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Abstract

While the mental and physical benefits of motor activity are well documented, the degree to which
these benefits are dependent upon the environment within which the activity takes place remains
unknown. Specifically, studies exploring the effects of aquatic motor activities on cognitive abili-
ties are rare. The current study investigated the effects of aquatic motor activities—as compared
to on-land motor activities and non-motor activities—on the development of motor and cognitive
abilities in a sample of 94 children aged between four and six. Developmental-functionality tests—
including fine and gross motor, time estimation, reasoning and processing speed tests—were used
to measure the motor and cognitive abilities of participants before and after six months of inter-
vention. Participation in the aquatic motor activities group was found to improve gross motor,
time-estimation and reasoning abilities. Moreover, improvements in gross motor abilities me-
diated the association between participation in aquatic motor activities group and the children’s
processing speed ability. These findings can improve the understanding of child development
professionals, psychologists and educators regarding the connection between aquatic environ-
ment and cognitive and motor development, and may contribute to improved early childhood in-
terventions.
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1. Introduction

There are well-documented cognitive and physical benefits from physical activity, throughout life and across
diverse population groups [1]-[3]. Furthermore, it has been posited that compromised neuropsychological func-
tioning is associated with impaired cognitive and motor development [4]. Thus, early childhood professionals
are in agreement concerning the importance of motor development and physical activity in the cognitive and
neural development of children [5]. For example, Sibley and Etnier [6] found in their research review a signifi-
cant positive relation between physical activity and cognitive functioning in children aged between 4 and 18
years. More specifically, they concluded that physical activity improves children’s perceptual skills, verbal abil-
ities and developmental levels. Hillman, Erickson and Kramer [7] suggested that exercise during early childhood
is important for the development of cognitive health. Every child has a unique developmental pattern, they pro-
pose, and individual development will be influenced by the interaction between life experiences and the envi-
ronment within which these experiences occur. For example, according to the Dynamic System Theory (DST),
the interaction between the individual, the purpose of the task and the environmental conditions contribute to the
child development [8]. This theory will underpin the current study, in that we contend that it is theoretically
possible to effect an improvement in existing skills—or even introduce new ones—by changing the environment
in which a specified activity occurs. The unique environment that we explored was water, and we determined to
compare aquatic motor activities with on-land motor activities in order to test this hypothesis.

Water has been used throughout history for a variety of purposes, including physical therapy, rehabilitation
and sport. These activities are made possible by water’s special qualities and the influence of these attributes on
humans [9]. Through immersion in an aquatic environment, a child can be exposed to new skills—such as
swimming, diving and floating—which can’t be performed on land. Aquatic motor activity (AMA) exposes the
child to unique sensorimotor stimuli, including floating boards and sinking objects, which can only be employed
in an aquatic environment. In addition, AMA provides multi-sensory stimulation combining three sensory sys-
tems—the vestibular, proprioceptional and tactile. In turn, these forms of multi-sensory stimulation may im-
prove balance and coordination [10]. More specifically, multi-sensory stimulation by way of immersion can
improve balancing abilities by increasing the proprioceptive input to the immersed body, thus providing greater
body alignment and stability. Sensory feedback is increased by promoting a sense of body awareness, as resis-
tance to movement through water is greater than resistance through air [11]. Moreover, sensorimotor integration
may be stimulated more effectively in an aquatic environment in comparison to an on-land environment, since
water provides three dimensions of movement—forward-backward, up-down and right-left. The experience of
these spatial concepts depends on the body of each individual and how that body learns to interact with its sur-
roundings [12]. A recent study, which used functional near-infrared spectroscopy to investigate the influence of
water immersion on cortical activation, found that aquatic immersion induced cortical activation in both the so-
matosensory and motor areas, suggesting that aquatic immersion might enhance motor learning during the pe-
riod of acquisition of motor skills [13].

The integration of the sensorimotor information learned in controlling the aquatic environment during motor
activities—such as floating and diving—is made possible by the concept of neuroplasticity, which enables the
development of a network of neural connections as a response to experience [14]. Upon repetition, these neural
groups create communication patterns which in time develop into neural paths. Neuroplasticity is known to be
particularly high in early childhood [15].

One of the most investigated areas examined in relation to neuroplasticity is the cerebellum [16]. The cere-
bellum has long been known to be involved in the coordination and automatisation of movements, in balance
and posture and in motor-learning [17] [ 18] in addition to its important role in sensorimotor integration [19] [20].
Several studies have shed light on additional functions of the cerebellum, which include complex cognitive op-
erations [16] [21]. For example, activation of the cerebellum has repeatedly been found to be an aspect of sever-
al working-memory and reasoning abilities tasks [22]-[25]. Other evidence has indicated the importance of the
cerebellum in timing processes [26], such as in time estimation [27] [28]. Time estimation is an important com-
ponent of the ability to organize and plan sequences of actions [29] [30]. In addition, time estimation (specifi-
cally, temporal discrimination ability) has been found to correlate with the cognitive ability (specifically, mea-
surements of the successes rate in Ravens’ Advanced Progressive Matrices test) of undergraduate students [31].

Over the last two decades, researchers have discussed the “cerebellar deficit hypothesis of dyslexia” [32] [33],
suggesting that cerebellar deficits in the timing functioning which interfere with the automatisation of function
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development can lead to problems in articulation and working memory. One of the most well-known studies
supporting this hypothesis used fine-motor tasks, including finger-to-thumb and bimanual finger-tapping, in
which dyslexic teenagers showed lower performances than control participants in the study, to demonstrate these
consequences [34]. Another study found low performance in time-estimation tasks among dyslectic children as
compared to control participants [35]. A recent brain-imaging study found a reduced volume in the anterior lobe
of the cerebellum of children with decoding impairments (namely, dyslexia) in comparison to typically-devel-
oping children. Recent studies have found cerebellar functional activation patterns during reading and motor
learning in dyslexic readers. Some children and adults with dyslexia show poorer performance in cerebellar mo-
tor tasks, including eye-movement control, postural stability and implicit motor learning [21]. These results in-
dicate cerebellar involvement in dyslexia and establish an important foundation for future research concerning
the connectivity of the cerebellum and cortical regions typically associated with reading impairment [36].

Nonetheless, the connection between the cerebellum, sensorimotor processing and cognitive abilities requires
further investigation. Despite the studies mentioned above, there is a dearth of research comparing the effects of
motor training in differing environments—such as water—on cognitive development. Moreover, there has been
very little research about the contribution of AMA to areas of functioning that are not physiological or motor-
related. Thus, in the current study, we examined the relation between gross-motor, fine-motor and time-estima-
tion abilities, and the possible connection between these abilities and cognitive abilities such as reasoning and
processing speed. To do so effectively, we combined existing knowledge of motor- and cognitive-related re-
search regarding the effects of AMA. Based on the above findings, we made the following hypotheses regarding
the advantages of AMA as compared to On-Land Motor Activity (OLMA) and Non-Motor Activity (NMA): (a)
AMA would have a higher positive effect on gross motor abilities, as compared to the effects of OLMA and
NMA; (b) AMA would have a higher positive effect on fine motor abilities, as compared to the effects of
OLMA and NMA; (c) AMA would have a higher positive effect on time estimation abilities, as compared to the
effects of OLMA and NMA.

Since children with automaticity and coordination in motor abilities may have a greater processing capacity
available to learn more complex concepts such as symbolic representation [37] and since the aquatic environ-
ment may enhance motor learning [ 13], we further hypothesized that (d) AMA would have a higher positive ef-
fect on cognitive abilities, as compared to the effects of OLMA and NMA and (e) changes in gross motor, fine
motor and time-estimation abilities will mediate the effects on cognitive abilities.

2. Method
2.1. Participants and Procedure

To aid comprehension of the study’s design, a flow diagram (Figure 1) has been employed according to the
CONSORT (Consolidated Standards of Reporting Trials) statement (http://www.consort-statement.org/). The
flow diagram is intended to depict the participants’ state of information awareness during the four stages of the
trial, incorporating enrollment, intervention allocation, follow-up and analysis.

The participants were recruited from a regional kindergarten complex, serving children between the ages of
four and six years from middle socioeconomic status families (according to The Central Bureau of Statistics,
Local Authorities in Isracl 2010, Publication No. 1). The research was approved by the Chief Scientist of the
Israeli Ministry of Education, and by the Ethics Committee of Bar-Ilan University. Participants in the study were
recruited between September 1 and October 31, 2011. Parents of potential research participants were asked to
complete a developmental and background questionnaire. Criteria for the children’s eligibility included (a) nor-
mal birth weight, (b) normal motor, cognitive and language development, (c) normal hearing, (d) no absences
from kindergarten, of longer than one week in duration, up until October 31, 2011 and (e) participation in only
one additional extracurricular activity provided by the local community center after October 31, 2011.

The children were divided at random into three intervention groups. Assessments of the motor, time-estima-
tion and cognitive abilities of the children were conducted during personal meetings prior to the commencement
of the intervention activities, and again with exactly the same diagnostic battery of tests after six months of par-
ticipation in one of the activities. The activity procedure (AMA, NMA or OLMA) was delivered in the form of a
weekly training session of 45 minutes in duration. We compared the effects of AMA with two control groups:
the NMA group was chosen in order to provide a control for the motor aspects of the training, while the OLMA
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Figure 1. Flow diagram of a randomized trial for evaluating effects of intervention on
motor and cognitive abilities during early childhood. The diagram includes information
on the excluded participants.

group was chosen in order to provide a control for the environmental aspect of the training.

2.2. Training Groups

Aquatic Motor Activities (AMA): The AMA took place in a hydrotherapy pool (14 meters long and 5 meters
wide, temperature maintained at 33°C, with a pool depth range ranging from 80 centimeters to 140 centimeters).
One swimming instructor accompanied up to five children in the pool. The children learned how to exercise
control over their aquatic environment through activities such as standing and walking in water up to the chest,
floating on the back/stomach, rolling over from stomach to back (and vice versa) while kicking with legs and
moving hands, and diving. We used the basic rotational exercises of the Halliwick method [38] [39]. This me-
thod is based on scientific principles of hydrodynamics and body mechanics, and is divided into 4 phases: ad-
justment to water; rotations; control of movement in water; and movement in water.

On-Land Motor Activities (OLMA): The second intervention group was made up of children who participated
in OLMA (basketball, football, judo, general gymnastics and ballet). One instructor accompanied five children.

Non-Motor Activities (NMA): The third intervention group was made up of children who participated in no
explicitly targeted motor activities (chess, drama and art). One instructor accompanied five children.

2.3. Tasks

The Gross Motor Protocol Included the Following Test:
The Test of Gross Motor Development [40]: This test assesses the quality and quantity of movement in child-
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ren, and has been used to assess change as a function of increasing age, experience, instruction or intervention.
We used a version adapted for use in Israel [41] [42]. The test includes locomotion and object control abilities.
The locomotion section of the test consists of four consecutive items: running, horizontal jumping, sliding and
galloping. The object control subtest consists of four consecutive items: catching, kicking, bouncing and over-
hand throwing. An accurate demonstration and verbal description of the task required was provided beforehand
by an experienced adult. The child was allowed one practice attempt, to ensure comprehension. If the child did
not appear to understand the explanation or did not perform the practice attempt correctly, an additional demon-
stration and instructions were provided. Each child then performed three repetitions of each gross motor skill;
first all the locomotion subtest abilities, and then all the object control abilities. Each time the task was per-
formed correctly, a score of 1 was given; incorrect performances of the task were scored 0. The sum of all per-
formances represents the final score for each item. Internal consistency reliability for the locomotion and object
control score, and also for the total composite score, averaged 0.78, 0.74 and 0.80 respectively. The measure of
the outcome was the score for each part.

The Fine Motor Protocol Included the Following Tests:

Finger-to-Thumb Test [17]: The child was asked to place the index finger of one hand onto the thumb of the
other hand and vice-versa. Then, keeping the top thumb and finger together, the child was asked to rotate one
hand clockwise and the other anti-clockwise until finger and thumb touched again. The task was demonstrated,
and subjects practiced the tasks until they were able to complete the movement fluently five times in succession.
They were then asked to perform ten movements as quickly as possible. The measure of the outcome was the
time taken for ten successive movements.

Repetitive Finger Tapping [43]: The child was asked to press the button on a response box with the index
finger, repeatedly and as quickly as possible, for one minute. Each press of the button was recorded, and the out-
come was the average duration between two depressions and the total number of depressions of the button.

The Time-Estimation Protocol Included the Following Test:

The Time-Estimation Test was inspired by the test of Nicolson and colleagues [35], itself inspired by Ivry and
Keele [27]. In each time-estimation trial two tones were presented successively, and the child was asked to indi-
cate whether the second tone was longer or shorter than the first. The standard stimulus, always presented first,
was a 1200 millisecond-long pure tone of frequency 392 Hz. Fifteen comparison tones had respective durations
of 400, 700, 800, 900, 950, 1000, 1050, 1200, 1350, 1400, 1450, 1500, 1600, 1700 and 2000 milliseconds (ms).
The two tones were separated by a 1000 ms silent interval. Each trial was performed twice, amounting to 30 test
trials presented in random order. The test block was preceded by a practice block of eight trials (using only the
eight extreme comparison tones), during which feedback was provided. No feedback was provided during the
test block. The stimuli were transmitted by a computer through headphones at about 75 dB SPL. After each pair
of tones, the subjects indicated whether the second tone was longer or shorter than the first one. The measure of
the outcome was the number of correct answers.

The Cognitive Protocol Included the Following Tests:

The Raven’s Colored Progressive Matrices (RCPM) [44]: This is a well-known assessment battery of non-
verbal visual reasoning abilities, using the ability to match appropriate colors and patterns. The RCPM consists
of three sets, A, Ab, and B. Each subset contains 12 items, and each item consists of a drawing (matrix) of a
pattern from which a section is missing. At the bottom of the page, six patterns are printed, one matching the
missing section. The child was to choose which of the six alternatives fits the missing section. Internal consis-
tency reliability is 0.90. The outcome was measured by the number of correct answers.

Visual Matching [45]: This test measures the ability to demonstrate visual discrimination by circling pairs of
identical numbers in a row of six numbers as quickly as possible. The child was given two minutes to complete
the test. Internal consistency reliability is 0.96. The outcome was measured by the number of correct answers.

Cross Out [45]: This test measures the ability to make quick comparisons of visual symbols. The child has to
identify five identical shapes in a row of 19 shapes as quickly as possible. The child was given two minutes to
conduct the test. Internal consistency reliability is 0.90. The outcome was measured by the number of correct
answers.

2.4. Data Analysis

The groups were compared against background characteristics (see Table 1) and baseline scores of tests (see
Table 2). No significant differences were found between the groups.
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Table 1. Characteristics and demographic descriptions of study participants.

AMA OLMA NMA
n=31 n=41 n=22 F(2,91)
M (SD) M (SD) M (SD)
s . . 12.87 13.56 13.00
Raven’s Colored Progressive Matrices (3.24) (.12) (2.89) 0.70
. 57.2 57.1 53.5
Age in months (71.81) (8.52) (1.54) 0.18
. 1.83 1.90 1.86
Mother education (0.37) (0.30) (0.35) 0.77
Gender
Male 15 19 12
(48.4%) (46.5%) (54.5%)
Female 16 22 10
(51.6%) (53.5%) (45.5%)

“Calculated on a 4-point scale: 1 = graduate high school; 2 = graduate B.A; 3 = graduate M.A; 4 = graduate Ph.D.

Table 2. Differences between study group in gross motor, fine motor and cognitive abilities at baseline.

AMA OLMA NMA
n=31 n=41 n=22 F(2,91)
M (SD) M (SD) M (SD)
. 14.06 13.83 13.27
Locomotion (1.88) (2.64) (2.03) 0.41
. 13.03 12.51 12.00
Object control (1.33) (2.68) (2.23) 0.21
. 16.47 19.59 25.39
Finger-to-thumb (1.27) (16.05) (10.17) 0.09
. . 103.09 105.44 94.95
Repetitive finger tapping (16.49) (19.69) (20.87) 0.11
. L 19.42 18.70 17.59
Time-estimation (3.18) (3.87) (3.38) 0.15
. . 5.14 4.88 3.53
Visual matching (2.53) (3.19) (3.03) 0.10
2.87 3.07 223
Cross out (1.22) (1.81) (1.57) 013

Notes: All categories measured at baseline.

In order to investigate our first four hypotheses regarding the differences between the effect of Study Group
(AMA, OLMA, and NMA) on gross motor abilities (locomotion and object control), fine motor abilities (finger-
to-thumb, tapping average and tapping ability), time-estimation ability, and cognitive abilities (visual matching,
cross-out, RCPM), we conducted a series of mixed analyses of variance, in which the Study Group served as the
between-subject independent variable and Time served as the within-subject independent variable. The depen-
dent variables were the tasks (separately for each task). In order to investigate our last hypothesis—if the changes
in gross motor abilities, fine motor abilities and time-estimation ability mediated the effect of training groups on
cognitive abilitiecs—we employed mediation analyses, following Preacher and Hayes’s [46] procedure. This
procedure follows Baron and Kenny’s [47] four-step method, where progression from one step to the next is
contingent on obtaining significant results in the preceding step. In the first step, we examined whether the study
group (X: the predictor) predicted the change in the motor and time-estimation abilities (M: the mediators). In
the second step, we examined whether the change in the motor and time-estimation abilities predicted the change
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in cognitive abilities (Y: the outcomes) when controlled for the effect of the study group. In the third step, we ex-
amined whether the mediation paths from the study group, via the change in the motor and time-estimation abili-
ties, to the change in cognitive abilities were significant.

A significant bias-corrected bootstrap analysis would support mediation. Finally, in the fourth step, we ex-
amined whether the direct links from the training group to the change in cognitive abilities remained significant
when controlled for the change in the motor and time-estimation abilities. A significant direct link would sup-
port partial mediation, whereas a non-significant link would support full mediation. In the present analyses, we
gave up Baron and Kenny’s [47] traditional first step—in which one needs to establish a significant direct link
from the predictor to the outcome variable [48].

3. Results
3.1. Differences between Study Groups in Gross Motor Abilities

A significant Time by Group interaction was observed in both the locomotion [F(2, 91) = 6.90, p < 0.05] (see
Figure 2(a)) and object control [F(2, 91) = 3.30, p < 0.05] abilities (see Figure 2(b)). The locomotion abilities
improved over time only among the AMA (#(30) =—5.29, p <0.01) and OLMA (#(40) =—3.22, p < 0.01) groups,
but not among the NMA group (#21) = —0.23, p > 0.05). The object control abilities improved over time only
among the AMA (#(30) = —6.44, p < 0.01) and OLMA (#(40) = —2.14, p < 0.05) groups, but not among the NMA
group (#(21) = —0.33, p > 0.05). Bonferroni post-hoc analyses indicated that the AMA group achieved a better
improvement in the locomotion and object control scores over time than the NMA group. The OLMA group did
not differ significantly from either group.

3.2. Differences between Study Groups in Fine Motor Abilities

No significant Time by Group interactions was observed in all of the fine motor tasks.

3.3. Differences between Study Groups in Time Estimation Ability

A significant Time by Group interaction was observed in the time estimation ability [F(2, 91) = 6.09, p < 0.01]
(see Figure 3). The time estimation ability improved over time only among the AMA (#(30) =—6.21, p < 0.001)
and OLMA (#(40) = —3.46, p < 0.01) groups, but not among the NMA group (#21) = —1.30, p > 0.05). Bonfer-
roni post-hoc analyses indicated that the AMA group achieved a better improvement in the time estimation score
than the NMA group. The OLMA group did not differ significantly from either group.

3.4. Differences between Study Groups in Cognitive Abilities

A significant Time by Group interaction was observed in the RCPM score [F(2, 91) = 33.09, p < 0.01] (see
Figure 4). The RCPM score improved over time only among the AMA (#30) = —12.51, p <0.001) and OLMA
(#(40) = —2.86, p < 0.01) groups, but not among the NMA group (#(21) = —0.18, p > 0.05). Bonferroni post-hoc
analyses indicated that the AMA group achieved a better improvement in the RCPM score than the NMA group.
The OLMA group did not differ significantly from either group. No other significant Time by Group interac-
tions was observed in the cognitive tasks.

3.5. Does the Change in Gross Motor, Fine Motor and Time-Estimation Abilities Mediate
the Effect Study Group on the Cognitive Abilities

Step 1. To examine whether the AMA group predicts changes in the gross motor, fine motor and time-estimation
abilities, we first effect-coded the study group variable. This coding enabled us to compare the effect of the
AMA (coded 1) with those of the OLMA (coded —1) and NMA (coded —1). A preliminary analysis revealed that
using the measures of average tapping time between two depressions and tapping ability in one model mani-
fested a multi-colinearity (tolerance scores lower than 0.2, which indicate an extensive overlap between the pre-
dictors). Therefore, we ran models in which we used only the measure of average tapping time between two de-
pressions. The unstandardized regression coefficients for gross motor, fine motor and time estimation abilities
are presented in Table 3. The analysis revealed that AMA conditions related to better locomotion, object control
and time estimation abilities than both the NMA and OLMA conditions. The AMA group also demonstrated a
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Figure 2. (a) Means and standard deviations for examining the differences in gross motor ability of locomotion as a function
of time and study group. **p < 0.01. (b) Means and standard deviations for examining the differences in gross motor ability
of object control as a function of time and study group. *p < 0.05, **p < 0.01.

shorter tapping average duration between two depressions than the NMA group. Therefore, we continued to as-
sess the mediation processes via these abilities.

Step II. Unstandardized regression coefficients are presented in Table 4. The analysis revealed that the AMA
group demonstrated a better RCPM score than both the NMA and OLMA groups. In addition, the analysis re-
vealed that the better the object-control abilities, the better the visual matching score. This effect was signifi-
cantly above and beyond the contribution of the study group to the prediction. Moreover, the analysis revealed
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Figure 4. Means and standard deviations for examining the differences in cog-
nitive ability of RCPM as a function of time and study group. **p < 0.01, ***p
<0.001.

Table 3. Unstandardized regression coefficients for predicting the change in the gross motor, fine motor and time estimation
abilities by study group.

Locomotion Object Control Finger-to-Thumb Tapping-Average Duration  Time-Estimation
AMA vs. NMA 0.66** 0.57** —-0.15 —0.29* 0.51%**
AMA vs. OLMA 0.22* 0.32%* —0.09 0.02 0.29*

Note: *p <0.05, **p <0.01.

that the better the performance in the finger-to-thumb task, the better the performance in the cross-out task.
Nevertheless, because the AMA group did not predict the performance in the finger-to-thumb task, a mediation
process could not have occurred. The other paths were not significant. Therefore, we did not find that the change
in the fine motor and time-estimation abilities over a period of six months mediated the effect of the AMA group
on cognitive abilities.

Steps III to IV. The bias-corrected bootstrap analysis revealed that the mediation paths from the AMA (verses
the OLMA training and/or NMA group) via object-control abilities to the participants’ visual matching (95% CI
0.01, 0.35 for AMA vs. NMA, 95% CI 0.01, 0.19 for AMA vs. OLMA) was significant. In addition, as can be
seen in Table 4, the links between AMA and the participants’ visual matching was not significant after the in-
clusion of the object-control ability. Thus, the motor-related abilities fully mediated this path.

4. Discussion

The main objective of this study was to investigate the effects of AMA on motor, cognitive and time-estimation
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Table 4. Unstandardized regression coefficients for predicting the change in the cognitive abilities by gross motor, fine
motor and time estimation abilities and study group.

Visual Matching Cross-Out RCPM

Locomotion —-0.07 —0.14 —0.04
Object control 0.27" 0.22 0.15
Finger-to-thumb —-0.42 -0.25" -0.03
Tapping-average duration -0.13 —-0.05 0.03
Time-estimation 0.03 0.03 -0.01

AMA vs. NMA 0.25 0.18 0.62""

AMA vs. OLMA 0.03 0.17 0.86™"

Note: ‘p <0.05, "p <0.001.

abilities. To this aim, we compared the effects of AMA with two groups serving as controls for the motor and
aquatic environment aspects of the AMA training, OLMA (representing the motor aspect of the training without
the aquatic environment) and NMA (acting as a control for the motor aspect of the training). In addition, we ex-
plored whether the change in the motor abilities and time-estimation ability could explain changes in cognitive
abilities.

First—and as expected—we found that gross motor abilities improved over time among the AMA and OLMA
groups, but not among the NMA group. Gross motor skills are prerequisites for the performance of physical ac-
tivities [49] [50]. Previous studies have demonstrated a positive relationship between gross motor skills and or-
ganized sports participation in children [49]. In addition, we found that AMA group demonstrated a connection
to the development of significantly better gross motor abilities than the NMA group, while the OLMA group did
not differ significantly from either the AMA group or the NMA group in this respect. On one hand, these results
are in line with Becker [9], who claimed that aquatic training is unlikely to improve dry-land performance in
coordination skills—such as hurdling, the high jump, or complex coordination activities—in comparison to on-
land intervention. On the other hand, Becker did not compare the results against non-motor intervention, and
based his argument on research with adults; we suggest that the unique combination of high neuroplasticity dur-
ing early childhood and the multi-sensory stimuli that characterize the aquatic environment are responsible for
this difference. The aquatic environment activates a combination of the vestibular and the tactile systems [10],
due to the unique characteristics of water such as density, hydrostatic pressure, and buoyancy [9]. The physical
conditions of the aquatic environment allow for training at different depths and with differing gravitational in-
fluences on the individuals. Moreover, the aquatic environment provides three dimensions of movement rather
than the two present on-land [51]. This results in more or new sensory information during AMA, which could
account for the difference between the OLMA and AMA groups. Our results are also in line with Sato and col-
leagues [13], who suggested that aquatic immersion may enhance motor-related abilities. Sato and colleagues
used functional near-infrared spectroscopy in their study, and found cortical activation in the primary somato-
sensory area (S1), parietal association area (PAA) and supplementary motor area (SMA) were induced by aqua-
tic immersion. The SMA activation presumably related to the complex motor sequences and is closely related to
the cerebellum [52].

Second, our findings indicate that the time estimation ability improved over time with the AMA and OLMA
groups, but not with the NMA. Organizing and planning sequences of motor actions requires timing ability [29]
[30]. The AMA group demonstrated better time estimation abilities than the NMA group, while the OLMA
group did not differ significantly from either the AMA group or the NMA group in this respect. Our interpreta-
tion of this relates to the fact that in an aquatic environment, the child must coordinate between different kinds
of rhythms: the kicking rhythm, the arms rhythm and the birthing rhythm. The simultaneity of these three dif-
ferent rhythms may develop motor timing and coordination. In addition, AMA provides multi-sensory stimula-
tion which manifests a combination of the vestibular, proprioceptional and tactile sensory systems. The vestibu-
lar system in the inner ear reacts to head movements relative to gravity, and is connected to the cerebrum via the
brain stem and cerebellum. The system operates in integration with the proprioceptive system and produces the
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sense of balance and stability. The vestibular system influences the regulation of muscle tension, body-move-
ment coordination, and control of the eye movements which ensure a stable field of vision while moving [53].
The proprioceptive system refers to the sensation provided by muscles, ligaments and joints, and is created as a
result of body movement. Proprioception allows ongoing awareness of posture and body movements in space,
and the rhythm and timing of these movements [54]. Thus, it is a system providing external feedback to the ce-
rebellum, allowing regulation of motor activity. The tactile system has receptors in the skin, serving as a media-
tor between self and environment. Thus, the tactile system provides the cerebellum with external feedback, al-
lowing improved reaction time and precision of movement via the cerebellum.

Bisson, Tobin and Grondin [55] have claimed that literature concerning children’s time-estimation is rather
limited. According to the few studies available, children become more sensitive to time between the ages of
three and eight [56] [57]. Timing processing is divided into motor timing and time perception. Motor timing re-
fers to the timing aspects of motor acts, and time perception refers to the discriminative aspects of cognitive time
management, such as the ability to estimate temporal delays [58]. The intermediate cerebellum, through its di-
rect connections with the motor system, mediates the motor aspects of timing, while the lateral cerebellar he-
mispheres and their output nuclei mediate the cognitive or perceptual aspects of timing through their connec-
tions with the fronto-parietal association cortex [59]. However, functional neuro-imaging studies with healthy
adults and with patients with cerebellar lesions showed the activation of both the medial and the lateral zones of
the cerebellar cortex during tasks that required the precise representation of temporal information [60] [61].
Thus, it is still unclear if the cerebellar system mediates time-perception independently of motor behavior or other
cognitive functions. Our findings suggest that in young children, time estimation is associated with motor activi-
ties and motor behavior. However, the manner by which these results relate to cerebellum function and neurop-
lasticity requires additional investigation. Our results expand the existing literature on children’s time estimation
by shedding further light regarding connection between this and motor training, and especially to AMA.

Third, the analysis revealed that the AMA group presented a better RCPM score in comparison to the NMA
group. These results partially confirm our third hypothesis, and are congruent with several meta-analytic reviews
of research studies that found various cognition assessments (e.g. perceptual skills, intellectual quotient scores
and academic achievement) are positively related to physical activity in children [6] [62]. In connection with this,
our findings suggest that AMA particularly improve RCPM scores. The RCPM tap general problem-solving
skills [63]. There is increasing interest in the abilities required for problem-solving, and some experts have ar-
gued that problem-solving is connected to working-memory and fluid intelligence (also known as novel reason-
ing) [64] [65]. Working memory is a system for holding and manipulating information over brief periods of time,
in the course of ongoing cognitive activities [66]. Fluid intelligence is the ability to reason under novel condi-
tions, and stands in contrast to performance based on learned knowledge and skills or crystallized intelligence
[67]. Neuropsychological studies have found that the RCPM task is related to prefrontal functioning, and that
specific activity can be localized to the dorsolateral prefrontal cortex and posterior parietal cortex [68] [69]. In
addition, co-activation of dorsolateral prefrontal cortex and the cerebellum has been repeatedly found to be re-
lated to several working-memory tasks [70] [71]. Our findings may thus serve as the basis for a new program of
interventions for cerebellar-related neurodevelopmental disorders with impaired working-memory and fluid in-
telligence mechanism. This mechanism has been found to be impaired among population with mental retardation
[72] [73]. In addition, studies discussing the “Cerebellar Deficit Hypothesis™ of dyslexia suggest that cerebellar
deficits can affect articulation and working memory [33].

Finally, we succeeded in demonstrating that the mediation paths from the AMA (verses the OLMA training
and/or NMA group) via object-control abilities to participants’ visual matching were significant. With regard to
gross motor abilities, according to Latash and Turvey [74], locomotion abilities are supposed to be more auto-
matized and less dependent on cognitive functioning, while object-control abilities are supposed to require more
involvement of cognitive processes. Processing speed ability is closely related to reading [75]-[77] and writing
[78]. Studies have indicated that processing speed (as measures in the visual matching task) is further related to
the orthographic processes that are important for reading during childhood and adolescence [75]. Our novel
findings shed light on the normal development of the cognitive-related abilities that emphasize the importance of
motor functioning. Moreover, intervention that enhances gross motor functions will lead to improvements in
visual matching. The combination of this specific information concerning the advantages of an aquatic environ-
ment for children may provide useful knowledge for physical-education teachers, and can be utilized in the de-
velopment of motor interventions for pre-school children. For instance, object control is a specific element of
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gross motor skills found to be associated with the development of processing speed, over time, in kindergarten;
this would suggest that children’s processing speed abilities may benefit from more explicit programs enhancing
object control abilities, such as aquatic motor intervention.

There are several limitations to this study that should be acknowledged. First, the small sample size limited
the power of the study and prevented further sub-analyses of gender differences, or of children with a family
history of learning disabilities. Further research, with larger sample sizes, is needed to address these issues.
Second, eligibility was determined by parental report, which may be misrepresented. Third, we are aware of the
potential differences between the various types of non-aquatic motor and non-motor activities which were used
in the study. Future research will examine specific different elements of the aquatic training, including the dif-
fering effect of gravity at different depths, and activities in three dimensions of movement. However, we should
keep in mind that this is a preliminary exploratory research, aimed at examining the potential effect of aquatic
environments and the relationship between AMA and cognitive abilities in normal populations during early
childhood. Fourth, we refer to gross motor, fine motor and time-estimation abilities as “cerebellum-related” ab-
ilities. This claim should be accompanied by an examination of the effect of exercise on brain morphology and
internal connectivity, using Magnetic Resonance Imaging or Track-Density Imaging. Further research is needed,
incorporating this possibility for the validation of our hypothesis, and we are currently working in this direction.

5. Conclusion

In conclusion, the current research provides evidence that AMA can be useful in improving the motor, cognitive
and time-estimation abilities in children aged between four and six attending standard kindergartens. It thus con-
tributes to the understanding of the possibilities afforded by different motor training and the possible neural
mechanisms that underpin the enhancement of these abilities. The advantages of an aquatic environment for
children may further provide useful knowledge for physical-education teachers and could be utilized in the de-
velopment of motor interventions for pre-school children. In addition, such interventions may help reduce early
motor difficulties, thereby preventing additional motor disorders which can lead to associated emotional, social
and educational problems. The interpretation of the current findings—and their relation with previous findings
linking cognitive abilities to the cerebellum—may explain how aquatic motor activity (AMA) may be responsi-
ble for the enhancement of motor and cognitive abilities. In turn, the findings may serve as the basis for a new
intervention program for different developmental disorders. This could specifically be the case with both dys-
lexia—where the cerebellar deficits can affect articulation and working memory [33]—and with mental retarda-
tion [72] [73], where the subjects are known to suffer from impaired working-memory and fluid intelligence.
This is particularly relevant given that early childhood is the most cost-effective period for long-term interven-
tions [79], and that during early-childhood there is greater efficiency in neuroplasticity [15].
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