
Contents lists available at ScienceDirect

Intelligence

journal homepage: www.elsevier.com/locate/intell

Genetic and environmental influences on spatial reasoning: A meta-analysis
of twin studies☆

Michael J. King⁎, David P. Katz, Lee A. Thompson, Brooke N. Macnamara
Case Western Reserve University, Cleveland, OH, USA

A R T I C L E I N F O

Keywords:
Spatial reasoning
Behavioral genetics
Meta-analysis
Cognitive development
Intelligence

A B S T R A C T

Behavioral genetic approaches, such as comparing monozygotic and dizygotic twins, are often used to evaluate
the extent to which variations in human abilities are the result of genetic (heritable), shared environmental, and
non-shared environmental factors. We conducted a meta-analysis on the twin study literature—comparing
monozygotic and dizygotic twins—to provide clarity and a general consensus regarding the extent to which
genetic and environmental factors contribute to variation in spatial ability. Consistent with previous work, we
found that spatial ability is largely heritable (meta-analytic a = .61; 95% CI [.55, .66]), with non-shared en-
vironmental factors having a substantial impact (meta-analytic e . = .43; 95% CI [.38, .49]), and shared en-
vironmental factors having very little impact (meta-analytic c . = .07; 95% CI [.05, .10]). Moderator analyses
were performed to establish if spatial ability type, sex, or age impacted the explanatory power of genetics or
environmental factors. These effects did not differ significantly by sex or spatial ability type. However, the
influence of shared environments did significantly differ depending on age. This result was driven by the
youngest age group (ages 4–15) demonstrating relatively high amounts of shared environmental influence
(c= .15, 95% CI [.10, .20]) compared with the other age groups (cs= .00–.07).

Spatial ability is a category of reasoning skills that refers to the
capacity to think about objects in both two and three dimensions, and
to draw conclusions about those objects from limited information.
Spatial ability is an important area of study because of its association
with the functioning of other high-level cognitive skills, such as logical
reasoning, memory retrieval, verbal skills, mathematical skills, pro-
blem-solving, and reading (Lohman, 1996; Spearman & Jones, 1950).
For example, in a study investigating relationships between students'
spatial ability, logical thinking, and mathematical achievement,
Bektasli (2006) found that logical thinking and mathematical achieve-
ment were significantly correlated with spatial ability. Spatial ability is
also associated with mathematical thinking (i.e., the ability to use so-
phisticated strategies effectively on mathematical problems)
(rs= .43–.74; see e.g., Casey, Nuttall, Pezaris, & Benbow, 1995; Kyttälä
& Lehto, 2008; Laski, et al., 2013; Mix et al., 2016; Reuhkala, 2001),
mathematic fluency (i.e., the ability to answer calculation problems
under a time limit) (r= .74; Hart, Petrill, Thompson, & Plomin, 2009),
and non-numerical math abilities (e.g., the number line task) (r= .60;
Tosto et al., 2014). Spatial ability has also been shown to predict geo-
graphical skills, specifically on performance in map-use tasks involving
route-panning, visual search, symbol identification, and left/right

orientation (ηp2= 0.42; Gilmartin & Patton, 1984).
Spatial ability is also a vital part of success in many disciplines.

Fields of study such as engineering, chemistry, and physics all use
spatial visualization to help individuals complete tasks and solve pro-
blems. For example, chemistry students use 3D modeling kits to create
physical replicas of molecular models and chemical reactions that they
are retrieving from a memory of a 2D image (Pribyl & Bodner, 1987).
Similarly, dentistry students develop spatial mental models of the 3D
structure of teeth, which improves their ability to mentally maintain
and manipulate representations of these specific structures (Hegarty,
Keehner, Khooshabeh, & Montello, 2009). In both of these examples,
mental rotation is needed to consistently and accurately complete the
tasks.

Tests of spatial ability have also been shown to predict initial per-
formance in physics coursework (Φ = .55–.76); Kozhevnikov, Motes, &
Hegarty, 2007). Here, spatial visualization skills were used to solve
kinematics problems by predicting the two-dimensional motion of an
object, translating from one frame of reference to another, and inter-
preting kinematics graphs (Kozhevnikov et al., 2007). As another ex-
ample, Hambrick et al. (2011) displayed that tests of spatial ability
predicted performance among novice geologists on a bedrock-mapping
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task (r= .28). Across all of the science, technology, engineering, and
mathematics (STEM) fields, spatial ability plays a critical role in de-
veloping expertise. As such, it has been suggested that spatial ability be
included in modern talent searches to better identify adolescents with
potential for STEM who are currently being missed (Wai et al., 2009).
Importantly, the likelihood of earning an advanced degree in STEM
areas has been shown to increase as a function of spatial ability (< 10%
of those holding STEM PhDs were below the top quartile in spatial
ability during adolescence), even while controlling for intelligence (Wai
et al., 2009).

The positive associations between spatial abilities and cognitive and
academic skills are well-known. However less well known are the
sources of variation in spatial abilities. Investigating the extent to which
genetic and environmental factors contribute to variation in spatial
ability provides insight into the sources of these individual differences.
Twin studies allow us to examine these two contributions. However, the
twin study literature on spatial reasoning abilities reports highly vari-
able estimates of genetic and environmental influences on spatial
abilities. For example, many studies have found additive genetic in-
fluences accounting for more variability in spatial reasoning ability as
compared to environmental influences (a2= .58–.94) (Chow, Epp,
Lieblich, Barha, & Galea, 2013; Johnson & Bouchard, 2007; Johnson
et al., 2007; Mosing, Madison, Pedersen, Kuja-Halkola, & Ullén, 2014;
Reynolds, Finkel, Gatz, & Pedersen, 2002; Shakeshaft & Plomin, 2015;
Tucker-Drob, Briley, Engelhardt, Mann, & Harden, 2016). There is also
a considerable amount of research that has found additive genetic in-
fluences, while considerable, account for less variability in spatial
reasoning ability as compared to environmental influences
(a2= .12–.32) (Malanchini et al., 2016; McClearn et al., 1997; Mosing
et al., 2012; Petrill et al., 1998; Tosto et al., 2014; Tucker-Drob,
Reynolds, Finkel, & Pedersen, 2014). Thus, a meta-analysis is needed to
synthesize the twin study findings and examine potential sources of
heterogeneity.

The primary goal of the current study is to provide clearer estimates
of genetic and environmental contributions toward the etiology of in-
dividual differences in spatial ability. The second goal is to examine
whether variation in heritability and environmental influence on spatial
ability is partly systematic, varying depending on other factors.
Specifically, we examine whether genetic and environmental con-
tributions differ depending on the type of spatial ability under ex-
amination, sex, and developmental stage (i.e., age of individuals). We
do this by conducting moderator analyses.

1. Types of spatial abilities

Spatial ability is defined, conceptualized, and studied, not as one
single ability, but as a set of abilities that each represent an aspect of
spatial skill (Thurstone, 1950; Lohman, 1979; Linn and Petersen, 1985;
Hegarty & Waller, 2004, 2005). One primary spatial factor is mental
rotation. Mental rotation is defined as the ability to manipulate mental
representations of two-dimensional and three-dimensional objects by
turning or spinning the representation (Shepard & Metzler, 1971). An
example of mental rotation is being able to determine whether an ori-
ginal figure matches a set of similar figures that have been rotated in
various orientations.

Spatial visualization is another primary spatial ability. Spatial vi-
sualization is conceptualized as the ability to mentally represent visual
appearances of an object and the spatial relations between the locations
of the objects or movements (Linn & Petersen, 1985). An example of
spatial visualization is determining how to fit together blocks with
different shapes to make a specific design.

Matrix reasoning ability is a third primary spatial ability. Matrix
reasoning is an abstract spatial reasoning skill designed to tap one's

ability to find visuo-spatial patterns. Matrix reasoning is typically
measured using a Raven's Progressive Matrices test, which is also used
as a non-verbal estimate of fluid intelligence.

Studies examining the etiology of spatial ability typically do not
include measures representing all 3 of these spatial factors; therefore,
measurement invariance must be considered when comparing results
across studies. It is also important to consider how genes and the en-
vironment might differentially influence individual variation in each of
the spatial factors. In the current study, we test type of spatial ability as
a potential moderator, to understand whether the contributions be-
tween gene and environment differ between mental rotation, spatial
visualization, and matrix reasoning.

2. Sex differences

Variability in spatial ability has been evident in research for more
than a century. Most notably, group differences in males compared to
females often acknowledge a male advantage in spatial skills (Battista,
1990; Casey, Nuttall, & Pezaris, 2001; Geary, Hamson, & Hoard, 2000;
Keig et al., 1993; Voyer et al., 1995). Mental rotation ability specifically
has been consistently shown to produce one of the largest and most
consistent sex differences, in favor of males, in the cognitive literature
(Parsons et al., 2004; Linn & Petersen, 1985; Vandenberg and Kuse,
1979; Voyer et al., 1995). For example, performance on the Mental
Rotation Task has resulted in significant mean sex differences
(d=0.90, p= .04) (Parsons et al., 2004). Additionally, Voyer et al.
(1995) found a large effect size for sex differences in mental rotation
tasks (d=0.56, p < .05). Though this difference does not typically
appear in matrix reasoning tasks (Eysenck, 1981; Court, 1983; Lynn,
1994; Mackintosh, 1996; Jensen, 1998; Lynn, 1998, 1999).

The etiology of sex differences has been a persistent topic of dis-
cussion in psychological research. Some of the early findings of the
male advantage were explained in terms of underlying biological (ge-
netic) factors (Bock & Vandenberg, 1968; McGee, 1979), suggesting
that spatial ability is highly heritable (Wilson & Vandenberg, 1978).
Specifically, Stafford (1961) proposed that an X-linked recessive gene
explained sex differences in spatial abilities. That is, that the X-linked
gene enhanced spatial abilities, and, because it was recessive rather
than dominant, affected more males than females. However, later stu-
dies did not support this hypothesis (see Mcgee, 1979 for a discussion).
More recent research has suggested that heightened spatial ability may
be driven by testosterone levels, as evidenced by the Twin Testosterone
Transfer hypothesis (TTT) (Vuoksimaa et al., 2010). According to TTT,
this advantage is due to in-uterine transmission of testosterone from
males to females. However, a recent study (Toivainen et al., 2018)
found that prenatal testosterone does not explain sex differences in
spatial ability.

Alternatively, sex differences have also been explained in terms of
environmental influence (e.g., Bing, 1963). For example, traditional
gender roles that give rise to social biases may result in child rearing
practices that support spatial ability development more in males than in
females (Bing, 1963) and in the types of spatial development toys and
games marketed to boys versus girls (Cherney & London, 2006; Feld,
Grofman, Hartly, Kilgour, & Miller, 1987; Sherman, 1967). Ad-
ditionally, females may perform below their true ability on measures of
spatial ability due to stereotype threat. Stereotype threat is the ex-
perience of being in a situation where one faces judgment based on
negative societal stereotypes about one's group (Spencer, Steele, &
Quinn, 1999). For example, stereotype threat may result in low stan-
dardized test scores of students from stigmatized social groups due to
negative performance expectations about these groups (McGlone &
Aronson, 2006).Stereotype threat research has suggested that poor
performance on tests including measures of spatial ability may stem
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from preconceived negative expectations about female performance
(McGlone & Aronson, 2006).

These contradictory views and findings make unclear the origins of
group differences in spatial ability and whether these group differences
may relate to individual differences. Additionally, genetic and en-
vironmental influences are not mutually exclusive. Environments pro-
vided and/or sought out may differ between males and females. That is,
males and females may be exposed to different environments, which
could differentially effect the degree of gene-environment interplay on
spatial ability.

Previous research has suggested a prominent environmental influ-
ence on female spatial ability as compared to male (Lynn & Irwing,
2004; Linn & Peterson, 1985; Harris, 1978). In the current study, we
test sex as a potential moderator, to understand whether the con-
tributions of genetic and environmental factors differ between males
and females. We did not test for group differences in performance, but
examined whether there were differences in the genetic and environ-
mental contributions to individual differences in spatial ability based on
sex. Sex was hypothesized to moderate the levels of environmental
influence on spatial ability, with a larger amount of variation due to
shared and non-shared environmental influences in females. This was
hypothesized due to research described above suggesting that stereo-
type threats negatively influence female performance on spatial ability
tasks. Recent work has also shown that children as young as preschool
are susceptible to gender stereotypes and that anxiety about spatial
activities is more prevalent among girls than boys in first and second
grades (Casey et al., 1995). This influence may result in female spatial
abilities having a larger impact from environmental factors such as
educational environment, and peer negative expectations.

3. Developmental stages

Cognitive development occurs rapidly during the early years of life,
with different abilities emerging during specific periods. This devel-
opmental growth reaches its peak at some point during late adolescence
and then slowly deteriorates into old age (Li et al., 2004). With spatial
abilities, the primary period of development occurs between 7 and
11 years of age (Hart & Moore, 1973). Fluid intelligence performance, a
construct highly correlated with spatial reasoning, has been shown to
peak in individuals by their mid-20s, with age-related declines already
visible by the mid-30s (Li et al., 2004).

Research has shown that heritability estimates vary as a function of
development, a phenomenon that we know has been observed for in-
telligence (e.g. Haworth et al., 2010; Tucker-Drob, Briley, & Harden,
2013). The influence of genetic contributions are known to increase
with age because of individuals' increased control over their environ-
ment (Haworth et al., 2010). Additionally, correlations between bio-
logical parents' and child's spatial ability factor scores increase from
ages 2 to 16, but does not increase for adopted children (Plomin, Fulker,
Corley, & DeFries, 1997). However, the current behavioral genetic lit-
erature has not adequately explored potential changes in genetic and
environmental contributions specific to spatial abilities during different
developmental stages across the life span. In the current study, we test
developmental stage as a potential moderator by grouping studies de-
pending on the age range of participants. We hypothesized that genetic
influence would be higher among adults (participants aged 26–65) as
compared to children (participants aged ages 4–15) and late adoles-
cents (participants aged 16–25) because genetic influences on cognitive
traits increase with age (Haworth et al., 2010).

4. The current study

While we know spatial ability is highly heritable, it is important to
understand if and how much variation may be due to environmental
influences, and arrive at consensus estimates for both heritability and

shared environment influences. This is important because it can provide
insight on whether spatial abilities might be amenable to training. High
heritability does not imply immutability. However, if the shared en-
vironmental influence in minimal, this means that current differences
between environments (e.g., households, schools) explain little var-
iance, suggesting that it may be difficult (though not impossible) to
develop interventions or training regimens that yield strong effects
(Rimfeld, Kovas, Dale, & Plomin, 2016). The potential moderators ex-
amined also allow us to investigate whether spatial ability training may
be more promising (i.e., if shared environment contributions are larger)
for certain types of spatial ability, for one gender over another, or
during certain developmental stages.

5. Methods

All hypothesis, methods and analysis plan were pre-registered and
can be found at https://osf.io/58rf2/register/5730e99a9ad5a-
102c5745a8a.

We designed the meta-analysis and report the results in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Moher, Liberati, Tetzlaff, Altman, & The
PRISMA Group, 2009).

5.1. Inclusion criteria and literature search

To be included in the meta-analysis, the study needed to:

• be a twin study design;
• include data for same sex twin pairs;
• include a measure of spatial ability;
• measure heritability;
• report an effect size reflecting the genetic influence on spatial rea-

soning or enough information to compute this effect size;
• report the methods and results in English; and
• include only human participants without known disorders or dis-

abilities.

To identify studies meeting these criteria, we systematically sear-
ched for relevant published and unpublished studies, regardless of
discipline or date of publication. This was done by searching electronic
databases (PsychInfo, PubMed, ProQuest) and Google Scholar, using
combinations of the following search terms: twin; genetic; heritability;
spatial reasoning; spatial ability. Reference sections of twin studies
were scanned for relevant articles. We also e-mailed authors of relevant
studies (29 authors were contacted) and requested unpublished data.
35% responded to our request, however this did not lead to additional
data sets.

The literature search was conducted from April 2016 – November
2016. The initial search yielded 1883 potentially relevant articles. After
removing duplicates, this number decreased to 1841 potential articles.
From the records collected during the search, we used the inclusion
criteria to screen titles and abstracts, which resulted in the evaluation of
148 full text articles. Thirty-seven studies met all of the inclusion cri-
teria. (See Fig. 1.)

These studies included a total sample size of 41,623 same-sex twin
pairs, 18,296 of which were monozygotic (MZ) twins, and 23,327 were
dizygotic (DZ) twins. See Table 1 for a list of these studies. The mean
age across all samples was 30.8, with a range of 3–98. The majority of
the twin pairs from the selected studies were sampled from the Swedish
Twin Registry and the Twins Early Development Study (TEDS) (see
Table 2).An open data spread sheet including detailed information from
each study included in the meta-analysis is available at https://osf.io/
v73sg/.
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5.2. Measures of heritability and environmental contributions

5.2.1. ACE variance components
The “ACE model”1 is a type of structural equation model specialized

for examining twin data. “A” represents the estimate of additive genetic
contributions (i.e., heritability) to individual differences in a trait.
Monozygotic (MZ, i.e., identical) twins share 100% of their genes while
dizygotic (DZ, i.e., fraternal) twins share on average 50% of their genes.
Thus, higher rates of similarity between MZ twins compared to DZ
twins are attributable to heritability.(Twin studies provide estimates of
broad sense heritability which includes both additive and nonadditive

(dominance) genetic influences.“C” represents an estimate of the effect
of common (shared) environmental influences. This includes variation
due to factors and events that are shared between twin pairs who were
reared in the same environment. If MZ twin pair resemblance is greater
than the heritability of the trait, then shared environmental influences
are evident (Zyphur, et al., 2013). “E” represents an estimate of non-
shared environmental influences. This includes variation due to unique
factors and events that occur in one twin but not the other. The extent
to which MZ twin resemblance is< 1 indicates nonshared-environ-
mental effects. “E” also captures measurement error. Using this method,
researchers can test both MZ and DZ twin pairs on a given measure, and
then calculate estimates of the proportion of variance due to genetic
and environmental influences. For each study included in the meta-
analysis, we recorded the reported estimates from the ACE model
analysis, if such an analysis was produced from the study.

5.2.2. Twin correlations
The ACE model analysis in essence is based on comparing the trait

Fig. 1. Flow diagram of the literature search.

1 If MZ twin resemblance is roughly twice the size of the DZ resemblance,
then genetic influences are assumed to be primarily additive. However, if the
ratio of the MZ resemblance is> 2:1 when compared to the DZ resemblance,
nonadditive genetic influences may be present and should be tested for using an
alternate “ADE” model. We had no such cases and therefore no ADE models
were included in the meta-analysis.
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resemblance of MZ and DZ twin pairs. If a study did not use the ACE
modeling approach, correlations between scores on spatial ability tests
for each member of a twin pair (when reported separately for both MZ
and DZ twin pairs) can also be used to estimate heritability, shared, and
nonshared environmental influences. For each study included in the

meta-analysis, we recorded the reported twin correlations, and the
number of MZ and DZ pairs that contributed to this data. This produces
all of the information necessary to calculate heritability, and environ-
mental influence using Falconer's Equation so that they could be in-
cluded in the meta-analysis. Using this equation, heritability can be
expressed as twice the difference of MZ and DZ correlations [2× (rMZ
– rDZ)] (Falconer, Mackay, & Frankham, 1996). The values are then
transformed back to correlations for interpretation. There were no cases
where the MZ:DZ r ratio was>2:1, therefore no further adjustments
were necessary.

5.2.3. Moderator variables
When a study collected multiple measures relevant to our mod-

erator sub-groups, the effect sizes associated with these measures were
entered in the moderator analysis (even if they had been combined and
adjusted for dependent samples in the main analysis available). For
example, if a study administered two types of spatial ability measures,
only one effect size is entered into the main analysis (adjusted for de-
pendent effects). However, for the spatial ability type moderator ana-
lysis, these two effects are separated and entered into the moderator
analysis, one in each sub-group, in order to examine potential differ-
ences in spatial ability measure. When individual effect sizes could not
be extracted based on moderator level, they were not entered into the
analysis. For example, if a study only reported an effect size for all
participants, not separate effect sizes for their male and female parti-
cipants, we could not include it in the sex differences moderator ana-
lysis. Thus, the number of effect sizes for each moderator analysis could
be greater or smaller than the number of effect sizes entered into the
models examining the overall effects.

5.2.4. Spatial ability type
When available, effect sizes for each spatial ability type were en-

tered into the analysis separately based on the three distinct categories
described below. That is, when studies reported multiple measures of
spatial ability using the same sample, each estimate was entered as
independent in order to test this moderator. Effect sizes based on
composite measures that spanned multiple categories were not included
in this moderator analysis.

5.2.5. Mental rotation
Mental rotation refers to the ability to mentally rotate

Table 1
Studies Included in the Meta-analysis.

Citation

Ando, Ono, and Wright (2001)
Bartels et al. (2012)
Calvin et al. (2012)
Chow et al. (2013)
Derks, Dolan, and Boomsma (2006)
Engelhardt et al. (2016)
Finkel and Pedersen (2000)
Giubilei et al. (2008)
Hutson-Khalid (2008)
Johnson and Bouchard Jr (2007)
Johnson et al. (2007)
Madison, Mosing, Verweij, Pedersen, and Ullén (2016)
Malanchini et al. (2016)
McClearn et al. (1997)
Mosing et al. (2014)
Mosing et al. (2012)
Neubauer, Spinath, Riemann, Borkenau, and Angleitner (2000)
Panizzon et al. (2014)
Petrill et al. (1998)
Read et al. (2006)
Reynolds et al. (2002)
Rijsdijk, Vernon, and Boomsma (1998)
Shakeshaft et al. (2016)
Schermer, Johnson, Jang, and Vernon (2015)
Shikishima et al. (2009)
Singer, MacGregor, Cherkas, and Spector (2006)
Svedberg, Gatz, and Pedersen (2009)
Swagerman et al. (2016)
Tosto et al. (2014)
Trzaskowski, Shakeshaft, and Plomin (2013)
Tucker-Drob et al. (2014)
Tucker-Drob et al. (2016)
Vasilopoulos et al. (2012)
Vasilopoulos et al. (2010)
Vuoksimaa et al. (2010)
Wallace et al. (2010)
Woodley and Madison (2015)

Table 2
Twin registry descriptive statistics.

Twin Registry Country K n pairs (MZ) n pairs (DZ) Age Range

Swedish Twin Registry Sweden 8 4393 4879 27–100
Twins Early Development Study (TEDS) England & Wales 5 6530 9890 4.5–13
Netherlands Twin Register (NTR) Netherland 3 2902 3098 10–86
Vietnam Era Twin Study of Aging (VETSA) United States 2 1735 1335 51–60
Keio Twin Project Japan 2 750 340 16–36
Minnesota Study of Twins United States 2 300 178 16–79
Texas Twin Project United States 2 423 441 7.8–15.25
Brisbane Memory, Attention and Problem Solving (MAPS) twin study Australia 2 450 550 15.42–18.16
German Observational Study of Adult Twins (GOSAT) Germany 1 507 393 18–70
FinnTwin12 study Finland 1 143 121 21–24
Dutch twin pairs Netherlands 1 160 216 16–18
Via advertisements in London, Ontario, Vancouver, and British Columbia England & Canada 1 77 102 6
“Typically developing Chinese twins” China 1 228 84 3–11
UK Government's Department for Children, Schools and Families United Kingdom 1 765 1347 11
Brisbane Longitudinal Twin Studies Australia 1 57 74 12
Child Psychiatry Branch of the National Institute of Mental Health United States 1 224 119 5.3–19.5
Western Reserve Twin Project United States 1 87 75 6–15
The Italian twin registry Italy 1 35 58 62–80
St Thomas' Adult UK Twin Registry United Kingdom 1 108 170 18–76

Note. k=number of effect sizes contributing to full sample; n pairs= number of twin pairs contributing to the meta-analysis; Age Range= age range in years of
participants from studies contributing to the meta-analysis by registry; single numbers in this column reflect that all participants in the study or studies included in
the meta-analysis from the registry in that row were that age.
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representations of two-dimensional and three-dimensional objects
(Shepard & Metzler, 1971). Tests of mental rotation often involve a
comparison of two or more 3-D or 2-D figures that have been rotated in
some degree, and a judgment of whether or not the images are the same
figures. Types of mental rotation tasks include the Mental Rotation Test
(MRT), card rotation, and cube rotation.

5.2.6. Spatial visualization
Spatial visualization is the ability to mentally represent visual ap-

pearances of an object and the spatial relations between the locations of
the objects or movements (Linn & Petersen, 1985). Tests of spatial vi-
sualization tap into ones' ability to mentally manipulate 3-D and 2-D
figures, in ways other than mental rotation. For example, the paper
folding task presents a 2-D folded piece of paper with distinct holes
punched through it. Participants must choose from a set of unfolded
pieces of paper, which one corresponds to the completed folded one.
Other types of spatial visualization tasks include the Object Learning
Test, line orientation, box folding, jigsaw, hidden shapes, form board,
surface development, figure logic, and block design.

5.2.7. Matrix reasoning
Matrix reasoning is an abstract spatial reasoning ability that is often

used as a non-verbal estimate of fluid intelligence. Matrix reasoning
typically involves a set of figures that are associated with a specific
pattern, with one figure in the series left blank. The participant is tasked
with selecting the figure from multiple options that fits the missing
piece. The tasks used to measure matrix reasoning ability are typically
one of the variations of Raven's Progressive Matrices Test. This includes
the Standard Progressive Matrices test (SPM), the Advanced Progressive
Matrices test (APM), and the Colored Progressive Matrices. Other types
of matrix reasoning tests include the Wechsler Abbreviated Scale of
Intelligence (WASI) Matrix Reasoning sub-test, and the Wiener
Matrizen Test.

5.2.8. Sex
When ACE value estimates were provided separately for males and

females, they were entered separately in the meta-analysis. Likewise,
when available, twin correlations for males and females were entered
separately resulting in four groups: monozygotic male (MZM), mono-
zygotic female (MZF), dizygotic male (DZM), and dizygotic female
(DZF) pairs. In these cases, or when the sample only included one sex,
we included these effect sizes in this moderator analysis.

5.2.9. Age
Age was classified into four groups on the basis of the age range of

the included samples. Due to the limited number of effect sizes with a
mean sample for a typical childhood cohort, we set the range from ages
4–15, extending into early adolescence. This range also includes the
primary period for spatial development (childhood ages 7–11) (Hart &
Moore, 1973). Maximum fluid intelligence performance, a construct
highly correlated with spatial reasoning, has been shown to occur by
individuals in their mid-20s (Li et al., 2004). We capture the late ado-
lescence age range (ages 16–25) before this peak while cognitive de-
velopment is still progressing. The adulthood cohort was set at ages
26–65, during a period where cognitive ability progressively declines.
The older adulthood cohort was set at age 65 and older (Erikson, 1964).
Only studies whose entire sample fell within one of our age ranges were
included in this moderator analysis.

5.3. Meta-analytic procedure

The meta-analyses involved five steps. The first step was to obtain
effect sizes. These were taken directly from the reported ACE values.
Effect sizes were also calculated from reported twin correlations using
Falconer's equations (Falconer et al., 1996). Using these equations, es-
timates of heritability, shared environment, and non-shared

environment can be generated based solely on the MZ and DZ twin
correlations. For example, heritability can be expressed as twice the
difference of MZ and DZ correlations [2× (rMZ – rDZ)]. The values
were transformed back to correlations for interpretation.

The second step was to conduct the DerSimonian-Laird (DSL)
random-effects meta-analysis as described by Schulze (2004) using the
R package metafor. The DSL method transforms correlations into Fisher
z-values before the meta-analysis is conducted in order to reduce the
risk of larger correlations being assigned too much weight due to small
standard errors. The meta-analytic method ensures that the weight as-
signed to each effect size is based solely on sample size instead of the
standard error of the reported correlation, which is a better practice to
follow when sample sizes are very large as is often the case with twin
studies (Schulze, 2004). When studies used multiple measures from a
single sample, we adjusted the weight for these effects using Cheung
and Chan (2008) method.

Two separate DSL random-effects meta-analysis were run and
compared. The first meta-analysis included studies that reported ACE
model-fitting values, whereas the second meta-analysis included studies
that reported twin correlations and ACE values. A similar side-by-side
comparison was made by Polderman et al. (2015) who found that re-
ported estimates of variance components from model-fitting resulted in
lower values of heritability, compared with twin correlation heritability
estimates.

The third step was to conduct mixed effect moderator analyses using
the R package metafor. Three moderator analyses were conducted, one
for spatial ability type, one for sex, and one for age each for heritability,
shared environment, and non-shared environmnet.

The fourth step was to conduct a sensitivity analysis of the large
twin registries. Due to the nature of twin research, there are several
studies in this meta-analysis that use data from the same twin registries.
It is unknown how much of the samples across studies might overlap
when recruiting from the same pool. To the best of our knowledge, past
meta-analyses of twin studies have always treated the samples pro-
duced from each study as independent (Polderman et al., 2015). In most
cases it is near impossible to know if the same or an overlapping sample
of twins may have been used across multiple studies. In order to address
this potential issue of dependent samples within registries, two analyses
were conducted in which all of the effect sizes from one registry were
removed and the meta-analysis was re-conducted to see if the average
estimates changed. We did this for each of the two registries that pro-
vided a large number of effect sizes. The first “leave-one-out” analysis
removed all effect sizes from the Swedish Twin Registry and the second
analysis removed all the effect sizes that used data from the TEDS
registry.

The final step was to conduct publication bias analyses. We ex-
amined funnel plots and conducted Duval's trim and fill analyses (Duval
& Tweedie, 2000). Duval's trim and fill analysis uses funnel plots to
estimate the number of studies missing from the meta-analysis and
estimates the overall meta-analytic average effects for if these studies
were included.

6. Results

The results are summarized in Figs. 2–5 and Table 3. The effect sizes
are plotted in ascending order in separate forest plots for additive ge-
netic contributions (Fig. 2), shared environment contributions (Fig. 3),
and non-shared environment contributions (Fig. 4). These separate
components were analyzed independent of one another, and across
multiple studies. For this reason, the meta-analytic average estimates
for each separate contribution do not sum to exactly 1.0, as would be
the case in a single study (Polderman et al., 2015; Tucker-Drob & Briley,
2014). The results from the DSL random effects meta-analysis on the
aggregated data set that included 42 effect sizes yielded an average
estimate of a2= .61, 95% CI [.55, .66] for additive genetics, c2= .07,
95% CI [.05, .10] for shared environment, and e2= .43, 95% CI [.38,
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.49] for non-shared environment. The I2 statistic, which describes the
percentage of variation across studies that is due to heterogeneity ra-
ther than chance (Higgins & Thompson, 2002; Higgins et al., 2003), was
high for additive genetics (98.23), shared environment (79.15), and
non-shared environment (96.14).

An analysis was also conducted using only the estimates derived
from twin correlations, rather than the ACE values (see Table 4). For
this analysis the meta-analytic average for heritability was a2= .61,
95% CI [.54, .67]. The averages for estimates of environmental influ-
ence were c2= .06, 95% CI [.02, .11] for shared environment, and
e2= .48, 95% CI [.41, .55] for non-shared environment.

These results indicate that the effect sizes based on variance com-
ponents, i.e. ACE values, produced a near identical estimate of herit-
ability as the effect sizes based on twin correlations. This is not in line
with previous findings in a meta-analysis on the heritability of multiple
human traits which found that reported estimates of variance compo-
nents from model-fitting results in lower values of heritability, when

compared with heritability based on twin correlations (Polderman
et al., 2015).

6.1. Moderator analyses

6.1.1. Spatial ability type
The moderator analysis for spatial ability type included 50 effect

sizes. Of the 41 effect sizes, 20 were spatial visualization measures, 14
were matrix-reasoning tests, and the remaining 7 were mental rotation
measures. The model was not significant for differences in heritability
(Q=1.00, p= .687), shared environment (Q=0.45, p= .800), or
non-shared environment (Q=0.33, p= .847). See Tables 11–13 for
ACE values for each spatial ability type.

6.1.2. Sex
Only a subset of studies reported separate effect sizes for male and

female participants. Consequently, this moderator analysis only in-
cluded 11 effect sizes, 6 consisting of all males and 5 consisting of all
females. The moderator analysis of sex was not significant for herit-
ability (Q=0.29, p= .588), shared environment (Q≤.01, p= .946),
or non-shared environment (Q=0.390, p= .530). Estimates of ad-
ditive genetics and non-shared environment were significant for both
females and males, p < .001. The effect of shared environment was
significant for males but not for females; although, the effect sizes were
similar. See Tables 5 and 6 for ACE values.

Fig. 2. Forest plot of the heritability estimates (black rectangles). All con-
fidence intervals are smaller than the width of the rectangles representing the
estimates. This represents the model including all reported ACE values.
Documents with more than one sample have a's and b's at the end of the cita-
tion.

Fig. 3. Forest plot of the shared environment estimates (black rectangles). All
confidence intervals are smaller than the width of the rectangles representing
the estimates. This represents the model including all reported ACE values.
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6.1.3. Developmental stage
This analysis included 27 effect sizes. Of the 27 total effect sizes, 10

fell into the children age group, 5 in the late adolescence group, 6 in the

Fig. 4. Forest plot of the non-shared environment estimates (black rectangles).
All confidence intervals are smaller than the width of the rectangles re-
presenting the estimates. This represents the model including all reported ACE
values.

Fig. 5. Funnel plot of additive genetic estimates for the aggregated data.

Table 3
Summary estimates based on ACE values with confidence intervals for additive
genetics (A), shared environment (C), and non-shared environment (E).

Reported ACE Estimate 95% C.I. I2

A .61 .55–.66 98.23%
C .07 .05–.10 79.15%
E .43 .38–.49 96.19%

Note. 42 effect sizes included in analysis.

Table 4
Summary estimates of ACE values based on twin correlations with confidence
intervals for additive genetics (A), shared environment (C), and non-shared
environment (E).

Derived ACE Estimate (C.I.) 95% C.I. I2

A .61 .54–.67 98.74%
C .06 .02–.11 93.%
E .48 .41–.55 96.19%

Note. 25 effect sizes included in analysis.

Table 5
Summary estimates for Spatial Visualization based on ACE values with con-
fidence intervals for additive genetics (A), shared environment (C), and non-
shared environment (E).

Reported ACE Estimate 95% C.I. p-value

A .66 .55–.77 < .001
C .08 .04–.13 < .001
E .46 .37–.56 < .001

Table 6
Summary estimates for Matrix Reasoning based on ACE values with confidence
intervals for additive genetics (A), shared environment (C), and non-shared
environment (E).

Reported ACE Estimate 95% C.I. p-value

A .58 .45–.71 < .001
C .08 .03–.13 .003
E .51 .39–.62 < .001
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adulthood age group, and 6 in the older age group. We were unable to
treat age as a continuous variable due to constraints from the in-
formation provided. Studies provided information on the sample's mean
or median age, and the age range. Studies included in each age category

described above were done so only if their age range fit into the spe-
cified category. Studies omitted from the age moderator analysis in-
cluded participants whose ages spanned more than one of the devel-
opmental stages selected for this study. The only moderator analysis
that yielded a significant result was the effect of developmental stage on
the impact of shared environment Q(3)= 11.86, p= .008. This result is
driven by the youngest age group (4–15 years old) where the impact of
the shared environment was significant and differed from the other age
groups. The impact of age on heritability (Q=2.33, p= .507) and non-
shared environment were non-significant (Q=6.28, p= .099). See
Tables 7–10 for ACE values for each age group.

6.2. Additional analyses

6.2.1. Registry sensitivity analysis
Due to the nature of twin research, there are several studies in this

meta-analysis that use data from the same twin registries. It is unknown
how much of the samples across studies might overlap when recruiting
from the same pool. Two registries—the Swedish Twin Registry and
TEDS—contributed substantially more effect sizes than the other re-
gistries. Given that twins may have been resampled across studies from
these registries, we conducted sensitivity analyses to test whether either
of these registries unduly influenced our results. When removing all of
the effect sizes from the Swedish Twin Registry, the meta-analytic es-
timate of heritability was a2= .59 (compare with a2= .61), shared
environment was c2= .08 (compare with c2= .07), and non-shared
environment was e2= .47 (compare with e2= .43). None of these re-
sults were significantly different from the main model (all ps > .05).
When removing all of the effect sizes from TEDS, the meta-analytic
estimate of heritability was a2= .63 (compare with a2= .61), shared
environment was c2= .06 (compare with c2= .07), and non-shared
environment was e2= .41 (compare with e2= .43). Again, none of
these results were significantly different from the main model (all
ps > .05).

6.2.2. Publication bias analysis
Funnel plots (Figs. 5, 6, and 7), which depict the relationship be-

tween sampling error and effect size, appear to be relatively symme-
trical. Symmetrical funnel plots suggest that small studies with lower
than average effect sizes are not missing from our meta-analysis.

7. Discussion

Spatial reasoning ability has been extensively researched and re-
cognized as a cognitive ability similar to fluid reasoning and a com-
ponent of intelligence (Cattell, 1963). The benefits and impact of spatial
ability have been connected to the functioning of other high-level
cognitive skills (e.g., logical reasoning, memory retrieval, verbal skills),
development of expertise in STEM related skills, as well as academic
and occupational achievement in STEM fields later in life. The literature
examining the etiology of individual differences in spatial ability has
reported highly variable results in terms of the magnitude of genetic
and environmental influences with estimates ranging from .21
(Malanchini et al., 2016) to .94 (Tucker-Drob et al., 2016) for herit-
ability effects, and from .16 (Malykh et al., 2005) to .79 (Malanchini

Table 7
Summary estimates for Mental Rotation based on ACE values with confidence
intervals for additive genetics (A), shared environment (C), and non-shared
environment (E).

Reported ACE Estimate 95% C.I. p-value

A .65 .46–.84 < .001
C .05 −.03–.13 .203
E .50 .34–.66 < .001

Table 8
Summary estimates for females based on ACE values with confidence intervals
for additive genetics (A), shared environment (C), and non-shared environment
(E).

Reported ACE Estimate 95% C.I. p-value

A .57 .40–.75 < .001
C .07 −.02–.16 .147
E .48 .38–.58 < .001

Table 9
Summary estimates for males based on ACE values with confidence intervals for
additive genetics (A), shared environment (C), and non-shared environment
(E).

Reported ACE Estimate 95% C.I. p-value

A .50 .31–.69 < .001
C .07 .03–.18 .153
E .52 .41–.63 < .001

Table 10
Summary estimates for Childhood based on ACE values with confidence in-
tervals for additive genetics (A), shared environment (C), and non-shared en-
vironment (E).

Reported ACE Estimate 95% C.I. p-value

A .56 .35–.77 < .001
C .15 .10–.20 < .001
E .47 .33–.61 < .001

Table 11
Summary estimates for Late Adolescence based on ACE values with confidence
intervals for additive genetics (A), shared environment (C), and non-shared
environment (E).

Reported ACE Estimate 95% C.I. p-value

A .58 .28–.88 .001
C .00 −.08–.08 1.00
E .66 .46–.85 < .001

Table 12
Summary estimates for Adulthood based on ACE values with confidence in-
tervals for additive genetics (A), shared environment (C), and non-shared en-
vironment (E).

Reported ACE Estimate 95% C.I. p-value

A .69 .42–.96 < .001
C .07 .01–.13 .074
E .35 .17–.53 < .001

Table 13
Summary estimates for Older Adulthood based on ACE values with confidence
intervals for additive genetics (A), shared environment (C), and non-shared
environment (E).

Reported ACE Estimate 95% C.I. p-value

A .81 .54–1.08 < .001
C .05 −.03–.13 .201
E .37 .19–.55 < .001
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et al., 2016) for the combined environmental effect. The reason for this
high variability is unclear.

We conducted a meta-analysis on the spatial reasoning twin study
literature to provide a consensus on the magnitude of genetic and en-
vironmental influences on spatial reasoning ability. We found that
spatial reasoning ability is largely heritable, with non-shared environ-
mental factors having a moderate impact, and shared environment
having very little impact. We also tested whether genetic and en-
vironmental influences were moderated by differences in spatial ability
type, sex, or age. Mental rotation, spatial visualization, and matrix
reasoning are often considered to be separate and unique skills that
collectively contribute to spatial reasoning ability (Thurstone, 1950;
Lohman, 1979; Linn and Petersen, 1985; Hegarty & Waller, 2004,
2005). Moderator analyses revealed that there are no significant dif-
ferences in the relative contributions of genetic, shared environmental,
or non-shared environmental influences for tests of spatial

visualization, mental rotation, or matrix reasoning. This suggests that
individual variation in these 3 types of spatial abilities are similarly
determined by the same proportions of genetic and environmental in-
fluences.

Moderator analyses did not reveal any significant differences in
genetic, shared environmental, or non-shared environmental influences
on spatial ability between males and females. However, the number of
effect sizes that contributed to this moderator analysis were severely
limited. As the literature in this area expands, future meta-analyses may
find differences in genetic and/or environmental influences by sex that
we were unable to detect.

Research on spatial ability across age has attempted to provide an
explanation for individual differences possibly stemming from early
developmental factors. Moderator analyses revealed that the influence
of shared environment differed significantly across the age groups.
Shared environmental influence was significantly different from zero

Fig. 6. Funnel plot of shared environment estimates for the aggregated data.

Fig. 7. Funnel plot of non-shared environment estimates for the aggregated data.
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for the childhood group (ages 4–15) but not significant for the late
adolescence (ages 16–25), adulthood (age 26–65), or older adulthood
(age 65+) groups. We found no significant differences in the magni-
tude of genetic influence or in the magnitude of non-shared environ-
mental influence across age groups. According to previous research, the
impact of additive genetics tends to grow over the course of the lifespan
(suggesting environmental influence is more important earlier on in
life; Tucker-Drob & Briley, 2014). Thus, our finding that shared en-
vironment is only significant at the youngest age group is consistent
with this finding. However, again, relatively few effect sizes contributed
to these sub-groups and the majority came from two registries so these
results should be interpreted with caution.

7.1. Limitations

One limitation of the current study is the use of meta-analysis. Meta-
analyses are limited by the amount and quality of the studies included.
The current study made efforts to include every study possible on this
topic, including studies that were not published. However, it is difficult
to be sure that the studies included in the current meta-analysis is
completely exhaustive.

Twin studies assume that MZ and DZ twin pairs share to the same
extent those aspects of the environment relevant for spatial ability (see
e.g., Plomin et al., 1997; Rijsdijk et al., 1998). While past attempts to
examine the validity of the equal environments assumption have found
that it is a valid assumption, to our knowledge, no one has specifically
tested the assumption for spatial ability.Twin studies also assume that
findings can be generalized to non-twin populations.

A limitation of our moderator analyses is that, despite large sample
sizes contributing to each effect size, there were not a large number of
effect sizes for certain sub-groups because not all effect sizes available
for the main analyses were available for each of our moderator ana-
lyses. Thus, a limited number of effect sizes were available to in-
vestigate sex, and we could only coarsely examine age. Thus, our lack of
findings with sex, and our significant finding with age should both be
interpreted with caution.

Furthermore, we did not have enough statistical power to examine
interactions. For example, we could not assess whether environmental
factors played more of a role for females in their formative years but
less so for adult females. As the number of twin studies examining
spatial abilities increases in the literature, future researchers should re-
examine these moderators and meta-analytically examine interactions
among sex, age, and spatial ability type. Examining how moderating
factors might vary across levels of another moderating factor could
provide a clearer understanding of the genetic and environmental
contributions of spatial abilities.

Additionally, there are a number of other possible moderating
variables outside the scope of the present meta-analysis that may ex-
plain why twin studies have been so variable in estimating the effect of
genes and shared environment. Other potential moderators we were not
able to address include socioeconomic status (SES), country of origin,
and fluctuations of twin registries over time. Further research is needed
to determine the influence of other factors on the origins of spatial
ability.

8. Conclusion

Spatial reasoning ability is an important cognitive skill that has far
reaching impacts such as success in STEM-related academic and occu-
pational endeavors (Wai et al., 2009). Individual differences in spatial
ability have been researched and discussed, with mixed findings re-
garding the sources of these differences. We conducted a meta-analysis
on twin studies of spatial reasoning ability to provide a consensus on
this issue. Our findings supported the hypothesis that spatial reasoning
is largely heritable, with 52% of its variation due to genetic factors. We
also investigated whether genetic or environmental contributions

differed by sex (male, female), age (childhood, late adolescence,
adulthood, and older adulthood), or spatial ability type (mental rota-
tion, matrix reasoning, spatial visualization). The only significant
moderator variable was the effect of age on shared environmental in-
fluences. This finding emphasizes the importance of one's formative
years where environmental factors, while not as important as genetic
factors, appear to impact individual differences in spatial ability.
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