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ABSTRACT 37 

We learn to improve our motor skills using different forms of feedback: sensory-prediction error, 38 

task success, and reward/punishment. While implicit motor adaptation is driven by sensory-39 

prediction errors, recent work has shown that task success modulates this process. Task success is 40 

often confounded with reward, so we sought to determine if the effects of these two signals on 41 

adaptation can be dissociated. To address this question, we conducted five experiments that 42 

isolated implicit learning using error-clamp visuomotor reach adaptation paradigms. Task success 43 

was manipulated by changing the size and position of the target relative to the cursor providing 44 

visual feedback, and reward expectation was established using monetary cues and auditory 45 

feedback. We found that neither monetary cues nor auditory feedback affected implicit adaptation, 46 

suggesting that task success influences implicit adaptation via mechanisms distinct from 47 

conventional reward-related processes. Additionally, we found that changes in target size, which 48 

caused the target to either exclude or fully envelop the cursor, only affected implicit adaptation for 49 

a narrow range of error sizes, while jumping the target to overlap with the cursor more reliably 50 

and robustly affected implicit adaptation. Taken together, our data indicate that, while task success 51 

exerts a small effect on implicit adaptation, these effects are susceptible to methodological 52 

variations and unlikely to be mediated by reward. 53 

 54 

KEYWORDS 55 

Sensorimotor adaptation, motor learning, reinforcement  56 
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NEW & NOTEWORTHY 57 

We are motivated to perform well and earn rewards, but do rewards help maintain motor skill 58 

calibration? Here, we observed that implicit motor adaptation is not sensitive to abstract signals of 59 

reward, such as money or auditory cues related to performance, although adaptation was 60 

influenced by visual signals of task success like hitting a target. These data suggest that the implicit 61 

motor system may be primarily concerned with performance metrics rather than rewards.   62 
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INTRODUCTION 63 

 There are multiple facets of good performance. As an example, consider a tennis serve. 64 

When the ball lands in the service box, we meet the minimum requirements for making a successful 65 

serve, and we experience what the motor learning literature refers to as “task success.” We achieve 66 

an element of sensory prediction accuracy if we manage to place the ball in exactly the location to 67 

which we were aiming. Finally, if our opponent cannot return the ball, we earn a point and a reward 68 

by accomplishing one of the game’s higher-level objectives. Reward drives changes in explicit 69 

movement planning, while errors in sensory prediction drive implicit motor adaptation, which 70 

refines our movements beneath the level of conscious awareness (Holland et al. 2018; Wolpert et 71 

al. 1998). 72 

Recent work has indicated that task success can suppress implicit adaptation, and it has 73 

been proposed that these effects are mediated by the intrinsic reward associated with task success 74 

(Kim et al. 2019; Leow et al. 2018; Tsay et al. 2022). However, task success is a feedback signal 75 

inherent to the execution of any motor action, and it merely represents whether the movement met 76 

the minimum criterion for being considered successful. Thus, although task success and reward 77 

often coincide, they are dissociable. For example, a tennis serve may successfully land in the 78 

service box, but our opponent may return the ball and a point may not be won. By extension, task 79 

success signals may be processed in circuits distinct from those that process reward, and implicit 80 

adaptation may be sensitive to task success signals without exhibiting sensitivity to reward.  81 

In this report, we set out to address whether task success affects implicit adaptation via a 82 

reward associated with successful movements or if this effect is reward-insensitive. We reasoned 83 

that, if task success acts via reward, greater reward should suppress implicit adaptation, and vice 84 

versa. While a substantial body of literature has shown effects of reward on motor learning in 85 
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general (Cashaback et al. 2017; Codol et al. 2023; Galea et al. 2015; Hamel et al. 2018; van der 86 

Kooij et al. 2018; Nikooyan and Ahmed 2015), little work has directly tested the effects of reward 87 

on the implicit process. Thus, we employed the recently-developed error-clamp technique for 88 

isolating implicit motor adaptation during all of the studies described in this manuscript (Morehead 89 

et al. 2017). Our experiments also led us to assess the robustness of the effects of task success on 90 

implicit adaptation. 91 

Two distinct kinds of task success feedback manipulations have been reported to suppress 92 

implicit learning during visuomotor reach adaptation (VMR) tasks: 1) Target Jump manipulations 93 

and 2) Target Size manipulations. During a VMR task, participants control a cursor by moving 94 

their arm, and their goal is to reach to a target. When the position of the cursor is perturbed, causing 95 

it to both travel to an unintended location (a sensory prediction error, SPE) and land off-target 96 

(task success errors, TSE), motor learning proceeds to recalibrate the system and correct for these 97 

errors. To control task success, Target Jumps that shift the target partway through a reach such that 98 

final target and cursor locations are overlapping eliminate TSE while preserving SPE (Leow et al. 99 

2018, 2020; Tsay et al. 2022). An alternate approach manipulates Target Size rather than target 100 

position: either a large target is presented that completely encompasses the cursor at the end of its 101 

perturbed trajectory (SPE + null TSE), or a small target that partially excludes the cursor (SPE + 102 

TSE) is presented (Kim et al. 2019). Participants exhibited lower levels of adaptation when they 103 

experienced task success in response to both Target Jumps or Target Size manipulations.  104 

As Target Size manipulations employ constant target stimuli throughout a single trial and 105 

are less likely to drive dynamic attentional shifts during a reach, our initial experiments used this 106 

approach. Thus, Experiments 1-3 combined Target Size manipulations with extrinsic reinforcers 107 

including money and pleasant auditory feedback in an effort to assess whether reward and task 108 
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success cues exert similar effects on implicit learning. However, after encountering difficulties 109 

replicating effects of Target Size, we transitioned to the Target Jump approach to confirm that task 110 

success manipulations in general influence implicit adaptation (Experiment 4). Finally, in 111 

Experiment 5, we examined the effects of task success across a wide range of SPE magnitudes to 112 

assess the robustness of the two task success manipulations and to assess whether there is an 113 

inverse relationship between reward efficacy and SPE magnitude (Cashaback et al. 2017). 114 

 115 

MATERIALS AND METHODS 116 

Participants. Participants (n = 268, 168 female, 19.87 ± 1.66 years of age ranging from 18 to 29 117 

years, 254 right-handed and 12 ambidextrous as determined by the Edinburgh Handedness 118 

Inventory [Oldfield, 1941]) were recruited from the Princeton University community. All 119 

participants provided informed, written consent in accordance with procedures approved by the 120 

Princeton University Institutional Review Board. Participants received either course credit or a 121 

$12 honorarium as compensation for their time. Participants in Experiment 1 received an 122 

additional $3, in line with monetary rewards promised as a part of the task design. A power analysis 123 

(GPower V3.1) of Kim and colleagues’ (2019) Experiment 3 indicated that 22 subjects per group 124 

would be required for 95% statistical power given their reported effect size, so we opted to collect 125 

24 participants per group in Experiments 2 and 3. A power analysis of the results of Experiment 4 126 

reported here indicated that 40 participants would be required to obtain sufficient statistical power 127 

to observe an effect of jumping the target provided the number of pre-planned post-hoc 128 

comparisons, so we collected data from 42 participants for Experiment 5. Sample sizes for 129 

experiments 1 and 4 (n = 16/group) were not determined by power analysis, but are greater than 130 
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sample sizes in other studies in the literature investigating the effects of reward and task success 131 

on implicit adaptation in the laboratory (Kim et al. 2019; Tsay et al. 2022).  132 

 133 

Apparatus. Participants performed a center-out reaching task while vision of the hand was 134 

obscured by an LCD monitor (60 Hz, 17-in., Planar Systems, Hillsboro, OR) mounted 27 cm above 135 

a digitizing tablet (125 Hz, Wacom Intuos Pro L, Wacom, Vancouver, WA). Participants 136 

controlled  a visually-displayed cursor by moving  a stylus, which was embedded in an air hockey 137 

paddle, with their right hand (Fig. 1A). We opted to use the air hockey paddle system as opposed 138 

to the stylus alone 1) to encourage participants to make arm movements about the shoulder and 139 

elbow joints instead of the joints of the wrist and fingers and 2) to replicate the experimental 140 

conditions of Kim et al. (2019) as closely as possible (personal communication). Experimental 141 

software was programmed in Matlab R2013a using the Psychtoolbox extension V3.0, and was run 142 

on a Dell OptiPlex 7040 computer (Dell, Round Rock, TX) with a Windows 7 operating system 143 

(Microsoft Co., Redmond, WA). All stimuli were presented on a black background that filled the 144 

display. Experiments were conducted with the room lights extinguished to limit peripheral vision 145 

of the arm and to maximize stimulus visibility. 146 

 147 

Cursor feedback. A visually-displayed cursor (filled white circle, 1.5 mm diameter in 148 

Experiments 1 and 5, 3.5 mm diameter in Experiments 2-4) provided movement-related feedback 149 

(FB). During baseline and washout trials, the cursor either faithfully showed participants’ hand 150 

locations throughout the trial (FB trials) or was not displayed (no-FB trials). On “error-clamp” 151 

trials, the angle of the cursor was fixed off-target and participants could only control the radial 152 

distance of the cursor (Morehead et al. 2017; Fig. 1B). In combination with instructions to ignore 153 
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the error-clamp FB and reach straight for the target, this manipulation reliably isolates implicit 154 

adaptation and minimizes explicit re-aiming (Kim et al. 2018; Morehead et al. 2017). 155 

 156 

Center-out reaching task. To initiate a trial, participants positioned the hand in a central start 157 

location (6 mm diameter) using a guide circle that limited cursor feedback between trials (radius 158 

= distance between the hand and the starting location). When the hand was within 1 cm of the start 159 

location, the guide circle disappeared and veridical cursor FB was displayed. After the hand was 160 

in the starting location for 500 ms, a blue (RGB blue) target appeared 8 cm away. Participants 161 

were instructed to quickly slice through the center of the target without stopping before returning 162 

to the start location to initiate the next trial. When provided, cursor FB at the target distance was 163 

sustained for 50 ms. If the target-directed movement duration exceeded 600 ms, “Too Slow” was 164 

displayed in red on the screen and played through the computer speakers after the trial. When the 165 

target was presented at multiple locations within an experiment, trials were presented in “cycles,” 166 

such that all targets were experienced at all possible locations before being repeated.  167 

 168 

Procedure. 169 

Experiment 1. Experiment 1 aimed to test the hypothesis that reward modulates implicit 170 

adaptation. Thus, we presented monetary cues, either a penny or a dollar, to explicitly modulate 171 

the reward value of hitting the target. To assess whether any effects of reward on implicit 172 

adaptation were mediated by a modulation of that process or by learning in a separate process, we 173 

leveraged the transfer design of Experiment 3 in Kim et al. (2019). In their design, the task success 174 

condition was switched halfway through the experiment, such that if participants initially received 175 

task success (or failure) feedback, the target size changed to to deliver task failure (or success) 176 
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feedback in the next block of the experiment. A reversal in the asymptotes was interpreted as 177 

evidence that task success modulated implicit adaptation directly rather than through a parallel 178 

process (Kim et al. 2019). Because our experiment focused on the effects of reward rather than 179 

task success, we changed the amount of reward available halfway through the training block rather 180 

than changing the Target Size condition, to test whether changes in monetary reward would 181 

similarly elicit changes in asymptotic motor performance. 182 

 Potential reward was signaled by monetary cues presented before error-clamp trial onset. 183 

An image of either a penny (¢) or a dollar ($) was displayed at the starting location during the 500-184 

ms center hold period before the target was illuminated, and participants were told they could earn 185 

the amount of money displayed if their hand sliced through the center of the target. 186 

Targets could appear in 4 possible locations (45°, 135°, 225°, 315°), and the target appeared 187 

at each possible location during each cycle. The session proceeded as follows: 10 cycles without 188 

cursor FB (No FB Baseline), 10 cycles with veridical cursor FB (FB Baseline), 80 cycles with 189 

1.75° error-clamped FB and the first level of reward available (Reward Block A), 80 cycles with 190 

1.75° error-clamped FB and the second level of reward available (Reward Block B), 10 cycles 191 

without cursor feedback (No FB Washout), and 10 cycles with veridical FB (FB Washout). The 192 

direction (clockwise or counterclockwise) of the error-clamp was counterbalanced across 193 

participants. Before Reward Block A, participants were briefed on the nature of the error-clamp 194 

manipulation and instructed to ignore the cursor feedback. We also instructed participants to do 195 

their best to reach directly for the center of the target, as they would earn the displayed monetary 196 

reward on randomly-selected trials if their hand (not the cursor) passed through the center of the 197 

target. They were informed that either a penny or a dollar would be available, and that they would 198 

see both rewards during the experiment although their total payout would only be revealed at the 199 
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end of the study. All participants received $3 at the end of the experiment, and were debriefed that 200 

their monetary compensation had no relation to their performance.  201 

 Participants (n = 64) were randomly assigned to one of four groups according to a 2 x 2 202 

design in which we crossed the two factors of interest: potential reward and task success. As the 203 

amount of reward available changed halfway through the error-clamp block, participants were 204 

assigned to either the “¢ to $” condition (i.e., ¢ available for error-clamp block A and $ available 205 

for error-clamp block B) or the “$ to ¢” condition. Task success was controlled during the error-206 

clamp block by controlling the target size. Participants assigned to the “Straddle” condition saw a 207 

small target (6 mm diameter) so that the cursor straddled the target (50% on and 50% off-target) 208 

during the error-clamp blocks, simulating task failure. Participants assigned to the “Hit” condition 209 

saw the larger target (16 mm diameter) so that the cursor landed completely within the target during 210 

the error-clamp blocks, simulating task success. 211 

 212 

Experiment 2. Experiment 2 aimed to faithfully replicate Experiment 1 of Kim et al. (2019), which 213 

demonstrated attenuation of implicit motor learning when participants saw cursor FB that hit the 214 

target.  215 

 The session proceeded as follows: 5 cycles of no-FB baseline, 10 cycles of veridical-FB 216 

baseline, a 3-trial 45° clamp tutorial, 80 cycles of 3.5°-error-clamped FB (clamp direction 217 

counterbalanced across subjects), 5 cycles of no-FB washout, and finally 10 cycles of veridical-218 

FB washout. During each cycle, targets appeared once in each of 8 possible locations: 0°, 45°, 90°, 219 

135°, 180°, 225°, 270°, and 315°. The 3-trial clamp tutorial phase aimed to inform participants 220 

about the nature of the clamp through practice. On each trial, the target appeared straight ahead 221 

(90°), and participants were instructed to reach in different directions away from the target to 222 
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demonstrate the lack of contingency between reach and cursor FB directions (Tutorial trial 1: 223 

straight to the right, trial 2: straight left, trial 3: straight back/towards the body). Following the 224 

tutorial, the experimenter instructed participants to ignore the cursor and try to slice through the 225 

target location with their hand. 226 

 Participants (n = 48) were divided into two groups. One group saw a larger, 16 mm 227 

diameter target, such that, during clamp trials, the cursor landed completely within the target (“Hit” 228 

group). The other group saw a smaller, 6 mm diameter target that excluded the error-clamped 229 

cursor (“Miss” group; Fig. 1C). 230 

 231 

Experiment 3. Experiment 3 was designed to standardize participants’ perceptions of task error, 232 

regardless of visual FB, by employing tones to indicate success or failure. This experiment 233 

proceeded largely as described for Experiment 2, with the exceptions described below. 234 

In addition to visual FB, participants (n = 96) received auditory FB at the end of each reach. 235 

A pleasant dinging sound played at the end of the trial when the cursor (or hand, during no-FB 236 

blocks) landed within a certain angular distance of the center of the target. Otherwise, an 237 

unpleasant knocking sound was played. Participants (n = 96, 24/group) were divided into 4 groups. 238 

The larger 16 mm diameter target was displayed to two groups (“Hit” groups) and the smaller 6 239 

mm diameter target was displayed to the other two groups (“Miss” groups). Hit and Miss groups 240 

were further divided into groups with a stricter distance threshold for playing the pleasant dinging 241 

sound (6mm, “Strict”) or a more lenient distance threshold (16mm, “Lenient”), such that 242 

participants in the Strict groups heard the unpleasant sound at the end of each trial during the error-243 

clamp block while participants in the Lenient groups heard the pleasant sound at the end of each 244 

error-clamp trial. 245 
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 During the 3-trial, 45°-error clamp tutorial, in addition to instructions related to the cursor 246 

feedback, participants were instructed that the sounds would no longer correspond to their actual 247 

performance, and instead corresponded to the distance of the cursor relative to the center of the 248 

target. Thus, they had no control over both the trajectory of the clamped cursor and the sounds that 249 

would play at the end of the trial. When participants reached the washout phases, they were 250 

informed that the auditory and cursor feedback once again reflected their performance. 251 

 252 

Experiment 4. Experiment 4 was designed to test whether an alternative method of manipulating 253 

task success – the target jump – would effectively influence implicit adaptation. Since these effects 254 

have been reported previously, we modeled our study after experiments described by Tsay et al. 255 

(2022). 256 

 Participants (n = 18) reached to a single target location (90° [straight ahead]) throughout 257 

the study. First, they performed 100 baseline trials during which they received veridical FB. Then, 258 

we explained the nature of the error-clamp manipulation to participants and walked them through 259 

3 demonstration trials, as described for Experiments 2 (above). Subsequently, they were exposed 260 

to 800 trials with 4° error-clamped FB, and the direction of the error-clamp was varied randomly 261 

on each trial to maintain mean levels of adaptation around zero during the study. Then, on each 262 

trial, participants saw one of four different possible target jump contingencies: No Jump, Jump-263 

To, Jump-Away, and Jump-in-Place. As a control, on “No Jump” trials, the target simply appeared 264 

and underwent no changes during the trial. To test the effects of eliminating task error on implicit 265 

adaptation, “Jump-To” trials were included where the target jumped 4° so that the error-clamped 266 

cursor FB landed directly on the center of the target. To test the effects of increasing task error on 267 

implicit adaptation, on “Jump-Away” trials the target jumped 4° in the direction opposite the error 268 
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clamp so that the center of the target was 8° from the center of the error-clamped FB. Finally, 269 

“Jump-in-Place” trials on which the target was extinguished for 1 frame before being re-270 

illuminated in the same location were included to control for attentional effects of the target 271 

disappearing from its original location. We opted to hide the target for a single frame (12 ms, in 272 

our case), as this was the “duration” specified by an earlier report utilizing the jump-in-place 273 

manipulation (Tsay et al. 2022). This duration also produced a noticeable change in the visual 274 

display that approximates the experience of noticing the displacement of the target in the target 275 

jump conditions. All target manipulations were implemented when the hand passed 1/6 of the 276 

distance to the target on each trial. Single-trial learning was quantified as the change in reach angle 277 

between two subsequent trials. 278 

 279 

Experiment 5. Experiment 5 was designed to test whether the effects of task success on implicit 280 

adaptation depend on error magnitude and task success manipulation. Thus, we employed the 281 

Target Jump and Target Size manipulations, similar to what was described for Experiments 1-4, 282 

and measured single-trial learning as described for Experiment 4. 283 

 As in Experiment 4, all targets appeared straight ahead (90°), and the study began with a 284 

100-trial baseline period with veridical cursor FB followed by a 3-trial error-clamp tutorial phase. 285 

Then, an 865-trial error-clamp phase began. During this phase, participants encountered error-286 

clamp magnitudes of 1.75°, 3.5°, 5.25°, 7°, 8.75°, and 10.5° (clockwise and counterclockwise). 287 

On each trial, they also experienced one of three levels of task success: Miss, Hit, and Target Jump-288 

To (Jump-To). On Hit trials, the target was 31 mm in diameter and completely encompassed the 289 

cursor on the 10.5° error-clamp trials. On Miss trials and Jump-To trials, the target was 4.5 mm in 290 

diameter and completely excluded the cursor on the 1.75° error-clamp trials. During Jump-To 291 
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trials, the target shifted ⅙ of the way through the participant’s reach such that the cursor and target 292 

were concentric at the end of the trial. 293 

 294 

Statistical Analysis. 295 

Raw data were preprocessed in MATLAB 2020a before being further processed and 296 

undergoing statistical analysis in R (RStudio, 1.3.959; RStudio, PBC, Boston, MA, R, 4.1.1). 297 

Because differences in approaches to data analysis may cause follow-up studies to fail to replicate 298 

initial reports, we analyzed the data following the approaches used in the studies we intended to 299 

replicate. Thus, for experiments solely dealing with Target Size task success manipulations 300 

(Experiments 1-3), we employed the approach described by Kim et al. (2019) and measured reach 301 

angle at the hand position at the time of maximum velocity on each trial. For experiments including 302 

Target Jump manipulations (Experiments 4-5), we used the approach of Tsay and colleagues 303 

(2022) and measured reach angle as the hand position at the time that the hand passed the center 304 

of the target. Two criteria were used to exclude trials from further analysis, based on the practices 305 

in the previous reports. First, trials on which the reach angle deviated from the target angle by 306 

more than 90° were excluded. Second, trials on which the reach angle deviated from the running 307 

average (5-trial window) by more than 3 standard deviations were also excluded. Across this 308 

report, <1% of trials were excluded (Experiment 1: 0.8%, Experiment 2: 1%, Experiment 3: 0.6%, 309 

Experiment 4: 0.5%, Experiment 5: 1%) via these criteria. For Experiments 4 and 5, we also 310 

excluded trials on which participants reached toward the only/expected target location (straight 311 

ahead) before the target appeared. This led us to exclude an additional 3.7% of trials from 312 

Experient 4 and 4.4% of trials from Experiment 5. For Experiments 1-3, veridical feedback 313 
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baseline biases for each participant at each target were then computed and subtracted from the 314 

reach angles.  315 

For Experiments 1-3, reach angles were subsequently binned by cycle (see Procedure 316 

above). Early learning rates were calculated as the estimated average change in hand angle over 317 

the first five cycles of the clamp block. To stably estimate the level of adaptation at cycle 5, cycles 318 

3-7 were averaged. Asymptotic adaptation was estimated as the average reach angle over  the last 319 

ten cycles of the clamp phase. Retention ratios were quantified as the ratio of reach angle in the 320 

final cycle of the no-FB washout phase to the reach angle in the final cycle of the preceding error-321 

clamp phase. In the interest of replication, these definitions of learning rate, asymptotic 322 

performance, and retention were chosen for consistency with the report from Kim and colleagues 323 

(2019) (Protzko and Schooler 2017). 324 

In Experiments 4 and 5, single-trial learning was quantified as the difference in reach angle 325 

between subsequent trials. Individual participants’ performance within each trial type was 326 

averaged within clamp direction, and then these mean values were averaged. Finally, performance 327 

within trial type was compared across participants. 328 

When comparisons were only made between two conditions for an experiment, we used 329 

Student’s t-tests (paired or unpaired, as was appropriate the sampling conditions). When 330 

comparisons were made between three or more conditions, we used a two-way ANOVA (repeated 331 

measures ANOVA was applied when appropriate for the sampling conditions). If main effects or 332 

interactions were found to be statistically significant in the ANOVA, we followed up with 333 

appropriate post-hoc comparisons. Type-I errors were limited by adjusting p-values to control the 334 

false-discovery rate. 335 

 336 
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RESULTS 337 

Experiment 1: Do monetary reward cues affect implicit motor learning? 338 

 Prior studies using reaching tasks have shown that performance-irrelevant but success-339 

related cues attenuate visuomotor adaptation during reaching tasks (Kim et al. 2019; Leow et al. 340 

2018). Kim and colleagues (2019) argued that this manipulation influenced adaptation via intrinsic 341 

reward. As this prior work manipulated visual feedback (FB) related to the relative locations of 342 

the cursor and target, we sought to build upon these findings by testing whether reward cues can 343 

modulate the effect of task success or whether the implicit motor system is only sensitive to stimuli 344 

directly pertinent to movement feedback. To this end, we presented monetary cues signaling the 345 

potential reward for successful reaches and tested for effects on implicit motor adaptation. 346 

Experiment 1 used a 2x2 crossed design, with levels of the first factor corresponding to different 347 

amounts of monetary reward (Penny [¢] or Dollar [$]) and levels of the second factor 348 

corresponding to different degrees of task success implemented via a Target Size manipulation. 349 

To assess whether the monetary reward directly or indirectly modulated implicit adaptation in the 350 

fashion of Kim et al., we switched the amount of reward participants could earn halfway through 351 

the training block. 352 

 Participants (n = 64, 16 per group) performed a center-out reaching task while vision of the 353 

arm was occluded by a planar monitor (Fig. 1A). To isolate implicit adaptation during the training 354 

blocks, we displayed error-clamped cursor FB: the cursor followed a trajectory 1.75° off-target 355 

regardless of the executed movement direction, enforcing a consistent sensory prediction error 356 

(Fig. 1B-C, Morehead et al. 2017). In order to mitigate any explicit re-aiming in response to cursor 357 

FB, we fully briefed participants about the error-clamp, instructed them to ignore the cursor FB, 358 

and told them that they had a chance to earn money if their hand (not the cursor) sliced through 359 
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the center of the target. Immediately before each trial, an image of the money that could be won 360 

(a penny or a dollar) briefly appeared at the starting location (Fig. 1D). Depending on their group 361 

assignments, participants either reached for a large target that encompassed the error-clamped 362 

cursor FB (Hit) or for a small target that partially excluded the error-clamped cursor FB (Straddle; 363 

Fig. 1C). 364 

Regardless of whether monetary rewards influence implicit adaptation, we expected to 365 

replicate the effects reported by Kim et al. (2019) and observe a suppressive effect of hitting the 366 

target on implicit adaptation. If monetary cues enhance participants’ experiences of task success 367 

via the same reward processing system as Hit or Straddle FB, we would have expected a significant 368 

suppression of adaptation among participants in the $ condition, as the opportunity to earn $1 ought 369 

to be more appetitive than the opportunity to earn 1¢. 370 
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 371 

Figure 1. Effects of monetary cues and task success FB on implicit adaptation. (A) Experimental 372 

apparatus. Participants held a stylus and made reaching movements atop a digitizing tablet. Vision 373 

of the arm was occluded by a computer monitor that also displayed task FB. (B) Error-clamped 374 

cursor FB. During an error-clamp task, the cursor (white) travels along a predetermined trajectory 375 

(Clamped Cursor Feedback) relative to the target (blue) regardless of the reach trajectory (Tx, Ty, 376 

and Tz). (C) Error-clamped visual FB displayed to participants in the Straddle (orange, top) and 377 

Hit (blue, bottom) groups. (D) Monetary cues were displayed at trial onset. Either a penny (top) or 378 

dollar (bottom) was displayed while participants held their hand in the start location before target 379 

illumination. (E) Learning curves during Experiment 1. Inset table describes which monetary 380 

rewards were offered for each block of adaptation. (F) Learning rates during the first 5 training 381 

blocks of Experiment 1. (G) Asymptotic learning at the end of the Reward A training phase in 382 

Experiment 1. (H) Change in asymptote between the Reward A and B phases in Experiment 1. (I) 383 

Retention ratios in Experiment 1, with retention ratio defined as the proportion of the adaptation 384 

memory observed in the last cycle of no-FB washout relative to the last cycle of training. 385 

 386 
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Participants showed robust adaptation in response to the error-clamp phases (Fig. 1D). 387 

However, neither task success nor monetary cues statistically significantly affected participants’ 388 

early learning rates, asymptotic adaptation, changes in performance with change in monetary cue, 389 

or retention during washout (Fig. 1F-I, see Table 1 for details of statistical tests). Nonetheless, 390 

effects of Target Size-induced task success on learning rate (two-way between-subjects ANOVA, 391 

F(1,60) = 3.06, p = 0.08) and asymptotic adaptation (F(1,60) = 2.76, p = 0.1) trended towards 392 

significance. We also observed trends towards effects of changing the monetary cue on asymptotic 393 

performance (F(1,60) = 2.94, p = 0.09) and the interaction between Target Size and monetary cue 394 

on retention (F(1,60) = 3.85, p = 0.054). Although trend levels of significance provide ambiguous 395 

evidence for and against an effect of task success cues on implicit adaptation, the lack of robust 396 

reward sensitivity suggests that any influence of task outcome on implicit motor learning is not 397 

strongly driven by participant expectations about the potential reward associated with task success.  398 

Considering that a strong effect of task success in this paradigm was previously reported, 399 

it is noteworthy that we did not observe a clear effect of task success on implicit adaptation. While 400 

the groups in Experiment 1 included more participants (16) than the previous report on effects of 401 

target size on implicit adaptation (12), it is possible that our sample did not provide sufficient 402 

statistical power to detect an effect of task success. We note that the difference in asymptotic 403 

performance between the Hit (mean ± SEM: 9.40° ± 1.14°) and Straddle groups (12.14° ± 1.17°) 404 

observed here would correspond to a small-to-medium effect size (Cohen’s d = 0.42) – much 405 

smaller than the very large effect size (d = 1.73) previously reported. Given the complexity of 406 

Experiment 1’s design, it is not clear whether the effect of task success cues is smaller than that 407 

previously observed, or whether the inclusion of monetary reward as a factor throughout the study 408 

disrupted the efficacy of the task success cues. To address the lack of a convincing replication of 409 
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effects of target size on implicit motor adaptation, we simplified our experimental design, 410 

employed visual feedback more clearly consistent with task failure, and solely manipulated target 411 

size to influence task success in Experiment 2. 412 

 413 

Table 1. Details of two-way between subjects ANOVAs conducted for Experiment 1 

Factor F dfn dfd p 

Early Learning Rate 

Monetary Cue (Penny [¢]/Dollar [$]) 2.44 1 60 0.12 

Target Size Condition (Hit/Straddle) 3.06 1 60 0.085 

Money x Target Size Interaction 0.36 1 60 0.55 

Asymptotic Adaptation 

Monetary Cue (Penny [¢]/Dollar [$]) 0.74 1 60 0.39 

Target Size Condition (Hit/Straddle) 2.76 1 60 0.10 

Money x Target Size Interaction 0.23 1 60 0.63 

Change in Asymptote after Monetary Cue Switch 

Monetary Switch (¢ to $/$ to ¢) 2.94 1 60 0.09 

Target Size Condition (Hit/Straddle) 1.06 1 60 0.31 

Money x Target Size Interaction 0.88 1 60 0.35 

Retention 

Monetary Switch History (¢ to $/$ to ¢) 1.04 1 60 0.31 

Target Size Condition (Hit/Straddle) 0.71 1 60 0.40 

Money x Target Size Interaction 3.85 1 60 0.054 

Note. Abbreviations: df, degrees of freedom. 

 414 
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Experiment 2: Does manipulating task outcome via target size alone influence implicit motor 415 

learning? 416 

In Experiment 2, we replicated the approach and conditions of Kim and colleagues’ (2019) 417 

first experiment, including employing the same 3.5° error-clamp size (see Methods for additional 418 

details). To maximize the likelihood that we would observe an effect, we tested the two most 419 

distinct task success conditions: Hit, as described for Experiment 1, and Miss (cursor never 420 

touched the target, Fig. 2A inset, top). Based on a power analysis of the differences between 421 

asymptotic performance in Kim et al.’s Miss and Hit groups, we included 24 participants in each 422 

group (total n = 42; see Methods for details of the power analysis).  423 

 424 

 425 

Figure 2. Effects of Target Size-based manipulations on implicit adaptation in Experiment 2. (A) 426 

Learning curves during Experiment 2. Participants in both the Miss (orange) and Hit (blue) groups 427 

exhibited robust changes in hand angle in response to the error-clamp perturbation. (B) Early 428 

learning rates during Experiment 2. Learning rate was quantified as the mean change in reach angle 429 

per cycle across the first 5 cycles of the experiment. (C) Asymptotic learning during Experiment 430 
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2. Asymptotic learning was quantified as the mean reach angle across the last 10 cycles of the 431 

error-clamp block. (D) Retention during the no-FB washout block in Experiment 2. Retention was 432 

quantified as the ratio of reach angle in the final cycle of the no-FB washout block to the reach 433 

angle in the final cycle of the error-clamp block. Data are shown as mean ± standard error of the 434 

mean. Abbreviations: FB, feedback. 435 

 436 

Both the Hit and Miss groups showed substantial adaptation of reach angles opposite the 437 

direction of the error-clamp (Fig. 2A). However, we did not observe statistically significant effects 438 

of task success on early learning rates (Student’s two-sample t-test, t(46) = -0.30, p = 0.77, Fig. 439 

2B) or asymptotic learning (t(46) = 0.67, p = 0.51, Fig. 2C), or retention (t(46) = 0.85, p = 0.40, 440 

Fig. 2D). Although the degree of adaptation exhibited by the Hit group (mean ± SEM, 17.24° ± 441 

1.52°) was numerically lower than that of the Miss group (18.88° ± 1.90°), the difference between 442 

group mean asymptotes observed here corresponds to a small effect size (Cohen’s d =  0.08) – 443 

smaller than the small-to-medium effect size of Experiment 1 and the very large effect size seen 444 

by Kim and colleagues. 445 

The aforementioned analysis used the analysis procedures of Kim and colleagues and could 446 

not detect any significant effects of Target Size on adaptation. However, a qualitative trend can be 447 

seen where mean adaptation in the Miss group is greater than adaptation in the Hit group for the 448 

entire error-clamp block. As an exploratory, post-hoc test, we compared performance averaged 449 

over the entire block but still found no statistically significant differences in the degree of 450 

adaptation (unpaired t-test, t(46) = 1.05, p = 0.30). In one final test, we compared performance 451 

during the error-clamp cycle exhibiting the greatest differences between the Miss and Hit groups 452 

(cycle 45), but still could not detect any significant differences (t(46) = 1.69, p = 0.10). 453 

Therefore, our data suggest either that manipulating task success via target size does not 454 

affect implicit adaptation, or that the magnitude of the effect is much smaller than previously 455 

reported. This latter interpretation is consistent with the possibility of a “Decline Effect”, wherein 456 
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an initially reported effect size is larger than those observed later (Protzko and Schooler 2017). 457 

However, it is also possible that individual participants’ interpretations of what degree of cursor 458 

accuracy constitutes “good performance” may affect subjective experiences of task success during 459 

the error-clamp manipulations. In this case, differences in participants’ experiences of task success 460 

between our sample and the sample collected by Kim et al. (2019) may account for differences in 461 

our results. To address this, we conducted another experiment that included auditory cues to clarify 462 

the task success conditions to participants. 463 

 464 

Experiment 3: Does clarifying task success conditions with auditory feedback reveal an effect of 465 

task success on implicit adaptation? 466 

To address the possibility that Target Size differences alone failed to affect participants’ 467 

perceptions of task success during Experiment 2, we provided additional, auditory task success 468 

cues in Experiment 3. As in Experiment 2, participants (n = 96) either reached to a large target that 469 

encompassed the clamped cursor feedback (Hit) or a small target that excluded the clamped cursor 470 

feedback (Miss). In addition to these visual task success FB cues, we played auditory FB at the 471 

end of the movement. 472 

During the baseline and washout periods, auditory cues were contingent upon hand position 473 

at the end of the trial, thereby establishing an association between the auditory FB and participants’ 474 

perceptions of task success. For participants assigned to “Strict” auditory FB conditions, a pleasant 475 

chime sound was played if the hand landed within the radius of the smaller possible target size, 476 

regardless of the displayed target size. Otherwise, an unpleasant knocking sound was played. In 477 

contrast, participants assigned to the “Lenient” auditory FB conditions heard the pleasant chime 478 

sound when the hand landed within the radius of the larger possible target size. At the onset of the 479 
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Error-Clamp block, auditory FB became contingent upon the error-clamped cursor FB instead of 480 

the hand position such that participants assigned to "Lenient" conditions heard the pleasant chime 481 

sound during the 3.5° error-clamp phase whereas participants assigned to the "Strict" conditions 482 

heard the unpleasant knocking sound (Fig. 3A). 483 

Participants were divided into 4 equally-sized groups according to a 2 x 2 design with 2 484 

levels of auditory cue condition (Strict or Lenient) and 2 levels of task success condition (Hit or 485 

Miss, as in Experiment 2). This design allowed us to systematically test whether adding auditory 486 

reward and punishment FB to visual indicators of task success would reveal an effect of task 487 

performance on implicit adaptation. If auditory FB effectively enhances participants’ experiences 488 

of task success and task success suppresses implicit adaptation, then participants in the Hit Lenient 489 

condition ought to have shown significantly lower levels of asymptotic adaptation relative to 490 

participants in the Miss Strict condition. 491 

First, to confirm that participants correctly interpreted the pleasant and unpleasant auditory 492 

cues as indicating task success, we examined how participants adjusted their reach angle in 493 

response to the auditory FB in the No-FB baseline phase (when they were encouraged to hit the 494 

target). During trials with reach endpoints in the range where the tone played varied between 495 

groups (i.e., between the small and large target diameters; Fig. 3A, left), there was a significant 496 

effect of auditory FB condition (two-way between-subjects ANOVA, F(1,92) = 4.16, p = 0.04, 497 

partial η2 = 0.04) but not target size (F(1,92) = 0.72, p = 0.40) or the interaction between the two 498 

factors (F(1,92) = 0.02, p = 0.88). A post-hoc t-test confirmed that adjustments in reach angle were 499 

greater among participants in the Strict groups (mean ± standard error: 4.82 ± 0.22°) compared to 500 

those in the Lenient groups (4.21 ± 0.20; t(94) = 2.05, p = 0.04, Cohen’s d = 0.42), indicating that 501 

participants the auditory cues were understood by the participants to indicate success or failure. 502 
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 503 

Figure 3. Effects of manipulations of task success using auditory cues in Experiment 3. (A) 504 

Schematic of visual FB and auditory cues presented to participants during the Error-Clamp block. 505 

In Strict conditions (first and third configurations), a knock sound played when the 3.5° error-506 

clamped FB reached the target distance, regardless of target size. In Lenient conditions (second 507 

and third configurations), a pleasant dinging sound was played instead. (B) Learning curves during 508 

Experiment 3. All groups exhibited robust learning in response to the error clamp. (C) Early 509 

learning rates during Experiment 3. (D) Asymptotic learning during Experiment 3. (E) Retention 510 

ratios during washout of Experiment 3.  511 

 512 

Notably, when cursor FB was provided alongside veridical cursor FB in a subsequent 513 

baseline phase, auditory FB ceased to influence the magnitude of updates to reach angle within the 514 

analyzed window (F(1,92) = 0.93, p = 0.34), and target size drove differences between groups 515 
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(F(1,92) = 7.74, p = 0.007, partial η2 = 0.08) without an interaction between the factors (F(1,92) 516 

= 0.43, p = 0.51). A post-hoc t-test showed that updates were significantly larger among 517 

participants in Miss conditions (small target; mean ± SEM: 3.70 ± 0.12°) than those in Hit 518 

conditions (large target; 3.19 ± 0.14°; t(94) = 2.79, p = 0.006, Cohen’s d = 0.57). These findings 519 

suggest that, when available, visual indicators of task success take precedence in guiding explicit 520 

performance over other modalities of performance FB. 521 

During the error-clamp phase, when auditory FB was clamped alongside cursor FB and 522 

participants were instructed not to re-aim their movements based on the FB they received, all 523 

groups exhibited robust learning to the error clamp (Fig. 3C). However, auditory cues, target size, 524 

and their interaction had no effect on participants’ learning rates (Fig. 3D) or asymptotic levels of 525 

adaptation (Fig. 3E; refer to Table 2 for details of statistical tests). Thus, even with the addition 526 

of auditory cues associated with task performance, task success indicators did not effectively 527 

modulate the acquisition of implicit motor adaptation.  528 
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Table 2. Details of two-way between subjects ANOVAs conducted for Experiment 3 

Factor F  dfn dfd p 

Early Learning Rate 

Strict/Lenient Auditory FB 0.13 1 92 0.72 

Hit/Miss Target Size Condition 0.02 1 92 0.89 

Auditory x Target Size Interaction 2.66 1 92 0.11 

Asymptotic Adaptation 

Strict/Lenient Auditory FB 0.02 1 92 0.90 

Hit/Miss Target Size Condition 1.27 1 92 0.26 

Auditory x Target Size Interaction 0.18 1 92 0.67 

Note. Abbreviations: df, degrees of freedom. 

During the No-FB washout phase, auditory FB significantly affected retention of implicit 529 

adaptation (two-way between subjects ANOVA, F(1,92) = 5.06, p = 0.03, partial η2 = 0.05) while 530 

target size (F(1,92) = 0.88, p = 0.35) and the interaction (F(1,92) = 2.41, p = 0.12) had no effect 531 

on retention (Fig. 3F). A post-hoc t-test indicated that retention was greater among participants in 532 

the Strict condition (mean ± standard error: 0.65 ± 0.08 retention ratio) than participants in the 533 

Lenient condition (0.47 ± 0.03 retention ratio; two-sample t-test, t(94) = 2.23, p = 0.03, Cohen’s d 534 

= 0.46). This suggests that auditory FB may influence the rate of decay of implicit adaptation. 535 

However, we note that participants in the Lenient auditory conditions experienced an abrupt shift 536 

from hearing the pleasant to the unpleasant tone at the onset of the washout block when auditory 537 

feedback was released from the clamp perturbation and became contingent on reach angle. Indeed, 538 

many participants in the Lenient group noted the abrupt change and verbally questioned the 539 

experimenter about it, but this was not the case for the Strict group. So, it is unclear whether 540 
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retention of implicit adaptation was suppressed by exposure to the pleasant tone during training, 541 

or whether performance in the Lenient conditions was disrupted by an auditory startle response or 542 

re-aiming in an attempt to control the auditory FB. 543 

Notwithstanding a potential effect of auditory reward FB on retention of implicit 544 

adaptation, the addition of performance-related auditory cues did not substantially affect the rate 545 

or degree of implicit adaptation. This is in line with the results of Experiments 1 and 2, providing 546 

further evidence that manipulating task success does not affect implicit adaptation, or the effect is 547 

quite small. Furthermore, the lack of an effect of auditory cues in Experiment 3 is consistent with 548 

the lack of an effect of monetary cues in Experiment 1: there do not appear to be strong effects of 549 

appetitive or reward-related cues. In sum, the results of these first three experiments converge to 550 

suggest that the effect of task success on implicit motor learning is not mediated by reward, and 551 

that the effect observed by manipulating task success via changes in target size is either small or 552 

nonexistent. Thus, we sought to assess whether another method for manipulating task success – 553 

the so-called “Target Jump” after the fashion of Leow and colleagues (2018) and Tsay and 554 

colleagues (2022) – influences implicit adaptation. 555 

 556 

Experiment 4: Do task success manipulation using Target Jumps influence implicit motor 557 

learning? 558 

 In Experiment 4, we aimed to replicate recent work employing a different form of task 559 

success manipulation – the Target Jump – that demonstrated an effect on single-trial learning 560 

(STL; Tsay et al. 2022). During Target Jump manipulations, the target is displaced partway 561 

through the trial so that the cursor feedback lands at an experimenter-specified distance from the 562 

center of the target (Fig. 4A, top), thereby manipulating task success without manipulating the size 563 
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of the target. As Target Jumps have been shown to modulate learning in block designs (Leow et 564 

al. 2018, 2020), we suspected that replications of an effect of jumping the target may prove more 565 

forthcoming. 566 

 567 

 568 

Figure 4. Effects of Target Jump manipulations on single-trial, implicit adaptation. (A) Schematic 569 

illustrating the different Target Jump perturbations. (B) Schematic showing how single-trial 570 

learning (STL) was computed for this experiment. (C) STL in response to either counterclockwise 571 

or clockwise error-clamped FB. Positive STL indicates a counterclockwise change in reach angle, 572 

while negative STL indicates a clockwise change. (D) STL in response to 4° error-clamped cursor 573 

FB paired with the Target Jump manipulations indicated on the x-axis. For this panel, STL has 574 

been computed such that positive STL indicates adaptation in the direction opposite the error-575 

clamp (i.e., error-appropriate adaptation), and negative STL indicates adaptation in the same 576 
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direction as the error-clamp. * indicates adjusted p-values < 0.05. Abbreviations: FB - feedback, 577 

STL - single-trial learning. 578 

  579 

 Participants (n = 18) were instructed to reach directly for the target that appeared and ignore 580 

any deflections in cursor FB or movement of the target, after the fashion of Tsay et al. (2022). 581 

After a baseline period with veridical FB, all trials provided 4° error-clamped FB and one of four 582 

possible target perturbation events halfway through each reach. The direction of the error-clamped 583 

FB (clockwise or counterclockwise) was randomly varied across trials to maintain an average 584 

background level of 0° of accumulated adaptation, and adaptation in response to each error/Target 585 

Jump combination on trial n was quantified as the difference in reach angles on trials n and n + 1 586 

(STL, Fig. 4B).  “Jump-To” trials, where the target was displaced by 4° such that endpoint cursor 587 

FB would fall on the center of the target (Fig. 4A, top), were included to assess whether eliminating 588 

task error via a Target Jump would affect implicit adaptation. “Jump-Away” trials, where the target 589 

was displaced by 4° away from the direction of the error-clamp, were included to assess whether 590 

increasing task error via a Target Jump would affect implicit adaptation (Fig. 4A, middle). “Jump-591 

In-Place” trials, where the target disappeared for one frame, were included to control for potential 592 

attentional effects of the disappearance of the target in Jump-To and Jump-Away trials (Fig. 4A, 593 

middle), Finally, “No-Jump” trials, where the target was not perturbed during the trial, were 594 

included to provide a baseline rate of learning. 595 

 Participants showed robust, direction-specific STL in response to error-clamped feedback 596 

(one-way within-subjects ANOVA, F(1,17) = 94.7, p = 2.3 x 10-8, partial η2 = 0.84; Fig. 4C) that 597 

was, as reported by Tsay et al., affected by target manipulations (F(1.16, 19.8) = 8.80, p = 0.006, 598 

partial η2 = 0.23). In line with the previous report, Jump-To target perturbations significantly 599 

suppressed adaptation relative to No Jump (paired t-test, t(17) = 3.36, padj = 0.02, Cohen’s d = 600 
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1.43), Jump-Away (t(17) = 2.89, padj = 0.02, Cohen’s d = 1.26), and Jump-In-Place trials (t(17) = 601 

3.12, padj = 0.02, Cohen’s d = 1.28, Fig. 4D). Contrary to the report by Tsay et al. (2022), we did 602 

not observe a significant effect of Jump-In-Place perturbations on adaptation (t(17) = 1.96, padj = 603 

0.1). Given the lack of other significant differences between the conditions, the observation that 604 

only Jump-To target perturbations influence STL without attentional effects of Jump-In-Place 605 

trials or STL-enhancing effects of Jump-Away perturbations is not clearly consistent with graded 606 

effects of task success on implicit adaptation due to attentional distraction induced by the Target 607 

Jump. 608 

The robust effects of Target Jumps on implicit adaptation replicated in Experiment 4 stand 609 

in stark contrast to the small-to-nonexistent effects of Target Size manipulations reported earlier 610 

in this manuscript. Noting that the effects of Target Size appeared larger (albeit still not significant) 611 

during Experiment 1, which employed a smaller error-clamp manipulation than Experiments 2-3, 612 

we speculated that effects of Target Size may be contingent upon error-clamp size. Such an error 613 

size-sensitivity would be consistent with prior work suggesting that the influence of reinforcement 614 

decays with the square of the sensory prediction error size (Cashaback et al. 2017). Notably, Target 615 

Jump manipulations may enjoy a degree of immunity to changes in error-clamp size as their effects 616 

have been observed with perturbations upwards of 30 degrees. Experiment 5 addresses these 617 

hypotheses. 618 

 619 

Experiment 5. How do Target Size and Target Jump manipulations influence implicit motor 620 

learning at various error sizes? 621 

 Experiment 5 employed multiple error-clamp sizes, Target Size manipulations (as in 622 

Experiments 1-3), and the Target Jump manipulation (as in Experiment 4). This was done in order 623 
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to comprehensively assay the effect of each manipulation at various error sizes, as other results 624 

have suggested that the effect of reinforcement plays a greater role at small error sizes (Cashaback 625 

et al. 2017).  Participants (n = 42) were instructed to move straight toward the target that appeared 626 

on the screen, regardless of cursor FB, which would be clamped away from the center of the target 627 

by an angular error that randomly varied on each trial between 1.75° and 10.5°, at increments of 628 

1.75°. Additionally, on a given trial, the target would be a) small enough that even the 1.75° clamp 629 

would miss the target (Miss; Fig. 2A inset top), b) large enough that even the 10.5° clamp would 630 

be entirely within the target (Hit; Fig. 1C bottom), or c) the target, at the same size as the Miss 631 

target, would jump to meet the cursor FB, eliminating task error (Jump-To; Fig. 4A top). Clamp 632 

direction (clockwise or counterclockwise) varied across trials with zero-mean, allowing us to 633 

measure single-trial learning (STL) as the change in hand angle on trial t+1 in response to the error 634 

observed on trial t. 635 

Participants exhibited robust STL which tracked the error magnitude and direction (stats, 636 

Fig. 5A). A two-way repeated-measures ANOVA highlighted a statistically significant effect of 637 

error-clamp magnitude (F(3.66, 150.05) = 62.14, p = 2.24 x 10-29, ηG
2 = 0.20) and task success 638 

condition (F(1.61, 65.99) = 17.96, p = 3.38 x 10-6, ηG
2 = 0.08), but no interaction (F(10, 410) = 639 

0.97, p = 0.47). STL was significantly suppressed relative to the Miss condition by both Hit (t(41) 640 

= 4.04, padj = 9.54 x 10-4, Cohen’s d = 0.50) and Jump-To FB (t(41) = 5.36, padj = 2.48 x 10-5, 641 

Cohen’s d = 0.91), although STL was suppressed more by Jump-To FB than Hit FB (t(41) = 2.79, 642 

padj = 0.02, Cohen’s d = 0.49; Fig. 5B).  643 

 644 
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 645 

Figure 5. Effects of Target Size, Target Jump, and error-clamp size manipulations on single-trial, 646 

implicit adaptation. (A) STL in response to either counterclockwise or clockwise error-clamped 647 

FB, collapsed across task success conditions. Positive STL indicates a counterclockwise change 648 

in reach angle, while negative STL indicates a clockwise change. (B) STL collapsed across error-649 

clamp magnitude/direction but separated by task success condition. Positive STL indicates a 650 

change in reach angle opposite the direction of the observed error-clamp. Boxplot center: median, 651 

box edges: 1st and 3rd quartiles, notch: 95% confidence interval of the median, whiskers: most 652 

extreme values not considered outliers. (C) STL in response to error-clamped FB collapsed across 653 

direction but separated by error-clamp magnitude and task success condition. (D) Effect size 654 

measures (Cohen’s d) of the differences between the Miss condition and the Jump To (black) or 655 

the Hit (blue) conditions as a function of the magnitude of the error-clamp. Orange shading and 656 

labels on the right hand side of the panel indicate descriptions of effect sizes according to Cohen’s 657 

(1988) thresholds guidelines. * indicates adjusted p-values < 0.05. Abbreviations: STL - single-658 

trial learning. 659 

 660 

Subsequent pre-planned post-hoc pairwise comparisons provided further evidence that the 661 

Jump-To manipulation generally suppressed STL more than the Hit manipulation. While 662 
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participants exhibited significantly less STL on Jump-To trials than Miss trials for all error-clamp 663 

magnitudes greater than 1.75°, participants only exhibited less STL on Hit trials relative to Miss 664 

trials at 3.5° and 5.25° error-clamps (Fig. 5C, see Table 3 for statistical details). In addition, STL 665 

was significantly lower in the Jump-To than the Hit condition at 5.25° and 8.75° error-clamps (Fig. 666 

5C, Table 3). Moreover, differences in STL between Miss and Jump-To conditions exhibited 667 

larger effect sizes than differences between Miss and Hit conditions at all error-clamp magnitudes 668 

greater than 1.75° (Fig. 5D, Table 3). 669 

Taken together, the results of Experiment 5 illustrate that the Jump-To manipulation 670 

generally elicits a larger and more reliable suppression of STL than the Hit manipulation for nearly 671 

all error sizes. However, the data do not provide clear support for the claim that the effect of the 672 

Hit manipulation becomes weaker as the magnitude of the error-clamp increases. Overall, there is 673 

a slight reduction of Hit effect size with increases in error-clamp magnitude, but the jump in effect 674 

size at 5.25° degrees disrupts this trend (Fig. 5D). We note that there were no extreme outliers 675 

(STL beyond 3 standard deviations from the mean) in the Miss or Hit conditions driving this 676 

change in effect size.  677 
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Table 3. Details of pre-planned post-hoc pairwise comparisons conducted for Experiment 5 

(comparisons in Fig. 5C) 

Task Success x 

Reward A 

Task Success x 

Reward B 

t p padj Signif. Cohen’s 

d 

Miss x 1.75° Hit x 1.75° 1.62 0.11 0.13  0.36 

Miss x 3.5° Hit x 3.5° 2.39 1.2 x 10-4 0.04 * 0.44 

Miss x 5.25° Hit x 5.25° 3.49 0.001 0.003 * 0.63 

Miss x 7° Hit x 7° 1.80 0.08 0.12  0.31 

Miss x 8.75° Hit x 8.75° 0.74 0.5 0.49  0.12 

Miss x 10.5° Hit x 10.5° 1.84 0.07 0.12  0.30 

Miss x 1.75° Jump To x 1.75° 1.72 0.09 0.13  0.43 

Miss x 3.5° Jump To x 3.5° 3.12 0.003 0.008 * 0.65 

Miss x 5.25° Jump To x 5.25° 5.49 2.3 x 10-6 3.7 x 10-5 * 0.96 

Miss x 7° Jump To x 7° 4.07 2.1 x 10-4 0.001 * 0.67 

Miss x 8.75° Jump To x 8.75° 3.57 9.1 x 10-4 0.003 * 0.67 

Miss x 10.5° Jump To x 10.5° 3.93 3.2 x 10-4 0.001 * 0.63 

Hit x 1.75° Jump To x 1.75° 0.50 0.62 0.62  0.09 

Hit x 3.5° Jump To x 3.5° 1.38 0.17 0.19 * 0.32 

Hit x 5.25° Jump To x 5.25° 2.30 0.03 0.046 * 0.46 

Hit x 7° Jump To x 7° 1.66 0.1 0.13  0.35 

Hit x 8.75° Jump To x 8.75° 3.11 0.003 0.008 * 0.54 

Hit x 10.5° Jump To x 10.5° 1.67 0.1 0.12  0.35 
       

Note. All comparisons’ degrees of freedom are equal to 41. Familywise error rates were 

maintained by adjusting p-values according to the false discovery rate method, accounting for 

the comparisons made in Fig. 5B-C. Comparisons reaching statistical significance (padj < 0.05) 

are flagged with a *. 
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DISCUSSION 678 

 On the whole, our findings add to a body of work suggesting that task success modulates 679 

implicit adaptation, but they do not support the idea that implicit adaptation is sensitive to reward. 680 

The results of our initial experiments suggest that implicit motor adaptation is not modulated by 681 

auditory or monetary reward cues (Figs. 1, 3), and the studies throughout this manuscript illustrate 682 

that implicit motor adaptation is only weakly modulated when the cursor lands inside the target 683 

but not at its center (Figs. 1-3, 5). Furthermore, our data suggest that Target Jumps are the most 684 

reliable approach for suppressing implicit adaptation via task success manipulations (Figs. 4-5). 685 

 686 

Implicit adaptation is not influenced by reward expectation 687 

 Implicit motor adaptation did not exhibit clear sensitivity to either monetary (Fig. 1) or 688 

auditory reward expectation (Fig. 3). Although we observed a significant effect of auditory cue on 689 

retention ratios during Experiment 3, we believe that this effect arose from re-aiming or error-690 

based learning rather than the implicit system. During the washout phase without visual FB, 691 

auditory FB was once again contingent upon reach angle. As a result of residual adaptation from 692 

the error-clamp block, participants in the Strict group were likely to miss the target during the 693 

initial washout block and thus unlikely to experience a change in auditory FB. On the other hand, 694 

the auditory FB contingency transition was obvious for the Lenient group, which heard pleasant 695 

chimes throughout the error-clamp block but began hearing unpleasant knocks in the washout 696 

because their reaches had adapted away from the target location. Because a sudden change in 697 

auditory FB can drive changes in action selection (Nikooyan and Ahmed 2015), the retention 698 

measurement for the Lenient group may have been contaminated by explicit learning, rather than 699 

purely reflecting the rate of decay of implicit adaptation. Given the lack of other statistically 700 
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significant effects on uncontaminated parameters in this experiment, we conclude that auditory 701 

cues are not likely to modulate implicit adaptation. 702 

Together, Experiments 1 and 3 suggest that the implicit adaptation system does not process 703 

reward value. Notably, these particular experiments used block designs and exhibited null effects 704 

of both reward value and Target Size, while Experiment 5 leveraged a single-trial learning design 705 

and revealed significant effects of Target Size. One may wonder, then, how conclusively 706 

Experiments 1 and 3 rule out effects of reward on implicit adaptation, and whether we might detect 707 

effects of reward in single-trial experiments. However, we note that the effect of Target Size in 708 

Experiment 5 ranged from small to very small for most error magnitudes tested (Fig. 5D). This 709 

suggests that, if any effect of reward on implicit adaptation is detectable in the context of a single-710 

trial learning paradigm, it would be a small effect without much practical significance. By 711 

extension, we propose that most of the effects of reward on motor learning act through explicit 712 

components of motor control, such as action selection (Chen et al. 2018; Izawa and Shadmehr 713 

2011; Nikooyan and Ahmed 2015; Taylor and Ivry 2012). 714 

 715 

Target jumps exert more reliable effects on implicit adaptation than target size manipulations 716 

 The block designs of Experiments 1-3 provided very little evidence for task success effects 717 

using Target Size manipulations. In fact, Experiments 2 and 3 notably failed to produce any effect 718 

of hitting the target, while Experiment 1 elicited only a trend towards an effect. This stands in stark 719 

contrast with the large effects reported by Kim and colleagues (2019). Upon noting that 720 

Experiment 1 employed a smaller error-clamp size than Experiments 2 and 3 but exhibited 721 

something closer to a statistically significant effect of Target Size, we investigated whether Target 722 

Size manipulations elicited effects only at smaller sensory-prediction error magnitudes. Somewhat 723 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 3, 2023. ; https://doi.org/10.1101/2023.02.01.526533doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.01.526533
http://creativecommons.org/licenses/by-nc-nd/4.0/


Reward, Task Success, and Implicit Adaptation - 38 

 

supporting this hypothesis, Experiment 5 uncovered statistically significant effects of the Target 724 

Size manipulation only at 3.5° and 5.25°, and numerical effects of Target Size for error-clamps 725 

less than 7°. Target Jump manipulations, on the other hand, elicited far stronger evidence for an 726 

effect of task success on implicit motor adaptation (Fig. 4 & 5), and this result was robust across 727 

all tested error-clamp magnitudes greater than 1.75° (Fig. 5). 728 

 While it is clear that Target Jump manipulations more reliably produce a task success effect 729 

than Target Size manipulations, the question remains as to why. It may be that the Target Size and 730 

Target Jump manipulations lie along a spectrum of task success manipulations, and that Target 731 

Size more weakly modulates adaptation because the cursor does not lie as close to the center of 732 

the target and cannot be interpreted as wholly successful. In line with this possibility, a change in 733 

target position during a Target Jump may 1) change the participant’s experience of “task error” to 734 

modulate adaptation in a graded fashion and 2) draw attentional resources and detracts from 735 

implicit adaptation processes (Tsay et al. 2022). Although our data do not fully support this 736 

explanation, they also do not clearly refute it. We did not observe an increase in the amount of 737 

adaptation observed during Jump-Away trials, suggesting that increases in task error measured as 738 

the distance between the cursor and the center of the target do not exert a graded effect on 739 

adaptation. Furthermore, we did not observe a detrimental effect of briefly removing the target 740 

(Jump-In-Place, Fig. 4) that would allow us to infer that enhanced adaptation was masked by jump-741 

related-distraction in the Jump-Away condition. However, considering that the amount of single-742 

trial implicit adaptation observed saturated around error-clamp magnitudes of 5.25° in the Miss 743 

condition (Fig. 5), it is possible that we failed to observe an enhancement of adaptation in the 744 

Jump-Away condition with the 4° error-clamp used in Experiment 4 due to a ceiling effect. Thus, 745 

while our data are not wholly consistent with the idea that there is a continuous task error variable 746 
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that modulates implicit adaptation in a graded fashion, it seems plausible that the Target Jump 747 

manipulation may be read as greater task success and thereby have a greater impact on implicit 748 

adaptation than Target Size manipulations. 749 

 750 

Mechanisms underlying effects of task success on implicit adaptation 751 

Our experiments showed that implicit adaptation is not likely to be influenced by rewards 752 

such as money or auditory performance cues, while we report effects of task success, indicating 753 

that hitting the target can attenuate adaptation. These results raise the question: Why do task 754 

success cues but not rewards affect implicit adaptation? We suggest that sensory prediction errors 755 

and task errors are feedback signals inherent to motor tasks – detecting and processing these signals 756 

are essential components of assessing motor plan execution. Rewards and other performance cues, 757 

on the other hand, are often dictated by variable, context-dependent contingencies (e.g., a 758 

basketball free-throw during practice will not be met with as much fanfare as a free-throw that 759 

wins a game) and are not intrinsically related to the performed movement. As such, implicit 760 

adaptation may be sensitive only to feedback that is most directly pertinent to the internal model, 761 

namely sensory-prediction error and visually-indicated task success, as opposed to reward. While 762 

other sensorimotor learning processes have been shown to be sensitive to rewards (Codol et al. 763 

2023), we suggest that the implicit adaptation process studied here is relatively immune to reward 764 

effects.   765 

Considering that visuomotor reach adaptation is a cerebellar-dependent task (Butcher et al. 766 

2017; Morehead et al. 2017) and that recent work has highlighted that the cerebellum processes 767 

reward (Heffley and Hull 2019; Kostadinov et al. 2019; Larry et al. 2019; Wagner et al. 2017), this 768 

finding may seem surprising. However, the cerebellum is composed of many parallel modules and 769 
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microcircuits that are involved in different tasks (Apps and Garwicz 2005; Apps and Hawkes 770 

2009), and reward signals have not been observed in all microzones. Thus, it is possible that 771 

reward-based learning and sensory-prediction error-based learning proceed in largely parallel 772 

cerebellar circuits. By extension, the specific cerebellar microzones involved in implicit reach 773 

adaptation may be insensitive to reward, despite the fact that reward may play a role in tasks 774 

dependent on other cerebellar circuits and the popular presupposition of a single cerebellar 775 

computation (Diedrichsen et al. 2019; Kostadinov and Häusser 2022). Indeed, the idea that 776 

cerebellar circuits for implicit motor learning and reward processing are divided is supported by 777 

observations that patients with cerebellar degeneration can engage in many aspects of typical 778 

reward-driven reinforcement learning despite showing substantial deficits in adaptation 779 

(Morehead et al. 2017; Nicholas et al. 2022; Therrien et al. 2016). Such a division of reward-based 780 

and sensory prediction error-based learning would be consistent with classical observations of 781 

differences between sensory-prediction error-based supervised motor learning and reinforcement 782 

learning (for review see Gershman and Uchida 2019; Raymond and Medina 2018).  783 

While this is an important clarification, as previous work has emphasized a role for reward 784 

in mediating the effects of task success (Kim et al. 2019), the mechanism by which task success 785 

influences adaptation has yet to be specified. It seems unlikely that task success acts as a teaching 786 

signal that drives learning independently (Kim et al. 2019; Morehead and de Xivry 2021), because 787 

implicit adaptation only occurs in the presence of sensory prediction errors and does not proceed 788 

on task error alone (Tsay et al. 2022). Future work will be necessary to solidly identify the process-789 

level mechanisms by which task success influences implicit adaptation. 790 

 791 

 792 
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Summary 793 

In the present article, we attempted to replicate previous findings that hitting a target 794 

attenuates implicit motor learning and probe various theoretical explanations for this effect. The 795 

results of the five experiments presented above suggest that implicit motor adaptation is at most 796 

weakly modulated by task success as defined by the cursor hitting the target, and this effect is not 797 

driven by monetary or auditory rewards. The attenuation of learning driven by shifting the target 798 

to be concentric with the final cursor location vastly exceeded the attenuation due to hitting a larger 799 

target that remained stationary, indicating that perhaps these two different manipulations influence 800 

motor learning in different manners. These results highlight that hitting the center of the target 801 

reliably influences implicit motor adaptation, but that rewards and more abstract signals of task 802 

success may not have practically significant effects on implicit learning.  803 
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Table 1. Details of two-way between subjects ANOVAs conducted for Experiment 1 

Factor F dfn dfd p 

Early Learning Rate 

Monetary Cue (Penny [¢]/Dollar [$]) 2.44 1 60 0.12 

Target Size Condition (Hit/Straddle) 3.06 1 60 0.085 

Money x Target Size Interaction 0.36 1 60 0.55 

Asymptotic Adaptation 

Monetary Cue (Penny [¢]/Dollar [$]) 0.74 1 60 0.39 

Target Size Condition (Hit/Straddle) 2.76 1 60 0.10 

Money x Target Size Interaction 0.23 1 60 0.63 

Change in Asymptote after Monetary Cue Switch 

Monetary Switch (¢ to $/$ to ¢) 2.94 1 60 0.09 

Target Size Condition (Hit/Straddle) 1.06 1 60 0.31 

Money x Target Size Interaction 0.88 1 60 0.35 

Retention 

Monetary Switch History (¢ to $/$ to ¢) 1.04 1 60 0.31 

Target Size Condition (Hit/Straddle) 0.71 1 60 0.40 

Money x Target Size Interaction 3.85 1 60 0.054 

Note. Abbreviations: df, degrees of freedom. 
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Table 2. Details of two-way between subjects ANOVAs conducted for Experiment 3 

Factor F  dfn dfd p 

Early Learning Rate 

Strict/Lenient Auditory FB 0.13 1 92 0.72 

Hit/Miss Target Size Condition 0.02 1 92 0.89 

Auditory x Target Size Interaction 2.66 1 92 0.11 

Asymptotic Adaptation 

Strict/Lenient Auditory FB 0.02 1 92 0.90 

Hit/Miss Target Size Condition 1.27 1 92 0.26 

Auditory x Target Size Interaction 0.18 1 92 0.67 

Note. Abbreviations: df, degrees of freedom. 
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Table 3. Details of pre-planned post-hoc pairwise comparisons conducted for Experiment 5 

(comparisons in Fig. 5C) 

Task Success x 

Reward A 

Task Success x 

Reward B 

t p padj Signif. Cohen’s 

d 

Miss x 1.75° Hit x 1.75° 1.62 0.11 0.13  0.36 

Miss x 3.5° Hit x 3.5° 2.39 1.2 x 10-4 0.04 * 0.44 

Miss x 5.25° Hit x 5.25° 3.49 0.001 0.003 * 0.63 

Miss x 7° Hit x 7° 1.80 0.08 0.12  0.31 

Miss x 8.75° Hit x 8.75° 0.74 0.5 0.49  0.12 

Miss x 10.5° Hit x 10.5° 1.84 0.07 0.12  0.30 

Miss x 1.75° Jump To x 1.75° 1.72 0.09 0.13  0.43 

Miss x 3.5° Jump To x 3.5° 3.12 0.003 0.008 * 0.65 

Miss x 5.25° Jump To x 5.25° 5.49 2.3 x 10-6 3.7 x 10-5 * 0.96 

Miss x 7° Jump To x 7° 4.07 2.1 x 10-4 0.001 * 0.67 

Miss x 8.75° Jump To x 8.75° 3.57 9.1 x 10-4 0.003 * 0.67 

Miss x 10.5° Jump To x 10.5° 3.93 3.2 x 10-4 0.001 * 0.63 

Hit x 1.75° Jump To x 1.75° 0.50 0.62 0.62  0.09 

Hit x 3.5° Jump To x 3.5° 1.38 0.17 0.19 * 0.32 

Hit x 5.25° Jump To x 5.25° 2.30 0.03 0.046 * 0.46 

Hit x 7° Jump To x 7° 1.66 0.1 0.13  0.35 

Hit x 8.75° Jump To x 8.75° 3.11 0.003 0.008 * 0.54 

Hit x 10.5° Jump To x 10.5° 1.67 0.1 0.12  0.35 
       

Note. All comparisons’ degrees of freedom are equal to 41. Familywise error rates were 

maintained by adjusting p-values according to the false discovery rate method, accounting for 

the comparisons made in Fig. 5B-C. Comparisons reaching statistical significance (padj < 0.05) 

are flagged with a *. 
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Figure 1. Effects of monetary cues and task success FB on implicit adaptation. (A) Experimental apparatus. 
Participants held a stylus and made reaching movements atop a digitizing tablet. Vision of the arm was occluded 
by a computer monitor that also displayed task FB. (B) Error-clamped cursor FB. During an error-clamp task, the 
cursor (white) travels along a predetermined trajectory (Clamped Cursor Feedback) relative to the target (blue) 
regardless of the reach trajectory (Tx, Ty, and Tz). (C) Error-clamped visual FB displayed to participants in the 
Straddle (orange, top) and Hit (blue, bottom) groups. (D) Monetary cues were displayed at trial onset. Either a 
penny (top) or dollar (bottom) was displayed while participants held their hand in the start location before target 
illumination. (E) Learning curves during Experiment 1. Inset table describes which monetary rewards were 
offered for each block of adaptation. (F) Learning rates during the first 5 training blocks of Experiment 1. (G) 
Asymptotic learning at the end of the Reward A training phase in Experiment 1. (H) Change in asymptote between 
the Reward A and B phases in Experiment 1. (I) Retention ratios in Experiment 1, with retention ratio defined as 
the proportion of the adaptation memory observed in the last cycle of no-FB washout relative to the last cycle of 
training.
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Figure 2. Effects of Target Size-based manipulations on implicit adaptation in Experiment 2. (A) 
Learning curves during Experiment 2. Participants in both the Miss (orange) and Hit (blue) groups 
exhibited robust changes in hand angle in response to the error-clamp perturbation. (B) Early learn-
ing rates during Experiment 2. Learning rate was quantified as the mean change in reach angle per 
cycle across the first 5 cycles of the experiment. (C) Asymptotic learning during Experiment 2. 
Asymptotic learning was quantified as the mean reach angle across the last 10 cycles of the 
error-clamp block. (D) Retention during the no-FB washout block in Experiment 2. Retention was 
quantified as the ratio of reach angle in the final cycle of the no-FB washout block to the reach 
angle in the final cycle of the error-clamp block. Data are shown as mean ± standard error of the 
mean. Abbreviations: FB, feedback.
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Figure 3. Effects of manipulations of task success using auditory cues in Experiment 3. (A) Sche-
matic of visual FB and auditory cues presented to participants during the Error-Clamp block. In 
Strict conditions (first and third configurations), a knock sound played when the 3.5° 
error-clamped FB reached the target distance, regardless of target size. In Lenient conditions (sec-
ond and third configurations), a pleasant dinging sound was played instead. (B) Learning curves 
during Experiment 3. All groups exhibited robust learning in response to the error clamp. (C) Early 
learning rates during Experiment 3. (D) Asymptotic learning during Experiment 3. (E) Retention 
ratios during washout of Experiment 3. 
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Figure 4. Effects of Target Jump manipulations on single-trial, implicit adaptation. (A) Schematic 
illustrating the different Target Jump perturbations. (B) Schematic showing how single-trial learn-
ing (STL) was computed for this experiment. (C) STL in response to either counterclockwise or 
clockwise error-clamped FB. Positive STL indicates a counterclockwise change in reach angle, 
while negative STL indicates a clockwise change. (D) STL in response to 4° error-clamped cursor 
FB paired with the Target Jump manipulations indicated on the x-axis. For this panel, STL has 
been computed such that positive STL indicates adaptation in the direction opposite the 
error-clamp (i.e., error-appropriate adaptation), and negative STL indicates adaptation in the same 
direction as the error-clamp. * indicates adjusted p-values < 0.05. Abbreviations: FB - feedback, 
STL - single-trial learning.
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Figure 5. Effects of Target Size, Target Jump, and error-clamp size manipulations on single-trial, 
implicit adaptation. (A) STL in response to either counterclockwise or clockwise error-clamped 
FB, collapsed across task success conditions. Positive STL indicates a counterclockwise change 
in reach angle, while negative STL indicates a clockwise change. (B) STL collapsed across 
error-clamp magnitude/direction but separated by task success condition. Positive STL indicates 
a change in reach angle opposite the direction of the observed error-clamp. Boxplot center: 
median, box edges: 1st and 3rd quartiles, notch: 95% confidence interval of the median, whis-
kers: most extreme values not considered outliers. (C) STL in response to error-clamped FB 
collapsed across direction but separated by error-clamp magnitude and task success condition. 
(D) Effect size measures (Cohen’s d) of the differences between the Miss condition and the Jump 
To (black) or the Hit (blue) conditions as a function of the magnitude of the error-clamp. Orange 
shading and labels on the right hand side of the panel indicate descriptions of effect sizes accord-
ing to Cohen’s (1988) thresholds guidelines. * indicates adjusted p-values < 0.05. Abbreviations: 
STL - single-trial learning.
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