1) Check for updates

PERCEPTION

Perception
2020, Vol. 49(11) 1200-1212

Spatial Reference Frame but © The Author() 2020
Article reuse guidelines:

N e it h e r Age n o r G e n d e r sagepub.com/journals-permissions

DOI: 10.1177/03010066209644 14

Predict Performance on a n'gpbég;&
Woater-Level Task in 8- to
| I1-Year-Old Children

Erica M. Barhorst-Cates ©®

Moss Rehabilitation Research Institute, United States

Sarah H. Creem-Regehr and

Jeanine K. Stefanucci
University of Utah, United States

Jean Gardner
Salt Lake City School District, United States

Trish Saccomano and Cheryl Wright

University of Utah, United States

Abstract

Successful performance on the water-level task, a common measure of spatial perception,
requires adopting an environmental, rather than object-centered, spatial frame of reference.
Use of this strategy has not been systematically studied in prepubertal children, a developmental
period during which individual differences in spatial abilities start to emerge. In this study, children
aged 8 to | | reported their age and gender, completed a paper-and-pencil water-level task, and
drew a map of their neighborhood to assess spontaneous choice of spatial frame of reference.
Results showed a surprising lack of age or gender difference in water-level performance, but a
significant effect of spatial frame of reference. Although they made up only a small portion of the
sample, children who drew allocentric maps had the highest water-level score, with very high
accuracy. These results suggest that children who adopt environmental-based reference frames
when depicting their familiar environment may also use environmental-based reference frame
strategies to solve spatial perception tasks, thereby facilitating highly accurate performance.
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Common tests of spatial perception involve determining horizontality or verticality while
ignoring potentially biasing visual information. The water-level task, originally described by
Piaget and Inhelder (1948), requires participants to draw a line of water in various depicted
glasses that are tilted in different ways. While the correct answer is always a perfectly
horizontal line, performance on this task has shown marked individual differences in
terms of gender (Vasta et al., 1996), age (Thomas & Turner, 1991), and even liquid-filled-
container-carrying expertise (i.e., bartending/waitressing; Hecht & Proffitt, 1995). Piaget
and Inhelder proposed that accurate water-level performance may be achieved by around
9years of age. However, research has shown that many adults remain inaccurate (Vasta
et al., 1996), and individual differences are extensive even in adults (Hecht & Proffitt, 1995),
which has led to numerous questions about the strategies used to solve the task.

Correctly solving the water-level task involves using an environmental reference frame,
where axes are determined based on gravitational horizontal and vertical. People who per-
form worse may instead use an object-relative reference system, where axes are determined
based on the object alone, disregarding environmental features (Hecht & Proffitt, 1995).
While few methods exist for assessing reference frames for small-scale spatial tasks, refer-
ence frames are commonly assessed in the context of larger scale spatial tasks such as
navigation. Egocentric or viewer-dependent perspectives (the representation of the environ-
ment is from the point of view of someone standing within it) can be distinguished from
allocentric or world-dependent (the representation of the environment is from a birds-eye
view) perspectives. Allocentric reference frames are more stable because the representation
involves a fixed coordinate system that does not rely on the potentially dynamic viewpoint
of the viewer. Allocentric reference frames are also generally considered more difficult to
compute (Klatzky, 1998) because of the need to imagine a perspective that is different than
that of the viewer. Similar to the water-level task described earlier, in which the individuals
who make use of environmental reference frames tend to outperform those who make use of
object-relative reference frames, some research suggests that allocentric reference frames are
more often used by better navigators (Chen et al., 2009). These better navigators may also
have better underlying small-scale spatial abilities (Blajenkova et al., 2005; Hegarty et al.,
2006; Ruginski et al., 2019), suggesting a relationship between frames of reference in large-
scale spatial thinking and performance on small-scale spatial tasks. People who use
environmental-dependent rather than egocentric or object-centered frames of reference
may succeed because those reference frames are more stable or constant across perspectives
(Silverman et al., 2000).

Developmentally, classic theories argue that children progress from egocentric to allo-
centric representations of environments with development and experience (Piaget &
Inhelder, 1967; Siegel & White, 1975) and that allocentric representations may not be
used until fairly late in childhood. More recent work has shown that allocentric representa-
tions can be used by very young children in certain tasks (2-3 years old, Ribordy et al., 2013;
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Syears old, Nardini et al., 2006; Newcombe & Huttenlocher, 2003), suggesting that more
flexible use of different types of representations may be developed quite early in life and can
be used when needed. Nevertheless, some research shows a developmental progression from
egocentric to allocentric representations from age 5 to 10 on certain tasks (Bullens et al.,
2010), with children performing like adults on spatial frames of reference tasks around the
age of 10 (Ruggiero et al., 2016). As such, the age at which children adopt allocentric
representations is unclear. Gender differences have also long been reported in the water-
level task (e.g., Geiringer & Hyde, 1976; Signorella & Jamison, 1978), with males typically
outperforming females. It follows that males sometimes use more allocentric spatial strat-
egies (e.g., Dabbs et al., 1998; Sandstrom et al., 1998) on certain tasks, which may facilitate
their performance (Boone et al., 2019; Hegarty et al., 2002, 2006; Lawton, 1994; Pazzaglia &
De Beni, 2001). The prepubertal age is of particular interest in understanding individual
differences in spatial cognition, as some research argues that individual differences (partic-
ularly gender differences) may not emerge until puberty (Newhouse et al., 2007) or just
before (Johnson & Meade, 1987; Matthews, 1987). Gender differences in spatial abilities
(and at what age they can be observed) seem to be task-specific (Coluccia & Louse, 2004)
and the prior research is inconclusive. Male and female children perform similarly on some
tasks, especially when navigating in a familiar environment (Coluccia & Louse, 2004;
Herman et al., 1987), but males outperform females on other tasks such as route finding
(Merrill et al., 2016; Newhouse et al., 2007), and this advantage can be seen even early in
childhood (6years old; Merrill et al., 2016). By the age of 11, males draw more detailed
spatial maps of routes through their neighborhood than females (Matthews, 1987), which
correlates with the extent of exploration of the neighborhood. As such, it is unclear whether
and when sex differences emerge in childhood, although the years immediately before puber-
ty seem to be an active developmental period for spatial cognition. Much of the prior
research has considered gender differences in spatial abilities in childhood, but there
remain open questions about other individual differences such as frame of reference
choice (types of which may be more prominent in the different genders). Additional research
is needed to understand the development of individual differences by further understanding
spatial abilities at prepubertal age (below the age of 12).

Determining an individual’s reference frame has been a challenge for researchers from
many different fields. One common method involves sketch maps of a familiar environment
or route, which can then be classified by the use of particular frames of reference or other
key spatial components (Blajenkova et al., 2005). Many have argued that sketch maps
provide an accurate assessment of one’s spatial representation of their environment, as
sketch map variables are strong predictors of performance on actual navigation tasks
(Rovine & Weisman, 1989) and verbal environment descriptions (Tversky, 2000).
Evidence is mixed regarding whether the reference frame of sketch maps relates to perfor-
mance on small-scale spatial tasks such as water level. In one large study of children aged 7
to 12 in Germany, Quaiser-Pohl et al. (2004) found no relationships between sketch map
frame of reference and performance on mental rotation, water-level, or rod and frame tasks.
Moreover, the spatial and mapping tasks loaded onto two distinct and not significantly
correlated factors, which the authors termed spatial ability and spatial representations of the
environment. However, Blajenkova et al. (2005) found that participants who drew three-
dimensional or two-dimensional sketch maps of a learned environment (i.e., maps that
included more spatial-relational features and indicators of different levels in the building,
which represented allocentric processing) performed better on a mental rotation task than
those who drew one-dimensional maps (which represented egocentric processing). As such,
evidence has been mixed regarding the relationship between sketch map factors and small-
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scale spatial abilities such as spatial perception. However, many of the sketch map para-
digms used in prior research include explicit instructions to map a certain route through an
environment (Aginsky et al., 1997; Moeser, 1988; Rovine & Weisman, 1989), either familiar
or recently learned. As such, there are interesting open questions about categorizations of
sketch maps that measure more “default” frames of reference. It is unknown, for instance,
how the spontaneous frame of reference (i.e., the one taken without task-specific instruc-
tions) one portrays in a drawing of a familiar environment relates to spatial perception.
Spontaneous frames of reference reveal important individual differences in spatial thinking,
as has been demonstrated with the well-known “animals in a row” task (e.g., Levinson &
Schmitt, 1993) that classifies individuals’ spatial thinking into default egocentric or allocen-
tric. We aimed to measure spatial thinking about the environment in a similar default way
and examine the relationship with water-level performance.

Taken together, prior research has revealed compelling individual differences in water-
level task performance related to age and gender, although the age at which gender differ-
ences emerge for spatial abilities is debated. Successful performance on the water-level task
depends on the reference frame used, with those who use an environmental reference frame
outperforming those who use an object-centered reference frame. This study aimed to char-
acterize individual differences in water-level performance in prepubertal 8- to 11-year-old
children. We assessed age, gender, and spatial frames of reference, anticipating that males
may outperform females, accuracy should increase with increasing age, and that the adop-
tion of an allocentric reference frame in map drawing should be related to higher accuracy in
water-level task performance. We used an open-ended sketch map task to measure default
frames of reference similar to the spontaneous frame of reference assessed in the animals-in-
a-row task (Levinson & Schmitt, 1993).

Method

Participants

Participants included 72 children (35 males, 36 females, and 1 missing) aged 8 to 11
(M =9.28, SD =.76). Parents gave consent for their child to participate using an opt-out
procedure. Participant assent was given on the day of testing using an opt-out procedure at
any time during the study. We had no exclusion criteria and no participant opted out of the
procedure. All procedures were approved by the University of Utah institutional review
board.

Materials and Procedure

The results described here were part of a larger study aimed at assessing spatial abilities in
children in middle childhood, including measures of mental rotation, spatial updating, and
spatial working memory. We conducted this study at the participants’ elementary schools in
a high socioeconomic status neighborhood in Salt Lake City. Participants completed the
battery of tasks on a rolling basis during the allotted time, rotating between specified
stations set up in two classrooms. The water-level task and Neighborhood Map Drawing
Task were administered in groups of three to four students with one instructor. Task order
was not controlled, as participants were rotating through all tasks as they became available.
As such, task order was quasi-randomized.
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Open-Ended Neighborhood Map Drawing Task. Experimenters provided white paper and markers
to each participant and instructed each participant to “draw your neighborhood.” There was
no further instruction and no time limit. Three separate coders classified the frame of reference
of each neighborhood map as being fully egocentric, fully allocentric, or mixed. Maps were
coded as fully egocentric following these instructions: “Only includes views from an egocentric
perspective as if a viewer was standing in the environment and viewing a scene from a first-
person perspective, no top-down or birds-eye perspective components.” See Figure 1. Maps
were coded as fully allocentric following these instructions: “Includes only views from a birds-
eye or top-down perspective, no components of being in front of the houses, etc. If buildings
are included, must portray only the tops of the buildings (not a front view).” See Figure 2.
Finally, maps were coded as mixed if they contained both allocentric and egocentric compo-
nents with the following instructions: “Includes both egocentric and allocentric views, front of
buildings or houses portrayed in addition to map components, such as streets overviewed or
other things that couldn’t be seen from a view standing within the environment.” See Figure 3.
Interrater reliability was computed using Fleiss’ Kappa for more than two raters in the R
package irr. As data collection took place over the span of 3years, the first 36 participants
were rated by 3 raters soon after data collection with a Fleiss’ Kappa of 0.72. The remaining
36 participants were rated separately by 3 raters (including 1 of the same raters from the first
group) with a Fleiss’ Kappa of 0.83. Cases that showed discrepancies among raters received
the rating given by the majority of raters (two out of three raters). A total of 13 cases showed
discrepancies (18.1% of the data).

Water-Level Task. Participants completed a paper and pencil water-level task with eight items
that were tilted to match eight different angles: 0°, 90° to the right, 90° to the left, 180°, 45°

to the right, 45° to the left, 135° to the right, and 135° to the left. Experimenters
showed participants an image of a level bottle with a line of water drawn straight across.
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Figure |. Example of an Egocentric-Only Perspective of a Child’s Neighborhood.
The perspective is that of an individual standing in front of the houses and contains no birds-eye perspective
components.
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Figure 2. Example of an Allocentric-Only Perspective of a Child’s Neighborhood.
Houses, roads, and trees are all represented from a birds-eye perspective and the drawing only contains
depictions from earlier.

Figure 3. Example of a Mixed Egocentric and Allocentric Perspective.
The roads are depicted from a birds-eye perspective and overview the layout of the neighborhood, while the
houses are depicted from an egocentric perspective (the participant drew the fronts of the houses).

They then instructed participants to draw the line of water where it should be in the eight
images. Each image was presented individually in a stapled packet with a sheet of paper
between trials. There was no time limit. We graded responses by first drawing the correct
response (a perfectly horizontal line from one of the intersecting points determined by the
participant). When needed, we drew a straight line between the two intersection points
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Figure 4. Three Trials of the Water-Level Task With Angles of 0°, 45° to the Right, and 135° to the Right.
The bottom panel demonstrates potential responses. The light blue line indicates the correct response, the
dark blue squiggly line represents the participant’s indicated water level line, and the dotted red line
represents the correction method applied by the researchers prior to calculating the angle. Trials were
counted as correct if the straight-line-corrected response was less than 10° from the correct response
(a perfectly horizontal line). Trials with greater than 10° deviation were counted incorrect.

designated by the participant (e.g., when the line was too squiggly or curved to be able to
measure). Then, we measured deviation of the participant’s response from the correct water
line using a standard protractor. Water level line was counted as correct if it fell within 10°
of perfectly horizontal (similar to the methods used by Quaiser-Pohl et al., 2004 and Hecht
& Proffitt, 1995 but with a more liberal correct answer range [10° compared with §° and 5°,
respectively]). We graded each trial using this method and calculated a total number of
correct items for each individual. We calculated a proportion correct out of eight for each
participant. See Figure 4 for a depiction of the water-level task and example responses.

Design and Data Analysis

This correlational study aimed at assessing natural variation in the spontaneous frame of
reference used by children in this age-group. We targeted our sampling at prepubescent
children and formed post hoc groups according to the reference frame used in the
Neighborhood Map task. These groups were highly uneven, justifying the use of nonpara-
metric statistical tests to examine how the reference frame groups predicted accuracy on the
Water-Level task. We chose to use the Kruskal-Wallis test, which is analogous to a one-way
analysis of variance (Theodorsson-Norheim, 1986). We used multiple linear regression to
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assess age and gender differences on Water Level. All analyses were performed in R (R Core
Team, 2017).

Results

The average proportion accuracy on the water level was 0.70 (SD =.25) with a range from
0.125 to 1.00. We first assessed the effects of gender and age on water-level performance
using multiple linear regression. Surprisingly, neither gender (B=.06, p=.3) nor age
(B=.03, p=.4) were significantly related to water-level proportion correct, F(2, 68)=
1.12, R*=.03, p=.3. Males’ proportion correct on water level (M =.74, SD = .22) did not
differ from females’ (M =.66, SD =.27) and there was no significant change with age.

We next assessed the effect of neighborhood map reference frame on water-level propor-
tion correct. A total of 38 maps were coded as fully egocentric, 28 as mixed, and 6 as fully
allocentric. Because of the large discrepancy between groups in sample size, we used the
Kruskal-Wallis nonparametric test, which revealed a significant effect of group, %*(2)=8.06,
p=.02. A post hoc pairwise Wilcox test with a Bonferroni-Holm adjustment for multiple
comparisons revealed that this effect was driven by the allocentric-only group (M =.94,
SD=.07, range: .875-1.00) performing significantly better on water level than the
egocentric-only (M =.66, SD =.24, range: .125-1.00) group (p=.01). Performance did
not differ significantly between allocentric-only and mixed (M =.71, SD=.24, range:
.125-1.00) groups (p =.07), although the difference approached significance. See Figure 5
for a boxplot of results. We provide descriptive information about the participants who fell
into each category in Table 1.
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Figure 5. Boxplot of Results. The line indicates the median for each group and the diamond indicates
the mean.
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Table |I. Participant Data for Individuals Within Each Map Category.

Gender Age
Map category
n n male n females Mean (SD) Mode Count

Egocentric only 38 18 20 9.3 (.66) 9 3 8-year-olds
21 9-year-olds
12 10-year-olds
| I'l-year-old

Mixed 28 12 16 9.14 (.89) 9 7 8-year-olds
12 9-year-olds
7 10-year-olds
2 |l-year-olds

Allocentric only 6 5 9.8 (41) 10 5 10-year-olds
| 9-year-old

Discussion

Children aged 8 to 11 completed a water-level task and a neighborhood sketch map task.
Counter to our expectations, we observed no effects of age or gender. However, children who
drew neighborhood map representations that contained allocentric-only components per-
formed better on a water-level task than children who included egocentric components.
The lack of a gender difference in this study suggests that the oft-observed male advantage
in spatial perception (e.g., Geiringer & Hyde, 1976) may not emerge until later in development
than the ages tested here (age 811). Moreover, the lack of an age effect in water-level per-
formance suggests that spatial perception ability is relatively stable through the middle child-
hood years and does not improve substantially from age 8 to 11. Prior research has been
mixed regarding gender differences in spatial cognition and at what age and for what tasks
those differences may be observed (e.g., Coluccia & Louse, 2004). While we had an even
number of males and females across the sample, the relatively low number of individuals at
lower and higher ages may have minimized the potential to detect gender differences at dif-
ferent ages (i.e., the difference may be larger for those individuals closer to puberty). Our lack
of an age effect is also counter to early research that has demonstrated improvements on water
level around the age of 9 or 10 years (Piaget & Inhelder, 1948). Again, these results should be
viewed with caution because of the relatively fewer individuals at younger and older ages. A
limitation of our study was the lack of diversity of the children in our sample. They attended
one of two schools in the same neighborhood and likely had similar opportunities for edu-
cation and extracurricular activities that support spatial reasoning. It is possible that expand-
ing the sample across different schools and socioeconomic status (SES) would have led to age
or gender differences. Instead of the commonly studied factors of age or gender, we observed a
significant relationship between spatial frame of reference and performance on the water-level
task. Spatial frame of reference may be a unifying predictor that explains individual variation
across age and gender in success at the water-level task. Indeed, those participants who drew
allocentric-only neighborhood maps were disproportionately males (83.3%) and were almost
all 10 years old. While these individuals made up only 8.3% of the sample, this finding sheds
some light on who may be most likely to use allocentric representations.

This study suggests that the default reference frame one uses to represent a familiar
environment is related to how one performs on a small-scale spatial perception task.
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Namely, those who adopt an environmental (allocentric) reference frame in one task may
also adopt that reference frame in the other task, which may facilitate performance. Prior
research has shown that allocentric spatial representations are more often observed in good
navigators (Chen et al., 2009), who also may have better small-scale spatial abilities
(Blajenkova et al., 2005; Ruginski et al., 2019; Vashro & Cashdan, 2015). These data dem-
onstrate that even in children aged 8 to 11 there appears to be a relationship between larger
scale spontancous spatial frames of reference and small-scale spatial perception abilities.
This relationship may suggest a ubiquitous component of spatial thinking (i.e., adopting a
certain frame of reference) that is present across different spatial task types.

These results suggest that the ability to ignore object-specific properties in a spatial per-
ception task may also be reflected in how one mentally represents a familiar space in a
default manner. This result is particularly interesting because it suggests a ubiquitous prop-
erty of frames of reference and spatial perception that is present in middle childhood.
Namely, the relationship between allocentric map drawing and better water-level task per-
formance may indicate a general ability to flexibly represent space. To succeed at both the
water-level task and drawing allocentric mental maps, one must be able to ignore or extrap-
olate information beyond what is immediately visible (Blajenkova et al., 2005). In a sense,
both of these tasks represent an ability to ignore some visual information (current or imag-
ined), which may be related to executive functioning components such as inhibition.
Although not tested here, it is possible that individuals with poorer inhibition may be less
likely to ignore object-based or visual information, which may relate to poorer performance
on the water-level task or encourage defaulting to simpler frames of reference (i.c., egocen-
tric) when drawing a map.

One important limitation in this study is that the directionality of the relationship
between neighborhood map reference frame and water-level task performance cannot be
assumed based on the correlational design. It is unknown whether better spatial perception
abilities facilitate allocentric default representations or vice versa. Future research should
further explore this relationship in a longitudinal manner and with training interventions. It
would be particularly interesting to assess how spatial frames of reference and spatial per-
ception abilities in middle childhood predict small- and large-scale spatial abilities in adult-
hood. If training on spatial perception improved allocentric representations or vice versa,
this could have implications for education and training in spatial thinking. In addition, we
also did not include an explicit assessment of strategy in the water-level task. As such, we
cannot say for certain that those who performed with high accuracy were using a specific
strategy (such as adopting an environmental reference frame; Hecht & Proffitt, 1995).
Strategy use should be tested and manipulated in future research on the water-level task
in this age-group.

Finally, we posit that the neighborhood map drawing task is a novel contribution of this
work, in that it serves as an easy-to-administer, fun, instructionally simple assessment of
frames of reference. It can be used in a variety of experimental settings such as a classroom
or art space. We did not provide explicit instructions to participants other than to “draw
your neighborhood.” This design differs from that used by Quaiser-Pohl et al. (2004), in
which researchers instructed child participants to draw a map explicitly regarding the places
they often visit including the routes taken to get there. We chose to use vague instructions in
an attempt to understand how children think about their neighborhoods without consider-
ing the task-specific requirement of wayfinding, similar to the animals in a row measure of
spontaneous frame of reference (Levinson & Schmitt, 1993). Instead, these maps may reflect
the more spontaneous frame of reference with which children represent their environment.
The use of this method could be considered a limitation, because the measure is less
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controlled than map tasks that involve specific navigation-related instructions. Our measure
may be capturing noise as well as other useful individual differences factors (such as crea-
tivity or artistic skill) that could be studied in future research. The vague instructions for the
map task are similar in a way to the vague instructions in the water-level task (participants
are not told to think about how the cup is tilted relative to the ground plane or provided any
other instructions about potential strategies). As such, both tasks reflect the inferred frame
of reference used when participants are not given instructions about the frame of reference
and are instead free to choose to perform the task using whichever strategy they want. While
purely allocentric frames of reference were relatively rare in our sample, which is one lim-
itation of this study, those children who portrayed them had very accurate spatial percep-
tion. Moreover, we also observed that the majority of children defaulted to portraying their
neighborhoods with egocentric-only reference fames. It is perhaps unsurprising that purely
allocentric frames of reference were rare in our sample, given that people often use both
egocentric and allocentric frames of reference in navigation tasks (e.g., Burgess, 20006).
Future research should incorporate a variety of instructional manipulations in map-
drawing tasks to assess the nature of the relationship between familiar environment repre-
sentation and spatial perception abilities and to measure the commonality of these types of
representations in various populations.
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