gopnik, 2000; Schulz & Bonawitz, 2007).
ple, children will persist in asking questions about novel
ntil their functions or other causal powers are revealed
mler Nelson, Keil, & Gutierrez, 2006). Children are also
f extracting causal information from the environment

own, for example, by tracking the spatiotemporal move-
 objects and associated events (Gopnik et al., 2001; Schulz
, 2004; Sobel & Kirkham, 2006). In one relevant study,
t al. (2001), first introduced children to a “blicket detec-
x that activated (e.g., lit up or played music) when some
ut not others, came in contact with it. Children as young

were, as a group, able to correctly identify which objects
sal and demonstrate this understanding by producing a
nt (i.e., making the box turn off even though they were
wn how).
ition to tracking novel probabilistic contingencies, young

are also able to draw on existing knowledge to infer causal
r example, they are able to infer the causes of events when

d with only a sequence of still-frame pictures. In one foun-

study demonstrating this capability in 3 and 4 year olds,
t al. (1980) began by showing children pictures of events
objects underwent changes (e.g., an intact cup next to the

 in a broken state). When asked to select from an array
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d alternatives, children were able to choose the correct
trument (e.g., hammer).
ility of young children to infer a potential cause is also

n more demanding tasks that require the consideration
rfactuals, or situations that are inconsistent with a given
r example, in Guajardo & Turley-Ames (2004), children

 a story about a child playing in a muddy backyard. The
e story becomes thirsty, and then goes inside to get some
sequently, the floor inside gets muddy. When asked what
d have done so that the floor would not have gotten dirty,
d 5-year-old children were able to spontaneously gen-

 consider counterfactual solutions (e.g., the child could
n off their shoes before entering the house) (Drayton,
es, & Guajardo, 2011; Guajardo & Turley-Ames, 2004).

o answer correctly, these young children had to engage
lex reasoning process in which they held certain event

constant, while systematically manipulating others to
e the causally relevant components. Together, the work

 here suggests that causal reasoning skills are in place
ugh to potentially lay the foundation for scientific literacy.
asoning, however, is not the only potential contributor to
dation.

utive function as a potential foundation for scientific

tive function (EF) refers to a set of skills that help control
ate attention, action, and behavior (e.g., Best et al., 2011;
, Dolan, & van der Molen, 2006; Lehto, Juujarvi, Kooistra, &
, 2003; Miyake et al., 2000). It has been well established

ndergoes significant development during the preschool
., Carlson, 2005; Diamond, 2013; Huizinga et al., 2006;
üller, Frye, & Marcovitch, 2003). Results from confirma-
r analyses suggest that EF initially emerges in preschool
ry construct, wherein a variety of different EF tasks load

common latent factor (Wiebe, Espy & Charak, 2008; Wiebe
1). As overall skill levels improve throughout preschool,

rs to grow more differentiated, such that by school-age,
tor models (corresponding to working memory, inhibi-

 cognitive flexibility) best account for children’s pattern
ance across tasks (Best & Miller, 2010; Brocki & Bohlin,

izinga et al., 2006; Lehto et al., 2003).
opose that EF likely contributes to early scientific literacy,

 has been shown to contribute to success in other aca-
mains, including language, literacy, and math (Best et al.,
ir & Razza, 2007; Brock et al., 2009; Clark et al., 2014). In

 likely to do so by directly optimizing the processing and
n of relevant content knowledge. EF also might contribute

 to the development of scientific literacy by support-
mental causal reasoning skills. Gropen, Clark-Chiarelli,
n, and Ehrlich (2011) offer a theoretical framework artic-
is latter possibility in greater detail. Specifically, they
t working memory supports the ability to hold causal

actions in mind (e.g., dropping a typical object from a
ll cause it to fall straight down), while inhibition sup-

 ability to revise hypotheses by comparing prior beliefs
tions from what was observed (e.g., unlike most objects,

 a feather from a tower will cause it to float along a cir-
ajectory) (Gropen et al., 2011). It is not hard to imagine
itive flexibility might also contribute by supporting chil-
ility to consider multiple possible courses of action and

 outcomes in the process of evaluating causal contingen-
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ture (Handley, Capon, Beveridge, Dennis, & Evans 2004;
ck, Simms, McGourty, & Beckers, 2013; Simoneau &
s, 2003; Markovits & Doyon, 2004). Rhodes et al. (2016)
ntly reported that working memory significantly pre-
ains in conceptual knowledge of chemistry (but not
factual knowledge). This suggests that EF skills may
students’ ability to adopt, apply, and extend learned
rinciples to novel academic domains. But like Tolmie
016) proposal regarding the relationship between causal

 and scientific literacy, Gropen et al.’s (2011) incor-
of EF into their theoretical framework was developed
ool-aged children in mind. Indeed, although the role
facilitating academic achievement broadly speaking is
blished for this older age group, little research has been
d in younger children, especially with respect to sci-

urrent study

oal of the current study is to begin specifying candi-
ndations of scientific literacy in children. Specifically,
ate whether causal reasoning and EF are related to
ildren’s scientific literacy. With respect to the latter,

er evaluate whether EF might relate to early scientific
ot only directly, but also indirectly through its rela-
with causal reasoning. In addition to the theory and

 outlined above, a small number of studies with preschool-
ort affirmative predictions. For example, Nayfeld et al.
cently reported that EF predicted gains in low income
ler’s academic achievement in science, and that this effect
ed those observed for math or reading literacy. Other
work highlights early relationships between different
f EF and causal (specifically, counterfactual) reasoning
jardo, Parker & Turley-Ames, 2009; Beck, Riggs, & Gorniak,
gs & Beck, 2007). Importantly, in the current work, we
te measures of causal reasoning, EF and scientific lit-
o a unitary design in order to gain a more complete
f the relationship between these key skills in young chil-

ds

cipants

or this study were collected as part of a larger longitudinal
estigating the development of children’s interest in causal
ion. Our study sample included 125 children (65 = female)
ajor southern metropolitan area. Participating children

ee years of age at the first session (M = 41.04 months;
 months, range = 36.12–46.92 months).
en did not have any diagnosed developmental delays or
, and they understood English “well” or “very well” as
by a parent. The sample was racially, ethnically, and
omically representative of our recruitment area. Based on

port, 10.4% of participating children were African Ameri-
 were White, 3.2% were Asian or Pacific Islander, and 16%

 as having a mixed racial background. In addition, 31.2% of
ldren (primarily from the White, mixed racial categories)

 identified by their parents as Hispanic or Latino. With
 maternal education, 1.6% of mothers reported not com-
igh school, 17.6% held a high school degree, 8% completed
lege or additional training beyond high school, 44% had
ar bachelor’s degree, and 28.8% held a master’s degree or
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edure

or this study were collected over three sessions lasting
ately 45–60 min  each. The first session took place at a

dren’s museum. The second and third sessions took place
oratory. Although the precise timing between sessions

th participant schedules, all were completed within a 6-
indow. At the first session, parent consent was  obtained
ren were assessed on their receptive language (NIH-
icture Vocabulary Test). Most children were also tested

scientific literacy (Lens on Science) during this session.
, due to technical difficulties, some (n = 25) had to be
at a later date. Parents also completed a demographic

 as part of the larger longitudinal study that included
 concerning parental education, race and ethnicity, as well
old composition, income, and literacy environment. Chil-
pleted EF and causal reasoning measures during the two
nt laboratory sessions, which were scheduled an average
s (sd = 71) after initial enrollment. Children were tested in
lly decorated room at a child-sized Table Sessions were
ually recorded for offline coding of participant responses
cation of protocol fidelity.

sures

asuring scientific literacy
ens on Science was presented on a 13.9′′ touch screen
oga laptop. During the task, children were adaptively pre-
ith 35–40 questions (from a bank of 499 possibilities) over
e of approximately 15 min. The Lens on Science targets all

 of early scientific literacy as currently conceived (NGSS,
C, 2012). Specifically, it goes beyond factual disciplinary
e (of earth and space, life, physics and energy, and engi-

nd technology) and taps into both scientific practices and
ing concepts as defined by the National Research Council’s
rk (NRC, 2012). When the Lens on Science is administered,
hm selects an equal proportion of items from each content
question type (detailed below). The question bank items
brated using the dichotomous Rasch model, and scaled

 mean item difficulty of zero. As reported by Greenfield
e outcome variable is a continuous item response theory

ity score ranging from −3 to 3. Based on a sample of 1753
 the average standard error of the Rasch ability estimate
, which corresponds to a reliability of 0.87. The Lens on
lso correlates highly with vocabulary, r = 0.55 (Greenfield
9).
o the administration of the Lens on Science, children were

 instructional video and completed a readiness screen-
ure they could follow the instructions for three different
formats used in the assessment. The first question type
children to select their answers by touching one of three
alternatives. For example, one item shows a picture of a
ining a flower and asks the child to point to which of three
patula, magnifying glass, and ruler) the girl should use to
ower’s tiny parts. An example of the second question for-
ays a large picture of a sea turtle. The child is told, “This is
ouch the part of the turtle that helps it swim.” Boxes then
ound the head, arm, and shell of the turtle and the child
ch the box around the arm of the turtle to score correctly.

 question format displays several pictures on the screen
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star.” Boxes then appear around the six shells, specifying
tial choices.

asuring causal reasoning
l reasoning was  assessed with three measures that tapped
ect association, causal inference, or counterfactual reason-

racking cause-effect associations. Four boxes (“blicket
”) measuring 8 × 4 × 4 inches were constructed out of
d (Gopnik & Sobel, 2000; Gopnik et al., 2001). The first
painted blue and had a gear toy affixed to the top that
n the box was activated. The second box, painted yellow

 polka dots, produced a continuous playful noise when
. The third box was  painted green and had a laminated
rtoon cat figure mounted on the front. When activated,
ght bulb inside the box illuminated, making it appear as
e cat’s nose lit up. The fourth box was painted silver and
py cartoon on the front. When activated, a motor within

lowly turned the puppy back and forth.
perimenter introduced the task to the children by saying,
me special boxes with me!  Some blocks make the boxes
me blocks don’t do anything to the boxes. They don’t turn
at all! Do you think you can help me  figure out how the
rk?”
le block was then introduced with a unique novel name
placed on the box to no effect (e.g., “This one is a duf-
one doesn’t do anything to our boxes.”). The first block

 was then removed and the second block (e.g., a “but-
 introduced and then placed on the box, which led to its
. Finally, while the box was  still activated, the experi-

lso placed the non-causal block (the “duffin”) back on the
e simultaneously saying, “let’s put both on together!” The
ined active while both blocks were on the box. The exper-
hen asked the child, “Now I need your help! How can we

 box stop?” In order to respond correctly, children had to
k of which object was  more reliably associated with acti-

 the box and remove it. If a response was  not immediately
ing, children were further prompted (e.g., “Can you tell

 one?” or “Which one do you think?”) until they offered
r. This same procedure was  repeated for the remaining
ls. Children were assigned a score of 1 if they chose the
lock and a score of 0 if they chose the incorrect block on
our trials. Although the experimenter discouraged chil-

 choosing both blocks by holding both blocks down with
ds and asking the child to choose just one, children did not
mply, therefore leading to the occasional uncodable trial.
are circumstances, we excluded the trial from analysis.

enerating causal inferences. This task, modeled after pre-
dies (Das Gupta & Bryant, 1989) involved eight trials
e 1). On each trial, children were shown a timeline of
phs in which objects underwent changes (e.g., a bro-
erpot next to a whole flowerpot). The experimenter first

 the pictures in general terms (“First it looked like Tatziki
 I did something to it, and now it looks like this.”). Then,
were shown photographs of four possible instruments
mer, light bulb, paintbrush, glue) and were asked to
e one that caused the change. The outcome variable is

number of trials answered correctly out of eight.

ounterfactual reasoning. In this task, modeled after

 & Turley-Ames (2004), children were presented with four

 and asked to reason counterfactually about each situa-
example, in one story, children were asked to imagine

 are playing outside in a muddy yard. Then they imagine
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Table  1
Stimuli used in the causal inference task.

Stimuli Choices

Pre → post pictures
Tomato → sliced
tomato

Whisk, spatula,
measuring cups, knife

Sweater  with
hole  → sewn sweater

Teapot, roller-skate,
mug,  needle and thread

Test  items (forwards)
Spilled  dirt → swept
dirt

Chair,  tissue box, clock,
broom

Raw  egg → cooked egg Blender,  drying rack,
napkin  holder, stove

Messy  hair → brushed
hair

Sponge, toothbrush,
rolling  pin, hairbrush

Torn paper → taped
paper

Keys,  toy blocks,
crayons,  tape

Test items (backwards)
Wet  pan → dry pan Sink, microwave,

calculator, tape
Chalkboard with
writing  → erased
chalkboard

Chalk, scissors, stapler,
eraser

Broken
flowerpot → glued
flowerpot

Hammer, light bulb,
paintbrush,  glue

Stained shirt → clean
shirt

Ketchup,  purse, iron,
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 on Das Gupta and Bryant (1989).

 get really thirsty, so they go inside their house for a drink
 the clean kitchen floor in the process. Children were then
hat could you have done so the floor would not have got-
” In order to respond correctly, children had to mentally

 what would have had to have happened in the past to
 different outcome. Children were assigned a score of 1 if
rated a counterfactual statement (e.g., take off my shoes)
f four trials. They were otherwise assigned a score 0 for
. The outcome variable is therefore a score with a range of

asuring executive function
s assessed using measures of inhibitory control, working

 and cognitive flexibility. However, because previous work
that EF is best represented by a unitary factor structure in
l aged children (e.g., Garon, Bryson & Smith, 2008), we

 composite EF score for each child by standardizing and
 across the three measures (for a possible score ranging
o 3).

hibitory control. The NIH-Toolbox Flanker Inhibitory
nd Attention Test (NIH-TB Flanker; Zelazo et al., 2013)

 to evaluate children’s inhibitory control of visual atten-
hon et al., 2013). During each trial of this task, which was

 on an iPad, a central target fish was flanked by similar
n the left and right. Children were instructed to indicate
ion of the central stimulus by pressing a left or right arrow

 the screen. On congruent trials, the flanker fish faced the
ction as the target fish. On incongruent trials, they faced
ite direction, requiring the child to inhibit their attention
ker fish. The NIH-TB Flanker task was  normed on a sam-

 children. Zelazo et al. (2013) reported the NIH-TB Flanker
 correlated with the WPPSI-III Block Design in 3–6 year
.60) and D-KEFS Inhibition raw scores in 8–15 year olds
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 accuracy or, if a child achieved greater than 80% accuracy,
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orking memory. The count and label task was used to
rking memory, or the ability to hold and manipulate infor-

 one’s mind (Baddeley & Hitch, 1994; Gordon & Olson,
e  chose this particular test because it is one of few options

 that is developmentally appropriate for very young chil-
lson, 2005). In this task, children were shown three objects
y, a cup, and a toy dog) and asked to label them. Then the
nter suggested they count the objects (e.g., “one”, “two”,
Then they demonstrated how to count the objects and

 each in turn (e.g., “one is a key, two is a cup, three is a
 asked the child to try. Children were assigned either a
ither 0 (for incorrect responses) or a score of 1 (for cor-
nses) on each of two trials. The outcome variable is a raw

ging from 0 to 2.

ognitive flexibility. The NIH-TB Dimensional Change Card
 (NIH-TB DCCS; Zelazo et al., 2013) was  used to evalu-
tive flexibility, or the ability to adjust to new tasks and

 (Deák & Bauer, 1995; Diamond, 2013; Gershon et al.,
azo, Frye, & Rapus, 1996). On each trial of the NIH-TB DCCS,
visual stimulus must be matched to one of two stimuli

 to shape or color. Children first received a block of trials
one dimension (e.g., shape) was relevant to this decision,
a second block (switch) in which the other dimension (e.g.,
s critical. Those who succeeded following the switch also
a mixed block, in which shape was  relevant on most tri-
occasional and unpredictable shifts to color. The relevant
word, “color” or “shape,” was  simultaneously presented
and auditory form. This task was  normed on a sample of
ren, and Zelazo et al. (2013) reported significant correla-

 the WPPSI-III Block Design in 3–6 year olds (r = 0.69), and
hibition raw scores in 8–15 year olds (r = 0.64). Similar to
B Flanker task, if children achieve 80% accuracy or higher,

ithm weights accuracy and reaction time in the standard
= 100, SD = 15).

asuring receptive vocabulary
IH-TB Picture Vocabulary Test (NIH-TB PVT; Gershon et al.,

 measure of receptive vocabulary administered in a com-
 adaptive format on an iPad. During this task, children

sented with an audio recording of a word while four pic-
ultaneously appeared on the screen. On  each trial, children
ed to select the picture that most closely matched the

 of the word that was  said. The child was presented with
tice trials with feedback, followed by 25 test trials. Total
ration time for the adaptive test is approximately 5 min.
m-level calibration was conducted online with 3190 chil-

 3–17 (Gershon et al., 2013). The version of the NIH-PVT
his study was  normed on a sample of 120 3–6-year-old
nd correlates strongly (r = 0.9, p < 0.001) with the Peabody

ocabulary Test 4th Edition (PPVT-IV) (Gershon et al., 2013;
b et al., 2013). As is the case for the other NIH-TB tasks,
VT also yields a standard score (M = 100, SD = 15).

ng

d researchers scored the cause-effect association, causal
, and counterfactual reasoning tasks offline using video
s. For both the cause-effect association and causal infer-
s, a second coder assessed all files to ensure reliability
. For the counterfactual reasoning task, each video was
ranscribed and coded by a blind researcher, then a sec-

rcher coded the transcript. If the two coders disagreed,

esearcher coded the video and transcript. All disagree-
ere discussed and resolved. The coders also assessed the
r fidelity to protocol on the bases of general procedures
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Table  2
Rates  of missingness for each study variable.

Variable % Missing

Lens on Science 4.8
NIH-TB PVT 0.8
Count  and label 13.6
NIH-TB Flanker 8.8
NIH-TB DCCS 23.2
Cause-effect association 5.6
Causal inference 7.2
CFR 14.2
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Table 3
Descriptive statistics for imputed data (N = 125).

Variables Mean SD Min Max

Age 3.42 0.26 3.01 3.91
Lens on Science 0.22 1.14 −1.40 3.00
NIH-TB PVT 64.33 9.36 54 88
Count and label 0.55 0.81 0 2
NIH-TB Flanker 37.74 11.90 25 64
NIH-TB DCCS 47.08 13.62 34 73
Cause-effect association 0.65a 0.35 0 1
Causal inference 4.86 1.71 0 8

 0.98 1.17 0 4
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Table 4
Correlation

Variables

1. Child g
2. Child a
3. Matern
4.  Child e
5. Lens on
6. NIH-PV
7.  EF com
8.  Cause-
9.  Causal 

10.  CFR 

Note: Simpl
* p < 0.05

** p < 0.01
*** p < 0.00
TB = NIH Toolbox, PVT = Picture Vocabulary Test, DCCS = Dimensional
d Sort, CFR = counterfactual reasoning.

rence to a script (if applicable). Coders agreed 100% of the
ll measures. All four measures from the NIH-TB were auto-

 scored. Participant data were coded and managed using
Research Electronic Data Capture) (Harris et al., 2009), a
eb-based application designed to support data capture for
studies.

ts

ing data

of missing data ranged from less than 1% to 23.2% (see
cross tasks. Individual scores were excluded due to poor

 as rated by another researcher on a 1–5 Likert scale. We
 data from individual tasks completed by a total of 16 chil-
use they received an attention score of a 1 or 2: Lens on

 = 1), count and label (n = 9), NIH-TB Flanker (n = 2), causal
 (n = 2), and counterfactual reasoning (n = 2). Twelve chil-

 failed to pass the training trials on either the NIH-Flanker
 the NIH-DCCS (n = 8). An additional ten children failed
ete either the NIH-Flanker (n = 4) or the NIH-DCCS (n = 6).
l individual task data were lost to experimenter error
: n = 1, cause-effect association: n = 2, CFR: n = 1), and attri-
7).
ta analyses were conducted using RStudio (R version
Studio Team, 2016; R Core Team, 2016). To handle miss-

we employed multiple imputation (MI) using the “mice”
hat runs in RStudio (Brand, 1999; van Buuren & Groothuis-
rn, 2011). MI  (Brand, 1999; Rubin & Schenker, 1986;
997) allowed us to retain as many subjects as possible

ing missing values with unbiased estimates based on the

CFR
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 data (Little & Rubin, 2002). We  imputed ten datasets with
ons based on recommended procedures (Bodner, 2008;
yston, & Wood, 2011). We  then used the imputed datasets
e and pool the results.

Becau
opment 

score alo
cantly rel

s between study variables for imputed data (N = 125).

 1 2 3 4 

ender –
ge 0.03 –
al education −0.04 0.02 –
thnicity 0.04 0.05 −0.12 –

 Science −0.16 0.35*** 0.17 −0.3**

T −0.01 0.21* 0.17 −0.2*

posite score −0.01 0.32*** 0.12 −0.08 

effect association 0.12 0.08 −0.14 −0.02 

inference −0.05 0.28** 0.01 −0.11 

−0.03 0.38*** 0.08 0.14 

e correlation coefficients are shown. NIH-TB PVT = NIH-Toolbox Picture Vocabulary Test,
.
.
1.
TB = NIH Toolbox, PVT = Picture Vocabulary Test, DCCS = Dimensional
d Sort, CFR = counterfactual reasoning.
ffect association score is proportion correct.

riptive statistics

eans, standard deviations, and ranges for age, vocabulary,
usal reasoning measures are displayed in Table 3. Simple

 correlations between these variables of interest are pre-
 Table 4. Please recall that, because children occasionally
rovide a clear response on a single trial during the cause-
ociation task, we  use proportion correct (ranging from 0
ur dependent variable for this task. Because sex did not

 with any of the tasks, it is not included in this table and
onsidered in further analyses. Children’s receptive vocab-
s  significantly correlated with scientific literacy, thereby
ting that we control for its influence in our analyses. Cor-

 between our key measures of interest (i.e., EF and causal
) and children’s emergent scientific literacy were also sig-
he only key variable that did not correlate with scientific
as  cause-effect association. Performance on this task also
orrelate with our other measures of causal reasoning (i.e.,

ference and counterfactual reasoning).

archical regression analyses

chical regressions were used to determine whether causal
 or EF accounted for significant variance in children’s early

 literacy (see Table 5). Child age, ethnicity (Hispanic or
. Non-Hispanic or Latino), vocabulary, level of maternal

 (No High School diploma, High School diploma, Techni-
ociates degree, Bachelor’s degree, Advanced degree), and
ge delay window between initial and subsequent testing
were entered as covariates for all analyses.

se we hypothesized that EF might contribute to the devel-
of causal reasoning skills, we  entered the composite EF
ne in the first block. Results revealed that EF was signifi-
ated to scientific literacy, B = 0.27, t(99.53) = 2.30, p = 0.02,

5 6 7 8 9

–
0.49*** –
0.39*** 0.22* –
−0.07 −0.16 0.06 –
0.49*** 0.37*** 0.35*** 0.02 –
0.33*** 0.15 0.27** −0.21* 0.24**

 CFR = counterfactual reasoning.
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Table  5
Hierarchical regression results predicting scientific literacy performance (N = 125).

Block 1 Block 2

Variable B SE B B SE B

EF composite score 0.27** 0.11 0.25* 0.14
Cause-effect association −0.15 0.24
Causal inference 0.15** 0.05
Counterfactual reasoning 0.06 0.07

R2 0.42 0.48
�R2 n/a 0.06

Note: *p < 0.05; ***p < 0.001.
** p < 0.01.

Fig. 1. Model for working causal inference as a mediator between executive function
and scientific literacy (N = 125).
Note.  Unsta
*p  < 0.05; **
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g for 2.89% unique variance in Lens on Science perfor-
ver and above our covariates.
ree measures of causal reasoning were entered simul-

 in the second block. Considered individually, the
ect association and counterfactual reasoning tasks were
ficant contributors, but causal inference was, B = −0.15,

 −0.60, p = 0.55, B = −0.06, t(105.75) = −0.94, p = 0.35, and
(52.98) = 3.01, p = 0.004, respectively. Overall, causal rea-
counted for 6.05% additional variance above and beyond
e covariates). A Wald test confirmed the additional vari-

unted for by causal reasoning in block two was  significant
 to block one, Wald F(3, 1126.28) = 3.69, p = 0.01.

iation analysis

stingly, when the second block of causal reasoning mea-
s added into the hierarchical regression model described
F was reduced to a statistcially non-significant level,
(104.54) = −1.74, p = 0.08. To test whether this might be

 by potential contributions of EF to causal reasoning
e conducted an exploratory mediation analysis using

an” structural equation modeling (SEM) and the “mice”
ools” imputed data packages in RStudio (Lumley, 2010;
2012; van Buuren & Groothuis-Oudshoorn, 2011). The
n model estimated the effect of the independent variable
n’s EF skills on the mediator, causal reasoning (Path a), the
he mediator on children’s scientific literacy (Path b), and
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lected causal inferencing ability as the mediating variable
nalysis because the results from our regression models

 that it explained the most variance in scientific literacy.
ation analysis confirmed that EF was significantly related
ausal inference performance, B = 0.86, SD = 0.22, p < 0.001
and scientific literacy, B = 0.5, SD = 0.12, p < 0.001 (Path c).
who had greater EF composite scores performed better
easures of both causal inference and scientific literacy.

r, causal inference was a significant positive associate of
 literacy, B = 0.22, SD = 0.05, p < 0.001 (Path b). To test if
ference mediated the relationship between EF and scien-
acy, we calculated the indirect effect of causal inference
e direct association between EF and scientific literacy was

B = 0.31, SD = 0.11, p = 0.005 (path c′), and the indirect effect
ficant after controlling for causal inference ability, B = 0.19
, p = 0.002, suggesting causal inference ability is indeed a
t partial mediator.

ssion

s study, we examined whether causal reasoning and EF
potential to support the emergence of scientific literacy.
ted, both sets of skills accounted for unique variance in
lers’ scores on a standardized measure of scientific con-
scutting concepts, and practice knowledge. Of the specific

 of causal reasoning evaluated in our models, causal infer-
ity emerged as a significant associate of scientific literacy.

 this task required some general knowledge about objects
sors, glue), its relationship to scientific literacy held after
g for vocabulary. We  therefore suggest that children’s

 access, flexibly consider, and apply their knowledge to
exts might better account for these relationships.
ly, despite replicating previously reported levels of per-

 on our measure of cause-and-effect associations (e.g.,
t al., 2001), this task was  not associated with scientific
n any of our analyses. Neither did it positively correlate
other measures of causal reasoning (i.e., causal inference
rfactual reasoning). This is surprising given “blicket detec-

 like this are often highlighted as a classic demonstration
n’s early causal reasoning abilities (e.g., Gopnik & Sobel,
os & Sloutsky, 2005; Sobel & Legare, 2014). One reason

ssociation observed here might be that the causal associa-
merely requires children to isolate arbitrary relationships
readily observable physical objects and events, while our
ference and counterfactual reasoning tasks require that
draw on specific mechanisms to reason about meaningful
stems. The current results suggest that the ability to detect
ect relations on the basis of arbitrary spatiotemporal con-
s might not be integral to emerging scientific literacy.
igher-level causal reasoning skills (i.e., causal inference)

 be stronger candidates. This idea is also consistent with
t al.’s (2016) model of scientific thinking in school age

 in which practicing higher-level causal reasoning skills
 is essential for scaffolding core scientific practices (e.g.,
is generation and testing).
rrent results, however, also highlight the importance of

more fundamental cognitive processes like EF in mind
sidering the potential origins of scientific literacy. Work-
ory and inhibition might be particularly important for
oung children to focus on, and keep track of, relevant infor-
red science activities orchestrated by parents or teachers.
ay, children with strong EF skills might more efficiently
cientific content knowledge.
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, however, that the relationship between EF and scien-
cy was partially mediated by causal inference, suggesting
bility of indirect effects as well. Gropen et al.’s (2011)
garding the foundations of school-age scientific literacy
refore be relevant to understanding earlier development
s argued therein, working memory contributes to causal

 by allowing us to bring together incoming perceptual
on and past knowledge to resolve, and think creatively
vel causal systems (Byrne, 2007). At the same time, inhibi-
ught to play a critical role by helping to focus attention on

dimensions of the causal system and by suppressing, and
the revision of, prior beliefs (Gopnik et al., 2001; Legare,
& Wellman, 2010; Schulz & Bonawitz, 2007; Wilkening &
005).
se possibilities are explored in future research, it will be
t to keep in mind that major developmental changes in
st beginning to unfold in the young population studied
erson & Reidy, 2012; Carlson, 2005; Garon et al., 2008;
mes, Chevalier, Clark, & Espy, 2016). It is an open ques-
her EF, or its increasingly differentiable components, will

ey associates of causal reasoning and scientific literacy in
dren. It will also be important to keep in mind the possibil-
procal influences. In particular, as highlighted by Nayfeld
3), practice applying the complex problem-solving skills

ly encountered in scientific activities might well exercise
gthen both causal reasoning and EF capabilities. Longi-
nd intervention work will be necessary to clarify these
ips.

tations

gh this study advances the field by highlighting two
 contributors to emerging scientific literacy in preschool-
e are clearly some limitations, including the notable
f missing data. We  addressed this issue to the best of our

 imputing complete and unbiased datasets, but replication
portant for confirming the resulting analyses. Replication

be helpful in addressing limitations of the testing sched-
mented in this first iteration. Because the current study
ucted as a supplement to an ongoing longitudinal inves-

the scheduling of experimental sessions was significantly
ed, leading to lengthier and more variable data collection

 than was ideal.
er limitation to the current work was that, because
cipants were so young, the developmentally appropriate
vailable to us for testing their EF and causal reasoning

re quite limited. As a result, some of our measures (e.g.,
ctual reasoning and count and label) produced less than
e ranges and observed distributions, and contributed to
mentioned missing data. Future studies with older chil-

 be crucial to further specify the relationship between
plex, and potentially more sensitive, measures of causal
, EF, and scientific literacy. With this goal in mind, we

ntly collecting data from a cross-sectional sample of 5-
. We  also intend to follow the 3-year-olds tested here
nally through preschool.
pproach will also allow us to address yet another limita-
e current work, which is that it took only a static snapshot

 causal reasoning skills at an age associated with the onset
developmental change. Studies comparing relationships
, causal reasoning, and scientific literacy throughout this

 will be essential to fully specify the extent to which
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l in more definitively testing whether they have a causal
 on the development of scientific literacy.

usion

ing, this study further adds to a growing body of research
nships between domain-general cognitive skills and aca-
hievement by documenting associations between both
asoning and EF and scientific literacy in young children. In

 the current work is entirely consistent with Snow’s (2007)
n that children’s school readiness is likely dependent
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