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Abstract

Immersion in chest-deep water may augment explicit memory in healthy adults however,

there is limited information on how this environment might affect implicit memory or motor

learning. The purpose of this study was to compare the speed and accuracy for learning a

motor skill on land and in chest-deep water. Verbal word recall and grip strength were

included to gain a more complete understanding of the intervention. Sixty-two younger

adults (age = 23.3 ± 3.59 yrs.) were randomly assigned to either a water group immersed to

the xiphoid or a land group. Participants in both groups completed the same eight practice

trials of a mirror-drawing task on two separate days. Outcome measures for this task

included time and error numbers to complete each drawing. The number of words recalled

using a 12 word recall test, and peak grip strength using a hand dynamometer were mea-

sured each day of testing. The influence of environment and repeated practice on each out-

come measure were assessed with an analysis of variance and effect sizes (ES). Time and

errors for both groups significantly decreased with practice (p < 0.01, ES = 0.11–0.28), how-

ever the drawing time was greater in water than on land for trials 1, 5, and 6 (ES = 0.50–

0.55). There was a 7% increase in words recalled (9.24 ± 1.19 vs 8.60 ± 1.19) and a 16%

increase in grip strength (405 ± 104 vs 342 ± 83) for water than land groups (ES 0.54–0.64).

Healthy adults in chest-deep water and on land display comparable mirror-drawing speed

and accuracy after minimal practice. Curiously, water immersion may augment verbal word

recall and grip strength abilities.

Introduction

A primary goal of physical rehabilitation is to restore function in a timely manner using evi-

dence-based treatments. Indeed, how quickly a treatment restores function is restricted by
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biological-related factors (e.g., type of tissue injured), patient-related factors (e.g., age), and

treatment-related factors (e.g., type of treatment received). Regarding the latter, multiple evi-

dence-based treatments may resolve the impairment, yet the rate of improvement following

each treatment intervention may differ drastically. For instance, stroke survivors often display

reduced gait velocity compared to controls [1] and task-specific high velocity gait training

appears to improve gait velocity more quickly compared to conventional gait training and

therapy [2]. Considering that many stroke survivors often do not receive enough therapy to

improve some activities of daily living to the level of independence [3], it is imperative for cli-

nicians to use treatments that minimize the time-course to recovery.

We have recently observed that gait training in chest-deep thermoneutral water signifi-

cantly improved measures of gait [4] and mobility [5] in patients with osteoarthritis after one-

week of training with no improvements after equivalent land training. We have also observed

that healthy younger and older adults tended to make fewer ‘cognitive’ errors on an explicit

auditory memory task while immersed chest-deep in water than on land during single and

dual-task conditions [6, 7]. Other researchers have reported greater blood flow velocity in the

cerebral arteries [8, 9] and greater oxygenated hemoglobin concentrations in sensory and

motor areas of the cerebral cortex [10] during partial water immersion compared to land. Col-

lectively, these studies indicate that the aquatic environment may augment cognitive and

motor processes, but it is unclear whether the augmented cognitive and motor processes

observed during partial water immersion influence the speed of recovering motor function.

Recovery of motor function is fundamentally a process of relearning motor skills and is

dependent on intensive practice [11]. By repeating complex motor skills over and over again

(practice), the skills are refined and through procedural learning, stored as implicit memory.

This motor skill refinement and maintenance is essential for independent involvement in the

activities of daily living. Often, a mirror-drawing task is used to asses implicit memory perfor-

mance [12]. The task requires a person to trace a shape, and stay within the boundaries of a

double line, while observing an inverted reflection of their hand through a mirror. Motor

learning for the task is often assessed using improvements in tracing time (e.g., speed) and

accuracy (e.g., fewer errors) over repeated trials and through the assessment of bilateral trans-

fer [13]. Of importance here, the mirror-drawing task can be performed in chest-deep water

and the speed and accuracy of learning may be observed within a few practice sessions [14].

The aim of the current study was to compare the speed and accuracy of learning by evaluat-

ing mirror-drawing skill on land and in chest-deep water. Evaluating motor skill learning or

implicit memory in the aquatic environment is an original aspect of this study. We expected

the time-course or rate of learning to be faster and with fewer errors in water than on land. We

also assessed verbal memory recall (i.e., explicit memory) and grip strength to better under-

stand how the environment more generally affected cognitive and motor function. Previously,

we observed improvements in auditory memory while immersed in chest-deep water than on

land [6, 7], and in the current study we extend this observation to a verbal memory task. Addi-

tionally, by including the verbal memory task, the study was better positioned to evaluate if

partial water immersion has a similar or differential effect on explicit and implicit learning.

Results of this study will address the following research question: Does partial water immer-

sion influence motor skill learning, verbal memory recall, and grip strength? This research

may help maximize the benefits of physical rehabilitation.

Materials and methods

This study utilized a single-blind between-group research design. A treatment group practiced

the mirror-drawing task in chest-deep water and a control group practiced the mirror-drawing

Aquatic immersion and motor learning
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task on land. The study was designed to optimize the consolidation of learning by using a two-

day training session. Since another hallmark of learning is how well a motor skill can transfer,

we also included a bilateral transfer assessment in the research design. To minimize experi-

mental bias, the participants were blinded to the group assignment.

Participants

A total of 64 healthy adults between the ages of 18–40 yrs. were asked to participate in the

study. Participants were recruited from a university setting via word-of-mouth referrals. Vol-

unteering participants were excluded if they had previously performed a mirror-drawing task

or self-reported any visual or motor disorders that would prevent them from tracing a star

shape on a flat surface while seated. The participants were assigned to either the treatment

(water) or control (land) group using a pseudo random technique. The participants’ physical

characteristics and their self-reported activity level, educational level, and handedness are

reported in Table 1. The two groups did not differ significantly (p> 0.05) on any measure

reported in Table 1 based on independent t-Tests or chi-square for the categorical data. The

sample size was based on effect sizes (ES) computed from previous studies using a similar mir-

ror-drawing task paradigm [12]. Participants were required to sign an informed consent form.

This study and the informed consent form were approved by the university Institutional

Review Board. Additionally, the individual in Fig 1 has given written informed consent (as

outlined in PLOS consent form) to publish these case details.

Procedures

Participants in each group attended two training sessions separated by 24 hrs. The duration of

each training session was about 30 min with the first 10 min of the first training session being

devoted to collecting participant physical characteristics. The location of each training session

took place in the same quiet room that contained a hydrostatic weighing tank (Fig 1). The

room was climate-controlled with the air and water temperature regulated to 24.5 ± 0.49˚ C

and 30.8 ± 1.40˚ C, respectively. This water temperature was chosen as it is consistent with

temperatures reported in previous research that focused on aquatics and cognition [6–9]. The

temperature also appears to be thermoneutral as it does not change skin temperature during

immersion [9]. The location of the training, the training itself, and the procedures for testing

were the same for the treatment and control groups. The only difference being the treatment

Table 1. Participant characteristics (Mean, ±SD) for the water (n = 31) and land (n = 31) groups.

Characteristic Water Land p value

Age (yrs) 23.8 (3.80) 22.8 (3.37) p = 0.26

Mass (kg) 72.1 (14.7) 73.3 (15.6) p = 0.75

Height (m) 1.75 (0.09) 1.73 (0.09) p = 0.68

Handedness 1.10 (0.30) 1.16 (0.37) p = 0.46

Gender 3.39 (0.50) 3.52 (0.51) p = 0.32

Activity level (days/week) 4.20 (1.86) 4.80 (1.82) p = 0.10

Level of education (1–5) 4.00 (1.00) 4.00 (1.00) p = 0.61

Heart rate (bpm) 60.8 (9.37) 62.1 (10.6) p = 0.63

Handedness; 1 = right hand, 2 = left hand.

Level of education 1 = grade school; 2 = jr high; 3 = high school; 4 = college; 5 = graduate school.

Gender; 3 = male; 4 = female.

Note: Mode and range reported for level of education.

https://doi.org/10.1371/journal.pone.0202284.t001
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group training and testing occurred while being immersed in water to the depth of the inferior

aspect of the xiphoid process. This depth was adjusted for each person and was chosen because

it is consistent with previous aquatic-based studies [6] and was a depth that permitted mirror-

drawing on a table in a seated position without having the arms immersed in water (Fig 1).

Mirror-drawing task. Participants were seated in front of an auto scoring mirror tracer

(Model 58024E; Lafayette Instrument, Lafayette, IN. USA) that was mounted to a table angled

to 15˚ (Fig 1). Participants were first given instructions on the goal of the task and to adjust the

occluder to maximize vision of the hand and star in the mirror-inverted image. After 5 min of

remaining in the seated position either on land or in chest-deep water, participants were given

the following instructions: “Place the stylus down at any point on the star, between the two

borderlines. Without lifting the stylus up, trace completely around the star, as quickly as possi-

ble without sacrificing accuracy. Accuracy will be defined as your ability to stay within the

lines.” It was emphasized that tracing errors and time were equally important to successful

completion of the task. The number of errors (moving outside the boundary) to complete each

tracing was automatically recorded and the time to complete each tracing was recorded with a

standard stop watch.

On each day of training, participants were asked to complete two blocks of four trials each

using their dominant hand, with a 10 s inter-trial interval and 10 min inter-block interval.

Two training blocks of four practice trials was chosen as it appears to be sufficient practice to

improve mirror-drawing performance on land [14]. Immediately before training on the first

day and after training on the second day, participants completed a preliminary tracing test

with their dominant and non-dominant hand in random order for the assessment of transfer.

Fig 1. Mirror-drawing task.

https://doi.org/10.1371/journal.pone.0202284.g001
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Verbal word recall task. At the completion of the second block of training on the first day,

participants were asked to memorize a list of 12 words using the Memory Assessment Scale

methods [15]. Participants were then asked to recall words from the list in any order on the first

day (short-delay recall) and after the second block of training on the second day (long-delay

recall). Participants were given the following instructions when asked to memorize the list of

words on the first day: “I’m going to read a list of 12 words to you. When I’m finished, I want you
to tell me as many words as you can remember. It doesn’t matter in what order you say them. We
will practice the list six times or until you remember all 12 words. Do you understand? Listen care-
fully. Here are the words (1 word/sec): Blue, England, Sparrow, Yellow, Italy, Paris, Crow, Orange,

Denver, Japan, Athens, Robin. Now tell me as many of the words as you can remember”. For the

short-delay recall assessment on the second day of testing the following instructions were pro-

vided: “Remember that list of words that you learned the last time we met? Tell me as many of
those words as you can remember. Begin.” A smartphone was used to record the verbal responses

and then the replay function was used to score the performance on a standardized scoring tem-

plate [15]. The outcome measure of interest for this test was the number of words recalled at

each time point.

Hand grip strength. Hand grip strength was measured during the 10 min inter-block

interval on the first and second day of training using standardized methods [16]. Participants

were seated in their respective environments (i.e., land or water) with their elbow fully

extended and arm resting on the table. Participants were asked to grip the hand dynamometer

(Plus Digital Hand Dynamometer; JLW Instruments, Chicago, IL. USA) and squeeze as hard

as possible for 5 s while they received encouragement. The test was repeated three times for

each hand, which was randomly assigned for the first test. For the remaining 10 min inter-

block interval, heart rate from a finger pulse oximeter (SportStat; Nonin Medical, Inc., Minne-

apolis, MN. USA) was recorded each minute for descriptive purposes.

Data analysis. Consistent with previous research, the time (s) required to complete each

trial and the number of errors per trial served as dependent measures for the mirror-drawing

task [12, 14]. The rate of improvement from trial to trial was assessed by computing a time

change score for each trial pair across both days of testing using the following equation where

T = time to completion: %T1-2 = [(T1-T2) x 100]/T1. This computation of improvement was

performed sequentially for each trial (%T1-2, %T2-3%T3-4,. . .%T15-16) and was comparable with

improvement computations used in previous mirror-drawing literature [14].

Regarding the verbal word recall test, the number of words recalled from the first trial on

day one and two were used for subsequent statistical analyses. The peak grip strength value

(kg) among the three trials for each hand were recorded and converted to Newtons (N) for

subsequent statistical analyses.

Statistical analyses. Pre-analysis screening was performed for each dependent measure to

test for normality and homogeneity of variance using visual inspection of the histograms, Sha-

piro-Wilk scores, and skewness. Data that violated these assumptions were log transformed

and retested. For presentation of the results, the data that were log transformed were trans-

formed back.

Dependent measures for the mirror-drawing task (i.e., time, errors, & improvement) were

analyzed using a 2 (environment) x 16 (trial) repeated measures analysis of variance

(ANOVA) with environment (land vs water) as an independent factor. If significant main

effects were observed for the trial factor, multiple comparisons between sequential trial pairs

collapsed across environment were performed using a Bonferroni correction. If significant

interactions were observed, follow-up independent t-Tests were performed on the environ-

ment factor to determine where differences occurred across trials. Transfer of learning was

assessed for the time measure using a 2 (environment) x 2 (pretest vs posttest for non-

Aquatic immersion and motor learning
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dominant hand) ANOVA. Verbal word recall comparisons were assessed using a 2 (environ-

ment) x 2 (immediate vs delayed recall) ANOVA and grip strength comparisons were assessed

using a 2 (environment) x 2 (handedness) x 2 (day 1 vs day 2) ANOVA. The alpha level was set

to 0.05 for all comparisons and any violations of sphericity for repeated measures were cor-

rected with a Greenhouse-Geisser adjusted F. To appreciate the meaningfulness of any statisti-

cal differences, Cohen’s d effect sizes (ES’s) were computed and interpreted using the

following scale: 0.0–0.2 = small, 0.2–0.5 = moderate, and> 0.5 = large ES. Finally, the average

heart rate for each environment was computed for descriptive purposes in Table 1.

Results

Sixty-four participants were screened for inclusion in the study and two participants were

excluded because of previous mirror-drawing experience. Sixty-two participants were included

in the study and assessed as planned. Statistical test assumptions were met for mirror-drawing

and verbal word recall measures after log transformation, whereas grip strength measures did

not require log transformation to meet test assumptions.

Mirror-drawing task

The ANOVA for the time measure revealed no main effect for the environment factor

(F = 2.96, p = 0.09), a significant main effect for the trial factor (F = 196, p = 0.001), and a sig-

nificant environment by trial interaction (F = 2.64, p = 0.04). Follow-up multiple comparisons

for the trial factor revealed the time to complete each star tracing significantly decreased over

all trial sequences between 1–12 (p< 0.01, ES = 0.11–0.28) except between trials 3–4 (p = 0.19)

and 8–9 (p = 0.74, Fig 2). The interaction revealed that, although time to completion decreased

for land and water groups, the completion time was greater in water than on land for trials 1,

5, and 6 (p< 0.03, ES = 0.50–0.55).

The same analysis on the number of errors revealed no main effect for the environment fac-

tor (F = 1.00, p = 0.32) and a significant main effect for the trial factor (F = 45.0, p = 0.001).

However, an environment by trial interaction was not observed (F = 1.42, p = 0.18). Follow-up

comparisons for the trial factor revealed the number of errors were only lower between trials

2–3 (p = 0.05, ES = 0.31) and 4–5 (p = 0.001, ES = 0.65, Fig 3). Individual error numbers and

time to completion for each participant that completed the mirror-drawing task are reported

in S1 Table.

Unlike the other mirror-drawing measures, the improvement scores displayed a significant

main effect for the environment factor (F = 5.91, p = 0.02) and the trial factor (F = 3.44,

p = 0.005), yet an environment by trial interaction was not observed (F = 1.17, p = 0.32). Multi-

ple comparisons revealed improvement scores increased and decreased across some trial

sequences (p< 0.002, ES = 0.46–0.65), however, values were 32% greater overall for water

than land environments (ES = 0.67, Table 2).

The assessment of transfer to the non-dominant hand revealed that time to completion and

errors were more than 60% lower for the posttest versus pretest, regardless of environment

(F = 177–237, p< 0.001, ES> 1.13, Fig 4). Additionally, there was no main effect for the envi-

ronment factor (p = 0.15–0.80).

Verbal word recall task

The number of words recalled were 35% greater for the delayed versus immediate recall,

regardless of environment (F = 112, p< 0.001, ES> 1.64). The environment factor was signifi-

cant (F = 5.70, p< 0.001) with a 7% increase in words recalled for water than land environ-

ments (ES = 0.54, Table 3).

Aquatic immersion and motor learning
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Hand grip strength

Regarding grip strength, a significant main effect for the environment (F = 7.48, p = 0.01) and

handedness (F = 29.1, p = 0.001) was observed. The day of testing was not significant (F = 7.21,

p = 0.06) and there was no significant interactions (p> 0.48). Grip strength values in water

were 16% greater than on land (ES = 0.64), and as expected, peak values were 6% lower for the

non-dominant than dominant hand (ES = 0.32; Fig 5).

Discussion

To our knowledge, this is the first study to observe the effects of partial water immersion on

procedural learning or implicit memory. We hypothesized the rate of improvement for learn-

ing would be greater and with fewer errors in water than on land. The results of the current

study support the former and reject the later aspect of this hypothesis. That is, rate of improve-

ment was greater overall for the water group (Table 2), yet errors were not different between

groups (Fig 3).

Fig 2. Time to complete the star tracing (mean, SD).

https://doi.org/10.1371/journal.pone.0202284.g002

Fig 3. Number of errors to complete the star tracing (mean, SD).

https://doi.org/10.1371/journal.pone.0202284.g003
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The speed and accuracy data in the current study are in accord with previous mirror-draw-

ing literature using similar methods. To be clear, no previous studies, that the authors are

aware of, have used the mirror-drawing task in an aquatic environment. Relative to previous

Table 2. Mean (SD) improvement in time to complete the star tracing task across trials on land and in water.

Sequence Water Land Marginal mean

%T1-2 17.8 (19.9) 6.42 (22.8) 12.1 (22.0)

%T2-3 5.26 (32.3) 7.26 (34.6) 6.26 (33.2)

%T3-4 6.29 (26.4) -4.86 (32.9) 0.72 (30.1)

%T4-5 12.0 (17.4) 21.3 (17.8) 16.7 (18.0)b

%T5-6 7.43 (11.9) 6.84 (13.7) 7.14 (12.7)b

%T6-7 9.50 (13.5) 2.30 (12.7) 5.90 (13.5)

%T7-8 3.31 (16.0) 5.26 (15.8) 4.28 (15.8)

%T8-9 0.81 (16.3) -3.28 (25.5) -1.23 (21.3)

%T9-10 14.4 (12.8) 8.03 (10.8) 11.2 (12.2)b

%T10-11 2.83 (9.27) 3.48 (7.75) 3.15 (8.48)b

%T11-12 3.66 (10.3) 8.24 (12.0) 5.95 (11.3)

%T12-13 24.2 (11.9) 17.8 (11.5) 21.0 (12.1)

%T13-14 3.55 (13.7) 3.25 (9.62) 3.40 (11.8)

%T14-15 0.24 (14.3) 2.82 (14.9) 1.53 (14.5)

%T15-16 0.52 (8.58) -2.11 (24.7) 0.79 (18.4)

Group mean 6.08 (2.95)a 4.09 (2.95)

aGroup mean different from land condition (p < 0.02)
bMarginal mean different from previous trail (p < 0.003).

https://doi.org/10.1371/journal.pone.0202284.t002

Fig 4. Time and errors to complete the star tracing (mean, SD) using the non-dominant hand before (pretest) and

after training (posttest).

https://doi.org/10.1371/journal.pone.0202284.g004
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studies using the mirror-drawing task, Rodrigue et al. [17] observed that healthy younger

adults on land displayed a first trial time to completion in about 45 s, which is consistent with

values in the current study for the land group (e.g., 47.2 ± 30.2 s; Fig 2). With respect to accu-

racy, Rodrigue and co-workers reported about eight errors for a healthy younger-aged group

and in the current study 12.4 ± 10.1 errors were observed for the land group during the first

trial (Fig 3). After 16 trials, Rodrigue et al. reported about one error and in the current study

2.32 ± 1.70 errors were observed for the same group comparison. It is important to note that

subtle differences in methods (e.g., star size, participant age, error detection methods) may

influence the uniformity of speed and accuracy between mirror-drawing studies.

What is not clear from the data is why the time to complete the initial practice trials took

longer in the water group. Given that the physical characteristics of the groups were similar

(Table 1) and the methods were similar between groups, the differences in time were likely

related to the environment. For instance, the novel properties of water (e.g., buoyance) may

have produced a less stable base of support or an attentional focus shift or “interference” due

to competing demands for neural resources [18]. Evidence of interference is typically revealed

as a decrease in task performance during a dual task activity (e.g., walking + talking) [19]. The

Table 3. Mean (SD) number of words recalled immediately and one day later (delayed) on land and in water.

Water Land Marginal mean

Immediate 7.93 (1.14) 7.35 (1.87) 7.64 (1.56)

Delayed 10.5 (0.93) 9.84 (1.75) 10.2 (1.44)b

Group mean 9.24 (1.19)a 8.60 (1.19)

aGroup mean different from land condition (p < 0.02)
bMarginal mean different from immediate recall (p < 0.001).

https://doi.org/10.1371/journal.pone.0202284.t003

Fig 5. Peak grip strength (mean, SD) for the dominant and nondominant hand. �Significantly different from water.

§Significantly different from dominant hand; p< 0.05.

https://doi.org/10.1371/journal.pone.0202284.g005
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greater initial time to completion observed in the current study may be evidence of instability

or interference for the aquatic group (e.g., water immersion + mirror-drawing). This conjec-

ture will indeed need to be tested formally in future research.

Although the focus of the current study was on motor skill learning using the mirror-draw-

ing task, we included an explicit verbal memory recall test to better understand how the

aquatic environment influenced cognitive function. Previously, we observed that younger and

older adults tended to make fewer errors on an explicit auditory memory task while immersed

chest-deep in water than on land [6, 7]. The results of the current study extend this observation

to a verbal memory recall task, as evidenced in Table 3. The differences in words recalled

between groups was only about 7%, and the ES was 0.54 suggesting moderate clinical relevance

It may be expected that an older population with greater variability from the highest possible

score will display larger ES’s, as evidenced in recent work [7]. The mechanism for improved

explicit memory in water is unknown, but as proposed previously [6, 7], may be related to a

change in parasympathetic drive or greater cerebral blood flow. For instance, hydrostatic pres-

sure applied to a person in chest-deep thermoneutral water produces a chain of events: Periph-

eral blood volume shifts to the thoracic region, central blood volume and stroke volume

increase, baroreflexes are stimulated, and vagal tone and parasympathetic drive are stimulated.

Curiously, this hemodynamic event during water immersion does not appear to influence

ones’ implicit memory or their ability to learn the mirror drawing task.

Collectively, the cognitive results of the current study indicate that partial water immersion

may have a differential effect on explicit and implicit learning. That is, partial water immersion

may influence accuracy on a memory recall task but not a mirror drawing motor skill task.

The observation that memory recall and motor skill learning are dissociated is not a new con-

cept, as reported in 1962 by Milner et al. with patient H.M. [20]. Perhaps the more relevant

observation is that after only six short practice trials, both groups behaved the same with

respect to time, errors, and percent improvement on the motor skill task. The clinical rele-

vance of this observation is that younger adults may not experience any improvements or dete-

riorations in overall speed or accuracy of learning a motor skill in chest-deep water. They will

however gain some improvements in verbal word recall.

Regarding the consolidation of motor skill learning, it may be observed in Figs 2 and 3 that

regardless of the environment, time and errors between the last trial of the first day and the

first trial of the second day were not different suggesting the aquatic environment did not posi-

tively or negatively influence the consolidation of learning. Further, both groups displayed a

significant and meaningful improvement in motor skill learning for the non-dominant hand

(Fig 4) suggesting the aquatic environment did not influence the transfer of learning. Com-

bined with the other classical markers of skill learning (i.e. increased performance, less vari-

ability, and retention) these results indicate that participants in a water and land environment

ultimately learn just as well.

Perhaps the most unexpected result in the current study was that grip strength was greater

for the water than land group, regardless of the day tested (Fig 5). The differences between

groups were meaningful based on the large ES (e.g., 0.64). Measures of muscle strength are

generally viewed as indicators of the integrity of nervous system [21], and although the nature

of the relationship is unclear, grip strength is positively associated with cognitive decline on

explicit memory tests [22, 23]. Many aquatic-based exercise studies examine how resistance

training in water influences strength measures on land. The results of the current study suggest

the capacity to improve grip strength in the water may be greater than on land, yet this conjec-

ture will need to be more formally tested.

There are limitations of the current study. For example, the immediate effects of aquatic

immersion and not the longitudinal effects were examined. It is reasonable to expect that
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chronic exposure to the aquatic environment may normalize mirror-drawing, verbal word

recall and grip strength values as participants become more accustomed to the novel stimuli of

the aquatic environment. Additionally, only healthy younger adults were tested. It might be

expected that individuals with mild cognitive impairment or dementia will more likely display

implicit or explicit memory errors because attentional resources may be compromised. Finally,

a baseline strength measure was not included and only one measure of strength was assessed

in the current study. It can not be assumed that baseline grip strength was similar between

groups and that lower limb strength was different between groups. Future research initiatives

include the need to test other domains of cognitive function (e.g., executive function) and its

relationship with cerebral activity to elucidate possible mechanisms of association. Additional

measures of strength may also be appropriate to better understand how the aquatic environ-

ment might augment or diminish motor function when compared to the same activities per-

formed on land.

Conclusions

Motor skill learning was ultimately not different when training in water than on land. This was

evident using standard markers of motor improvement including: (1) Performance improve-

ment in completing the task, (2) more consistent performance, (3) retention, and (4) transfer

of learning. These findings are valuable given that it suggests all of the benefits of learning

motor skills can be attained within a safe, low-impact aquatic environment. Consistent with

previous research, explicit memory was augmented and curiously, grip strength was also aug-

mented in water compared to land groups, which suggests there may be unexplored benefits

with this form of therapy.

Supporting information

S1 Table. Error numbers and time to completion for each participant that completed the
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