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Abstract 18 

Visuomotor adaptation to novel environments can occur via non-physical means, such as 19 
observation. Observation does not appear to activate the same implicit learning processes as 20 
physical practice, rather it appears to be more strategic in nature. However, there is evidence that 21 
interspersing observational practice with physical practice can benefit performance and memory 22 
consolidation either through the combined benefits of separate processes or through a change in 23 
processes activated during observation trials. To test these ideas, we asked people to practice 24 
aiming to targets with visually rotated cursor feedback or engage in a combined practice 25 
schedule comprising physical practice and observation of projected videos showing successful 26 
aiming. Ninety-three participants were randomly assigned to one of five groups: massed physical 27 
practice (Act), distributed physical practice (Act+Rest), or one of 3 types of combined practice: 28 
alternating blocks (Obs_During), or all observation before (Obs_Pre) or after (Obs_Post) blocked 29 
physical practice. Participants received 100 practice trials (all or half were physical practice). All 30 
groups improved in adaptation trials and showed savings across the 24-hour retention interval 31 
relative to initial practice. There was some forgetting for all groups, but the magnitudes were 32 
larger for physical practice groups. The Act and Obs_During groups were most accurate in 33 
retention and did not differ, suggesting that observation can serve as a replacement for physical 34 
practice if supplied intermittently and offers advantages above just resting. However, after-35 
effects associated with combined practice were smaller than those for physical practice control 36 
groups, suggesting that beneficial learning effects as a result of observation were not due to 37 
activation of implicit learning processes. Reaction time, variable error, and posttest rotation 38 
drawings supported this conclusion that adaptation for observation groups was promoted by 39 
explicit/strategic processes. 40 

Keywords: Consolidation, Action Observation, Motor Learning, Implicit Processes, Distributed 41 
practice, Spaced practice.  42 
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1 Introduction 43 

There is considerable evidence that people can learn motor skills from watching others, 44 
and that it can augment physical practice (for reviews see Ashford, Bennett & Davids, 2006; 45 
Hodges, 2017; Hodges & Ste-Marie, 2013; Maslovat, Hayes, Horn & Hodges, 2010). However, 46 
when it comes to prescribing when to provide observational practice to optimize performance 47 
and learning, there are limited guidelines as to how observational and physical practice should be 48 
best integrated (c.f., Shea, Wright, Wulf, & Whitacre, 2000; Weeks & Anderson, 2000; Ong & 49 
Hodges, 2012). In addition to questions about when to schedule observational practice, there is 50 
debate about the mechanisms supporting how observational learning works and the processes 51 
which are shared or different from physical practice. In the current experiment, we investigate 52 
implicit and explicit contributions underlying observational practice effects in a visuomotor 53 
adaptation paradigm under various conditions where observational and physical practice are 54 
combined. We study both the immediate and longer-term (after a 24 hr rest) consequences of 55 
combining observational and physical practice in comparison to physical practice alone, for 56 
effectively adapting to novel visuomotor conditions.  57 

Researchers have explored methods of practice that may augment or even substitute for 58 
physical trials. An overabundance of physical exposure to a repetitive task may be impractical as 59 
there is an increased potential for injury or fatigue (Fry, Morton, & Keast, 1991). Physical 60 
practice might also be limited before practice begins (e.g., in clinical populations) and it is more 61 
costly than methods such as watching demonstrations or rehearsing mentally, which do not 62 
require direct exposure to equipment. One popular applied practice method involves the 63 
inclusion of demonstrations as part of a training block to serve as an adjunct or replacement for 64 
physical practice. Although learning through observation is effective, it is rarely as effective or 65 
more effective than physical practice, failing to engage the same processes which would be 66 
needed to change behaviour in the short and long-term (Hodges, Williams, Hayes, & Breslin, 67 
2007; Maslovat, Hodges, Krigolson, & Handy, 2010; Ong & Hodges, 2010; Trempe, Sabourin, 68 
Rohbanfard, & Proteau, 2011). It is therefore important to consider what processes are shared or 69 
different between observational and physical practice and then to determine how these might be 70 
optimized through practice methods where demonstrations and physical practice are combined 71 
(e.g., Deakin & Proteau, 2000; Ong, Larssen & Hodges, 2012; Shea et al., 2000). 72 

When learning to adapt movements in novel environments, participants improve after 73 
both physical practice and observational practice (e.g., Larssen, Ong & Hodges, 2012; Mattar & 74 
Gribble, 2005; Ong & Hodges, 2010; Ong et al., 2012). Adaptation as a result of physical 75 
practice is thought to involve both implicit and explicit learning processes. Implicit processes are 76 
proposed to operate largely outside of conscious awareness and are impervious to instructions 77 
(e.g., Mazzoni & Krakauer, 2006; McDougle et al., 2015). The predominant hypothesis is that 78 
implicit adaptation processes are modulated by the detection of errors between actual visual 79 
feedback and predicted feedback associated with congruence between actions and their 80 
anticipated effects (yet see Hadjiosif, Krakauer, & Haith, 2020). When there is a conflict 81 
between movement outcome and efference-based predictions about this feedback, this conflict 82 
causes the motor system to adapt an implicit, internal map of relative space (Cunningham, 1989; 83 
Haith et al., 2016; Tseng et al., 2007). Behavioural evidence in support of this implicit process is 84 
witnessed immediately following physical practice when the novel environment is returned to 85 
normal. Even though people are aware that conditions have changed, unintentional errors, or 86 
“after-effects” are seen in the opposite direction of the imposed rotation or force (e.g., Lei, 87 
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Akbar, & Wang, 2019; Redding et al., 2005; Redding & Wallace, 1996). These after-effects are 88 
thought to alert to an implicit recalibration of the sensorimotor system (e.g., Modchalingam et 89 
al., 2019; Ruttle et al., 2016), providing a true indication of ‘motor’ learning (Frensch, 1998; 90 
Krakauer, Pine, Ghilardi, & Ghez, 2000; Redding & Wallace, 1993; Taylor & Ivry, 2012). 91 
Explicit processes are described as being available to consciousness and drive change through 92 
implementation of deliberate aiming strategies (e.g., McDougle et al., 2016). Alerting 93 
participants to the nature and direction of a perturbation or providing an aiming strategy are 94 
methods often used to encourage adaptation by explicit means, often characterized by longer 95 
planning time and increased variability in aiming errors early in practice (e.g., Benson et al., 96 
2011; Mazzoni & Krakauer, 2006; McDougle et al., 2016). 97 

The contributions of implicit and explicit processes supporting adaptation learning 98 
through observation are debated. Some of the debate appears to be dependent on the type of 99 
adaptation task as well as how implicit/explicit processes are assessed. For example, a secondary 100 
motor task performed simultaneously with observation of an actor adapting to a force 101 
perturbation impaired adaptation for observers (Mattar & Gribble, 2005). Impairments were not 102 
seen when the secondary task was purely cognitive. This led to the conclusion that adaptation via 103 
observation was in part driven by implicit activation of the observer’s motor system, potentially 104 
engaging motor simulation processes (Gallese, 2009). However, motor secondary tasks can also 105 
interfere with other processes that help later motor memory recall, such as imagery, questioning 106 
the supposed involvement of the motor system for observational practice (see Di Rienzo et al., 107 
2015; Di Rienzo et al., 2016; Eaves, Riach, Holmes, & Wright, 2016). The motor simulation 108 
hypothesis of action observation is based on neurophysiological evidence of an observation 109 
network (or ‘mirror neuron system’) in the human brain, which activates during both movement 110 
execution and observation (e.g., Buccino, Solodkin, & Small, 2006; Fogassi et al., 2005; 111 
Rizzolatti & Craighero, 2004; Rizzolatti, Fadiga, Gallese, & Fogassi, 1996). Activation of this 112 
network is dependent on the motor experiences of the observer (Calvo-Merino, Glaser, Grèzes, 113 
Passingham, & Haggard, 2005; Calvo-Merino, Ehrenberg, Leung, & Haggard, 2010; Calvo-114 
Merino, Grèzes, Glaser, Passingham, & Haggard, 2006). Therefore, it is surprising that when 115 
watching a novel action, without prior physical practice, that observational practice would 116 
activate this motor network, rather than encouraging the formation of visual representations 117 
(Adams, 1987; Carroll & Bandura, 1990) associated with a more explicit/strategic process of 118 
adaptation (Maslovat, Hodges et al., 2010).  119 

In studies of visuomotor adaptation, where the learner is required to learn a novel 120 
relationship between their actual hand movements and the adapted (rotated) movements of a 121 
cursor, evidence against the idea that observational learning is an implicit, motor driven process 122 
has been presented (e.g., Ong et al., 2012; Ong & Hodges, 2010). Here observers show direct 123 
performance benefits associated with watching a partner move in an altered environment, but 124 
unlike physical practice participants, do not show sensorimotor after-effects. This absence of 125 
after-effects has been attributed to the absence of an implicit, movement-based error signal (i.e., 126 
discrepancy between the actual visual feedback and predicted sensory consequences associated 127 
with moving or simulating another’s movement). Rather, performance gains for observers have 128 
been linked to explicit, strategic processes, associated with improved awareness about the 129 
imposed rotation, in comparison to physical practice participants, as well as other measures 130 
suggestive of strategic adjustments (such as longer reaction times and increased trial-to-trial 131 
variability; Benson et al., 2011; Hinder et al., 2010; Ong et al., 2012).  132 
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Combining physical practice with observation may be one method that could bring about 133 
motor simulation during action observation because individuals have experiences which are 134 
expected to activate motor areas during observation. In one study, learners who engaged in 135 
observational practice augmented with some intermittent physical practice, were more accurate 136 
than a 100% physical practice group during acquisition and also showed larger after-effects (Ong 137 
et al., 2012). However, observers in this study were also encouraged to engage in imagery and to 138 
predict the hand trajectory of the model on cursor-only trials, as well as estimate their own hand 139 
trajectories on physical practice trials. It is unclear which variable or combination of variables 140 
was responsible for the subsequent adaptation effects. In a second study, where physical practice 141 
was only provided before observational practice, not interspersed (there were no imagery and 142 
trajectory estimation trials either), after-effects did not increase after observing (Lim et al., 143 
2014). Therefore, it might be the case that interspersing observation with physical trials 144 
reinforced the specific learning processes associated with each type of practice and neutralized 145 
the shortcomings of either method on its own. These various methods of combining 146 
observational and physical practice (i.e., blocked or interspersed) have not been compared in a 147 
single study where other difference variables are controlled. Moreover, only short-term 148 
adaptation processes have been studied and not retention effects, which would indicate any 149 
memory consolidation benefits associated with these combined methods of practice. For 150 
visuomotor rotation tasks, there is evidence that consolidation may take up to 24 hours 151 
(Caithness et al., 2004; Trempe & Proteau, 2010). 152 

In non-adaptation tasks, the amount of time that elapses between physical practice trials 153 
and observational practice trials appears to play a role in enhanced consolidation. For example, 154 
in finger tapping tasks, a period of observation immediately after physical practice benefitted 155 
later retention (Zhang et al., 2011) and providing observation concurrent with physical practice, 156 
or at least in immediate succession, was shown to be beneficial for longer-term retention (Bove 157 
et al., 2009). Recently, Moore, Lelievre, and Ste-Marie (2019) compared individuals learning a 158 
tracking task by either physical practice alone or interleaving observation trials with 60% 159 
physical practice. Despite less physical practice, this latter group did not differ from the physical 160 
practice group in a 24 hour and 1-week retention test, but neither were there retention benefits. 161 

In the following experiment, we tested various methods of scheduling observation and 162 
physical practice to determine what type of schedule (i.e., timing of observational practice) is 163 
best for immediate and longer-term retention in a novel visuomotor adaptation task. Our primary 164 
interest was to determine if and how combined schedules of observation and physical practice 165 
impacts the presence and magnitude of unintentional after-effects (used to infer the extent to 166 
which implicit recalibration of the sensorimotor system has occurred). We compared groups that 167 
received combined practice; including bouts of observational practice before, after, or 168 
interspersed with physical practice, to two physical practice only groups. If observation is a key 169 
component to maximizing what is learned during physical practice, interspersed demonstrations 170 
throughout practice would be most beneficial to measures of long-term learning (i.e., retention) 171 
in comparison to blocked schedules of physical practice and demonstrations. If interspersing 172 
demonstrations with physical practice is able to activate simulation-type processes associated 173 
with learning by doing, we expected that physical practice intermixed with observational practice 174 
would generate a stronger implicit learning response (i.e. greater after-effects) than that brought 175 
about by only physical practice (matched to the number of physical practice trials for the 176 
combined groups) or observation given only after or before physical practice. The two physical 177 
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practice groups were matched to the combined groups for either the amount of physical practice 178 
or the amount of total practice (physical and observation combined). Importantly, the group 179 
matched for physical practice only, underwent a spaced practice protocol, to control for 180 
distributed practice benefits which might accrue from small periods of rest between physical 181 
practice trials (Bönstrup et al., 2020). 182 

2 Methods 183 

2.1 Participants 184 

Ninety-three (n=18-19/group), right-handed volunteers (self-reported and confirmed 185 
through the Edinburgh Handedness inventory, Oldfield, 1971) from the University community 186 
(M age = 23 yr, SD = 5.6; F = 68) participated.1 They were pseudo-randomly assigned to one of 187 
five groups. There were three combined practice groups: a pre-practice group (Obs_Pre, n=19) 188 
that engaged in action observation practice before physical practice; a post-practice group 189 
(Obs_Post, n=18) that completed physical practice before observation; and an interspersed group 190 
(Obs_During, n=18) that alternated between observational and physical practice. Massed (Act, 191 
n=19) and distributed (Act+Rest, n=18) physical practice only groups were also included for 192 
comparison. Issues with data processing, failure to complete all testing or adhere to instructions 193 
resulted in slightly fewer participants than the desired n=20/group. Our inclusion criteria 194 
required participants to report normal or corrected-to-normal vision with no known neurological 195 
deficits. All participants were naïve to the task and purpose of the study and provided written 196 
informed consent. All procedures were approved by the research ethics’ board of the University. 197 

2.2 Task and apparatus 198 

A PC (Dell Inspiron 531, AMD AthlonTM 64x2, 5600+, 2.9GHz dual core processor) was 199 
used to run a custom aiming task that was programmed using LabVIEWTM software (version 9.0, 200 
2009). Participants executed reaching movements using a computer mouse to maneuver a cursor, 201 
within a digitized display, from a stationary starting position toward one of five possible targets. 202 
Participants sat in a chair facing a horizontal, semi-silvered mirror, fixed 30 cm above a graphics 203 
tablet (Calcomp Drawing Board VI, 200 Hz) which measured 2D displacement. An inverted 204 
computer monitor (ViewSonic E70f – CRT 17 inch monitor, 1280 X 1024 resolution, refresh 205 
rate: 66Hz), projected an image of the visual stimuli (start position and aiming targets) and 206 
cursor position onto the mirror, situated 30 cm above the mirror. The cursor was represented by a 207 
circular marker of 0.4 cm diameter and controlled by a mouse attached to a custom-made plastic 208 
extension with cross-hairs for placement of the right index finger. The room was darkened and a 209 
chin rest was positioned in front of the equipment to ensure full vision of the projected image 210 
only. The visual stimuli included the central white start square and five radially arranged targets 211 
that were presented 9.5 cm from the start square. Targets were located at 0°, 72°, 144°, 216°, and 212 
288° along the clockwise direction.  213 

Within a block of 5 trials, each of the five targets was presented in a pseudo-random 214 
order and when physically performing, participants were required to aim fast and accurately to 215 
make shooting movements through the target (e.g., Huang & Shadmehr, 2009; Tseng, 216 
Diedrichsen, Krakauer, Shadmehr, & Bastian, 2007). Participants were also instructed to 217 
generate straight, uncorrected trajectories while aiming past each target. On trials where 218 
movement times surpassed 350 ms, the experimenter verbally prompted the participant to move 219 
faster on the next trial (these trials were not excluded from analysis). The movement time (MT) 220 
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constraint was to ensure that participants were not making online movement corrections. No 221 
restrictions on reaction time (RT) were imposed (i.e., the interval between target onset and 222 
movement initiation), but RTs were measured to give an indication of movement preparation 223 
associated with more strategically planned, between-trial adjustments (Benson et al., 2011; 224 
Hinder et al., 2010; Ong et al., 2012). After reaching past the target, the trace of the participant’s 225 
cursor trajectory remained on the screen for 1 s. Participants were instructed to return to the start 226 
square once their feedback disappeared to initiate the next trial. Upon returning to the start 227 
position, cursor vision was prevented until the cursor entered within a 4.75 cm radius from the 228 
origin. The next trial began (as indicated by a new target appearing), 2 s after return to the start.  229 

 For the observational practice trials, participants viewed a video of an experienced 230 
(accurate) actor performing the adaptation reaching task (MT, M = 238ms, SD = 19 ms; CE at 231 
peak velocity, M  = 0.19 deg, SD = 3.3 deg). Performance of 50 trials was recorded with a web 232 
camera (Logitech Quickcam Pro 9000) that was mounted above the actor’s head just underneath 233 
the projection monitor, such that the video was able to detect the actor’s lower arm and hand 234 
movements and the resultant cursor path feedback while aiming in a 30° clockwise (CW) rotated 235 
environment. A panel of white light-emitting diodes (LEDs), fixed to the underside of the semi-236 
silvered mirror permitted vision of the actor’s hand through the mirror during filming. During 237 
observation trials, participants were still seated in front of the mirror-box apparatus and watched 238 
a mirror-reflected image of the video in the same plane of action as required during physical 239 
practice.   240 

2.3 Procedure 241 

 The experiment was divided into 8 phases over two days of testing: Pretest, Adaptation 1, 242 
Posttest 1, Adaptation 2, Posttest 2, immediate retention (Retention 1), 24 hour delayed retention 243 
(Retention 2) and Posttest 3 (see Figure 1). Pretests and Posttests were performed in known, 244 
normal, non-rotated environments, whereas adaptation and retention tests were performed in 245 
known novel (rotated) environments. Moreover, participants underwent different conditions of 246 
practice during the Adaptation phases, depending on group, whereas retention tests were always 247 
the same for all groups involving physical practice only after a short (immediate retention) or 248 
long (delayed retention) rest. On day 1, participants were first allowed to familiarize themselves 249 
with the overall task parameters by aiming in a normal (veridical) environment in which the 250 
cursor path corresponded directly with hand movements. Vision of cursor position and target 251 
location were both provided during 20 familiarization trials. Following familiarization, 252 
participants engaged in a pretest (t = 20) whereby aiming continued to occur in a veridical 253 
manner; however, no feedback was provided in this phase (of either their hand or the cursor 254 
trajectory relative to the target). This proprioceptive reaching pretest provided a reference for 255 
determining after-effects in subsequent posttests performed under the same conditions.  256 

Before commencing each phase, participants were made aware of the visuomotor 257 
conditions that they would experience. For the normal environment (no rotation), the 258 
participants’ goal was to direct the cursor toward the target using their index finger. While in the 259 
normal environment, the perimeter of the workspace was highlighted with a blue border to serve 260 
as an additional visual contextual cue. During the adaptation phase, in which the cursor trajectory 261 
was rotated 30° CW relative to hand movements, participants were told that the environment had 262 
been changed, compared to the normal condition, and the response of the cursor was altered. 263 
There was now no coloured border around the workspace. Despite the novel aiming 264 
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environment, participants’ goals remained the same as in the pretest. In order to successfully 265 
acquire the target, participants needed to aim their index finger 30° counterclockwise (CCW) 266 
relative to the actual target position (though this strategy was not conveyed).  267 

 Practice in the rotated environment was divided into 2 adaptation phases (Adaptation 1 268 
and Adaptation 2). With the exception of the Act+Rest group that received a distributed schedule 269 
of rest and physical practice (t=50), all other groups received the same number of total practice 270 
trials (t = 100) in the 30° CW-rotated environment (presented as either only physical practice, or 271 
combined observational, t=50 and physical practice, t=50). After completing either 25 272 
(Act+Rest) or 50 trials of their respective practice conditions, all participants completed an initial 273 
test of after-effects in a normal environment (i.e., no feedback; Posttest 1, t =20). Participants 274 
then resumed their respective practice schedules depending on their group assignment. The 275 
Obs_Pre group first received 50 trials of observational practice during Adaptation 1 before 276 
physically practicing for 50 trials in the rotated environment during Adaptation 2. The Obs_Post 277 
group completed 50 physical practice trials with the 30° CW rotation in Adaptation 1 before 278 
watching the 50 observation trials (Adaptation 2). The Obs_During group alternated between 279 
five observational practice trials and five physical practice trials until two adaptation phases of 280 
100 total trials were concluded. The Act group completed two phases of 50 physical practice 281 
trials each, and the Act+ Rest group completed two phases of 25 physical practice trials each, 282 
with 1 min rest after each 5 trial block of physical practice.  283 

Immediately at the end of adaptation, a second test of after-effects was conducted 284 
(Posttest 2, t = 20). This was followed by a short 1 minute rest after which participants were 285 
returned to the rotated environment for an immediate retention test (Retention 1, t = 20) in the 286 
CW rotated environment with visual feedback. After ~24 hr interval, participants returned to 287 
complete a second retention test (Retention 2; t = 20) and a final test of after-effects (Posttest 3, 288 
t=20). At the end of testing on day 2 and before debriefing, participants completed a drawing test 289 
probing their explicit awareness of the rotation, including its size and direction. Each participant 290 
was presented with a paper diagram displaying the 5 targets relative to the central start position. 291 
They were asked to draw where their hand would have moved (i.e., planned aiming trajectory) in 292 
order to successfully aim the computer cursor along the desired trajectory to hit each of the 5 293 
targets under the novel environment aiming conditions (i.e., Adaptation and Retention). The 294 
angle between the planed aiming trajectory of the hand relative to desired cursor trajectory for 295 
accurate performance was used to calculate perceived aiming angle. 296 

2.4  Performance Analysis 297 

Calculation of participant movement kinematics (used to determine spatial errors) was 298 
performed using a custom LabVIEWTM program (version 9.0). Movement onset was defined as 299 
the time when the cursor left the home square and movement end was the time when the cursor 300 
exceeded the 9.5 cm radius of the target array (allowing calculation of RT and MT). Aiming 301 
trials where movement times (MT) exceeded 1000 ms were excluded from analyses. This 302 
resulted in a mean exclusion of less than 0.8% of the total trials (Obs_Pre = 0.7%, Obs_Post = 303 
0.8%, Obs_During = 0.6 %, Act = 0.5%, Act+Rest = 1.7%). Mean directional constant radial 304 
error (CE; in degrees) was our primary measure and this was calculated for each trial and 305 
reported as a mean for each 5-trial block (based on all 5 targets). Mean CE is the angle between 306 
the reference trajectory joining the centre (i.e., home position) and the intended target and the 307 
trajectory joining the centre and the actual cursor position. This was measured at peak tangential 308 
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velocity to ensure that errors reflected motor planning not feedback based control (e.g. Bernier et 309 
al. 2005; Larssen, Ong & Hodges 2012). A positive value for error denotes a CW error whereas a 310 
negative value represents a CCW error. A positive error was the result of an under-correction to 311 
the 30° cursor rotation, whereas negative errors indicated an over-correction.  312 

Variability in aiming errors (Variable Error, VE) was calculated during Adaptation 1 and 313 
2 based on the standard deviation (SD) of CE for each block of 5 consecutive trials for each 314 
participant. Mean RTs were calculated in a similar manner, based on individual means for each 315 
5-trial block. RT was characterized as the difference between target onset and movement onset. 316 
Both VE and RT data were supplemented with descriptive statistics regarding the rotation 317 
awareness test given at the end of practice, to facilitate conclusions about the type of control 318 
strategies governing performance.  319 

2.5 Statistical Analysis 320 

Performance metrics related to initial adaptation (Adaptation 1 and 2), learning and 321 
savings over the 24 hour consolidation interval, and after-effects, were evaluated using separate 322 
linear mixed effects (LME) models, with the lme4 package (Bates, Mächler, Bolker, & Walker, 323 
2015) in R version 3.2.4 (R Development Core Team, 2013). LME models are almost identical 324 
to more traditional fixed-effects ANOVA, except that they include all trials as separate 325 
observations for each participant and allow testing (and hence control) of both fixed and random 326 
(subject) effects, especially suited to RM designs (Galwey, 2006). All models were used to 327 
assess error as a function of group, time point, their interaction, and a random intercept for each 328 
participant and are reported in reference to the Act group (see supplemental materials for tables 329 
of LME outputs).  330 

Separate LME models were conducted on the CE data to probe adaptation during 331 
Adaptation 1 and 2 based on the same 5 physical practice blocks which were common to all 332 
groups: blocks 2, 4, 6, 8 10.  Note there were four groups/time point as there were no data for the 333 
Obs_Pre and Post groups in Adaptation 1 and 2 respectively.  To investigate savings (comparing 334 
early adaptation and delayed retention) and any gains or losses following the delayed retention 335 
interval (comparing late adaptation and 24 hour retention test), a LME model test was conducted 336 
that included the first adaptation time point (first five trials where participants physically 337 
practiced), as well as Retention 1 (last 5 trials; Day 1) and Retention 2 (first 5 trials; Day 2) time 338 
points. To compare differences in after-effects, a LME model was run using Pretest, Posttest 1, 339 
Posttest 2 and Posttest 3 as time points (all data were compared relative to pretest).  The same 340 
LME model design that was used for CE data during adaptation was applied to the VE and RT 341 
data during Adaptation 1 and 2.  342 

Where relevant, between group differences across Adaptation and Retention tests were 343 
followed up with Tukey’s HSD post-hoc tests, using the multcomp package in R (Bretz, 344 
Hothorn, & Westfall, 2016). Effect sizes (Cohen’s d; Cohen, 1988) were included to characterize 345 
the magnitude of forgetting between Retention 1 and Retention 2 (as errors were shown to 346 
increase), savings from Adaptation 1 to Retention 2, and the magnitude of after-effects 347 
calculated as the difference between pretest and each posttest (resulting in 3 separate effect sizes 348 
per group).  349 

To establish if variability of aiming errors during Adaptation was related to subsequent 350 
after-effect magnitude, two separate omnibus post-hoc Pearson correlation coefficients were 351 
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conducted. One on mean VE during Adaptation 1 and after-effect magnitude (absolute value of 352 
the mean difference in CE error between the last 5 trials of Pretest and first 5 trials of Posttest 1; 353 
4 groups), and a separate correlation for mean VE during Adaptation 2 and after-effect 354 
magnitude (absolute value of the mean difference in CE error between the last 5 trials of Pretest 355 
and first 5 trials of Posttest 2; 4 groups).  356 

3 Results 357 

We first present the adaptation data, for CE, VE and RT before presenting CE data only 358 
pertaining to retention/savings and after-effects. LME outputs for all analyses are presented in 359 
Supplementary Tables S1-S5.   360 

3.1 Adaptation  361 

3.11 Constant error (CE) 362 

CE data for all groups when performing in the CW rotated environment is presented in 363 
Figure 2, the first two panels show Adaptation 1 and 2 and the last two panels show immediate 364 
Retention 1 (same day) and delayed Retention 2 (after 24 hours). Note how the Obs_During and 365 
Act+Rest groups only had physical practice data every other trial block during Adaptation 1 and 366 
2. These alternate data blocks were therefore used for all statistical analyses involving 367 
adaptation.  368 

As illustrated in Figure 2, all groups improved during Adaptation 1, this was confirmed 369 
by significant block effects, where blocks 4, 6, 8, and 10 were all different than block 2 (all 370 
ps<.01). There was also a significant interaction between the Obs_During group and block 8 and 371 
10, which started out (at block2) significantly different from the Act group, but was no longer 372 
different at the end of Adaptation 1 (ps<.01). From inspection of the graphs in Adaptation 1, the 373 
groups that received massed, 100% physical practice at this stage (Act and Obs_Post) performed 374 
with less error than the groups that had spaced and less frequent physical practice (Act+Rest and 375 
Obs_During). This was confirmed by a main effect of group for the Act+Rest and Obs_During 376 
groups when compared to the Act group (ps<.01). Post-hoc testing showed that these two groups 377 
were not different to each other.  378 

With regards to Adaptation 2, all blocks were again different than Block 2 (ps<.05). 379 
There were significant Group effects for Obs_Pre (p = .001) and Act+Rest (p = .004), which 380 
performed with more error than the Act group. Importantly no differences were observed 381 
between the Obs_During and Act group that had received twice as much physical practice. The 382 
interaction was only significant for Obs_Pre at Block 10 (p = .04), due to a large difference 383 
between these groups at Block 2, which was reduced by Block 10. Post-hoc testing showed that 384 
the Obs_During group had lower error than the Obs_Pre group (p = .004) and the Act+Rest (p = 385 
.01) group. This suggests that, at least in acquisition, observation had a benefit which was not 386 
merely a spacing effect.  387 

3.12 Variable error (VE) 388 

In Figure 3 we have plotted group VE as function of adaptation block for Adaptation 1 389 
and Adaptation 2. There was high variability for the Obs_During group during Adaptation 1, 390 
confirmed by a significant main effect of group (p = .01), when comparing this group to the Act 391 
group. Post-hoc testing also confirmed that the Obs_During group had higher VE than the 392 
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Act+Rest group (p = .03). No other group comparisons were significantly different. In 393 
Adaptation 2, both the Obs_Pre (p < .001) and Obs_During (p = .006) groups had higher VE 394 
compared to the Act group. Only the interaction was significant for the Obs_Pre group at block 8 395 
and 10 (p=.02), reflecting the reduction in VE for this group relative to the Act group, whose 396 
variability did not change. 397 

3.13 Reaction time (RT) 398 

In Figure 4 we have plotted group RTs as a function of adaptation block for Adaptation 1 399 
and 2. What can be seen from this figure is that both observation and rest resulted in noticeably 400 
longer RTs compared to continuous physical practice without breaks or observation periods, 401 
across both Adaptation phases. The group effect was only statistically significant for the 402 
Act+Rest group (p = .01) compared to Act during Adaptation 1. However, both Act+Rest (p = 403 
.03) and Obs_During (p = .003) groups were different than Act during Adaptation 2. RTs 404 
showed a gradual increase for the Obs_During group during Adaptation 1, whereas a trend for 405 
decreasing RTs across blocks was noted for the groups that only had pure physical practice in 406 
this phase (Act and Obs_Post). This trend was supported by a significant interaction for only the 407 
Obs_During group at Blocks 6, 8, and 10 compared to the Act group (ps< .05). In Adaptation 2, 408 
the Obs_Pre group that was now only engaging in physical practice, showed a noticeable 409 
decrease in RTs across blocks, showing RTs more in line with the Act group by the end of this 410 
practice phase. This observation was supported statistically by a significant interaction with 411 
Blocks 8 and 10 for this group only (ps<.05). 412 

3.2 Retention savings and forgetting  413 

 For CE, we compared all groups relative to the Act group across three timepoints; the 414 
first 5 trials of adaptation day 1 compared to the last 5 trials of Retention 1 and the first 5 trials of 415 
delayed Retention 2. A significant effect of timepoint for Retention 1 illustrates that all 416 
participants performed with less error at the end of day 1 compared to when they were first 417 
provided with physical practice in early adaptation (p<.01). A significant interaction was 418 
observed between the Obs_Pre group and Retention 1, due to differences between the Obs_Pre 419 
and Act groups in early Adaptation, but not in immediate retention (p<.01). The Obs_Pre group 420 
had lower initial error than the Act group on the first trials of acquisition, presumably as a result 421 
of the preceding 50 observation trials. Post-hoc testing confirmed that groups were not different 422 
during the first 5 trials of Adaptation on day 1 nor during the last 5 trials of Retention on Day 1 423 
(ps>.05). 424 

There was evidence of savings across the 24-hour retention interval, supported by the 425 
significant effect of time point for Retention 2 relative to initial practice (p<.001). The only 426 
group that did not reduce errors from Adaptation 1 to Retention 2 to the same extent as the Act 427 
group was the Act+Rest group (as evidenced by an Act+Rest group X Retention 2 interaction, 428 
p<.01). Post-hoc testing of Retention 2 showed that only the Obs_During group was less errorful 429 
than Act+Rest group (p<.05), there were no other group differences.  In Table 1 we have 430 
presented effect sizes characterising the magnitude of savings as well as degree of forgetting 431 
across the 24-hr retention interval (there were no gains across the retention interval). With 432 
respect to savings, all groups showed large effect sizes for all comparisons (ds = .90 to 1.70; 433 
Obs_Pre, d = .70). From Retention 1 to Retention 2, moderate and large negative effects were 434 
observed, but these were smallest for the combined practice groups, representing the least 435 
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amount of “forgetting” (d = -.61 to -.82), in comparison to the pure physical practice groups (d = 436 
-1.25 and -1.37).  437 

3.3 After-effects 438 

To determine processes underpinning adaptation and learning effects, particularly 439 
whether a lack of difference in acquisition between the Obs_During and the Act groups could be 440 
explained by similar or different (implicit) processes, we analyzed posttest after-effects. Mean 441 
CE for all groups across the four normal environment conditions is shown in Figure 5 (Pretest vs. 442 
Posttests1-3). Significant effects of time point show that errors were higher in Posttest 1-3 443 
compared to the pretest (ps < .001). In the first test of after-effects (Posttest1), there was no 444 
difference between the groups that received only physical practice of the visuomotor rotation 445 
(Obs_Post, Act+Rest, Act). However, groups that received only observational practice (Obs_Pre) 446 
or interleaved observation and physical practice (Obs_During) showed less error than the Act 447 
group (i.e., less evidence of after-effects, ps <.001).  448 

In Posttest 2, larger after-effects were still observed for the Act group when compared to 449 
all combined practice groups (ps<.001). This pattern of results was maintained after 24 hrs 450 
(Posttest 3). All groups that received combined practice performed with less error than the Act 451 
group (ps <.05). The Act+Rest group did not differ from the Act group. 452 

Effect sizes characterising the magnitude of after-effects are presented in Table 1. All 453 
groups showed large effect sizes for all comparisons (ds = 1.7 - 3.8), with the exception of the 454 
Obs_Pre group at Posttest 1, which had only observed (d = .3). Although the size of the after-455 
effects at Posttest 2 were generally the largest (based on effect size magnitude), sizeable after-456 
effects persisted to Posttest 3 for all groups. 457 

We also ran correlations between VE and after-effect magnitudes (absolute values of 458 
posttest – pretest for Adaptation 1 and 2), in view of a suspected inverse relation between 459 
between-trial variability (thought to index a sampling strategy to correctly aim to the target) and 460 
the size of after-effects, which index implicit adaptation processes. Scatterplots for Adaptation 1 461 
(a) and 2 (b) are shown in Figure 6. What is important to note is the high variable error for the 462 
Obs_During group (the only group in Adaptation 1 to have seen demonstrations in addition to 463 
having physical practice experience). This group also showed lower magnitude of after-effects 464 
than the other groups. Although there was no significant correlation (mostly because three of the 465 
four groups had only physically practised at this stage), there was a trend for a negative 466 
correlation, r (91) = -.18, p =.12. In Adaptation 2, when two of the groups had observational 467 
practice (Obs_Pre and Obs_During), although still small, there was a significant correlation 468 
driven by the higher VEs and lower effect size magnitudes for the combined observation groups, 469 
r(91) = -.25, p =.03. 470 

3.4 Rotation awareness test 471 

On inspection of the post-experiment drawings of planned aiming trajectory to illustrate 472 
perceived magnitude of the visuomotor rotation, the Obs_During (M = 14.8°, SD = 11.1), 473 
Obs_Pre (M = 7.6°, SD = 10.6) and Obs_Post (M = 10.4°, SD = 12.5) groups, all drew aiming 474 
angles closer to the actual rotation of 30° than the two groups that only physically practiced (Act, 475 
M  = 6.3°, SD = 8.9; Act+Rest, M = 4.3°, SD = 10.7).  476 

4 Discussion 477 
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We compared groups that received different types of practice, including bouts of 478 
observational practice before, after or interspersed with physical practice during acquisition of a 479 
novel visuomotor rotation task. Our aim was to evaluate if and how different schedules of 480 
observational practice influence the acquisition accuracy and implicit and explicit processes 481 
involved in adapting to new environments, in addition to the long-term retention of these 482 
acquired skills. As such, unique to our adaptation design was an investigation of the time course 483 
of these post-practice direct-effects and after-effects across practice and after a 24-hour 484 
consolidation interval. Through the inclusion of physical practice and spaced-practice controls, 485 
we asked whether observational practice serves to substitute for or augment physical practice and 486 
whether the processes underpinning observational practice effects change when observation is 487 
interspersed throughout physical practice trials (potentially engaging more implicit processes 488 
associated with recalibration of sensory-motor planning processes). We showed that 489 
observational practice augmented the entire learning process, in comparison to only giving rest 490 
during observational trials, particularly when it was interspersed throughout physical practice. 491 
Observational practice served to both substitute for physical practice (with respect to adaptation 492 
time course and direct learning benefits in immediate retention tests), as well as seemingly acting 493 
as a buffer to forgetting, when comparing the magnitude of forgetting across a retention interval 494 
for the mixed observation groups in comparison to the 100 % physical practice groups. We 495 
discuss these various effects and interpretations in the sections that follow. 496 

4.1 Direct benefit of observation for adaptation and motor memory consolidation 497 

Here we showed that observational practice can substitute for physical practice to aid 498 
adaptation to novel visual feedback conditions. Participants that received an alternating schedule 499 
of 5 trials observation and 5 trials physical practice did not differ in adaptation from a group that 500 
received twice as much physical practice. They also performed with less error in adaptation 501 
practice than individuals that received the same amount of physical practice, without adjunct 502 
observational trials. There is evidence that interleaving physical practice of a new skill with short 503 
intervals of rest (some as short as 10 s) result in performance improvements over the short rest 504 
interval, termed “micro-offline gains” (Bönstrup et al., 2020, pp1). Although our aim was not to 505 
test for potential gains from rest, here we showed that mere spacing of practice was not sufficient 506 
to aid adaptation in comparison to filling the rest intervals with observation trials. Somewhat 507 
unexpectedly, it appears that the spacing created difficulties for the rest group, causing them to 508 
show a slower rate of acquisition, more variability and slower RTs in comparison to massed 509 
physical practice. These effects may have been related to processing demands related to memory 510 
recall and retrieval after a rest, which have been proposed as side-effects of distributed practice 511 
schedules (e.g., Küpper-Tetzel, 2014).  512 

With respect to savings and learning, interspersing physical practice with observational 513 
practice facilitated the consolidation of memory over time. Comparisons of effect sizes showed 514 
that there was less forgetting for the Obs_During group compared to the Act group, which speaks 515 
to a more robust memory for aiming in the rotated environment as a result of the interleaved 516 
practice schedule. Indeed, when comparing across effect sizes, all combined practice groups 517 
showed less forgetting from the end of immediate Retention on day 1 to the start of Retention 2 518 
the next day, than groups that only received physical practice. Statistical comparisons at 519 
Retention 2 showed that the interleaved combined schedule group, was still less errorful than the 520 
Act+Rest group, speaking to learning benefits associated with interspersed observational practice 521 
in comparison to interspersed rest. However, we did not see the same advantage from other 522 



14 
 

combined practice schedules where observational and physical practice were given in discrete 523 
practice blocks (i.e. before or after physical practice), although neither were these groups 524 
different to the Obs_During group in Retention 2. To summarize, 100 trials of physical practice 525 
was better than only 50 trials of physical practice, but not better than 50 trials interspersed with 526 
50 trials of observational practice. This speaks to combined practice being a suitable replacement 527 
for physical practice, at least in terms of learning accuracy.  528 

An interleaved mixed practice schedule during practice may support better encoding of 529 
information and consolidation of motor memories than that of pure physical practice or one 530 
where physical practice and observational practice are separated. In other paradigms, similar 531 
conclusions have been made about the time sensitive nature of encoding that leads to enhanced 532 
consolidation when observation and physical practice are combined (Bove et al., 2009; Zhang et 533 
al., 2011). Both Bove and colleagues and Zhang and colleagues showed that duration of time 534 
between observation and execution of the same movement had a significant impact on learning. 535 
They concluded that this timing may be critical for comparisons between the sensory 536 
representations generated during observation and physical experience. In the context of an 537 
interleaved combined practice design of alternating observation and physical practice, more 538 
“switches” between each type of practice, would allow more cycles of encoding to occur (see 539 
also Moore et al., 2019; Shea et al., 2000).  540 

The idea that combining observation and physical practice to aid learning because of their 541 
unique benefits is not new. Others have theorized that while observational practice alone may be 542 
inferior to physical practice in terms of learning effects, the availability of physical practice 543 
attempts in a combined practice group may act to modulate a suppressed element of learning 544 
through observation (Blandin et al., 1999; Shea et al., 2000). We know that action observation 545 
plays an important role in helping to identify errors and formulate pertinent correction strategies 546 
(Black & Wright, 2000; Blandin et al., 1999; Hodges & Franks, 2002; Lee & White, 1990). In 547 
other words, the quickly acquired, though easily forgotten, explicit movement strategies and 548 
visual representations derived from observation (Carroll & Bandura, 1990; Hodges & Franks, 549 
2002) can be solidified (or calibrated) by the more slowly acquired implicit, motor-driven 550 
processes associated with physical practice (Gentile, 1998; Huang & Shadmehr, 2009). Although 551 
this does not mean that these processes are necessarily interactive (c.f., Mazzoni & Krakauer, 552 
2006), there can be benefits for learning through a combined observational and physical practice 553 
approach (see also Larssen et al., 2012). 554 

4.2 Observation does not augment implicit adaptation 555 

There was a gradual reduction in error over blocks in the after-effects trials, which has 556 
been presented by others as a signature of implicit adaptation processes (e.g., Galea et al., 2011; 557 
Kitago et al., 2013). However, the benefits associated with interleaving observation and physical 558 
practice trials did not appear to be mediated by implicit learning processes. The magnitude of 559 
after-effects, at least initially, were smaller for all combined practice groups in comparison to 560 
pure physical practice groups. In order to update/recalibrate implicit models for aiming and bring 561 
about after-effects, the dominant hypothesis is that the learner needs to be implicitly generating a 562 
feedforward prediction about the sensory consequences associated with an action (e.g., Burke, 563 
Tobler, Baddeley, & Schultz, 2010; Wolpert, Diedrichsen, & Flanagan, 2011). If there is a 564 
discrepancy between the predicted and actual sensory consequences of that movement, the 565 
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resulting error will lead to recalibration of their model for aiming. It has been proposed that this 566 
sensory prediction process is only generated in the presence of a motor command and as such 567 
implicit recalibration will not occur without it (Held & Hein, 1958). In the case of observation, 568 
where no motor command is generated, such sensory error-based implicit adaptation should not 569 
occur. Indeed, the Obs_Pre group that after Adaptation 1 had only engaged in observational 570 
practice, failed to show after-effects in the first posttest (see also Lim et al., 2014; Ong et al., 571 
2012; Ong & Hodges, 2010). This conclusion and interpretation stands in contrast to other ideas 572 
that observational practice can lead to generation of a motor command and prediction of sensory 573 
consequences based on another’s movement, leading to similar updating of internal models for 574 
aiming based on simulative mechanisms (e.g., Wolpert & Flanagan, 2001).  575 

The result that after-effects remained small or did not increase when observation was 576 
interspersed with physical practice is in conflict with the results of Ong et al. (2012). In this 577 
previous work, direct adaptation benefits of an interleaved observation and physical practice 578 
schedule, compared to pure physical practice, were also accompanied by large after-effects. 579 
However, as detailed in the introduction, there were other group differences which may have 580 
been responsible for these effects. In addition to being prompted to engage in imagery during 581 
observation trials, the interspersed group had to both estimate hand position on their own aiming 582 
trials and that of the model on 50 trials during practice (compared to 25 trials for the other 583 
physical practice and observation-only groups). This estimation was designed to encourage 584 
prediction of sensory consequences associated with hand movements. While actual aiming 585 
accuracy improved for the interleaved group, self-estimation errors of hand trajectory remained 586 
high for both physical practice and interleaved groups. Because no feedback was provided about 587 
the accuracy of these predictions, this may have served to solidify any recalibration of the 588 
relationship between perceived position of the hand relative to the actual trajectory of the cursor, 589 
leading to large after-effects in the posttest. Due to these differences and the lower number of 590 
participants in the interleaved group in the Ong et al. (2012) study (n=9 vs. n=18), we are more 591 
confident in the veracity of the current data in terms of processes activated during observation 592 
trials. At least when not explicitly prompted to consider the calibration of perceived relative to 593 
actual hand position, interspersed observational practice only moderates explicitly driven 594 
processes.  595 

The absence of evidence supporting a change in observational learning processes as a 596 
result of prior (or interspersed) physical practice experiences, is in line with a previous study 597 
(Lim et al., 2014). In this study, there were no changes in after-effects after observational 598 
practice, despite observational practice being given to individuals who had previously physically 599 
adapted, but had undergone washout trials to remove any after-effects before subsequent 600 
observation. Although there is evidence, at least at a neurophysiological level, that when we are 601 
watching others adapt we are covertly engaging processes that match those undertaken when we 602 
are actually moving (e.g., McGregor & Gribble, 2015), which is in line with the motor 603 
simulation hypothesis (Jeannerod, 2001), behaviourally at least, merely watching with the 604 
intention to learn, does not appear to be sufficient to drive the same changes which are observed 605 
through physical practice (i.e., updating of a sensory-motor map of relations between actual and 606 
perceived position of the arm).  607 
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4.3 Competing but complementary processes facilitating visuomotor adaptation with 608 
combined observational practice 609 

By the end of the second phase of adaptation, all groups showed evidence of after-effects, 610 
however the magnitude of these was lower for the combined practice groups compared to both 611 
physical practice groups. This moderation was not simply a result of less physical practice, since 612 
the Act+Rest group (matched for practice amount) had generally larger magnitude after-effects 613 
than these combined groups. Rather, we think these data show that the processes that support 614 
learning by observation competed with (and overrode) implicit processes driven by physical 615 
practice. While not directly tested in our study, others have investigated the competing influence 616 
of explicit and implicit processes supporting adaptation with some showing attenuation of 617 
implicit motor learning with implementation of an explicit learning strategy (see McDougle et 618 
al., 2016 for a review). Observational learning during adaptation is thought to be supported by 619 
the formation and implementation of explicit strategies that can be later applied when the 620 
opportunity to physically perform the skill is presented (e.g., Larssen et al., 2012; Lim et al., 621 
2014; Ong et al., 2012). In the context of the present study, these same explicit mechanisms that 622 
have been proposed to compete with implicit adaptation, could be responsible for the decreased 623 
magnitude after-effects we observed in the combined practice groups. Indeed, there are 624 
additional data in the current study to support the assumption of a more explicit-type learning 625 
engendered through combined observational and physical practice. 626 

To further support the hypothesis that observation does not engage implicit adaptation 627 
processes, but rather works to support a more explicit method of adaptation, is provided by 628 
measures which have been considered in prior work to alert to strategy implementation, likely 629 
informed by awareness of the type of perturbation. Relatively high between trial variability in 630 
aiming has been associated with deliberate strategy implementation in response to outcome 631 
errors (Benson et al., 2011). Variable error (VE) was highest in the only observation group 632 
during Adapt 1 (Obs_During). Although VE decreased for all observation groups in the second 633 
Adaptation phase, at least until block 6, the two groups that had received observation trials had 634 
the highest mean VEs compared to physical practice only groups. Moreover, there was an 635 
inverse relation between this measure of variability and magnitude of after-effects, at least when 636 
half the participants had received observation trials in Adaptation 2.  637 

Observation groups also drew larger rotation angles between their hand and cursor on 638 
post-experiment tests to probe awareness of the rotation, compared to physical practice groups, 639 
potentially alerting to less recalibration of hand and cursor. However, we acknowledge that being 640 
unaware of the perturbation is not a necessary condition for implicit recalibration (e.g., 641 
Modchalingam et al., 2019). Finally, reaction times (RTs) also remained high for the observation 642 
groups in both adaptation phases compared to the physical practice group without rest. Although 643 
there was no encouragement to move as fast as possible when a target appeared, RTs provide an 644 
index of planning time, which would be increased if participants had to rely on implementation 645 
of a strategy to correctly aim in contrast to adapting more implicitly. Although these measures 646 
(VE, rotation awareness, RT) only indicate that an explicit strategy was applied during the 647 
adaptation phases and do not provide direct evidence (c.f.,  Taylor et al., 2014; Werner et al., 648 
2015), the wholistic picture we have based on multiple measures and assessments in our current 649 
experiment, points towards a conclusion that observation promoted adaptation via more strategic, 650 
explicit means compared to physical practice only.  651 
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5 Conclusion 652 

A combined practice schedule which comprised alternating short blocks of observation 653 
and physical practice had both short-term adaptation and longer-term consolidation benefits. 654 
These benefits were beyond what was seen for individuals who received the same amount of 655 
physical practice (without observation) and to groups that had observational practice in blocks 656 
either immediately preceding or following physical practice. Observational practice may indeed 657 
be a suitable replacement for physical practice trials, especially if provided in an interleaved as 658 
opposed to a blocked schedule. We hypothesize that this observational practice benefit is due to 659 
an enhanced awareness of the rotation through repeated observation and the development of an 660 
effective strategy to compensate for the rotation, which is facilitated when observational and 661 
physical practice trials are provided in small bouts, rather than separate blocks. Any benefits 662 
associated with combining these two types of practice did not appear to be supported by implicit 663 
adaptation mechanisms (i.e., a change to how observation trials were processed as evidenced by 664 
after-effect amplitude).  665 

These data and in particular the acquisition benefits associated with interleaving 666 
observation with physical practice have implications for not only how we make 667 
recommendations for designing and augmenting practice, but also our understanding of 668 
processes that work to support potential benefits. In previous work, we have shown that 669 
observational practice differentially impacts on acquisition processes associated with the 670 
performance of competing skills (such as learning how to respond to clockwise and 671 
counterclockwise rotations; Larssen et al., 2012), benefiting the acquisition of both compared to 672 
just physical practice where interference between skills is shown. In the current design we 673 
expand on this conclusion, showing that observational practice also benefits the learning of a 674 
single skill, when it is provided in an alternating schedule alongside physical practice.  675 
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observational learning works and what is shared or different from physical practice. In this study 693 
we assess learning in a computer aiming task, where the participant adapts normal reaching 694 
movements to acquire target goals. Not only are improvements assessed (direct effects), but also 695 
unintentional biases which persist beyond practice (after-effects), giving evidence for implicit 696 
learning processes. We also determine the time course of these effects with respect to 697 
measurement over a 24-hour retention interval. We show that interspersing demonstrations 698 
throughout physical practice can substitute for physical practice (in comparison to a group 699 
matched for practice that just rested in between trials), in addition to having additive benefits 700 
with respect to mitigating forgetting (in comparison to a group which received twice the amount 701 
of physical practice but no demonstrations). Mixing observation trials with physical practice can 702 
have lasting benefits for learning, with observation allowing for practice in the absence of 703 
equipment, teachers and maybe in the face of injury or impairment. 704 

  705 
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Footnote 706 

1: Since one of the main aims of this study was to test for any moderation of after-effects 707 
associated with combined observation and physical practice, our sample size was determined 708 
based on estimated effect sizes reported in Ong et al. (2012). Based on a relatively large Group X 709 
Time interaction when comparing physical practice to an observation group and to an interleaved 710 
observation and physical practice group in tests of after-effects (Cohen’s f = 1.5), apriori power 711 
calculations yielded a minimum sample size of 12 participants per group (power = .08, α = .05). 712 
However, due to the increase in the number of groups (5 versus 3) and a change in design 713 
whereby after-effects were probed at 3 different time points, we were more conservative in our 714 
effect size estimate. Adjusted sample size calculations powered to detect a moderate effect 715 
(Cohen’s f = 0.4, power = .08, α = .05) yielded a minimum sample size of n = 20/group. 716 

  717 
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Figure Headings 718 

Figure 1. Table of progression of experimental procedures across all experimental conditions. 719 
Participants either performed in a normal (no rotation, 0°) or new environment (30° clockwise 720 
(CW) cursor feedback rotation). The number of trials (t) is reported for all conditions. The 721 
number of trials (t) is reported for all conditions. Conditions where visual cursor feedback was 722 
(🗸🗸 cursor) and was not present (No cursor) is reported. Groups differed in terms of the practice 723 
schedule they received during Adaptation 1 and Adaptation 2. Combined practice groups 724 
received a combination of observation (represented by “eyes”) and physical practice (Act) that 725 
was either interleaved in an alternating schedule (Obs_During = 5 trials of observation + 5 trials 726 
of Act) or blocked (Obs_Pre = 50 trials Observe + 50 trials Act; Obs_Post = 50 trials Act + 50 727 
trials Observe). Two control groups received only physical practice in either a massed (Act) or 728 
spaced schedule interleaved with rest (R = 1 minute). All groups experienced 50 trials of either 729 
observation, physical, or combined practice during each Adaptation time point (100 trials total), 730 
with the exception of Act+Rest (*25 trials at each time point). 731 

Figure 2. Group mean directional constant error in degrees is plotted as a function of block, 732 
where each block represents the average error of 5 consecutive movement trials. Error bars 733 
represent standard error of the mean. Data is presented for all time points where participants 734 
physically practiced aiming with rotated cursor feedback (Adaptation 1, Adaptation 2, Retention 735 
1 and Retention 2) Positive values indicate error where the participant’s cursor missed in the 736 
clockwise direction relative to the target. Due to their interleaved schedule of practice during 737 
Adaptation 1 and Adaptation 2, the Obs_During group only have means reported for block 2, 4, 738 
6, 8, 10. We have illustrated the data for the Act+Rest group in the same way to aid visual 739 
comparison, as this group was matched to have the same practice and trial spacing as the 740 
Obs_During group. Note that statistical analyses of Adaptation 1 and 2 performance were 741 
performed on the data in blocks 2, 4, 6, 8, 10 as illustrated in the figure for all groups. 742 
Comparisons between the last block of Retention 1 and first block of Retention 2 were made to 743 
characterize offline learning/forgetting. Comparisons between the first block of adaptation 744 
practice (either Block 1, Adaptation 1, for the Act and Obs_Post groups, Block 2 for the 745 
Act+Rest and Obs_During groups or Block 1, Adaptation 2 for the Obs_Pre group) and first 746 
block of Retention 2, were made to characterize savings. 747 

Figure 3. Group mean Variable Error (VE, in degrees) across Adaptation 1 and Adaptation 2 is 748 
reported as a function of block. Each block represents the average standard deviation of CE from 749 
5 consecutive movement trials. Data is presented for all time points where participants physically 750 
practiced aiming with rotated cursor feedback. Error bars represent standard error of the mean. 751 
Due to their interleaved schedule of practice during Adaptation 1 and Adaptation 2, the 752 
Obs_During group only has means reported for block 2, 4,6, 8, 10. We have illustrated the data 753 
for the Act+Rest group in the same way to aid visual comparison, as this group was matched to 754 
have the same practice and trial spacing as the Obs_During group. 755 

Figure 4. Group mean reaction time (RT, ms) across Adaptation 1 and Adaptation 2 as a function 756 
of block.  Each block represents the average RT of 5 consecutive movement trials. Data is 757 
presented for all time points where participants physically practiced aiming with rotated cursor 758 
feedback. Error bars represent standard error of the mean. Due to their interleaved schedule of 759 
practice during Adaptation 1 and Adaptation 2, the Obs_During group only has means reported 760 
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for block 2, 4,6, 8, 10. We have illustrated the data for the Act+Rest group in the same way to 761 
aid visual comparison, as this group was matched to have the same practice and trial spacing as 762 
the Obs_During group.  763 

Figure 5. Group mean directional constant error in degrees is plotted as a function of block, 764 
where each block represents the average error of 5 consecutive movement trials. Error bars 765 
represent standard error of the mean. Data is presented for all time points where participants 766 
physically practiced aiming in a “normal” (no rotation) environment without cursor feedback 767 
(Pretest, Posttests 1-3). Negative values indicate error where the participant’s cursor missed in 768 
the counterclockwise direction relative to the target (opposite to the direction of the rotated 769 
cursor feedback experienced in Adaptation and Retention).  770 

Figure 6. (A) Absolute mean after-effect magnitude (absolute value of difference of mean CE 771 
during first 5 trials of Posttest1 – last 5 trials of Pretest, in degrees) plotted as a function of mean 772 
VE during Adaptation 1 (all trials, in degrees). (B) Absolute mean after-effect magnitude 773 
(absolute value of difference of mean CE during first 5 trials of Posttest2 – last 5 trials of Pretest, 774 
in degrees) plotted as a function of mean VE during Adaptation 2 (all trials, in degrees). Each 775 
data point represents a single participant.  776 
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Table 1. Effect sizes (Cohen’s d) characterising the magnitude of forgetting (Retention 1 minus 777 
Retention 2), savings in performance error (Adaptation 1 minus Retention 2), and after-effect 778 
magnitude (Pretest minus Posttest 1, 2, and 3; three separate effect sizes). All effect sizes were 779 
calculated using within-group pooled SD. 780 

781 

 Forgetting 

(Ret 1-2) 

Savings  

(Adapt 1 - 
Ret 2) 

After-Effects  

(Pre - 
Posttest 1) 

After-Effects  

(Pre - 
Posttest 2) 

After-Effects  

(Pre - 
Posttest 3) 

Obs_During -0.61 0.97 2.06 2.36 1.71 

Obs_Pre -0.67 0.70 0.25 2.59 2.42 

Obs_Post -0.82 1.01 3.48 1.90 3.04 

Act -1.25 1.67 3.20 3.75 2.90 

Act+Rest -1.37 0.93 2.35 2.99 2.89 
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