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The Water-Level Task:
An Intriguing Puzzle

Ross Vasta and Lynn S. Liben'

Department of Psychology, SUNY Brockport, Brockport, New York (R.V.), and
Department of Psychology, The Pennsylvania State University,

University Park, Pennsylvania (L.S.L.)

Take a moment to look at Figure
1. It presents one of several varia-
tions of an intriguing problem
known as the water-level task
(WLT). The correct response to the
problem is to draw a horizontal
line across the bottle, reflecting the
general principle that the surface
of a liquid is invariantly horizontal
regardless of the orientation of its
container. Variations of the task
have included presenting the tilted
bottle alone, using real containers
rather than drawings, and asking
subjects whether a waterline in a
tilted container looks ““correct”
(rather than having them draw a
line).?

The WLT might appear to be a
simple problem. In reality, re-
searchers have found that a sur-
prisingly large proportion of ado-

lescents and adults draw slanting
lines in the tilted bottles (often
with considerable confidence!),
and are unable to articulate or
identify the physical principle un-
derlying the task. Determining
which subjects are most likely to
make errors, and why they do so,
has been a 30-year scientific puzzle
that continues to challenge inves-
tigators.

In this article, we begin by trac-
ing the WLT to its source and orig-
inal purpose—Piaget’s work on
children’s spatial development.
We then examine how the task
provided an inadvertent battle-
ground for the theoretical debate
surrounding gender differences
that emerged during the 1970s. Fi-
nally, we consider current at-
tempts to explain the fascinating
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data that continue to be generated
by the WLT, and we suggest some
directions future research might
take.

ORIGINS OF
THE PROBLEM

The WLT was developed by Pi-
aget and Inhelder (1948/1956) as
part of their investigation of chil-
dren’s emerging spatial concepts.
Piaget and Inhelder proposed that
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A

Figure A shows a bottle with some water in it.

In Figure B the bottle has been tilted.
Draw a line to show how the water line would look.

Fig. 1. The water-level task.

children gradually come to con-
struct a euclidean (three-dimen-
sional) conceptual system of hori-
zontal and vertical axes with
which to represent space. This ref-
erence system functions as an ab-
stract geometric container and is
independent of the objects found
within it. However, because the
physical environment itself con-
tains horizontals (e.g., the hori-
zon, tabletops) and verticals (e.g.,
flagpoles, intersections of walls), a
true test of “whether the child has
any real understanding of these
notions . . . [requires determining
how the child] discovers real phys-
ical laws . . . such as the constancy
of the surface of a liquid whatever
the angle of the container” (Piaget
& Inhelder, 1948/1956, p. 380). Pi-
aget and Inhelder thus viewed the
ability to perform accurately on the
WLT as a key indicator that the
child has developed a mature eu-
clidean reference system.

Based on their study of children
at various ages, Piaget and In-
helder charted the developmental
sequence illustrated in Figure 2.
They reported that the drawings of
very young children (under age 4)
do not even portray the planar sur-
face of the water (Stage IA).
Slightly older children typically
represent the waterline as fixed
relative to the sides of the con-

tainer by drawing the waterline
parallel to the container’s base
(Stage IIA). Children next begin to
indicate that the water’s position
changes relative to the sides of the
container, first mistakenly show-
ing the water as tilted in all but
upright containers (Stage IIB), and
later erring only when one axis of
the container is not horizontal
(Stage IIIA). Finally, by about age
9, children consistently produce
horizontal lines (Stage IIIB). From
these original reports, it seemed a
given that adolescents and adults
would have little trouble with the
WLT.

In 1964, however, Rebelsky re-
ported that some of her graduate
and undergraduate students at
Boston University had consider-
able difficulty with the task. And
since that time, many other inves-
tigators have confirmed that many
college-educated adults do not re-
spond correctly on the task. In ad-
dition, Rebelsky reported that fe-
males were less accurate than
males, a finding that has been rep-
licated by virtually all subsequent
researchers.

MODERN STUDY OF
THE TASK

Since Piaget’s early develop-
mental work on the WLT, most
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studies have involved older sub-
jects, whose failure to perform ac-
curately poses the major puzzle.
The research also is no longer ex-
clusively Piagetian, but now in-
vokes biological, information pro-
cessing, and other theoretical
models and mechanisms to ex-
plain the findings.

Gender Differences

The 1970s witnessed an explo-
sion of psychological research con-
cerned with gender differences
and their origins. Correspond-
ingly, in the era immediately fol-
lowing Rebelsky’s (1964) empirical
revelations, much of the work on
the WLT focused on the observed
gender differences. Meta-analyses
of spatial abilities research have
found these differences to be sig-
nificant and meaningful, as indi-
cated by statistical effect sizes® on
the WLT and related tasks that
range from .44 for all subjects to
around .60 for adults (Linn & Pe-
tersen, 1985; Voyer, Voyer, & Bry-
den, 1995). It is difficult to pin-
point the proportions of males and
females who have difficulty with
the task, as these vary with meth-
odological factors such as the ver-
sion of the task that is used. Nev-
ertheless, a recent report of three
WLT experiments with under-
graduate subjects is probably rep-
resentative: Results for males
showed that about 50% performed
very well and about 20% per-
formed poorly, whereas results for
females showed that about 25%
performed very well and about
35% performed poorly (Sholl &
Liben, 1995).

Note, then, that although the
differences are robust, not all
males perform well and not all fe-
males perform poorly. Thus, any
explanation that ties WLT perfor-
mance exclusively to the subject’s
biological sex is untenable. In fact,
Thomas and Lohaus (1993) have
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Fig. 2. Stages of water-level task development proposed by Piaget and Inhelder

(1948/1956). From Downs and Liben (1991).

gone so far as to assert that there
are no differences between the
males and females who do well on
the task or between the males and
females who do poorly; the only
gender difference is in the propor-
tions of people who perform well
and who perform poorly. This
conclusion grows out of the re-
searchers’ application of a mathe-
matical model to the performance
of subjects ranging from young
children to adults. Although pro-
vocative, the conclusion is prelim-

inary and needs additional sup-
port because, in at least some
studies, performance differences
between males and females have
been detected even within low-
and high-scoring groups (Sholl &
Liben, 1995) and within groups de-
fined by whether or not they know
the principle (Vasta, Lightfoot, &
Cox, 1993).

Some explanations of the gen-
der differences have involved bio-
logical mechanisms. For example,
researchers have proposed that (a)
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a recessive gene on the X chromo-
some both facilitates acquisition of
the horizontality principle and is
more frequently expressed in men
than in women (Thomas & Jami-
son, 1981), (b) different levels of
exposure to sex-related hormones,
such as androgen and estrogen,
during the prenatal period cause
the brains of males and females,
including those areas that involve
spatial ability, to develop differ-
ently (Collaer & Hines, 1995), and
(c) gender differences in the effec-
tiveness of the vestibular system of
the brain may influence the per-
ception of gravitational upright,
and thus the perpendicular hori-
zontal (Liben & Stern, 1996; Sholl,
1989). Although each of these ex-
planations has supporting evi-
dence, none can account for all of
the findings.

Socialization models, too, have
been proposed to explain the gen-
der differences on the task. Most
such models are based on the as-
sumption that in our culture, boys
are more strongly encouraged
than girls to participate in activities
that promote the development of
spatial skills (e.g., block play, car-
pentry, math and science courses).
Some correlational evidence does
relate good WLT performance to
self-reports of early participation
in spatial activities, but method-
ological and cause-effect issues
cloud firm conclusions (Baen-
ninger & Newcombe, 1995). Simi-
larly, there is evidence that perfor-
mance on the WLT is related to
subjects’ vocational choices, al-
though gender differences persist
within occupations and the cause-
effect relations therefore remain
unclear (Robert & Harel, 1996;
Vasta, Rosenberg, Knott, & Gaze,
in press).

Another method of investigat-
ing possible socialization influ-
ences is through the use of a train-
ing paradigm. To the extent that
gender differences result from dif-
ferential experience with certain
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spatial activities, a training regi-
‘men designed to provide such ex-
periences could improve the per-
formance of females on the task
and thereby reduce or even elimi-
nate the gender differences. Of
course, any salutary effects of a
training program could result from
females’ learning to use a strategy
that, although effective, is differ-
ent from the one used by males or
from the ““natural” path of learn-
ing. Even in this case, however,
the results would indicate that, at
the very least, the gender differ-
ences in task performance are not
inevitable, as might be predicted
by a strong biological model. Some
training studies, in fact, have re-
ported success at improving the
WLT performance of women, even
to the point of bringing it to the
level of males’ performance (Baen-
ninger & Newcombe, 1995; Liben
& Golbeck, 1984; Vasta, Knott, &
Gaze, 1996).

Interactional models probably
hold the greatest likelihood of ex-
plaining the gender differences.
Such models include variations on
the “bent-twig” idea that males
begin with stronger biologically
based spatial interests and abili-
ties. These characteristics presum-
ably lead them to seek out more
spatial activities and experiences,
thereby promoting their spatial
skills even further (Sherman,
1978). Recent data reported by Ca-
sey (1996), for example, extend
this model to differences in spatial
abilities among women. Casey’s
research was based on a theory of
brain lateralization which posits
that right-handed females with
left-handed or ambidextrous rela-
tives are more likely to be geneti-
cally endowed with strong spatial
abilities than are women who dis-
play other handedness patterns
(Annett, 1994). Casey hypothe-
sized that only women who pos-
sessed this particular biological
spatial advantage would benefit
from experiences that have the po-

tential to promote spatial skills.
And indeed, her research demon-
strated that among women who
had taken many math and science
courses, those with the stipulated
pattern of familial handedness
performed best on a spatial task re-
quiring them to rotate a three-
dimensional figure in their minds.
A specific combination of biologi-
cal potential and prior experiences
thus appears necessary to produce
in women a high level of the spa-
tial ability assessed by this task. It
is conceivable, then, that a similar
model accounts for the finding
that many women perform poorly
on the WLT, whereas a minority
perform very well.

Individual Differences:
Perceptual Factors

Much of the recent study of the
WLT has subsumed the gender
differences under the more gen-
eral search for variables that sepa-
rate good from poor performers.
One such set of variables operates
at the sensory-perceptual level.

The WLT is an example of a spa-
tial task involving spatial percep-
tion ability. Such tasks require
subjects to locate the horizontal or
vertical axis in the face of compet-
ing perceptual cues (Linn & Pe-
tersen, 1985; Voyer et al., 1995).
Spatial perception may be related
to the concept of field dependence/
independence (FD/I), developed
by Witkin (Witkin & Goodenough,
1981). In his analysis of cognitive
style, Witkin contended that indi-
viduals who are field independent
are able to focus on a task or prob-
lem independent of its context,
whereas those who are field de-
pendent have more difficulty do-
ing so. If spatial perception is in-
deed linked to FD/I, individuals
who are field dependent would be
expected to err in determining the
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horizontal axis (i.e., waterline)
when it is located within a tilted
frame. A number of studies, in
fact, have reported significant pos-
itive correlations between sub-
jects’ scores on the WLT and on
Witkin’s principal task for assess-
ing FD/I, the rod-and-frame test,
in which subjects attempt to place
a movable rod at vertical within a
tilted frame (Liben, 1978; Sholl,
1989).

Spatial perception ability plays
a role in WLT performance be-
cause the oblique sides of a tilted
container provide cues that com-
pete with subjects’ ability to locate
the horizontal axis. Indeed, the
WLT may be thought of as similar
to a visual illusion in which the
tilted frame induces subjects to
perceive internal horizontal or ver-
tical lines as displaced in the direc-
tion opposite the frame’s tilt (Fig.
3; Coren & Hoy, 1986).

Support for the role of this per-
ceptual process has come from
studies showing that accuracy on
the WLT improves when the con-
tainer has rounded sides that in-
terfere less with drawing a water-
line that is horizontal (Vasta et al.,
1993), and from studies showing
that subjects have difficulty even
when water is removed from the
problem entirely—for example,
when subjects are asked simply to
draw horizontal lines within tilted
rectangles (Liben & Golbeck, 1986;
Vasta et al., 1993), or when they
are asked to draw a horizontal bar
pivoted on a tilted rod surrounded
by a tilted frame (Liben, 1991).

But perceptual processes alone
cannot explain the differences be-
tween successful and unsuccessful
performers on the WLT. Even
among subjects who understand
the behavior of water and who
perform well on the task, illusory
tilt promotes the perception of a
horizontal line appearing nonhor-
izontal. Thus, some other variable
or variables must separate these
groups (Sholl & Liben, 1995).
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Individual Differences:
Cognitive Factors

It may be clear, by this point,
why most theoretical models of
the WLT have viewed it as a task
involving a number of different
skills and competencies. These
competencies include the cate-
gories of motor skills, sensory-
perception abilities, graphic skills,
and cognitive processes. In recent
years, some especially exciting re-
search on the WLT has focused on
the last of these areas, as research-
ers have begun to identify the cog-
nitive mechanisms that are active
during the task and that are instru-
mental in determining a subject’s
success or failure.

The variable that most clearly
predicts performance on the WLT
is subjects” knowledge of the phys-
ical principle that the surface of a
liquid remains invariantly horizon-
tal. As would be expected, those
who can articulate or identify the
principle are considerably more ac-
curate on the task than those who
cannot (Liben & Golbeck, 1984;
Vasta et al., 1993). Nevertheless,
this measure does not predict per-
formance perfectly; some subjects
who know the principle perform
poorly, and others who do not
know it perform well.

Fig. 3. The visual frame illusion.
When viewing a tilted frame, most
subjects perceive the horizontal (solid
line) as displaced in the direction op-
posite the frame tilt (dashed line).
From Sholl and Liben (1995).

5
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Fig. 4. Tasks and results from a study of water-level task performance using con-
tainers of various shapes, and presented in a one-bottle (a) or two-bottle (b) format.
The bars represent the average degrees of deviation from horizontal for the water-

lines drawn by male and female subjects.

Some subjects, after drawing
their waterlines in the tilted con-
tainers, report they imagined the
water was in motion, rather than
at rest. These subjects tend to pro-
duce larger errors on the task.
And, perhaps not surprisingly,
more females than males have
been found to fall into this cate-
gory (Robert & Morin, 1993).

Research that currently holds
great promise for understanding
the WLT involves the cognitive
strategies subjects bring to bear on
the task. Consider, for example,
Figure 4a. When subjects are told
the object is a glass container and
that they should draw a line to
show how the container would
look if half full of water, vir-
tually every subject draws a near-
horizontal line. Yet, when instead
shown Figure 4b and asked to
draw the waterline in precisely the
same empty container, many sub-
jects draw markedly nonhorizon-
tal lines (Vasta, 1994). Because the
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containers are identical in the two
tasks, the errors by the latter sub-
jects cannot result from, for exam-
ple, perceptual characteristics (ob-
lique lines) inherent in the shape
of the container. Rather, before
drawing their waterlines in the
empty container, these subjects
must perform some sort of cogni-
tive operation that apparently is
induced by the presence of the
partially filled upright container.
Research has shown further
that the particular relation be-
tween the two containers also af-
fects subjects’ drawings. For exam-
ple, one study compared the lines
subjects drew in the empty con-
tainers in Figures 5a and 5b, which
differ in the degree to which the
empty containers appear to have
been rotated from the partially
filled containers. Even though the
empty containers are identical,
subjects’ lines deviated more from
horizontal in Figure 5a, in which
the empty container appears to
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- 60°

Fig. 5. Two tasks used in a study investigating the potential role of mental rotation
in the water-level task. The reference lines have been added for illustration and
were not present in the original task. From Vasta, Belongia, and Ribble (1994).

have been rotated 60°, than in Fig-
ure 5b, in which the empty con-
tainer appears to have been ro-
tated 30°.

One cognitive mechanism pro-
posed to account for these findings
is mental rotation. According to
this hypothesis, subjects who en-
counter a tilted container mentally
rotate it from its original position
before drawing their waterlines,
and the amount of required mental
rotation is positively related to the
size of subjects’ errors (Vasta, Be-
longia, & Ribble, 1994).

The potential role of cognitive
strategies was also demonstrated
in research comparing subjects
who scored poorly on the WLT
with subjects who scored well.
The task involved determining
whether lines drawn in tilted rect-
angles were horizontal or slightly
tilted. In one condition, subjects
simply made their responses,
whereas in a second condition,
they were instructed to first super-
impose an imaginary grid on the
page to assist in locating the hori-
zontal and vertical axes. The re-

sults showed that subjects who
were low scorers performed worse
in the first condition than when
using the grid strategy. Subjects
who were high scorers performed
the same in both conditions (Sholl
& Liben, 1995). These data suggest
that adults who perform well on
the WLT spontaneously activate
cognitive strategies to assist them
on the task, whereas those who
perform poorly do not—even
though they apparently could if so
instructed.

FUTURE DIRECTIONS

Evidence from a number of dif-
ferent areas is now beginning to
reveal why the WLT proves diffi-
cult even for adolescents and
adults, and why some individuals
are especially prone to having dif-
ficulty. But the puzzle is far from
solved, and a number of important
questions and issues remain. For-
tunately, several directions of in-
quiry appear to offer considerable
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promise for addressing these ques-
tions.

One fundamental issue in-
volves the developmental origins
of the skills needed for success on
the task. One approach to deter-
mining which biological factors
and early experiences contribute to
success on the WLT later in life
would be to identify the factors
that appear to affect performance
in adults, and then study these
factors prospectively in children
using longitudinal research de-
signs. Thus, data from the same
individuals would be available
from childhood, adolescence, and
adulthood, and the various path-
ways to success and failure could
be examined more directly. This
approach not only would shed
light on why many adults do
poorly on the task, but also might
go a long way toward explaining
the observed gender differences.
Although a longitudinal approach
requires considerable patience, it
promises to provide important in-
formation about the developmen-
tal course that separates successful
from unsuccessful subjects.

Another potential focus of fu-
ture work is studying the WLT in
its larger scientific context. The
growing literature on adults’ mis-
understanding of everyday physi-
cal principles suggests that igno-
rance of the physical behavior of
water is hardly an isolated prob-
lem. Adults have been shown to
hold naive beliefs regarding many
aspects of physics and often err,
for example, when asked to draw
the correct trajectory of a car driv-
ing off a cliff or a ball emerging
from a spiral tube (McCloskey,
1983). From this perspective, it
seems important to continue to ex-
plore the correlates of good and
poor WLT performance, correlates
that might transcend the labora-
tory to include learning tasks
posed by educators in the class-
room and supervisors in the work-
place.
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The finding that so many adults
perform poorly on a task designed
originally for children represents a
particular challenge to develop-
mentalists, especially those who
endorse a universalist perspective
regarding the processes and end
states of cognitive development. It
is important to recognize, how-
ever, that adults and children may
have difficulty with the task for
very different reasons. For exam-
ple, children’s errors may indeed
reflect the absence of a euclidean
spatial system, as argued by Piaget
and Inhelder half a century ago,
but it is doubtful that adults’ errors
signify the same deficit. Rather, it
is more likely that most normal
adults have developed a mature
spatial system (probably, as pre-
dicted, by about age 9), but that a
considerable proportion fail to ap-
ply it when necessary. However,
to whatever extent some adults
have truly failed to establish a eu-
clidean reference system, it will be
necessary to identify the alterna-
tive spatial concepts they apply in
the WLT and why these, in partic-
ular, have developed.

The WLT remains an enigma,
despite being one of the most
widely investigated spatial prob-
lems. But as psychologists con-
tinue to identify mechanisms that
contribute to task mastery, they
will move ever closer to solving
this intriguing puzzle.

Acknowledgments—We thank Norm
Frisch for his assistance with the art-
work.

Notes

1. Address correspondence to Ross
Vasta, Department of Psychology,
SUNY Brockport, Brockport, NY
14420; e-mail: rvasta@acsprl.acs.
brockport.edu.

2. For more variations on the task,
see the Recommended Reading.

3. Effect size is a statistic used to
calculate the influence of the indepen-
dent variable on the dependent vari-
able. When we report that scores from
two levels of an independent variable
are significantly different, we mean
that the difference between their mean
scores is not likely to result from
chance. But in order to say something
about the size of this effect, we must
consider more than just the difference
between the mean scores; we must
also consider the variability within
each group. For example, one way to
calculate effect size is to divide the dif-
ference between the two means by the
standard deviation of the groups being
compared (Cohen, 1977). Effect size
thus reveals more than whether the
group differences are statistically sig-
nificant; it can tell us whether the ef-
fect is large or small.
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