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Abstract 15 

  16 
Motor adaptation – the process of reducing motor errors through feedback and practice – is an essential 17 
feature of human competence, allowing us to move accurately in dynamic and novel environments. 18 
Adaptation typically results from sensory feedback, with most learning driven by visual and proprioceptive 19 
feedback that arises with the movement. In humans, motor adaptation can also be driven by symbolic 20 
feedback. In the present study, we examine how implicit and explicit components of motor adaptation are 21 
modulated by symbolic feedback. We conducted three reaching experiments involving over 400 human 22 
participants to compare sensory and symbolic feedback using a task in which both types of learning 23 
processes could be operative (Experiment 1) or tasks in which learning was expected to be limited to only 24 
an explicit process (Experiments 2 and 3). Adaptation with symbolic feedback was dominated by explicit 25 
strategy use, with minimal evidence of implicit recalibration. Even when matched in terms of information 26 
content, adaptation to rotational and mirror reversal perturbations was slower in response to symbolic 27 
feedback compared to sensory feedback. Our results suggest that the abstract and indirect nature of 28 
symbolic feedback disrupts strategic reasoning and/or refinement, deepening our understanding of how 29 
feedback type influences the mechanisms of sensorimotor learning. 30 
 31 
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Introduction 45 

 46 
Motor adaptation – the process of reducing motor errors through feedback and practice – enables us to 47 
flexibly move in dynamic and novel environments (Krakauer et al., 2019; Shadmehr et al., 2010; Torres-48 
Oviedo et al., 2011). For example, motor adaptation enables a golfer to adjust her swing to accommodate 49 
changes in terrain and wind conditions, and similarly, allows a marathon runner to maintain consistent force 50 
output despite increasing muscle fatigue. 51 
 52 
Motor adaptation is not a singular process but instead, entails the operation of multiple learning processes. 53 
Paralleling the memory literature, one broad distinction can be made between processes that are under 54 
conscious control and those that operate outside awareness: Whereas explicit strategy use can allow the 55 
agent to reduce performance errors in a volitional and conscious manner (Benson et al., 2011; Hegele & 56 
Heuer, 2010; Taylor et al., 2014), implicit recalibration keeps our movements finely calibrated in an 57 
automatic and subconscious manner. Indeed, the interplay of explicit and implicit processes in motor 58 
adaptation has been the focus of many studies over the past decade (Tsay et al., 2023). 59 
 60 
Implicit and explicit learning processes exhibit distinct properties. Whereas implicit recalibration is a 61 
relatively rigid process, capable of producing limited, incremental changes in behavior, explicit strategy 62 
use is remarkably flexible, capable of producing rapid changes that can be quite dramatic (Bond & Taylor, 63 
2015; Huberdeau et al., 2015). Moreover, while implicit recalibration is highly sensitive to the timing of 64 
the feedback and is severely attenuated when the feedback is delayed, strategy-based learning is minimally 65 
impacted by manipulations of the timing of the feedback (Brudner et al., 2016; Hadjiosif et al., 2023; Hinder 66 
et al., 2008; Honda et al., 2012; Kitazawa et al., 1995; Tsay, Schuck, et al., 2022; Wang, Avraham, et al., 67 
2024).  68 
 69 
Learning in most contexts is based on visual and proprioceptive feedback that arises during the movement. 70 
These forms of sensory feedback convey motor errors through direct sensory experience: The archer sees 71 
their shot off to the left of the bullseye or the guitarist feels their fingers misplaced for the desired chord. 72 
Learning, at least for humans, can also be driven by symbolic feedback in which the feedback is conveyed 73 
in an indirect, abstract manner. For example, the golfer taking a short cut over the trees might hear a 74 
collective groan from the crowd and be fearful that their shot has landed in the pond just in front of the 75 
green. Or a blindfolded dart thrower when aiming for the “15”, would know they were too high when 76 
informed that the dart was in the “13” slot. While sensory feedback can be exploited by both implicit and 77 
explicit adaptation processes (Kim et al., 2018; Neville & Cressman, 2018; Tsay et al., 2021; Tsay, Kim, 78 
Haith, et al., 2022), it is unclear if the same holds for symbolic feedback.  79 
 80 
In this study, we posed two questions: First, what learning processes are elicited by symbolic feedback? 81 
This question remains unresolved because previous studies using symbolic feedback have not used tasks 82 
designed to dissociate implicit and explicit learning processes (Galea et al., 2015; Izawa & Shadmehr, 2011; 83 
Larssen et al., 2022; Nikooyan & Ahmed, 2015; Therrien et al., 2016; Uehara et al., 2019; Yin et al., 2023). 84 
For example, previous studies did not include manipulations such as asking participants to verbally report 85 
where they aimed to measure strategy use (Taylor et al., 2014), or instruct participants to forgo strategy use 86 
and reach directly to the target when measuring the aftereffect once the perturbation was removed (Maresch 87 
et al., 2020; Werner et al., 2015). The only study that has employed such methods found that symbolic 88 
feedback was dominated by explicit strategy use (Butcher & Taylor, 2018). In this manuscript, we sought 89 
to verify this finding with a substantially larger sample size and with experimental manipulations that 90 
provide a more detailed characterization of adaptation driven by symbolic feedback. 91 
 92 
Second, is the efficiency of the adaptation process elicited by symbolic feedback comparable to that elicited 93 
by sensory feedback? This question has not been clearly answered, given that previous studies have not 94 
matched the information content conveyed between sensory and symbolic feedback: Whereas sensory 95 
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feedback has conveyed both error direction and magnitude information, symbolic feedback has been limited 96 
to either magnitude or direction (Butcher & Taylor, 2018; Nikooyan & Ahmed, 2015). 97 
 98 
To address these questions, we conducted three motor adaptation experiments involving over 400 human 99 
participants. In Experiment 1 we manipulated the size of the rotational perturbation (30°, 60°, 90°), with 100 
movement feedback conveyed symbolically via a numerical score. If symbolic feedback elicits implicit 101 
recalibration, we expect to observe large and robust aftereffects across all three perturbation sizes, a 102 
persistent change in hand angle away from the target after the perturbation is removed and participants are 103 
instructed to reach directly towards to the target. Moreover, similar to what is observed with sensory 104 
feedback, the magnitude of this aftereffect should be similar for all three perturbation sizes. Conversely, if 105 
symbolic feedback is dominated by explicit strategy, we expect learning to scale with perturbation sizes but 106 
result in minimal aftereffects. In Experiments 2 and 3, we examined whether the indirect and abstract nature 107 
of symbolic feedback, compared to direct and concrete nature of sensory feedback, impacts the discovery 108 
of a successful explicit strategy. To this end, we delayed the presentation of feedback to isolate explicit 109 
strategy, allowing us to directly contrast learning in response to sensory and symbolic feedback while 110 
tightly matching the error information conveyed (i.e., magnitude and direction).  111 
 112 

Methods 113 

 114 
Participants and apparatus 115 
 116 
A total of 415 participants completed the study (Female: 216; Male: 174; Other: 25; 24.74 ± 0.17 years old). 117 
Participants were recruited on a web-based crowdsourcing platform (www.prolific.com) and were 118 
compensated at $12.00/hour. We limited recruitment to participants who 1) have a minimum 95% approval 119 
ratings and 2) spoke English as their first language. While handedness was not a recruitment criterion 120 
(Right-handed: 362; Left-handed: 46; Ambidextrous: 9), our key findings remained robust even when the 121 
analyses were limited to right-handed participants (see Supplemental Section: Figure S1).  122 
 123 
The sample size in each experiment were informed by similar web-based motor adaptation studies 124 
(Avraham et al., 2021; Wang, Avraham, et al., 2024; Warburton et al., 2023), as well as considerations for 125 
counterbalancing. Note that our sample size is significantly greater than comparable in-lab motor adaptation 126 
studies (~40 participants) (Butcher & Taylor, 2018; Larssen et al., 2022; Nikooyan & Ahmed, 2015).  127 
 128 
The experiment was created using the OnPoint platform, a package for running customized online motor 129 
learning experiments with JavaScript. Participants completed the web-based experiment via an internet 130 
browser with their own devices (Trackpad: 332; Optical mouse: 83; Trackball: 2). Our past online studies 131 
have shown that neither the type of browser nor the type of pointing device significantly impacts 132 
performance (Tsay et al., 2024). The size and position of the visual stimuli were dependent on the 133 
individual's monitor size. For ease of interpretation, all stimulus parameters detailed below were based on 134 
an average 13-inch computer monitor.  135 
 136 
General procedure 137 
 138 
For each trial, participants were asked to position their cursor, a white dot (diameter = 0.4 cm), inside a 139 
white starting ring (diameter = 0.5 cm) which was located at the center of the screen. Once the cursor was 140 
moved inside, the starting ring was filled. After holding the cursor inside the starting ring for 500 ms, the 141 
cursor was blanked, eliminating visual feedback, and a blue circular target (diameter = 0.4 cm) appeared 142 
along an invisible ring with a radius of 8 cm relative to the starting ring. The blue target could appear in 143 
one of the three target locations on the invisible ring. The sequence of target locations was presented 144 
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pseudo-randomly within each movement cycle (i.e., 1 movement cycle = 3 reaches: 1 reach to each target 145 
location).  146 
 147 
Feedback 148 
 149 
Feedback was provided immediately (Experiment 1) or 800 ms after movement termination (Experiments 150 
2-3) and remained visible for 1 s. Symbolic feedback was provided via a numerical score. How the 151 
numerical score was calculated varied between experiments: In Experiment 1, the score conveyed only 152 
error magnitude, the absolute distance between the participant’s movement endpoint and the target, with 153 
the score rounded to the nearest integer. To make the scores easier for the participants to understand, we 154 
normalized the range of scores from a minimum of 0 points (hand angle 180° away from the target) to a 155 
maximum of 100 points (hand angle at the bullseye of the target). In Experiments 2 and 3, symbolic 156 
feedback conveyed both error magnitude and direction. Here the score could range from -180° to 179°. As 157 
such, 0 was the best possible score in these experiments, with negative values indicating a counterclockwise 158 
error and positive values a clockwise error (e.g., a score of +60 signified that the endpoint hand angle was 159 
60° clockwise from the optimal location).  160 
 161 
We also included sensory feedback conditions in Experiments 2 and 3. Sensory feedback was provided via 162 
a white cursor that appeared on the ring, indicating the participant’s hand position when the movement 163 
amplitude was 8 cm (veridical feedback trials) or displaced from that hand position by the visual 164 
perturbation (rotation trials).  165 
 166 
Experiment 1 167 
 168 
Participants (N = 184; Female: 93; Male: 77; Other: 14; 25.06 ± 0.29 years old) were randomly assigned to 169 
one of the three perturbation groups (30° rotation: 77; 60° rotation: 51; 90° rotation: 56). Two participants 170 
whose average hand angles were 5 standard deviations away from the group means were excluded. We 171 
counterbalanced the direction of the perturbation (clockwise or counterclockwise) across participants 172 
within each perturbation group. There were three target locations: 30° (upper-right quadrant), 150° (upper-173 
left quadrant), and 270° (straight down).  174 
 175 
Movement feedback was always provided symbolically in the form of a numerical score that ranged 176 
between 0 and 100 points. There were three blocks: baseline veridical feedback (30 trials; 10 cycles), rotated 177 
feedback (150 trials; 50-cycles), and no-feedback aftereffect (30 trials; 10 cycles). In the baseline block, 178 
participants were familiarized with the basic reaching procedure and the symbolic feedback. Participants 179 
were provided the following instructions: “Move directly to the target. You will be rewarded based on your 180 
accuracy (max score = 100 points).” In the perturbation block, the score was based on the rotated (30°, 60° 181 
or 90°) endpoint hand position. Thus, to get 100 points on a trial, a participant in the 60° clockwise 182 
perturbation group would have to move 60° counterclockwise to the target. Participants were instructed: 183 
“Move somewhere away from the target. Find the movement direction that yields 100 points.” In the 184 
aftereffect block, the perturbation was removed. Participants were given the following instructions: “Move 185 
directly to the blue target, and do not aim away from the target.” There was no feedback presented during 186 
the aftereffect block.  187 
 188 
Experiment 2 189 
 190 
Participants (N = 110; Female: 58; Male: 46; Other: 6; 24.33 ± 0.31 years old) were randomly assigned to 191 
one of the two groups that differed in terms of feedback type (Symbolic: 53; Sensory: 57). For both groups, 192 
the feedback provided vectorial information (magnitude and direction). Importantly, the feedback was 193 
presented 800 ms after the hand had reached the target amplitude – a manipulation that greatly attenuates 194 
or even eliminates implicit recalibration (Brudner et al., 2016; Tsay, Schuck, et al., 2022). In this way, we 195 
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sought to focus on comparing explicit strategy use in response to sensory or symbolic feedback. We 196 
counterbalanced the direction of the perturbation (clockwise or counterclockwise) across participants 197 
within each feedback group. The target locations were the same as Experiment 1. 198 
 199 
There were three experimental blocks: Baseline veridical feedback (30 trials; 10 cycles), delayed 60° rotated 200 
feedback (150 trials; 50 cycles), and no-feedback aftereffect (30 trials; 10 cycles). Unlike Experiment 1, we 201 
introduced 12 instruction familiarization trials at the beginning of the baseline block to ensure that 202 
participants fully understood the error information conveyed by the feedback. During the first six 203 
familiarization trials, the following instructions accompanied the feedback display: "You missed the target 204 
by 10° in the clockwise direction" (Sensory group) or "You missed the target by 10° in the clockwise 205 
direction; a positive score signifies a clockwise error, and a negative score signifies a counterclockwise 206 
error" (Symbolic group). Participants advanced to the next trial by pressing the space bar. In the final six 207 
familiarization trials, participants were required to report the direction of their error after the feedback was 208 
presented (press 'a' for a clockwise error; press 'b' for a counterclockwise error). The experiment was 209 
terminated if participants provided inaccurate responses for more than two of these six trials. 210 
 211 
Experiment 3 212 
 213 
Participants (N = 121; Female: 65; Male: 51; Other: 5; 24.62 ± 0.30 years old) were assigned to one of the 214 
two groups receiving symbolic (50) or sensory (71) feedback. The feedback was provided in the same 215 
manner as Experiment 2. We designed Experiment 3 to contrast learning performance in response to 216 
symbolic and sensory feedback conveying a mirror reversal perturbation. Specifically, the endpoint hand 217 
position was mirror-reversed across either the horizontal or vertical axis (reversal axes counterbalanced 218 
among participants). For example, in the horizontal mirror condition, if participants reached to the 30° 219 
target, their endpoint hand position would be reflected to the 330° location, resulting in a 60° error. 220 
Similarly, in the vertical mirror condition, if participants reached to the 240° target, their endpoint hand 221 
position will be reflected to the 300° location, also resulting in a 60° error. Note that, unlike a rotational 222 
perturbation, re-aiming in the opposite direction of the error (sensory of symbolic) would increase the error 223 
in response to the mirror transformation.  224 
 225 
The target locations were dependent on the mirror reversal axis to maintain a consistent 60° error if 226 
participants move directly to the target (Figure 3a, b, right panel). Specifically, participants experiencing a 227 
horizontal mirror reversal moved to targets located at 30°, 150°, and 210°, or to targets located at 30°, 150°, 228 
and 330° (counterbalanced across participants). Likewise, participants experiencing a vertical mirror 229 
reversal moved to targets located at 60°, 120°, and 240°, or to targets located at 60°, 120°, and 300° 230 
(counterbalanced across participants).  231 
 232 
There were three blocks: Baseline veridical feedback (30 trials; 10 cycles), delayed mirror-reversed 233 
feedback (150 trials; 50 cycles), and no-feedback aftereffect (30 trials; 10 cycles). To ensure participants 234 
fully understood the feedback provided, we incorporated an instruction familiarization block similar to that 235 
of Experiment 2.  236 
 237 
Data analysis 238 
 239 
We focused our analyses on the hand position data recorded when the movement amplitude reached the 240 
target radius. These data used to calculate our main dependent variable, hand angle, the difference between 241 
the hand position and the target. Hand angles across different perturbation directions were flipped such that 242 
positive hand angles always signified changes in heading angle that nullifies the perturbation. Hand angles 243 
were also baseline subtracted to correct for small idiosyncratic movement biases (Vindras et al., 1998; 244 
Wang, Morehead, et al., 2024). Baseline performance included all 10 cycles of the baseline veridical 245 
feedback block (trials 1 – 30). Early adaptation was operationally defined as the first 10 cycles of the 246 
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perturbation block (trials 31 - 60) and late adaptation was defined as the last 10 cycles of the perturbation 247 
block (trials 151 - 180). Aftereffect performance included all 10 cycles of the aftereffect block (trials 181 - 248 
210).  249 
 250 
We also used a continuous performance measure to compare the groups, implementing a cluster-based 251 
permutation test on the hand angle and reaction time data (Breska & Ivry, 2019; Sassenhagen & Draschkow, 252 
2019; Tsay et al., 2020). The test consisted of two steps. First, a F-test (comparing >2 experimental 253 
conditions) or t-test (comparing 2 experimental conditions) was performed for each movement cycle across 254 
experimental conditions to identify clusters showing a significant difference. Clusters were defined as 255 
epochs in which the p-value from the F- or t-tests were less than 0.05 for at least two consecutive cycles. 256 
The F or t values were then summed up across cycles within each cluster, yielding a combined cluster score. 257 
Second, to assess the probability of obtaining a cluster of consecutive cycles with significant p-values, we 258 
performed a permutation test. Specifically, we generated 1000 permutations by shuffling the condition 259 
labels. For each shuffled permutation, we calculated the sum of the F- or t-scores. Doing this for 1000 260 
permutations generated a distribution of scores. The proportion of random permutations which resulted in 261 
a F-score or a t-score that was greater than or equal to that obtained from the data could be directly 262 
interpreted as the p-value. Clusters with pperm < 0.05 are reported. We also reported the minimum effect size 263 
of all clusters (Cohen's d for between-participant comparisons; and 𝜂!" for main effects).  264 

 265 
We performed a subgroup analysis exclusively on “learners” (Brudner et al., 2016; Jang et al., 2023; Tsay, 266 
Schuck, et al., 2022). Using a pair of liberal criteria, learners were defined as participants whose 1) hand 267 
angle was greater than 20% of the perturbation (e.g., greater than 12° of the 60° perturbation) and 2) 268 
demonstrated a significant change in hand angle in the direction that correctly counteracts the perturbation 269 
during late adaptation (one tailed paired t-tests between baseline and late adaptation, t value > 0 and p < 270 
0.05). Two participants who constantly aimed toward the opposite direction of the target were manually 271 
removed from “learners” by visual inspection. This analysis yielded 112 learners in Experiment 1 272 
(proportion of learners: 61%), 76 learners in Experiment 2 (69%), and 75 learners in Experiment 3 (62%).  273 
 274 
Data and code availability statement  275 
 276 
Raw data and analysis code can be openly accessed at: 277 
https://osf.io/bpfnh/?view_only=b1f4ba4e5576462c9be266380e2fee8b  278 
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Results 279 
 280 
Experiment 1: Motor adaptation in response to symbolic feedback is dominated by explicit strategy use. 281 
 282 
We presented unsigned symbolic feedback in Experiment 1, varying the size of the rotational perturbation 283 
(30°, 60°, 90°) in a between-group design (Figure 1a). Feedback was limited to a number ranging from 0 284 
(cursor moved in the opposite direction of the target) to 100 (cursor landed on target). We included a no-285 
feedback aftereffect block in which we instructed the participants to reach “directly to the target.” The 286 
cardinal signature of implicit recalibration is a residual deviation in hand angle during the aftereffect block, 287 
with the magnitude of the effect similar across different perturbation sizes. Signatures of explicit strategy 288 
use include 1) the scaling of adaptation across these large perturbation sizes, considering that implicit 289 
recalibration should have already saturated by 30° (Bond & Taylor, 2015; Kim et al., 2018) and 2) an 290 
immediate and large change in hand angle back towards the target at the start of the aftereffect block.  291 
 292 
Overall, participants improved their scores over the course of the perturbation block, exhibiting a change 293 
in hand angle away from the target (Figure 1b). Even though the mean hand angle for each groups fell 294 
considerably short of optimal performance during late adaptation, the learning functions scaled with the 295 
size of the rotation. Notably, there was a large change in hand angle at the start of the aftereffect block and 296 
minimal evidence of a residual aftereffect in all three groups. Together, these results are consistent with the 297 
hypothesis that adaptation in response to symbolic feedback is dependent on the use of an explicit re-aiming 298 
strategy, with minimal evidence of any implicit recalibration.  299 
 300 
These observations were confirmed in a series of statistical tests. In terms of the tests of strategic re-aiming, 301 
mean hand angle throughout the perturbation block exhibited a main effect of perturbation size (cluster-302 
based F-test for a main effect of perturbation size, Fscore = 1579.50, pperm < 0.05, 𝜂!" > 0.106). Post-hoc 303 

cluster-based t-tests showed that learning was greatest for 90° and smallest for 30° (grey solid lines in 304 
Figure 1b: 90° > 60°: tsum > 4.72, pperm < 0.05, d > 0.2; 60° > 30°: tsum = 302.25, pperm < 0.05, d = 0.7). We 305 
observed similar scaling effects in reaction time, with reaction time being longest for the 90° group and 306 
shortest for the 30° group (Supplemental Figure S2a; 90° > 60°: tsum > 4.13, pperm < 0.05, d > 0.2; 60° > 30°: 307 
tsum > 5.59, pperm < 0.05, d > 0.2). The scaling of reaction time has been taken to indicate that both the 308 
discovery of an explicit strategy becomes more computationally demanding as the perturbation size 309 
increases (Guo & Song, 2023; McDougle & Taylor, 2019; Pellizzer & Georgopoulos, 1993). In contrast, 310 
varying the perturbation size across the range used in Exp 1 has negligible effects on both the learning 311 
functions and reaction time in tasks that isolate implicit recalibration (Marko et al., 2012; Morehead et al., 312 
2017; Tsay et al., 2023).  313 
 314 
Further evidence of strategy use is given by the observation that all three groups showed a significant drop 315 
in hand angle from late adaptation to aftereffect block (Figure 1c; paired t-tests comparing aftereffect vs 316 
late adaptation, 30°: -10.69 ± 1.69°, t(76) = -6.59, p < 0.001, d = -0.96; 60°: -41.16 ± 3.82°, t(50) = -10.99, 317 
p < 0.001, d = -2.16; 90°: -60.12 ± 5.22°, t(55) = -11.02, p < 0.001, d = -2.11). Indeed, we observed either 318 
minimal or absent aftereffects in the three perturbation groups (Figure 1c; paired t-tests comparing 319 
aftereffect vs baseline, 30°: 1.70 ± 0.55°, t(76) = 3.20, p = 0.002, d = 0.38; 60°: -0.18 ± 0.64°, t(50) = -0.28, 320 
p = 0.782, d = -0.05; 90°: -1.09 ± 0.74°, t(55) = -1.88, p = 0.07, d = -0.2). Thus, the data suggest that the 321 
error information conveyed by symbolic feedback is not sufficient to engage the process underlying implicit 322 
recalibration, similar to the findings of Butcher and Taylor (Butcher & Taylor, 2018). Note that the absence 323 
of aftereffect is not a peculiarity of conducting remotely experiments over the web, as many web-based 324 
studies have elicited robust implicit recalibration in response to a rotational perturbation (Jang et al., 2023; 325 
Shyr & Joshi, 2023; Tsay et al., 2024). 326 
 327 
As noted above, late adaptation for all groups fell considerable short of optimal performance (paired t-tests 328 
comparing late adaptation vs baseline, 30°: 12.40 ± 1.75°, t(76) = 7.33, p < .001 , d = 1.1; 60°: 40.98 ± 329 
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3.78°, t(50) = 11.06, p < .001, d = 2.1; 90°: 59.02 ± 5.15°, t(55) = 10.93, p < .001, d = 2.1). Inspection of 330 
individual data indicated that there were several participants in each group who exhibited minimal 331 
improvement, with mean hand angles remaining close to baseline (i.e., towards the target, Figure 1c; 30°: 332 
55% non-learners; 60°: 24% non-learners; 90°: 32% non-learners; See Supplemental Figure 3a for 333 
representative non-learners). While the presence of non-learners may point to a general performance issue 334 
(e.g., failure to attend to the task), it may also highlight how learning in response to symbolic feedback is 335 
unlikely to be automatic and implicit, but instead, explicit and computationally demanding (Fernandez-336 
Ruiz et al., 2011; Huberdeau et al., 2019). 337 
 338 
Given that each group appears to be composed of “learners” and “non-learners”, we repeated the key 339 
analyses with only the data from the “learners” (see Methods for inclusion criteria). In this restricted, post-340 
hoc analysis, the core observations noted above were even more striking, with late adaptation approaching 341 
the full perturbation (paired t-tests against the baseline, 30°: 27.52 ± 1.04°, t(34) = 26.54, p < 0.001, d = 342 
5.6; 60°: 53.76 ± 2.43°,  t(38) = 22.10, p < 0.001, d = 5.0; 90°: 83.10 ± 2.59°, t(37) = 32.10, p < 0.001, d = 343 
7.0). The change in hand angle during late adaptation scaled with the size of the perturbation (Figure 1d; 344 
90° > 60°: tsum > 209.98, pperm < 0.05, d = 0.6; 60° > 30°: tsum > 5.00, pperm < 0.05, d > 0.3), as did reaction 345 
times (Supplemental Figure S2d; 90° > 60°: tsum > 6.98, pperm < 0.05, d > 0.3; 60° > 30°: tsum > 14.12, pperm 346 
< 0.05, d > 0.3).  347 
 348 
Perhaps most interesting, the aftereffects remained negligible in the restricted analysis, being significantly 349 
different from zero only in the 30° group (Figure 1e; 30°: 2.36 ± 0.74°, t(34) = 3.22, p = 0.003, d = 0.5; 60°: 350 
-0.49 ± 0.79°, t(38) = -0.62, p = 0.536, d = -0.1; 90°: -1.20 ± 0.97°, t(37) = -1.70, p = 0.100 , d = -0.3). It is 351 
unclear whether this 2° aftereffect in the 30° group is the result of implicit recalibration (van Mastrigt et al., 352 
2023) or a small use-dependent bias caused by repeated movements away from the target (Diedrichsen et 353 
al., 2010; Marinovic et al., 2017; Mawase et al., 2017; Tsay, Kim, Saxena, et al., 2022; Wood et al., 2020).  354 
 355 
Together, the results of Experiment 1 underscore how motor adaptation in response to symbolic feedback 356 
is dominated by, and in most cases limited to, strategy use.  357 
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 358 
Figure 1. Motor adaptation in response to symbolic feedback is dominated by strategy use. (a) Schematic of the web-based 359 
rotational perturbation task in Experiment 1. An example of the 60° counterclockwise rotation is provided. Participants are 360 
instructed to reach in the direction that maximized points (i.e., 100 points). The left, middle, and right panels display a representative 361 
trial from the early adaptation, late adaptation, and aftereffect phases, respectively. (b) Mean time courses of hand angle (N = 184; 362 
30°: 77 participants; 60°: 51 participants; 90°: 56 participants). Colors denote different perturbation groups (red = 30°; green = 60°; 363 
blue = 90°). Shaded error denoted SEM. Each movement cycle includes three trials (1 reach to each of the three targets). Grey 364 
horizontal lines at the bottom indicate clusters showing significant group differences. (c) Mean hand angles during early adaptation 365 
(i.e., first 10 cycles of the perturbation block), late adaptation (last 10 cycles of the perturbation block), and aftereffect phases (10 366 
cycles of the aftereffect block). Black line denotes median ± IQR. (d) Mean time courses and (e) mean hand angles of learners (N 367 
= 112; 30°: 35 learners; 60°: 39 learners; 90°:38 learners).  368 
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Experiment 2: Motor adaptation in response to a rotational perturbation is reduced by symbolic compared 369 
to sensory feedback 370 
 371 
The results of Experiment 1 raise the question of whether the processes underlying strategy discovery differ 372 
when triggered by symbolic or sensory feedback. Previous studies comparing sensory and symbolic 373 
feedback have not matched the error information (direction and magnitude) conveyed by these different 374 
types of feedback (Butcher & Taylor, 2018; Codol et al., 2018; Galea et al., 2015; Holland et al., 2018; 375 
Izawa & Shadmehr, 2011; Larssen et al., 2022; Nikooyan & Ahmed, 2015; Therrien et al., 2016; Uehara et 376 
al., 2019; Yin et al., 2023). We set out to fill this gap in Experiment 2.  377 
 378 
To provide a fair comparison between the two feedback types, we used perturbation conditions that should 379 
ensure learning is limited to explicit strategy use. To this end, we used a large perturbation (60° rotation) 380 
and presented the feedback 800 ms after the amplitude of the hand movement reached the target distance 381 
(Figure 2). The latter manipulation severely attenuates, or even eliminates any contribution of implicit 382 
recalibration (Brudner et al., 2016; Kitazawa et al., 1995). Unlike Experiment 1, the symbolic feedback was 383 
modified to convey information about both error magnitude and error direction. In this way, we sought to 384 
create two conditions that only differed in whether the terminal position of the cursor was indicated by a 385 
sensory cue at that position or symbolic feedback indicating that position.  386 
 387 
The learning functions for the symbolic (dark green) and sensory (dark magenta) groups are shown in 388 
Figure 2c. Both groups reached a similar level of asymptotic performance, one that fell short of 389 
counteracting the 60° perturbation. However, the sensory group reached this asymptote within just a few 390 
movement cycles, a much faster rate than that exhibited by the symbolic group. Both groups exhibited 391 
minimal aftereffects when the feedback was removed, confirming that the delayed feedback manipulation 392 
was successful in eliminating implicit recalibration.  393 
 394 
These observations were verified statistically. First, the cluster-based permutation test demonstrated that 395 
the change in hand angle occurred more slowly in response to symbolic feedback compared to sensory 396 
feedback, with a significant difference between groups evident in many of the initial perturbation cycles 397 
(Figure 2c; cluster-based t-test, tscore > 4.11, pperm < 0.05, d > 0.2). This group difference was not significant 398 
after cycle 23. Second, both groups exhibited a large drop in hand angle after late adaptation (Figure 2d; 399 
paired t-tests comparing aftereffect vs late adaptation, Sensory: -32.89 ± 6.84°, t(52) = -5.04, p < 0.001, d 400 
= -0.9; Symbolic: -34.06 ± 4.14°, t(56) = -6.81, p < 0.001, d = -1.3). Third, neither group exhibited a 401 
significant aftereffect (Figure 2d; paired t-tests comparing aftereffect vs baseline, Sensory: 1.49 ± 0.56°, 402 
t(52) = -0.37, p = 0.716, d = -0.1; Symbolic: 0.11 ± 0.58°, t(56) = 0.18, p = 0.855, d = 0.0).  403 
 404 
As in Experiment 1, the low asymptotes for both groups were primarily due to fact that some participants 405 
in each group failed to come up with the correct strategy by the end of the experiment (Sensory: 24% non-406 
learners; Symbolic: 37% non-learners). For the “learner” subgroup, late adaptation in both feedback groups 407 
approximated the size of the perturbation (Figure 2f; paired t-tests comparing late adaptation vs baseline, 408 
Sensory: 57.35 ± 1.26°, t(39) = 45.53, p < 0.001, d = 9.8; Symbolic: 52.30 ± 2.21°, t(35) = 23.62, p < 0.001, 409 
d = 5.5). Importantly, the cluster-based permutation test again demonstrated that learning occurred more 410 
slowly in response to symbolic compared to sensory feedback, with a significant hand angle difference 411 
between groups evident in both initial and late perturbation cycles (Figure 2e; cluster-based t-test, tscore > 412 
4.41, pperm < 0.05, d > 0.2). 413 
 414 
There was a significant drop in mean hand angles at the start of the aftereffect block (Figure 2f: Sensory: -415 
55.58 ± 1.29°, t(39) = -43.15, p < 0.001, d = -9.2; Symbolic: -51.93 ± 2.47°, t(35) = -20.99, p < 0.001, d = 416 
-5.22), with minimum aftereffect (Figure 2f; paired t-tests comparing aftereffect vs baseline, Sensory: 1.78 417 
± 0.47°, t(39) = 3.82, p < 0.001, d = 0.5; Symbolic: 0.36 ± 0.81°, t(35) = 0.45, p = 0.658, d = 0.1).  418 
 419 
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The results of Experiment 2 show that explicit motor adaptation is slower in response to symbolic compared 420 
to sensory feedback even when implicit recalibration is minimized, and the error information is closely 421 
matched in terms of direction and magnitude. It appears that the ability to discover a successful re-aiming 422 
strategy is hindered when the feedback is presented in an indirect and abstract format.  423 

 424 
Figure 2. Symbolic feedback reduces explicit strategy use in response to a rotational perturbation. (a, b) Schematic of the 425 
60° visuomotor rotation task (Experiment 2). Feedback was delayed to minimize implicit recalibration. Participants were instructed 426 
to move in a direction that minimizes error. Error was conveyed via (a) symbolic feedback (score magnitude conveys the size of 427 
the angular error rounded to the nearest integer; score sign conveys direction, with negative denoting a clockwise error and positive 428 
denoting a counterclockwise error) or (b) sensory feedback (the magnitude and direction of the error are conveyed by a rotated 429 
cursor). Left and right panels denote early and late adaptation, respectively. (c) Mean time courses of hand angle (N = 110; Sensory: 430 
53 participants; Symbolic: 57 participants). Colors denote different feedback groups (dark green = symbolic feedback; dark 431 
magenta = sensory feedback). Shaded error denoted SEM. Grey horizontal lines at the bottom indicate clusters showing significant 432 
group differences. (d) Mean hand angles during early adaptation, late adaptation, and aftereffect phases. Black line denotes median 433 
± IQR. (d) Mean time courses and mean hand angles of learners (N = 76; Sensory: 40 learners; Symbolic: 36 learners). 434 
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Experiment 3: Motor adaptation in response to a mirror reversal perturbation is reduced by symbolic 435 
compared to sensory feedback 436 
 437 
We designed Experiment 3 to examine if the learning disadvantage observed with symbolic feedback would 438 
also be manifest with another type of perturbation. To test this, we used a mirror reversal of the visual 439 
feedback, a perturbation known to elicit adaptation mainly through explicit strategy use (Figure 3a-b) 440 
(Lillicrap et al., 2013; Telgen et al., 2014; Yang et al., 2021).  441 
 442 
When we compared the learning functions between the symbolic feedback and sensory feedback groups, 443 
our key results mirrored (pun intended) those of Experiment 2 (Figure 3c). The cluster-based permutation 444 
test revealed that the change in hand angle occurred slower in response to symbolic feedback compared to 445 
sensory feedback, with a significant difference between groups evident throughout the entire perturbation 446 
block (Figure 3c; cluster-based t-test, all participants: tscore > 4.94, pperm < 0.05, d > 0.2). Consistent with the 447 
assumption that performance on this task is strategy driven, both groups exhibited a significant drop in hand 448 
angle from the late adaptation to aftereffect phases (Figure 3d; paired t-tests against baseline: Sensory: -449 
42.71 ± 5.74°, t(49) = -6.30, p < 0.001, d = -1.3; Symbolic: -24.63 ± 4.47°, t(70) = -5.26, p < 0.001, d = -450 
0.9). Neither group showed a significant aftereffect (Figure 3d; paired t-tests against baseline: Sensory: -451 
0.45 ± 0.58°, t(49) = -0.78, p = 0.441, d = -0.1; Symbolic: 0.12 ± 0.58°, t(70) = 0.20, p = 0.841, d = 0.02), 452 
suggesting that there was no implicit contributing to performance.  453 
 454 
Unlike Experiment 2, in the analysis including all participants, the symbolic group exhibited a markedly 455 
lower asymptote compared to the sensory group. This is likely because there were significantly more non-456 
learners in the symbolic group compared to the sensory group (𝛘2 (1, 121) = 15.972, p < 0.001;	Sensory: 457 
16% non-learners; Symbolic: 54% non-learners). When we analyzed only the data from learners, the 458 
difference between the two groups was much more subtle. Here, the symbolic group showed a disadvantage 459 
only in the early phase of learning (Figure 3e, learners only:  tscore > 5.53, pperm < 0.05, d > 0.2), with the 460 
two groups reaching a similar late level of late adaptation (Figure 3f; paired t-test comparing late adaptation 461 
vs baseline, Sensory:  56.62 ± 1.19°, t(41) = 47.68, p < 0.001, d = 9.7; Symbolic: 56.47 ± 2.60°, t(32) = 462 
21.22, p < 0.001, d = 5.28). Both groups exhibited a large drop in hand angle from late to aftereffect phases 463 
(Figure 3f: Sensory: -57.17 ± 1.17°, t(41) = -48.89, p < 0.001, d = -9.2; Symbolic: -56.25 ± 2.67°, t(32) = 464 
-20.77, p < 0.001, d = -5.24) and neither group exhibited an aftereffect (Figure 3f: Sensory: -0.55 ± 0.65°, 465 
t(41) = -0.85, p = 0.402, d = -0.2; Symbolic: 0.21± 0.61°, t(32) = 0.35, p = 0.731, d = 0.1). 466 
 467 
The results of Experiment 3 reinforce the notion that strategy discovery is hindered by symbolic compared 468 
to sensory feedback. However, once discovered, the strategy can be applied with comparable efficiency for 469 
the two groups.  470 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 1, 2024. ; https://doi.org/10.1101/2024.06.28.601293doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.28.601293
http://creativecommons.org/licenses/by-nc-nd/4.0/


 471 
Figure 3. Symbolic feedback reduces explicit strategy use in response to a mirror perturbation. (a, b) Schematic of the mirror-472 
reversal perturbation task in Experiment 3. Participants were instructed to move in the direction that minimizes error. Error was 473 
conveyed via (a) symbolic feedback or (b) sensory feedback. Feedback is provided in the same manner as Experiment 2. Left and 474 
right panels denote early and late adaptation, respectively. (c) Mean time courses of hand angle (N = 121; Sensory: 50 participants; 475 
Symbolic: 71 participants). Colors denote different feedback groups (dark green = symbolic feedback; dark magenta = sensory 476 
feedback). Shaded error denoted SEM. Grey horizontal lines at the bottom indicate clusters showing significant group differences. 477 
(d) Mean hand angles during early adaptation, late adaptation, and aftereffect phases. Black line denotes median ± IQR. (d) Mean 478 
time courses and (e) mean hand angles of learners (N = 75; Sensory: 42 learners; Symbolic: 33 learners).  479 
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Discussion 480 
 481 
The term sensorimotor control captures the interwoven manner in which animals have evolved to navigate 482 
and manipulate their environments: Sensory signals provide information that is used to not only select a 483 
goal-relevant action but also ensure that the selected action is optimally executed. For learning, error 484 
information arising from sensory feedback ensures that the sensorimotor system can readily adapt to 485 
changes in the environment or bodily states. Motor adaptation, at least in humans, can also be driven by 486 
symbolic feedback in which the error information is conveyed in a more indirect, abstract manner. In three 487 
well-powered studies, we examined how implicit and explicit learning processes are modulated by symbolic 488 
feedback. Consistent with previous reports, we found that adaptation with symbolic feedback was 489 
dominated by explicit strategy use, with minimal evidence of implicit recalibration. Moreover, even when 490 
the symbolic feedback conveyed information content matched to that of sensory feedback, adaptation was 491 
markedly slower. We postulate that the abstract and indirect nature of symbolic feedback may impede 492 
learning by disrupting strategic reasoning and/or strategic refinement. 493 
 494 
Motor adaptation in response to symbolic feedback is dominated by an explicit re-aiming strategy 495 
 496 
Building on measures that have been shown to be diagnostic of implicit and explicit processes in studies 497 
with sensory feedback, the results of Experiment 1 indicate that adaptation based on symbolic feedback is 498 
dominated by explicit strategy use. Signatures of strategy use include the scaling of participants’ 499 
performance and reaction times with the size of the perturbations, along with negligible residual aftereffects 500 
once the perturbation was removed. These findings are consistent with previous research indicating that 501 
adaptation from symbolic feedback arises from explicit strategy use (Butcher & Taylor, 2018). 502 
 503 
However, there are some prior reports indicating that symbolic feedback can also elicit implicit recalibration 504 
(Izawa & Shadmehr, 2011; Larssen et al., 2022; van Mastrigt et al., 2023). There may be several reasons 505 
for this discrepancy. First, the aftereffects reported in these previous studies may not represent implicit 506 
recalibration but rather reflect some residual strategy use during the aftereffect phase (Morehead & de Xivry, 507 
2021). This is likely to occur if participants are not explicitly told to “disengage from any strategy use and 508 
move directly to the target” – instructions we used in our studies. 509 
 510 
Second, the way in which a symbolically cued perturbation is introduced may impact the extent of implicit 511 
recalibration. In our studies, a large perturbation was introduced in an abrupt manner: Feedback scores that 512 
had indicated a high degree of accuracy suddenly dropped with the introduction of the perturbation. In other 513 
studies, the perturbation has been introduced in a gradual manner (Therrien et al., 2018; Uehara et al., 2019); 514 
for example, the window within which a movement must end to earn a favorable binary outcome is 515 
gradually shifted in one direction. Under such conditions, participants will show an appropriate change in 516 
heading angle, and for relatively small shifts (up to 10-15°), show a small residual implicit aftereffect (1-517 
3°) (van Mastrigt et al., 2023). 518 
 519 
The mechanisms supporting implicit adaptation in response to symbolic feedback introduced in a gradual 520 
manner are unclear. On one hand, implicit learning might be driven by use-dependent learning, which refers 521 
to a movement bias toward frequently repeated movements (Diedrichsen et al., 2010; Huang et al., 2011; 522 
Marinovic et al., 2017; Tsay, Kim, Saxena, et al., 2022; Verstynen & Sabes, 2011). However, in a previous 523 
study, the generalization pattern to untrained targets after learning showed no evidence of attraction toward 524 
the repeated movement location, contradicting the use-dependent hypothesis (van Mastrigt et al., 2023). On 525 
the other hand, implicit learning could result from proprioceptive recalibration, where symbolic feedback 526 
induces a bias in perceived hand position in the direction opposite to the perturbation (Cressman & 527 
Henriques, 2011; Tsay, Kim, Haith, et al., 2022; Zhang et al., 2024). For instance, static reports of perceived 528 
hand position would be biased in the opposite direction of the perturbation, a prediction that needs to be 529 
examined in future studies. Regardless of the mechanism, it is notable that in all three of our experiments, 530 
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explicit strategy use in response to symbolic feedback was sufficient to nullify the perturbation without the 531 
need for implicit learning.  532 
 533 
Symbolic feedback reduces explicit strategy use compared to sensory feedback 534 
 535 
The results of Experiments 2 and 3 showed that learning was impeded by symbolic compared to sensory 536 
feedback. Under conditions in which the two forms of feedback conveyed similar magnitude and directional 537 
information, symbolic feedback led to fewer learners as well as a reduced rate of learning compared to 538 
sensory feedback. This learning disadvantage was evident in response to both a rotational perturbation and 539 
a mirror reversal perturbation. 540 
 541 
These results contrast with those of Butcher and Taylor (2018) who failed to detect learning differences 542 
between sensory and symbolic feedback groups. The discrepancy may be due to differences in statistical 543 
power: Whereas Butcher and Taylor recruited 12-18 participants per group, our experiments included over 544 
60 participants per group. The larger sample size in our study may have provided greater sensitivity to 545 
detect differences between sensory and symbolic feedback. Another possible account of the discrepancy 546 
relates to the timing of the feedback. We delayed the feedback by 800 ms, under the assumption that this 547 
would negate any contribution from implicit recalibration. In contrast, Butcher and Taylor (2018) provided 548 
immediate feedback. As such, one would expect that both implicit and explicit processes would be operative 549 
in their sensory feedback condition. While it was possible that the operation of multiple processes to be 550 
additive or at least sub-additive, the interaction of the processes might reduce the overall rate of learning in 551 
Butcher and Taylor’s sensory feedback condition, resulting in a null effect when compared to their symbolic 552 
condition in which learning was purely reliant on an explicit process.  553 
 554 
Why might symbolic feedback impair learning compared to sensory feedback? Our current theoretical 555 
understanding of strategy use in motor learning tasks is quite limited. We have recently proposed a “3R” 556 
framework for strategy use consisting of three fundamental processes: Reasoning, the process of 557 
understanding action-outcome relationships; Refinement, the process of optimizing sensorimotor and 558 
cognitive parameters to achieve motor goals; and Retrieval, the process of inferring the context and 559 
recalling a control policy (Tsay et al., 2023). We postulate that the abstract and indirect nature of symbolic 560 
feedback may impede learning by affecting strategic reasoning and refinement. (Given that we didn’t 561 
manipulate the learning context, we aren’t in a position to assess the impact of symbolic feedback on 562 
retrieval.)  563 
 564 
Sensory and symbolic feedback may elicit different forms of reasoning. In response to sensory feedback, 565 
participants may adopt “inference over hypotheses” (Rule et al., 2020; Tenenbaum et al., 2011). For 566 
example, with each movement, the participants might test whether the perturbation is a rotation or a reversal, 567 
using sensory feedback to rapidly update their beliefs about each hypothesis. In contrast, with symbolic 568 
feedback, where information is more abstract and indirect and the perturbation size and direction are more 569 
uncertain, participants may struggle to generate hypotheses about the perturbation. Instead, they may rely 570 
on a more heuristic, albeit slower form of reasoning, where successful actions are repeated and unsuccessful 571 
actions are avoided (Therrien et al., 2016; van Mastrigt et al., 2020). Future studies using periodic probes 572 
of generalization to novel target locations could arbitrate between these mechanisms: Learning via 573 
hypothesis testing should generalize to untrained target locations, whereas learning via trial-and-error 574 
would only generalize locally to trained target locations (McDougle & Taylor, 2019).  575 
 576 
Alternatively, symbolic and sensory feedback may differ in terms of refinement. By this view, we assume 577 
that sensory and symbolic learners come to understand the nature of the perturbation at a similar rate. 578 
However, participants receiving sensory feedback, with direct visual input about the size and direction of 579 
the perturbation, may be quicker to convert this knowledge into an accurate motor plan. In contrast, 580 
symbolic feedback, which conveys size and direction in a more abstract and indirect manner, may make it 581 
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harder for learners to translate this information into a successful control policy, thus slowing strategic 582 
refinement. This refinement notion suggests that the learning disadvantage in response to symbolic 583 
feedback may be mitigated by an extended familiarization block to better acquaint participants with the 584 
spatial information conveyed by the symbolic feedback.  585 
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Supplemental Section 586 
 587 

 588 
 589 
Figure S1. Right-handers only results. (a) Experiment 1: Mean time courses of hand angle (N = 156). Colors denote different 590 
perturbation groups (red = 30°; green = 60°; blue = 90°). Shaded error denoted SEM. Each movement cycle constitutes three 591 
reaching trials (1 reach to each of the three targets). Grey horizontal lines at the bottom indicate clusters showing significant group 592 
differences. (b, c) Mean time courses of hand angle for (b) Experiment 2 (N = 98) and (c) Experiment 3 (N = 106). Colors denote 593 
different feedback groups (dark green = symbolic feedback; dark magenta = sensory feedback).  594 
 595 
 596 

 597 
Figure S2. Reaction time (RT). (a, d) Experiment 1: Median time courses of RT (N = 184) for (a) all participants (N = 184) and 598 
(d) learners (N = 112). Colors denote different perturbation groups (red = 30°; green = 60°; blue = 90°). Shaded error denoted 95% 599 
Confident Interval. Each movement cycle constitutes three reaching trials (1 reach to each of the three targets). Grey horizontal 600 
lines at the bottom indicate clusters showing significant group differences. (b, c, e, f) Median time courses of RT for (b) all 601 
participants (N = 110) and (e) learners only in Experiment 2 (N = 78), (c) all participants (N = 121) and (f) learners only in 602 
Experiment 3 (N = 75). Colors denote different feedback groups (dark green = symbolic feedback; dark magenta = sensory 603 
feedback).  604 
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 605 
Figure S3. Representative non-learners in Experiment 1. (a) A representative non-learner who exhibited exploration early in 606 
learning but failed to identify a successful explicit strategy late in learning. (b) A representative individual who may have failed 607 
to follow task instructions, demonstrating little to no change in behavior during the perturbation block.   608 

PerturbationBase After PerturbationBase After
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