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Adapting hand movements to changes in our body or the environment is essential for skilled motor behavior, as is the ability to flexibly combine experience gathered in separate contexts. However it has been shown that when adapting hand movements to two different visuomotor perturbations in succession, interference effects can occur. Here we investigate whether these interference effects compromise our ability to adapt to the superposition of the two perturbations. Participants tracked with a joystick a visual target that followed a smooth but unpredictable trajectory. Four separate groups of participants (total n = 83) completed one block of 50 trials under each of three mappings: one in which the cursor was rotated by 90° (ROTATION), one in which the cursor mimicked the behavior of a mass-spring system (SPRING), and one in which the SPRING and ROTATION mappings were superimposed (SPROT). The order of the blocks differed across groups. Although interference effects were found when switching between SPRING and ROTATION, participants who performed these blocks first performed better in SPROT than participants who had no prior experience with SPRING and ROTATION (i.e., composition). Moreover, participants who started with SPROT exhibited better performance under SPRING and ROTATION than participants who had no prior experience with each of these mappings (i.e., decomposition). Additional analyses confirmed that these effects resulted from components of learning that were specific to the rotational and spring perturbations. These results show that interference effects do not preclude the ability to compose/decompose various forms of visuomotor adaptation.

NEW AND NOTEWORTHY

The ability to compose/decompose task representations is critical both for cognitive and behavioral flexibility. Here we show that this ability extends to two forms of visuomotor adaptation in which humans have to perform visually guided hand movements. Despite the presence of interference effects when switching between visuomotor maps, we show that participants are able to flexibly compose or decompose knowledge acquired in previous sessions. These results further demonstrate the flexibility of sensorimotor adaptation in humans.

INTRODUCTION

A critical issue that is still unresolved in the field of sensorimotor control pertains to the modularity of sensorimotor mappings, and especially whether multiple internal models can interact, be flexibly combined and whether they can be stored in common vs. separate working memory systems [START_REF] Burgos | Visuomotor coordination and cortical connectivity of modular motor learning[END_REF][START_REF] Davidson | Internal models underlying grasp can be additively combined[END_REF][START_REF] Flanagan | Composition and decomposition of internal models in motor learning under altered kinematic and dynamic environments[END_REF][START_REF] Haruno | Mosaic model for sensorimotor learning and control[END_REF][START_REF] Imamizu | Reorganization of brain activity for multiple internal models after short but intensive training[END_REF][START_REF] Pearson | Learning not to generalize: modular adaptation of visuomotor gain[END_REF][START_REF] Wolpert | Multiple paired forward and inverse models for motor control[END_REF].

One type of paradigm that has long been used to address the degree of modularity and independence between sensorimotor representations is that of interference [START_REF] Duncker | Organizing recurrent network dynamics by task-computation to enable continual learning[END_REF][START_REF] Krakauer | Independent learning of internal models for kinematic and dynamic control of reaching[END_REF][START_REF] Krakauer | Motor Learning[END_REF][START_REF] Lerner | The Origins of Anterograde Interference in Visuomotor Adaptation[END_REF]. Generally, when participants are sequentially exposed to a perturbation (e.g., force-field or visuomotor rotation) and its mirrorreversal soon thereafter, adaptation to the second perturbation is hampered (anterograde interference) or memory of the first one is impaired (retrograde interference) [START_REF] Krakauer | Adaptation to visuomotor transformations: consolidation, interference, and forgetting[END_REF][START_REF] Miall | Adaptation to rotated visual feedback: a reexamination of motor interference[END_REF]). There have been multiple explanations for this phenomenon, with early work emphasizing that interference arises whenever error signals for each perturbation are encoded via the same sensory modality (proprioception, vision) or within the same reference frame (intrinsic, extrinsic) [START_REF] Krakauer | Independent learning of internal models for kinematic and dynamic control of reaching[END_REF]. Later work brought nuance and suggested that the critical factor may not be the sensory modality (or reference frame) per se, but the state variable of the perturbation. For instance, interference has been shown to occur for different types of perturbations (force-field and visuomotor rotation) if they are both made to depend on the same state variable, being position, velocity or acceleration [START_REF] Tong | Kinematics and dynamics are not represented independently in motor working memory: evidence from an interference study[END_REF]. In more recent work, the notion of context (e.g., color of background or target) and task goal (e.g., location in the workspace) have been brought forward, with evidence that two perturbations interfere when they affect movements that are directed toward a common goal, or more subtly when they share common motor preparatory activity [START_REF] Howard | Gone in 0.6 Seconds: The Encoding of Motor Memories Depends on Recent Sensorimotor States[END_REF][START_REF] Krakauer | Motor Learning[END_REF][START_REF] Sheahan | Motor Planning, Not Execution, Separates Motor Memories[END_REF].

Another type of paradigm that has been used to address the modularity of sensorimotor mappings is that of composition/decomposition, in which participants are sequentially exposed to separate single sensorimotor mappings or one that consists of their combination. An early study by Flanagan and colleagues [START_REF] Flanagan | Composition and decomposition of internal models in motor learning under altered kinematic and dynamic environments[END_REF] showed that participants can flexibly compose and decompose adaptation to different types of perturbations, namely a dynamic viscous force-field and a kinematic 60° visuomotor rotation, even though they influence behaviour in opposite directions. For instance, after participants had adapted to each single perturbation separately, they exhibited immediate benefits on the combined perturbation as compared to naïve participants. A critical factor in their study, which may have facilitated composition, was that the perturbations were "orthogonal" to each other, influencing different state variables and being mediated by different sensory modalities, thus minimizing potential interference between the two (an issue which was not explicitly tested in their study).

Hence, it remains unclear whether composition and decomposition remain possible when two perturbations share attributes and interfere with each other. To address this issue, we used two kinematic perturbations that pertained to the same sensory modality (visual), for which the state variables were partially shared, and for which all features pertaining to task goal and context were the same. The first one is a visuomotor rotation, in which a cursor is rotated by 90° with respect to hand motion. The second one consists of a cursor that mimics the behaviour of a damped mass-spring system. Although this perturbation is less conventional, several reports have shown its relevance for motor learning [START_REF] Dingwell | Manipulating objects with internal degrees of freedom: evidence for model-based control[END_REF][START_REF] Dingwell | Experimentally confirmed mathematical model for human control of a non-rigid object[END_REF][START_REF] Huang | Visual and haptic feedback contribute to tuning and online control during object manipulation[END_REF][START_REF] Landelle | Eye tracking a self-moved target with complex hand-target dynamics[END_REF][START_REF] Nagengast | Risk-sensitive optimal feedback control accounts for sensorimotor behavior under uncertainty[END_REF]. In contrast to the visuomotor rotation which relies on a single state variable (cursor position), the effect of the mass-spring mapping depends upon position, velocity as well as acceleration.

We used a pursuit tracking task in which participants had to keep the cursor as close as possible to a moving target that followed an unpredictable trajectory [START_REF] Danion | Different gaze strategies during eye versus hand tracking of a moving target[END_REF][START_REF] Mathew | Asymmetrical Relationship between Prediction and Control during Visuomotor Adaptation[END_REF]. Although this task differs from more traditional discrete reaching tasks in the sense that it relies more heavily on feedback control rather than feedforward control [START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF], pursuit tracking has nonetheless been shown to be under adaptive control as demonstrated by the presence of potent aftereffects, a hallmark of adaptation (following a 90° visuomotor rotation; [START_REF] Gouirand | Eye movements do not play an important role in the adaptation of hand tracking to a visuomotor rotation[END_REF][START_REF] Mathew | Asymmetrical Relationship between Prediction and Control during Visuomotor Adaptation[END_REF][START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF]. One of the main advantages of using this task is that it minimizes the possibility for exploiting explicit mechanisms known to be at play during visuomotor adaptation, such as cognitive strategizing and re-aiming [START_REF] Fernandez-Ruiz | Relation between reaction time and reach errors during visuomotor adaptation[END_REF][START_REF] Haith | The Influence of Movement Preparation Time on the Expression of Visuomotor Learning and Savings[END_REF][START_REF] Leow | Estimating the implicit component of visuomotor rotation learning by constraining movement preparation time[END_REF][START_REF] Mcdougle | Dissociable cognitive strategies for sensorimotor learning[END_REF], thereby unmasking the low-level implicit updating of internal models.

Results revealed that even though adaptation to the two perturbations led to interference, participants could still successfully compose and decompose them, demonstrating that the brain is able to segregate the two mappings even when they rely on the same sensory modality, partially share state variables, and are learned under the same task goals and context.

METHOD

Participants

Four groups of right-handed participants took part in this study (Group 1, N=20, Age: 22.8 ± 4.9 yrs., 12 female; Group 2, N=21, Age: 22.7 ± 6.2 yrs., 12 female; Group 3, N=21, Age: 22.3 ± 5.0 yrs., 14 female; Group 4, N=21, Age: 23.1 ± 45.8 yrs., 13 female). Although no formal a priori power analysis was performed, based on our previous experience using the tracking task [START_REF] Gouirand | Eye movements do not play an important role in the adaptation of hand tracking to a visuomotor rotation[END_REF][START_REF] Mathew | Asymmetrical Relationship between Prediction and Control during Visuomotor Adaptation[END_REF]Mathew et al. , 2019a) ) and pilot testing, we aimed for a sample size of at least n = 20 per group. We were able to collect 21 participants per group but had to drop one participant of Group 1. Handedness of participants was verified using the Oldfield Handedness Inventory with a mean laterality quotient of 96.0 ± 6.7%. None of the participants had neurological or visual disorders. They were naïve as to the experimental conditions and hypotheses, and had no previous experience with oculo-manual tracking tasks. The experimental paradigm (2016-02-03-007) was approved by the Ethics Committee of Aix-Marseille University and complied with the Declaration of Helsinki. All participants gave written consent prior to participation. Each experimental protocol lasted about one hour, and participants were compensated 10€ for their participation.

Apparatus

The experimental setup is similar to the one used in our previous studies [START_REF] Gouirand | Eye movements do not play an important role in the adaptation of hand tracking to a visuomotor rotation[END_REF][START_REF] Mathew | Asymmetrical Relationship between Prediction and Control during Visuomotor Adaptation[END_REF]Mathew et al. , 2019b)), thus we will only report key information. Our setup is illustrated in Figure 1a. Participants were seated comfortably in a dark room facing a screen (ACER Predator, 1920×1080, 27" inch, 240Hz) positioned in the frontal plane. Head movements were restrained by a chin rest and a padded forehead rest. In order to block direct vision of their hands, a horizontal shield was positioned under the participants' chin.

Participants were required to hold a joystick (Series 812, Megatron, France, with ± 25° of inclination along X-Y axes) with their right hand positioned horizontally on a table in front of them. Both right and left forearms were resting on the table. The output of the joystick was fed into a data acquisition system (Keithley ADwin Real Time, Tektronix) and was sampled at 1000 Hz.

Procedure

Throughout the experiment, participants had to perform a tracking task (Figure 1b) that consisted of moving the joystick with the right hand so as to keep the cursor (red disk, 0.5cm in diameter) as close as possible to a moving target (blue disk, 0.5cm in diameter). The motion of the target resulted from the combination of sinusoids: two along the X axis (one fundamental and a second or third harmonic) and two along the Y axis (same procedure; see Figure 1b for axes). We used the following equations to construct target motion:

𝑥 = 𝐴 𝑐𝑜𝑠𝜔𝑡 + 𝐴 cos (ℎ 𝜔𝑡 -𝜑 )
(1)

𝑦 = 𝐴 𝑠𝑖𝑛𝜔𝑡 + 𝐴 sin (ℎ 𝜔𝑡 -𝜑 ) (2)
This technique was used to generate pseudo-random 2D patterns while preserving smooth changes in velocity and direction [START_REF] Danion | Different gaze strategies during eye versus hand tracking of a moving target[END_REF][START_REF] Mrotek | Target interception: hand-eye coordination and strategies[END_REF][START_REF] Soechting | Incorporating prediction in models for two-dimensional smooth pursuit[END_REF]. A total of five different patterns with a mean tangential velocity of 16cm/s were used throughout the experiment (see Table 1 and Figure 1c). The order of patterns was randomized across trials and participants while ensuring that each pattern was presented equally often within each experimental condition.

Four types of hand-cursor visual mappings were tested: NORMAL, ROTATION, SPRING, and SPROT. Under the NORMAL mapping the gain of the joystick was such that a 25° change in the inclination of the joystick resulted in a 15cm change on the screen. This gain prevented the cursor from moving outside the screen. For the NORMAL mapping the angular relationship between the joystick orientation and its visual consequences on the screen was one-to-one and thus intuitive: if the joystick was inclined to the left, the cursor on the screen also moved to the left. Under the ROTATION mapping, the relationship between the joystick orientation and the position of the cursor was altered by a 90° counter-clockwise visuomotor rotation [START_REF] Ogawa | Human sensorimotor cortex represents conflicting visuomotor mappings[END_REF]. As a result, if the participant moved the joystick forward, the cursor moved leftward on the screen. Under the SPRING mapping, the cursor behaved as a mass attached to the hand by means of a spring. We used the following parameters for the simulation: mass = 1 Kg, stiffness = 40 N/m, damping = 1.66 N/m/s, resting length = 0 m. This parameter setting results in a 1Hz resonance frequency (F) as imposed by the following equation:

m k F π 2 1 =
(3) with m accounting for the mass, and k for the stiffness.

This parameter setting is consistent with previous studies investigating the manipulation of non-rigid objects [START_REF] Danion | The role of haptic feedback when manipulating nonrigid objects[END_REF][START_REF] Danion | Eye Tracking of Occluded Self-Moved Targets: role of Haptic Feedback and Hand-Target Dynamics[END_REF][START_REF] Dingwell | Manipulating objects with internal degrees of freedom: evidence for model-based control[END_REF][START_REF] Dingwell | Experimentally confirmed mathematical model for human control of a non-rigid object[END_REF][START_REF] Landelle | Eye tracking a self-moved target with complex hand-target dynamics[END_REF]Mathew et al. 2019a;[START_REF] Nagengast | Optimal control predicts human performance on objects with internal degrees of freedom[END_REF]. Finally the fourth mapping, SPROT, resulted from the combination of the ROTATION and SPRING mappings, meaning that the cursor was both rotated and behaving like a mass-spring. Supplemental videos depicting representative trials of participants in the NORMAL mapping as well as during the first and last trials of each of the three perturbed mappings can be found here https://zenodo.org/record/5138123#.YP75VI5KiUk.

After 4-5 trials of familiarization, each participant began with a baseline block of 10 trials under the NORMAL mapping (see Figure 2). Then they completed one block of 50 trials under each of the 3 experimental conditions: SPRING, ROTATION, and SPROT.

Group 1 and Group 2 were tested for the ability to compose sensorimotor adaptation, with participants completing SPRING and ROTATION before they were tested on SPROT.

Conversely, Group 3 and Group 4 were tested first on SPROT then on SPRING and ROTATION, so as to test the ability to decompose sensorimotor adaptation. After completing these 4 blocks, all participants performed a washout block with 10 trials under the NORMAL mapping. Overall a total of 170 experimental trials were collected per participant. Each trial lasted 10 seconds. The total duration of the experiment averaged 60 min.

At the end of the experiment, there was an informal debriefing. Participants were asked the following open question: "Please describe the perturbation(s) you experienced". Our main interest was to evaluate whether participants could report that one perturbation was the combination of two others.

Data analysis

Because participants were explicitly instructed to always minimize the cursor-target distance, our primary dependent variable to characterize performance across all types of perturbations was hand tracking error. To quantify hand tracking error (E) we measured the distance in cm (in two dimensions; x and y) between the cursor (C; moved by the hand) and the target (T) at each instant (t) using the following equation:

𝐸 = (𝐶 -𝑇 ) + 𝐶 -𝑇 (4) 
We averaged this error across time for each trial while excluding the first second of data from each trial.

In addition to hand tracking error, two additional metrics were used in an effort to isolate components of learning that would be specific to either the SPRING or ROTATION perturbations. The first metric was directional error, which consisted in rotating the cursor data (around the center) with respect to the target data in each trial, and determining the angle which minimized hand tracking error (a method inspired from [START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF]. Here, by convention, a positive directional error indicates that cursor data had to be rotated clockwise to match the target data. It was hypothesized that this metric would show strong modulations during adaptation to the ROTATION and SPROT perturbations, but not during the SPRING perturbation. The second metric was cursor velocity (i.e., mean tangential velocity in each trial) because hand/joystick velocity is amplified at the cursor level by the dynamics of the spring [START_REF] Landelle | Eye tracking a self-moved target with complex hand-target dynamics[END_REF]Mathew et al. 2019a). Following this line of reasoning, it was hypothesized that under initial exposure to the SPRING and SPROT mappings cursor velocity would substantially exceed target velocity (16 cm/s), while this would not be the case under ROTATION or Baseline. Similar to tracking error, directional error and cursor velocity were assessed while excluding the first second of data from each trial.

Statistical analysis

Baseline, as well as washout performance was compared across groups with a 4 Group

x 10 Trial two-way ANOVA with trial as a repeated-measures. Then, to test our main hypotheses regarding composition/decomposition, we compared adaptation to each of the three mappings (SPRING, ROTATION, SPROT) across groups. To do so, for each mapping, adaptation performance was tested with a 4 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a repeated-measures. Early adaptation consisted of the mean error across the first 10 trials (1-10), whereas Late adaptation consisted of the mean error across the last 10 trials (41-50). To provide insight regarding the relative complexity of the SPRING and ROTATION perturbations, we compared performance of naïve participants performing their first block under each of these mappings, that is Group 1 under SPRING vs. Group 2 under ROTATION. This was done using a 2 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a repeated-measures. Finally, to address the possibility of anterograde interference between ROTATION and SPRING, we compared the performance of participants in each mapping depending on whether or not learning was immediately preceded by prior exposure to the other mapping. Namely, we pooled the data of Groups 1 and 3 (in which ROTATION was immediately preceded by SPRING) as well as those of Groups 2 and 4 (in which SPRING was immediately preceded by ROTATION) and performed a 2 Order (First vs.

Second) x 2 Phase (Early vs. Late) two-way ANOVA with phase as a repeated measure. This analysis was done separately for SPRING and ROTATION.

Whenever relevant, post-hoc tests were done with two-tailed unpaired t-tests and the Benjamini-Hochberg procedure [i.e., false discovery rate (FDR); [START_REF] Benjamini | Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing[END_REF]] was used to correct for multiple comparisons. For ANOVAs, effect sizes are reported as partial eta squared (𝑛 ; [START_REF] Fritz | Effect size estimates: current use, calculations, and interpretation[END_REF][START_REF] Lakens | Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs[END_REF], whereas for targeted comparisons (i.e., t-tests), effect sizes are reported as Cohen's d. For all analyses, the threshold for significance was set to α = 0.05.

RESULTS

Baseline tracking

During the first block all participants performed the tracking task under the NORMAL mapping. The two-way ANOVA (Group by Trial) revealed no systematic difference in tracking performance between the groups (F (3,79) = 0.512, p = 0.675, 𝑛 = 0.019). Averaged across groups, mean hand tracking error during baseline trials was 1.68cm. There was a main effect of Trial (F (9,711) = 5.307, p < 0.001, 𝑛 = 0.06) revealing a decrease in tracking error, however this improvement was similar across groups as revealed by a lack of Group x Trial interaction (F (27,711) = 0.611, p = 0.941, 𝑛 = 0.02). Post-hoc analysis of the Trial effect revealed that while there was a significant decrease in tracking error from trial 1 to 3 (p < 0.05), there was no significant difference between any of the trials from 3 to 10 (all p > 0.22).

This capacity to achieve asymptotic performance after only two trials suggests that participants were adept at the task and that meta-learning (or mere practice with the tracking task) is unlikely to account for the learning curves during exposure to perturbations.

Adaptation to the SPRING mapping

Figure 3a compares the time course of tracking error for each of the 4 groups under the SPRING mapping. The two-way ANOVA revealed a main effect of phase (F (1,79) = 402.772, p < 0.001, 𝑛 = 0.836), with a decrease in tracking error as a function of exposure. There was also a main effect of Group (F (3,79) = 3.001, p = 0.035, 𝑛 = 0.102), as well as a significant interaction (F (3,79) = 10.996, p < 0.001, 𝑛 = 0.295). Specifically, post-hoc tests revealed that during Early adaptation, hand tracking error in Group 3 was significantly smaller than in Groups 1 (t (39) = 2.401, p = 0.021, Cohen's d = 0.77), 2 (t (40) = 5.317, p < 0.001, Cohen's d = 1.65) and 4 (t (40) = 3.347, p = 0.002, Cohen's d = 1.05; see Figure 3b). Based on these observations we conclude that Group 3 who experienced the SPRING immediately after the SPROT mapping is the only group that demonstrated an advantage when adapting to SPRING. As for Late adaptation, post-hoc tests revealed no difference across groups (all p > 0.5; see Figure 3c). This suggests that, irrespective of the previous exposure to other mappings, all groups were able to adapt to the SPRING to a similar extent. for Late adaptation, post-hoc tests revealed no difference across groups (all p > 0.3; see Figure 4c). This suggests that, irrespective of the previous exposure to other mappings, all groups were able to adapt to the ROTATION to a similar extent. = 18.652, p < 0.001, 𝑛 = 0.415), as well as a significant interaction (F (3,79) = 14.882, p < 0.001, 𝑛 = 0.361). Specifically, post-hoc tests revealed that during Early adaptation, hand tracking error in Groups 3 and 4 was smaller than in Groups 1 and 2 (all p < 0.001, all

Adaptation to the ROTATION mapping

Adaptation to the COMBINED (SPROT) mapping

Cohen's d > 1.77; see Figure 5b). Based on these observations we conclude that Groups 1 and 2 who had prior experience with the SPRING and ROTATION mappings demonstrated a clear advantage for the combined mapping. Moreover, it seems that the order in which the groups experienced the SPRING and ROTATION mappings was not critical for this composition effect. This benefit was long-lasting, as revealed by the fact that in Late adaptation, Groups 1 and 2 still presented significantly smaller errors than Groups 3 and 4 (all p < 0.05, all Cohen's d > 0.70; see Figure 5c).

Washout of adaptation

At the end of the experimental sessions, all groups performed a washout block in which the NORMAL mapping was restored unexpectedly. A two-way ANOVA (Group x Trial) revealed no systematic difference in tracking performance across groups during this block (F (3,79) = 0.239, p = 0.869, 𝑛 = 0.009). However, there was a main effect of Trial (F (9,711) = 93.292, p < 0.001, 𝑛 = 0.541) revealing a decrease in tracking error, as well as a significant Group x Trial interaction (F (27,711) = 2.744, p < 0.001, 𝑛 = 0.09). Post-hoc analysis revealed that this effect originated from the fact that during the first washout trial, tracking was less impaired in Group 4 (who had experienced SPRING just before washout) as compared to all three other groups (3.06 vs. 4.26cm; p < 0.001) which in the latter case were not different from each other (all p > 0.57). Averaged across groups, mean tracking error during the last washout trial was 1.99cm, a value significantly greater than during Baseline (p < 0.001). Overall these analyses confirm that, no matter the order of the SPRING, ROTATION, and SPROT mapping, all groups presented potent and long lasting aftereffects during the washout block.

Comparison between SPRING and ROTATION in naïve participants

To assess the relative complexity in adapting to the SPRING and ROTATION mappings, Figure 6a represents how naïve groups adapted to each perturbation, that is Group 1 under SPRING was compared to Group 2 under ROTATION. As can be seen, initial tracking error was larger under the ROTATION mapping than SPRING. The two-way ANOVA revealed a main effect of phase (F (1,39) = 291.679, p < 0.001, 𝑛 = 0.882), with a decrease in tracking error as a function of exposure for both perturbations. There was a main effect of Group (F (1,39) = 6.400, p = 0.016, 𝑛 = 0.141), as well as a significant interaction (F (1,39) = 48.492, p < 0.001, 𝑛 = 0.554). Specifically, in Early adaptation errors were approximately 40% higher for ROTATION than for SPRING (t (39) = 4.309, p < 0.001, Cohen's d = 0.96; see Figure 6b), however in Late adaptation, tracking performance was similar under both mappings (p = 0.922; see Figure 6c). This suggests that although the ROTATION mapping was initially more challenging than the SPRING mapping, participants exhibited similar tracking accuracy at the end of exposure.

Anterograde interference between SPRING and ROTATION

To test for anterograde interference between ROTATION and SPRING, we compared adaptation to each mapping depending on whether or not learning was immediately preceded by prior exposure to the other mapping. Specifically, data from Groups 1 and 3 (in which ROTATION was immediately preceded by SPRING) were pooled and compared to those of Groups 2 and 4 (in which SPRING was immediately preceded by ROTATION) using a 2

Order (First vs. Second) x 2 Phase (Early vs. Late) two-way ANOVA with phase as a repeated measure.

For SPRING (Figure 7a), the ANOVA revealed a main effect of Order (F (1,81) = 8.121, p < 0.006, 𝑛 = 0.091), a main effect of Phase (F (1,81) = 316.561, p < 0.001, 𝑛 = 0.796), and an interaction (F (1,81) = 7.513, p < 0.008, 𝑛 = 0.085). Specifically, in Early adaptation (Figure 7b), errors were lower when SPRING was done before ROTATION (Groups 1 and 3) as compared to when SPRING was done after ROTATION (Groups 2 and 4) (t (81) = 3.732, p < 0.001, Cohen's d = 0.82). However, the influence of Order was temporary, as there was no difference in Late adaptation (t (81) = 1.480, p = 0.143, Cohen's d = 0.33; see Figure 7c).

For ROTATION (Figure 7d), the ANOVA revealed a main effect of Order (F (1,81) = 4.557, p < 0.036, 𝑛 = 0.053), a main effect of phase (F (1,81) = 213.820, p < 0.001, 𝑛 = 0.725), but no interaction (F (1,81) = 0.152, p < 0.698, 𝑛 = 0.002). Specifically, errors were lower when ROTATION was done before SPRING (Groups 2 and 4) as compared to when ROTATION was done after SPRING (Groups 1 and 3), an effect that was present both in Early and Late adaptation (Figure 7e and7f). Altogether, although SPRING perturbed ROTATION for a longer period than ROTATION perturbed SPRING, these data provide clear evidence of anterograde interference between SPRING and ROTATION, in the sense that prior exposure to one of these two mappings impaired learning of the other mapping.

Additional analyses

Directional errors

In order to provide further insight regarding composition and decomposition of a component that is specific to the rotational perturbation, directional errors were assessed.

Figure 8 compares the time course of directional errors for the four groups under the three mappings. As a first qualitative assessment, it can be seen that directional error is near-zero and similar across groups during Baseline. As expected, directional errors emerge under ROTATION and SPROT, that is when a rotational perturbation is applied, but tend to decrease as a function of adaptation. Interestingly, directional errors change polarity during SPRING in Groups 2, 3 and 4 (which have had previous exposure to the rotation), suggesting the presence of carry-over effects. The absence of directional errors in Group 1 upon "naïve" exposure to SPRING is noteworthy, as it demonstrates that this variable is solely influenced by the rotation perturbation, but not the spring. Composition is exemplified by the fact that directional errors are lower under SPROT for Groups 1 and 2 (prior experience with rotation) as compared to Groups 3 and 4 (no prior experience with rotation). Decomposition is exemplified by the fact that directional errors tend to be lower under ROTATION for Groups 3 and 4 (prior experience with the rotational perturbation under SPROT) as compared Groups 1 and 2 (no prior experience with the rotational perturbation). Hence, these data argue for composition and decomposition effects that arise from a component of learning that is specific to the rotational perturbation.

Statistical analyses largely confirmed these qualitative assessments. Specifically, for Baseline, a two-way ANOVA (Group by Trial) revealed no main effect of Group (F (3,79) = 0.990, p = 0.402, 𝑛 = 0.036), no main effect of Trial (F (9,711) = 1.132, p = 0.337, 𝑛 = 0.01) and no interaction (F (27,711) = 0.808, p = 0.744, 𝑛 = 0.03).

For SPRING, a 4 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a repeated-measures revealed a main effect of Phase (F (1,79) = 198.840, p < 0.001, 𝑛 = 0.716), a main effect of Group (F (3,79) = 20.504, p < 0.001, 𝑛 = 0.438), and an interaction (F (3,79) = 19.922, p < 0.001, 𝑛 = 0.431). Specifically, post-hoc tests revealed that during Early adaptation, all groups differed (p < 0.01) except Groups 2 and 4 (p = 0.926). During Late adaptation, directional errors were smallest in Group 1, being significantly different from both Groups 2 and 4 (p < 0.01). Directional errors were also significantly smaller in Group 3 than Group 4 (p < 0.05). As mentioned earlier, a notable finding here is the null directional errors for Group 1, which underwent SPRING without having been previously exposed to the Rotation in any way. This confirms that that this particular metric is specific to the rotation perturbation.

For ROTATION, the ANOVA revealed a main effect of Phase (F (1,79) = 32.232, p < 0.001, 𝑛 = 0.290), no effect of Group (F (3,79) = 1.327, p = 0.272, 𝑛 = 0.048), but an interaction (F (3,79) = 3.509, p < 0.05, 𝑛 = 0.118). Specifically, post-hoc tests revealed that during Early adaptation, Group 4, which was exposed to ROTATION immediately after SPROT, presented significantly lower directional errors than Group 1 (p = 0.027), suggesting decomposition. There were no significant differences during Late adaptation.

Concerning SPROT, the ANOVA revealed a main effect of Phase (F (1,79) = 66.902, p < 0.001, 𝑛 = 0.459) and a main effect of Group (F (3,79) = 4.704, p < 0.01, 𝑛 = 0.152), but no interaction (F (3,79) = 2.573, p = 0.06, 𝑛 = 0.089). Specifically, post-hoc tests revealed that directional errors in Groups 1 and 2 (which had been previously exposed to the rotation perturbation), were significantly lower that in Groups 3 and 4 (all p < 0.05). This is a potent demonstration of composition.

Finally, during washout directional error changed polarity with respect to ROTATION and SPROT, an observation consistent with the presence of aftereffects. The two-way ANOVA (Group by Trial) revealed a main effect of Group (F (3,79) = 5.372, p < 0.01, 𝑛 = 0.169), a main effect of Trial (F (9,711) = 48.453, p < 0.001, 𝑛 = 0.38) and an interaction (F (27,711) = 2.352, p < 0.001, 𝑛 = 0.08). Specifically, Group 4 presented significantly less directional error than all other groups during the first 6 trials (all p < 0.05), which is consistent with the fact that this group was tested immediately after SPRING (rather than SPROT or ROTATION).

Cursor velocity

In order to provide further insight regarding composition and decomposition of a component that is specific to the spring perturbation, cursor velocity was assessed. Figure 9 compares the time course of cursor velocity for the four groups under the three mappings. As a first qualitative assessment, it can be seen that cursor velocity is similar during Baseline across groups, and that its value is similar to mean target velocity (16 cm/s). As expected, cursor velocity increased substantially under initial exposure to the SPRING and SPROT mappings, consistent with the amplificative effect of the spring dynamics. It should be noted, however, that this variable was not exclusively modulated by the spring perturbation, as an increase (albeit smaller) was observed in Group 2 during "naïve" exposure to ROTATION.

Nevertheless, composition is reflected by the fact that cursor velocity was lower during the first ~5 trials of SPROT for Groups 1 and 2 (prior experience with SPRING) as compared to Groups 3 and 4 (no prior experience with SPRING). Decomposition is exemplified by the fact that cursor velocity is lower under SPRING for Groups 3 and 4 (prior experience with the spring perturbation under SPROT) as compared to Groups 1 and 2 (no prior experience with the spring perturbation). Hence, these data argue for composition and decomposition effects that arise from a component of learning that is predominantly influenced by the spring perturbation.

Statistical analyses largely confirmed these qualitative assessments. Specifically, for Baseline, a two-way ANOVA (Group by Trial) revealed no main effect of Group (F (3,79) = 0.798, p = 0.499, 𝑛 = 0.029), no interaction (F (27,711) = 1.051, p = 0.395, 𝑛 = 0.038), but a main effect of Trial (F (9,711) = 2.881, p = 0.002, 𝑛 = 0.035), revealing that all groups slightly reduced their cursor velocity over the first 4 trials.

For SPRING, a 4 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a repeated-measures revealed a main effect of Phase (F (1,79) = 120.303, p < 0.001, 𝑛 = 0.604), a main effect of Group (F (3,79) = 11.722, p < 0.001, 𝑛 = 0.308), and an interaction (F (3,79) = 10.890, p < 0.001, 𝑛 = 0.293). Specifically, post-hoc tests revealed that during Early adaptation, cursor velocity in Groups 3 and 4 was significantly lower than for Groups 1 and 2 (all p < 0.01). During Late adaptation, cursor velocity in Group 3 was significantly lower than for Groups 1 and 2 (both p < 0.05), while it was also significantly lower for Group 4 than for Group 2 (p < 0.05). These data reflect decomposition since Groups 3 and 4, which were exposed to the spring perturbation during SPROT and thus learned to reduce cursor velocity, carried this effect over to the SPRING condition.

For ROTATION, the ANOVA revealed a main effect of Phase (F (1,79) = 4.760, p < 0.05, 𝑛 = 0.057), a main effect of Group (F (3,79) = 11.963, p < 0.001, 𝑛 = 0.312), and an interaction (F (3,79) = 14.291, p < 0.001, 𝑛 = 0.352). Specifically, post-hoc tests revealed that during Early adaptation, Group 1 significantly differed from Groups 2 and 3 (both p < 0.01), while Group 2 significantly differed from all other Groups (all p < 0.01). During Late adaptation, Groups 1 and 2 differed from Group 3 (both p < 0.05). Here again, the fact that cursor velocity for Groups 1, 3 and 4 was lower than for "naïve" Group 2 during early ROTATION (sometimes below baseline levels), suggests the presence of carry-over effects resulting from prior exposure to the spring perturbation.

Concerning SPROT, the ANOVA revealed a main effect of Phase (F (1,79) = 102.703, p < 0.001, 𝑛 = 0.565) no effect of Group (F (3,79) = 0.080, p = 0.971, 𝑛 = 0.003), and a significant interaction (F (3,79) = 5.649, p < 0.001, 𝑛 = 0.177). Although cursor velocity was lower for Groups 1 and 2 as compared to Groups 3 and 4 during the first ~5 trials of SPROT, suggesting composition, this effect did not reach statistical significance when considering our operational definition of Early adaptation (trials 1-10) (all p > 0.2). As for Late adaptation, there was a tendency for cursor velocity to differ between Groups 1 and 2 vs. Group 3, but it did not reach significant levels (both p > 0.07).

Finally, during washout cursor velocity was below baseline levels, which is indicative of aftereffects. The ANOVA revealed no main effect of Group (F (3,79) = 2.353, p = 0.078, 𝑛 = 0.082), but a significant main effect of Trial (F (9,711) = 17.952, p < 0.001, 𝑛 = 0.185) and an interaction (F (27,711) = 2.365, p < 0.001, 𝑛 = 0.082). Specifically, Group 3 presented significantly less aftereffects than all other groups during the first 4 trials (all p < 0.05), which is consistent with the fact that this group was tested immediately after ROTATION (rather than SPRING or SPROT).

DISCUSSION

The main objective of this study was to investigate interference effects as well as modularity of sensorimotor adaptation in manual tracking under two separate visual perturbations (SPRING and ROTATION) and their combination (SPROT). First, evidence for anterograde interference was found whenever participants switched from SPRING to ROTATION, and vice versa. Second, evidence for modularity was found both in terms of composition and decomposition. Indeed, irrespective of the order of presentation, prior exposure to each single mapping clearly benefited to learning the combined mapping.

Conversely, prior exposure to the combined mapping facilitated learning of the single mapping that immediately followed. More fine-grained analyses revealed that the composition and decomposition effects were attributable to components of learning that were specifically acquired through exposure to either the rotational perturbation (i.e., directional error) or the spring perturbation (i.e., cursor velocity), excluding the possibility that these effects be solely due to task-irrelevant improvements in motor acuity or meta-learning [START_REF] Braun | Motor task variation induces structural learning[END_REF][START_REF] Turnham | Facilitation of learning induced by both random and gradual visuomotor task variation[END_REF]). Together, these results demonstrate that even though two perturbations interfere with each other, they can still be composed and decomposed advantageously.

Interference between SPRING and ROTATION

Our results provide evidence for anterograde interference, in that exposure to either one of the single mappings (SPRING or ROTATION) impaired subsequent learning of the other single mapping (see Figure 7). While it is likely that interference arose from a combination of the previously identified factors (i.e., same sensory modality of the errors, partially shared state variables, common task goal and context), it suggests that shared neural populations (or at least neural populations whose dynamics occupy a shared subspace; [START_REF] Duncker | Organizing recurrent network dynamics by task-computation to enable continual learning[END_REF] were involved in adapting to the SPRING and ROTATION mappings.

Nonetheless, as will be discussed in the next sections, interference did not preclude participants' capacity to compose or decompose these novel sensorimotor representations. In that sense our results extend the findings of [START_REF] Flanagan | Composition and decomposition of internal models in motor learning under altered kinematic and dynamic environments[END_REF] who found evidence for modularity in the context of force field and visuomotor adaptation (two "orthogonal" perturbations), in absence of direct evidence of interference between the two. Thanks to our additional analyses of directional error and cursor velocity (Figures 8 and9), it could be confirmed that the interference effects found at the task level (i.e., hand tracking error, see Figure 7) specifically resulted from carry-over effects inherent to each perturbation. Indeed, following exposure to the ROTATION and SPROT mappings, participants exhibited a negative directional bias in cursor motion, which likely accounted for the impairment in tracking performance under SPRING (and Washout). Similarly, following the SPRING and SPROT mappings, participants tended to unnecessarily slow down their cursor motion, an effect again likely to have altered tracking performance under ROTATION (and Washout).

Altogether, although anterograde interference is expected when sequentially adapting to opposite visuomotor rotations [START_REF] Krakauer | Adaptation to visuomotor transformations: consolidation, interference, and forgetting[END_REF][START_REF] Miall | Adaptation to rotated visual feedback: a reexamination of motor interference[END_REF][START_REF] Wigmore | Visuomotor rotations of varying size and direction compete for a single internal model in motor working memory[END_REF],

we show here that carry-over effects along different dimensions of hand behavior (direction vs. velocity) can also lead to interference at the task level.

No matter their origin, interference effects in our task were not symmetrical, as prior exposure to the SPRING mapping seems to have had a more detrimental effect on learning of the ROTATION mapping than the contrary. Indeed, the interference effect from SPRING to ROTATION was present both in early and late adaptation, whereas the interference effect from ROTATION to SPRING was only present in early adaptation. This asymmetry may result from differences in the complexity of the two perturbations, as suggested by distinct time course of tracking error in naïve participants. Indeed, as shown in Figure 6, the SPRING mapping appeared less challenging than ROTATION, with lower initial tracking errors and fewer trials needed to reach asymptotic levels of performance. Given that asymptotic performance has been shown to initiate consolidation processes and promote anterograde interference [START_REF] Leow | Different mechanisms contributing to savings and anterograde interference are impaired in Parkinson's disease[END_REF][START_REF] Shibata | Overlearning hyperstabilizes a skill by rapidly making neurochemical processing inhibitory-dominant[END_REF], the more extensive period at asymptote for SPRING may have led to its stabilization, and ultimately to greater impairment to ROTATION than the contrary. A second possibility may stem from differences in the state variables being influenced by each mapping, with ROTATION and SPRING relying on a common state variable (i.e., position), but SPRING depending upon additional variables (i.e., velocity and acceleration). It may be that SPRING had a greater impact on ROTATION because it interfered with its unique state variable, conversely ROTATION interfered less on SPRING because many more state variables were involved.

Composition and decomposition of visuomotor adaptation

Irrespective of the order of exposure to the SPRING and ROTATION mappings, participants of Groups 1 and 2 exhibited a strong and reliable advantage for learning the combined mapping as compared to naïve participants of Groups 3 and 4 (see Figure 5). Not only was this advantage observed during early exposure, but it persisted throughout the entire adaptation session. Evidence for composition supports the idea that even though the two perturbations may have involved partially overlapping neural substrates (thus causing interference), they were somehow combined advantageously when facing the SPROT mapping.

In addition, following adaptation to the combined mapping, participants of Groups 3 and 4 exhibited an advantage when subsequently tested in either one of the single mappings (see Figures 3 and4). This decomposition effect indicates that the SPROT mapping was not learned as a third entity independent from each single mapping. In contrast, it suggests that during SPROT the sensorimotor system was seemingly able to pick out error signals associated with each of the single mappings even though they were superimposed, perhaps due to the fact that they influenced partly different state variables. Nonetheless, it should be noted that this effect occurred completely outside of participants' capacity to identify the perturbations, as none of them was able to report that two mappings were superimposed, let alone what their underlying nature was. Although these verbal reports do not formally rule out the use of explicit strategies, they still suggest that cognitive processes, such as re-aiming, played a negligible role in the gradual improvement in performance observed here. Rather, they point to the possibility that adaptation was due to the implicit update of an internal model. This is further supported by the potent and long-lasting aftereffects for each perturbation during washout, which are generally ascribed to implicit adaptation. Importantly, these aftereffects were not only observed for tracking error, but also for directional error and cursor velocity, which respectively pertained to the ROTATION and SPRING mappings. The rotational aftereffects are notable since large perturbations such as the one used here (90° visuomotor rotation) have been suggested to be mediated to a large extent by strategic/explicit processes, at least in reaching tasks [START_REF] Bond | Flexible explicit but rigid implicit learning in a visuomotor adaptation task[END_REF]. Note that even in the case of reaching movements, the use of stringent (i.e., low) reaction time constraints prevents the expression of the strategic/explicit component [START_REF] Leow | Estimating the implicit component of visuomotor rotation learning by constraining movement preparation time[END_REF]. This latter observation echoes with our pursuit tracking task in which participants had to constantly keep track of the target and update their cursor position, rendering the use of cognitive strategizing and reaiming unlikely given that they are time-consuming processes [START_REF] Fernandez-Ruiz | Relation between reaction time and reach errors during visuomotor adaptation[END_REF][START_REF] Haith | The Influence of Movement Preparation Time on the Expression of Visuomotor Learning and Savings[END_REF][START_REF] Leow | Estimating the implicit component of visuomotor rotation learning by constraining movement preparation time[END_REF][START_REF] Mcdougle | Dissociable cognitive strategies for sensorimotor learning[END_REF]. In direct support of our interpretation, recent work has shown that during manual tracking, rotational perturbations of 90° lead to potent directional aftereffects (unlike for a mirror-reversal perturbation), leading the authors to suggest that it was subtented by genuine adaptive mechanisms rather than de novo learning [START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF]).

To some extent, the SPROT mapping can be conceived as a 90° visuomotor rotation with added noise, given the non-linear hand-cursor spatial relationship incurred by the SPRING perturbation. In that light, the decomposition effect observed for ROTATION indicates that despite this increase in noise, participants could reliably extract error signals specifically pertaining to the visuomotor rotation. This observation is reminiscent of a study

showing that participants could adapt their reaching movements to a visuomotor rotation even when combined with a 200 ms visual delay [START_REF] Honda | Adaptation to visual feedback delay influences visuomotor learning[END_REF]. Moreover, as in our case, that study revealed that adaptation to the combined perturbation was facilitated by prior exposure to the visual delay (hence a form of composition). However, that study did not investigate decomposition of the combined perturbation into each of the two perturbations.

An interesting finding is that the decomposition effect was clear for the single mapping that immediately followed exposure to SPROT but did not extend to the subsequent Future experiments will be needed to clarify the respective contribution of these two mechanisms.

Finally, we observed an asymmetry in the relative strength of the composition and decomposition effects, with decomposition being more fragile than composition. This effect may stem from the fact that decomposing a mapping is presumably more complex (from a computational perspective) than composing two mappings. Indeed although SPROT can theoretically be decomposable into an infinite set of mappings, combining ROTATION and SPRING can only lead to a single deterministic outcome. This issue (i.e., inverse problem) has already been raised in the context of forward/inverse models in conjunction with modular learning [START_REF] Miall | Modular motor learning[END_REF][START_REF] Wolpert | Multiple paired forward and inverse models for motor control[END_REF].

Modularity in continuous and discrete actions

It has been suggested that "the differentiation between discrete and continuous movements is one of the pillars of motor behavior classification" [START_REF] Huys | Distinct timing mechanisms produce discrete and continuous movements[END_REF]. Although modularity of adaptation was initially uncovered through reaching [START_REF] Flanagan | Composition and decomposition of internal models in motor learning under altered kinematic and dynamic environments[END_REF]), a discrete movement, here we show that manual tracking, a continuous movement, is also prone to composition and decomposition effects. The extent to which discrete and continuous movements are distinct is a subject of heated debate [START_REF] Cohen | Visuomotor perturbation in a continuous circle tracing task: novel approach for quantifying motor adaptation[END_REF][START_REF] Howard | Separate representations of dynamics in rhythmic and discrete movements: evidence from motor learning[END_REF][START_REF] Huys | Distinct timing mechanisms produce discrete and continuous movements[END_REF][START_REF] Ikegami | Asymmetric transfer of visuomotor learning between discrete and rhythmic movements[END_REF][START_REF] Schaal | Rhythmic arm movement is not discrete[END_REF][START_REF] Sternad | Segmentation of endpoint trajectories does not imply segmented control[END_REF][START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF]Yoo et al. 2021a). On the one hand, continuous and discrete movements are thought to belong to different movement categories because they seem to rely on different control processes [START_REF] Huys | Distinct timing mechanisms produce discrete and continuous movements[END_REF][START_REF] Sternad | Segmentation of endpoint trajectories does not imply segmented control[END_REF][START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF], as well as neural structures [START_REF] Hatsopoulos | Decoding Continuous and Discrete Motor Behaviors Using Motor and Premotor Cortical Ensembles[END_REF][START_REF] Schaal | Rhythmic arm movement is not discrete[END_REF]). On the other hand, continuous movements are sometimes considered as a mere concatenation of discrete actions [START_REF] Miall | Intermittency in human manual tracking tasks[END_REF][START_REF] Zimnik | Independent generation of sequence elements by motor cortex[END_REF], or similarly discrete movements are seen as truncated continuous movements [START_REF] Hogan | On rhythmic and discrete movements: reflections, definitions and implications for motor control[END_REF]. With regard to pointing and tracking movements, we believe that a key difference lies in how planning and execution processes operate. During fast pointing movements, planning is essentially performed before hand movement starts, so that planning and execution operate sequentially. In contrast during pursuit tracking, planning has to operate while the hand is already moving, so that planning and execution must operate in concert. Although the current dataset certainly does not settle the discrete/continuous debate, it suggests that, despite potential key differences between pointing and tracking movements, both types of movement seem to follow the same general principles with respect to the modularity of sensorimotor adaptation.

Concluding comments

To summarize, the present study shows that interference effects can coexist with the ability to compose/decompose two visuomotor mappings that partially share the same state variables, and for which the task goals and context are the same. This indicates that the brain is not only able to flexibly combine multiple visuomotor mappings but is also able to partition sources of error when dealing with complex visuomotor mappings, allowing participants to cope efficiently with a fraction of this mapping. More generally this study reinforces the view that modularity is ubiquitous in neuroscience (d'Avella et al. 2015), ranging from cognitive [START_REF] Barrett | Modularity in cognition: framing the debate[END_REF][START_REF] Coltheart | Modularity and cognition[END_REF] to sensorimotor processes (d'Avella 2016;[START_REF] Duncker | Organizing recurrent network dynamics by task-computation to enable continual learning[END_REF][START_REF] Flanagan | Composition and decomposition of internal models in motor learning under altered kinematic and dynamic environments[END_REF][START_REF] Lemke | Emergent modular neural control drives coordinated motor actions[END_REF], which in the latter case seems to encompass both discrete and continuous actions. Finally, we hope that, in addition to its ecological relevance [START_REF] Land | Visual tracking and pursuit: Humans and arthropods compared[END_REF][START_REF] Wardill | A Novel Interception Strategy in a Miniature Robber Fly with Extreme Visual Acuity[END_REF]Yoo et al. 2021b), this study further demonstrates the relevance of pursuit tracking to address key issues in sensorimotor control and learning [START_REF] Engel | Manual tracking in two dimensions[END_REF][START_REF] Mathew | Asymmetrical Relationship between Prediction and Control during Visuomotor Adaptation[END_REF][START_REF] Miall | The cerebellum coordinates eye and hand tracking movements[END_REF][START_REF] Yang | De novo learning versus adaptation of continuous control in a manual tracking task[END_REF]Yoo et al. 2021a). 

Figure

  Figure4acompares the time course of tracking error for each of the 4 groups under the ROTATION mapping. The two-way ANOVA revealed a main effect of phase (F (1,79) = 507.556, p < 0.001, 𝑛 = 0.865), with a decrease in tracking error as a function of exposure.There was no main effect of Group (F (3,79) = 2.501, p = 0.065, 𝑛 = 0.087), but a significant interaction (F (3,79) = 21.991, p < 0.001, 𝑛 = 0.455). Specifically, post-hoc tests revealed that during Early adaptation, hand tracking error in Group 4 was smaller than in Groups 1 (t (39) = 4.672, p < 0.001, Cohen's d = 1.26), 2 (t (40) = 3.650, p = 0.001, Cohen's d = 0.91) and 3 (t (40) = 2.457, p = 0.017, Cohen's d = 0.75; see Figure4b). Based on these observations we conclude that Group 4 who experienced the ROTATION immediately after the SPROT mapping, is the only group that demonstrated an advantage when adapting to ROTATION. As

Figure

  Figure5acompares the time course of tracking error across groups under the SPROT mapping, which results from the combination of SPRING and ROTATION. The two-way ANOVA revealed a main effect of phase (F (1,79) = 240.580, p < 0.001, 𝑛 = 0.753), with a decrease in tracking error as a function of exposure. There was a main effect ofGroup (F (3,79) 

  single mapping. Two non-exclusive reasons may account for this. First, this may have resulted from two simulateous effects, namely the enhanced tracking performance in the individual mappings due to prior practice with the combined perturbation (i.e., decomposition), along with anterograde interference. Indeed, given the observed anterograde interference between SPRING and ROTATION, it is likely that extraction of one of the single mappings following SPROT counteracted the subsequent extraction of the other single mapping. Second, as time elapsed, the memory of the combined mapping may have gradually decayed, favoring the extraction of the first single mapping as compared to the second one.
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 2 Figure 1. A. Overhead view of the experimental setup. B. Example trajectory of a moving target as well as a hand cursor on the screen. Note that the white trajectory was not presented to participants. C. The five target trajectories employed for pursuit tracking. The blue dot shows the position of the target at the trial start, and the arrow shows its direction (see methods for more details).Figure 2. Experimental design. Each box represents one block, along with the number of trials in each block. Figure 3. Tracking error under the SPRING mapping. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower initial tracking error in Group 3 who was exposed to the SPRING mapping immediately after the SPROT mapping.Figure 4. Tracking error under the ROTATION mapping. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower initial tracking error in Group 4 who was exposed to the ROTATION mapping immediately after the SPROT mapping.Figure 5. Tracking error under the SPROT mapping. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and errors bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower tracking error in Groups 1 and 2 who previously experienced the SPRING and ROTATION mappings separately. Figure 6. Tracking error under SPRING and ROTATION mappings in naïve participants. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and errors bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the larger initial tracking error in ROTATION (G2) than SPRING (G1).Figure 7. Evidence for anterograde interference. A. Time course of tracking error under the SPRING mapping depending on whether the ROTATION mapping was tested immediately beforehand (G2G4) or not (G1G3). B. Comparison of tracking error during early exposure to SPRING (mean of first 10 trials) across each group pair. C. Same as B for tracking error during late exposure (mean of last 10 trials). D. Time course of tracking error under the ROTATION mapping depending on whether the SPRING mapping was tested immediately beforehand (G1G3) or not (G2G4). E. Comparison of tracking error during early exposure to ROTATION (mean of first 10 trials) across each group pair. F. Same as E for tracking error

  Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower initial tracking error in Group 3 who was exposed to the SPRING mapping immediately after the SPROT mapping. Figure 4. Tracking error under the ROTATION mapping. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower initial tracking error in Group 4 who was exposed to the ROTATION mapping immediately after the SPROT mapping.Figure 5. Tracking error under the SPROT mapping. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and errors bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower tracking error in Groups 1 and 2 who previously experienced the SPRING and ROTATION mappings separately. Figure 6. Tracking error under SPRING and ROTATION mappings in naïve participants. A. Time course of tracking error as a function of trial and experimental group. B. Comparison of tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late exposure (mean of last 10 trials). Black dots indicate individual participants, and errors bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the larger initial tracking error in ROTATION (G2) than SPRING (G1).Figure 7. Evidence for anterograde interference. A. Time course of tracking error under the SPRING mapping depending on whether the ROTATION mapping was tested immediately beforehand (G2G4) or not (G1G3). B. Comparison of tracking error during early exposure to SPRING (mean of first 10 trials) across each group pair. C. Same as B for tracking error during late exposure (mean of last 10 trials). D. Time course of tracking error under the ROTATION mapping depending on whether the SPRING mapping was tested immediately beforehand (G1G3) or not (G2G4). E. Comparison of tracking error during early exposure to ROTATION (mean of first 10 trials) across each group pair. F. Same as E for tracking error
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