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Abstract 28 

Our attention is influenced by past experiences, and recent studies have shown that individuals 29 

learn to extract statistical regularities in the environment, resulting in attentional suppression 30 

of locations that are likely to contain a distractor (high-probability location). However, little is 31 

known as to whether this learned suppression operates in retinotopic (relative to the eyes) or 32 

spatiotopic (relative to the world) coordinates. In the current study, two circular search arrays 33 

were presented side by side. Participants learned the high-probability location from a learning 34 

array presented on one side of the display (e.g., left). After several trials, participants shifted 35 

their gaze to the center of the other search array (e.g., located on the right side) and continued 36 

searching without any location probability (labelled as “test array”). Due to the saccadic eye 37 

movement, the test array contained both a spatiotopic matching and a retinotopic matching 38 

location relative to the original high-probability location.  The current findings show that, 39 

following saccadic eye movements, the learned suppression remained in retinotopic 40 

coordinates only, with no measurable transfer to spatiotopic coordinates. Even in a rich 41 

environment, attentional suppression still operated exclusively in retinotopic coordinates. We 42 

speculate that learned suppression may be resolved by changing synaptic weights in early visual 43 

areas. 44 

Keywords: Attentional suppression; retinotopic; spatiotopic; statistical learning 45 
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Significance statement 49 

In our daily lives, attention is shaped by past experiences, guiding us to suppress locations that 50 

are likely to contain distractions. While this phenomenon has been studied extensively with 51 

static search displays, the real world is dynamic - we are constantly moving our eyes. This study 52 

addressed this issue by investigating what happens when we learn to suppress a likely 53 

distractor location while making eye movements. Do we suppress the same location in space 54 

(spatiotopic), or does the learned suppression persist relative to our eyes (retinotopic)? The 55 

current findings provide clear evidence of suppression in retinotopic coordinates only.  56 
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Introduction 57 

Where and what we attend is not only influenced by the dynamics of sensory input (bottom–58 

up) and our current goal states (top–down or behavioral relevance) but also heavily influenced 59 

by what we have encountered in the past. One example of selection biases implemented by 60 

selection history comes from recent studies demonstrating that human observers can learn to 61 

extract statistical regularities in the environment resulting in attentional suppression of 62 

locations that are likely to contain a distractor, effectively reducing the amount of distraction 63 

(Wang & Theeuwes, 2018a, 2018b, 2018c). The general idea is that just like top-down, and 64 

bottom-up attention, selection history also feeds into an integrated priority (salience) map, 65 

ultimately resulting in a winner-take-all competition that determines the allocation of covert 66 

and overt attention (Theeuwes, 2019; Theeuwes et al., 2022). The notion of learning-induced 67 

plasticity within the spatial priority map is important, as it can explain how lingering biases from 68 

former attentional deployments come about. While it is generally agreed that spatial priority 69 

maps are topographically organized maps of the external visual world (e.g., Bisley & Goldberg, 70 

2010; Fecteau & Munoz, 2006; Thompson & Bichot, 2005), it remains largely unclear how the 71 

“external world” is represented within these maps. As such it remains unclear whether 72 

suppression effect due to statistical learning, which is thought to operate via changes of 73 

weights within the spatial priority map, operates in retinotopic (relative to the eyes) or 74 

spatiotopic (relative to the world) coordinates.  75 

Researchers have identified potential spatial priority map candidates among various 76 

brain regions, such as the superior colliculus (Bisley, 2011; Krauzlis et al., 2013; Noudoost et al., 77 

2010; Wurtz et al., 2011), caudate nucleus (Kim & Hikosaka, 2013; Yamamoto et al., 2012), and 78 
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regions in the posterior parietal (Bisley & Goldberg, 2010; e.g., LIP) and frontal cortices 79 

(Thompson et al., 2005; Thompson & Bichot, 2005; e.g., FEF). Regardless of whether these 80 

regions are cortical or subcortical, it is generally accepted that retinotopy is preserved 81 

throughout the brain, suggesting that priority maps are retinotopically organized. Nevertheless, 82 

a topographical representation would be more appropriate as it reflects the external visual 83 

world upon which we act (e.g., Bisley & Goldberg, 2010; Fecteau & Munoz, 2006; Thompson & 84 

Bichot, 2005). If a location is relevant for selection or requires suppression, it makes sense to 85 

connect it to external world coordinates rather than retinal location. In line with both views, 86 

previous studies have shown that both endogenous attention (Golomb et al., 2008, 2010) and 87 

exogenous attention (Mathôt & Theeuwes, 2010a, 2010b) rely on retinotopic maps, which are 88 

progressively transformed into spatiotopic maps following saccades. Moreover, a recent study 89 

by van Moorselaar & Theeuwes (2023) showed that people can learn to prioritize a likely target 90 

location within objects, irrespective of the object’s orientation in space. This implies that 91 

statistical learning is not necessarily limited to retinotopic maps. However, no study to date has 92 

explored whether history-driven suppression effects persist in retinotopic coordinates or 93 

transfer to spatiotopic coordinates after eye movements.   94 

In the present study, we adopted the additional singleton task used by Wang and 95 

Theeuwes (2018a) in which the distractor singleton was presented more often in one location 96 

than in all other locations. Critically, this regularity was only present when participants were 97 

performing the task at one side of the display (labelled as “learning array”). After performing 98 

several trials within this learning array (e.g., on the left side), participants shifted their gaze to 99 

another display (e.g., the one on the right) and continued the search task, but now without any 100 
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statistical regularities included (labelled as “test array”). Due to the saccadic eye movement 101 

towards the test location, it contained both a spatiotopic matching and a retinotopic matching 102 

location relative to the suppressed location in the learning array. The question then was 103 

whether the learned suppression within the learning array would stay in retinotopic 104 

coordinates, transfer to spatiotopic coordinates, or relies on both coordinate systems.  105 

 106 

Experiment 1 107 

Methods 108 

The Ethical Review Committee of the Faculty of Behavioral and Movement Sciences of the Vrije 109 

Universiteit Amsterdam approved the present study. Twenty-four adults (20 females, mean 110 

age: 23.8 years old) were recruited for money compensation or course credits. They all signed 111 

informed consent before the study and reported normal or corrected-to-normal visual acuity. 112 

Sample size was predetermined based on a previous study that initially reported learned 113 

suppression due to statistical learning (Wang & Theeuwes, 2018a). In their study, the effect size 114 

of the main effect (partial eta-squared) of distractor condition (high-probability location, low-115 

probability location, and no-distractor) was 0.85. With 24 subjects and alpha = .001, power for 116 

this critical effect would be larger than 0.99. 117 

 118 

Apparatus and stimuli Participants were tested in a dimly lit laboratory, with their chin held on 119 

a chinrest located 70 cm away from a 24-in. liquid crystal display (LCD) color monitor. The 120 

experiment was created in OpenSesame  (Mathôt et al., 2012) and run on a Dell Precision 3640 121 
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computer. An eye-tracker (EyeLink 1,000) was used to monitor participants’ eye movements 122 

and the sampling rate was set to 1,000 Hz. 123 

A modified additional singleton paradigm was adopted. The visual search display 124 

consisted of six discrete stimuli with different shapes (one circle vs. five diamonds, or vice 125 

versa), each containing a vertical or horizontal gray line (0.2° × 1°) inside (see Figure 1). The 126 

stimuli were presented on an imaginary circle with a radius of 3.5°, centered at the fixation (a 127 

white cross measuring 0.5° × 0.5°) against a black background (RGB: 0/0/0). The radius of the 128 

circle stimuli was 1°, the diamond stimuli were subtended by 1.55° × 1.55°, and each had a red 129 

or green outline.  130 

 131 

Experimental design Every trial started with a fixation cross that remained visible throughout 132 

the trial. The fixation cross was presented horizontally at either 3.5° to the left or 3.5° to the 133 

Figure 1. Stimuli and design. (A) An example of a trial sequence. In this example, the fixation switches from left (Search display 
I) to right (Search display II). The gridlines and placeholders were introduced in Experiment 2 and not present in Experiment 1. 
(B) Possible stimulus locations. The high-probability distractor location was always in the center of the screen (D-0). In the test 
array, location D-3 (map) represents the spatiotopic location and location D-0 (map) the retinotopic location. The location of 
the learning array (left or right), and consequently the position of the HP location within the learning array, was 
counterbalanced across participants.  
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right of the center of the screen. After 500 ms, a search array was presented and centered at 134 

the fixation cross for 2000 ms or until response. Participants searched for one circle (target) 135 

among five diamonds (distractors) or vice versa and responded to the orientation of the line 136 

segment as fast as possible, by pressing the ‘up’ arrow key for vertical and the ‘left’ arrow key 137 

for horizontal with their right hand. The inter-trial interval (ITI) was randomly chosen from 350 138 

to 550 ms.  139 

A target was presented in each trial with an equal probability of being a circle or 140 

diamond. A uniquely colored distractor singleton was present in 66.7% of the trials, with the 141 

same shape as the other distractors but with a different color (red or green with an equal 142 

probability). All conditions were randomized within each block. For each search array, the 143 

target could appear at each of the six locations. Importantly, two types of search arrays were 144 

presented: a learning and test array. For the learning array in the distractor singleton present 145 

condition, the distractor singleton had a high proportion of 63% to be presented at the center 146 

of the display (e.g., the furthest right location of the left search array or the furthest left 147 

location of the right search array). This location is called the high-probability (HP) location. Each 148 

of the other locations independently had a low proportion of 7.4% to contain a distractor 149 

singleton (low-probability location). For the test array, all the locations contained a distractor 150 

singleton equally often (16.7% in distractor-present trials). The target location was determined 151 

randomly on each trial.  152 

The experiment consisted of six blocks of 250 trials each. The first two blocks only 153 

presented the learning array on one side of the display. The position of the learning array (left 154 

or right), and consequently the position of the HP location within the learning array, was 155 
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counterbalanced across participants. After the first two blocks, the learning array alternated 156 

with the test array, which was presented on the opposite side of the display. Every few trials, 157 

specifically after a randomly selected sequence of 8, 9, or 10 consecutive trials for the learning 158 

array and 4 or 5 consecutive trials for the test array, a white dot appeared at the previous 159 

fixation location during the ITI period. Following this, participants had to immediately move 160 

their eyes to the other fixation on the opposite side of the display to perform the search task 161 

for the other search array. Crucially, the location at the center of the screen was shared by the 162 

learning and test array: This was the HP location of the learning array and the spatiotopic 163 

location of the test array. The retinotopic location was at the opposite side of the test array 164 

(see Figure 1B for an illustration). In blocks three to six, the learning and test arrays were 165 

presented in 165 and 85 trials, respectively.  166 

There were two practice sessions before the experiment started: one practice session of 167 

15 trials with only the learning array that remained in the same location (as in the first two 168 

blocks of the experiment) and one practice session of 40 trials that alternated between the 169 

learning and test array (as in block three to six of the experiment). If participants did not 170 

achieve more than 70% accuracy or were not faster than 1100 ms on average in the practice 171 

sessions, they had to repeat the session. If participants did not respond or made an erroneous 172 

response, a warning message was presented. At the end of the experiment participants were 173 

asked whether they noticed the statistical regularities (subjective measure) and on which 174 

location within the array they thought the high-probability distractor location was (objective 175 

measure). Notably, these questions were interspersed with unrelated questions that were 176 

included to avoid influencing responses to the study-related questions.  177 
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Participants were instructed to fixate on the fixation cross in every trial. A warning 178 

sound was played if eyes deviated from fixation (see Data analysis for further details). Before 179 

every block, the eye tracker was calibrated, and an automatic drift check was performed at the 180 

beginning of every 10 trials.  181 

Statistical analysis Participants with an average accuracy below 2.5 standard deviation from the 182 

overall RT were excluded as outliers and replaced. Trials on which the response times (RTs) 183 

were slower than 200 ms and trials on which RTs were faster or slower than 2.5 standard 184 

deviations from the average response time per array per block per participant were excluded 185 

from analyses. Subsequently, participants with an average RT faster than 2.5 standard 186 

deviations of the group mean were excluded as outliers and replaced. Trials in which eyes 187 

deviated from fixation were also excluded. Eye deviations were determined by identifying 188 

instances where fixations extended beyond 2.5° from the fixation cross for more than 75 ms  189 

(Golomb et al., 2008; Mathôt & Theeuwes, 2010a; Talsma et al., 2013). For RT analyses, only 190 

trials with a correct response were included.  191 

The main analysis was separated into two analytical approaches. First, to ascertain that 192 

observers learned to suppress the HP location, learning array RTs and error rates were analyzed 193 

using repeated-measures analysis of variance (ANOVAs) followed by planned comparisons with 194 

paired-sample t-tests. Where sphericity was violated, Greenhouse-Geiser corrected p-values 195 

are reported. To then determine whether the learned attentional bias, once established, 196 

transferred to retinotopic or spatiotopic coordinates, the analysis of the test array included only 197 

data from those participants who exhibited visual statistical learning effect in the learning 198 

array. This effect was characterized by either faster RTs or lower error rates in the HP location 199 
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than in the low-probability (LP) distractor location. In contrast to the conventional ANOVA 200 

approach here we relied on linear mixed models (LMMs) and generalized mixed models 201 

(GLMMs) approaches for RT and error rate respectively, where the data is not averaged but 202 

instead grouped per participant. For the present purposes, this approach has two main 203 

advantages. First, a range of continuous and categorical variables can be added to a single 204 

model such that rather than excluding large subsets of data in a series of control analyses, 205 

which inevitably reduces power (Brysbaert & Stevens, 2018), various control factors that could 206 

potentially modulate the effect of interest can be simultaneously included allowing for a more 207 

refined control. Specifically, in all adopted models Distractor condition (retinotopic location, LP 208 

location and spatiotopic location) was incorporated into the fixed-effects structure as an 209 

ordered factor. In addition to the main effect of interest, the following factors were entered 210 

into the fixed-effects structure: intertrial location distractor and target priming (i.e., whether 211 

the position of a distractor or target repeated from one trial to the next; yes, no), array switch 212 

(i.e., whether the array position was the same as on the previous trial or had switched; yes, no), 213 

target and distractor position (0-5), learning array position (left, right), awareness of the HP 214 

distractor location (response to objective measure, see Procedure and design for further 215 

details; correct, incorrect), target color (red, green), target shape (circle, diamond) and target 216 

line orientation (horizontal, vertical). Second, and most importantly, this approach allowed us 217 

to evaluate whether suppression was best characterized by a model resulting from a gradient 218 

centered at either the retinotopic or the spatiotopic location, indicative of retinotopic or 219 

spatiotopic suppression respectively (see Figure 2A and B), or alternatively by a model in which 220 

both retinotopic and spatiotopic suppression exerted their effects simultaneously (see Figure 221 
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2C). For this purpose, the model included a linear, as well as a quadratic coefficient of Distractor 222 

condition (retinotopic, LP, spatiotopic). The degrees of freedom of all coefficients were 223 

estimated using Satterwaite’s method for approximating degrees of freedom and the F 224 

statistics, Z-scores and the corresponding p-values were obtained from the lmerTest package 225 

(Kuznetsova et al., 2017) in R (R Core Team, 2018). Alll fixed effects were dummy coded. 226 

following guidelines by Barr et al. (2013), by-participants random intercepts and by-participant 227 

random slopes for Distractor condition were included in the random-effects structure.  228 

 229 

 230 

Figure 2. The three hypothesized outcomes in the test array. Each bar represents the mean RT or error rate when the distractor 231 
is presented at a certain distractor location (retinotopic, LP and spatiotopic location). (A) An increasing slope across retinotopic, 232 
LP and spatiotopic locations suggests retinotopic suppression. (B) A decreasing slope across retinotopic, LP and spatiotopic 233 
locations suggests spatiotopic suppression. (C) A negative parabola across retinotopic, LP and spatiotopic locations suggests 234 
both retinotopic and spatiotopic suppression. 235 

 236 

Results 237 

In total, four participants were excluded and replaced based on their RTs (three participants) 238 
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and because too many trials were removed due to eye movements (one participant). Exclusion 239 

of incorrect responses (7.7%), data trimming (3.3%) and trials with eye movements (10.7%) 240 

resulted in an overall loss of 21.7% of the trials for the RT analyses and 14% of the trials for the 241 

error rate analyses.  242 

Learning array Before investigating how distractor suppression remaps following a saccade, we 243 

first examined to what extent distractor learning took place in the learning array. Repeated-244 

measures ANOVAs with Distractor condition (no distractor, HP location and LP location) as a 245 

within-subject factor revealed a reliable main effect on both mean RTs (F (2, 46) = 104.709, p < 246 

.001, 𝑛!"  = .82; see Figure 3A and 3B) and mean error rates (F (2, 46) = 32.057, p < .001, 𝑛!"  = .58; 247 

see Figure 3C and 3D). Subsequent planned comparisons showed that relative to no distractor 248 

trials, RTs were slower and error rates were higher when the distractor appeared at the HP and 249 

LP location (all t’s > 3.9 and p’s < .001). Critically, RTs were faster (t (23) = 5.27, p < .001) and 250 

error rates were lower (t (23) = 3.9, p < .001) when the distractor appeared at the HP location 251 

compared to the LP location, indicative of learned attentional suppression at the high 252 

probability distractor location.  253 
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 254 

Test array After having established reliable suppression within the learning array, we next set 255 

out to establish the dynamics of this learned suppression following a saccade by limiting the 256 

analysis to only those participants that showcased learning within the training array (N = 22 for 257 

RT; N = 18 for error rate). We considered three possible scenarios: suppression is retinotopically 258 

organized, spatiotopically organized or a combination of both (see Figure 2). Previous work by 259 

Wang and Theeuwes (Wang & Theeuwes, 2018a, 2018b) showed that not only the HP location 260 

 

Figure 3. RTs (A and B) and error rates (C and D) in Experiment 1 as a function of distractor location for learning arrays. The bars 
represent the condition means, and each gray dot represents the mean of an individual participant. Error bars represent 95% 
within-subjects confidence intervals (Morey, 2008). The significance bars represent the planned comparisons with paired-
sample t-tests. The diamonds in the boxplots represent the mean difference scores and the horizontal lines represent the 
median difference scores. (A) RTs in the learning array. The bars show a clear attentional capture effect with slower RTs when 
the distractor is present. (B) The boxplot displays the RT differences between the HP and LP condition in the learning array. 
Most subjects had faster RTs when the distractor is presented at the HP location compared to the LP location. (C) Error rates in 
the learning array. The bars show a clear attentional capture effect with higher error rates when the distractor is present. (D) 
The boxplot displays the error rate differences between the HP and LP condition in the learning array. Most subjects have lower 
error rates when the distractor is presented at the HP location compared to the LP location. 
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but also its nearby locations were suppressed by learning statistical regularities. In other words, 261 

the location that was furthest away from the HP location showed the smallest spatial gradient 262 

suppression effect. In the current paradigm, the retinotopic and spatiotopic locations are 263 

furthest away from each other. Therefore, in the case of a retinotopic suppression effect, we 264 

expect a gradient from the retinotopic location towards the spatiotopic location. Conversely, if 265 

the suppression effect is spatiotopic, we expect the gradient to occur in the opposite direction. 266 

As visualized in Figure 4A, progression from the retinotopic towards the spatiotopic location 267 

was characterized by a systematic increase in RTs (linear b = 24.00, SE = 8.16, t (21.7) = 2.94, p = 268 

.008), in line with the scenario in Figure 2A. The error rates yielded a similar pattern although 269 

the fitted slope across the retinotopic, LP and spatiotopic locations was not significant (linear b 270 

= 0.31, SE = 0.18, z = 1.7, p = .08; quadratic b = -0.25, SE = 0.18, z = -1.38, p = .17; see Figure 4C).  271 

Together these findings demonstrate that the observed statistical learning effect did not 272 

transfer to spatiotopic coordinates, but instead remained in retinotopic coordinates following a 273 

saccade. 274 

 275 

Discussion 276 

The current findings show that following a saccadic eye movement, suppression due to 277 

statistical learning remained in retinotopic coordinates only, with no measurable transfer to 278 

spatiotopic coordinates. While this is an important finding, it should be noted that in the 279 

current set-up there were no visual environmental landmarks as the search display was 280 

presented on the background of a blank empty screen. Also, with each saccade, the entire 281 
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display shifted from side to side, making the entire visual field move along with the eye 282 

movements. It is therefore possible that the absence of a spatiotopic effect has to do with the 283 

absence of any visual landmarks. To that end, a second experiment was conducted with a grid 284 

and placeholders in the display to create more structure by introducing visual landmarks (see 285 

Figure 1). 286 

 287 

 288 

 

Figure 4. RTs (A and B) and error rates (C and D) in Experiment 1 as a function of distractor location for test arrays. (A) RTs in 
the test array. The bars show a systematic increase in RTs across the retinotopic, LP and spatiotopic locations (linear b = 24.00, 
SE = 8.16, t (21.7) = 2.94, p < .008). (B) The boxplot displays the RT differences between the retinotopic and LP location and the 
spatiotopic and LP location. (C) Error rates in the test array. While conventional t-tests show that error rates at the retinotopic 
location are lower relative to the LP location ( t (17) = 4.01, p < .001), the GLMM showed no significant slope across the 
distractor locations  (linear b = 0.31, SE = 0.18, z = 1.7, p = .08; quadratic b = -0.25, SE = 0.18, z = -1.38, p = .17) (D) The boxplot 
displays the error rate differences between the retinotopic and LP location and the spatiotopic and LP location. 
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Experiment 2a 289 

Methods 290 

Experiment 2a was identical to Experiment 1 except for the following changes. The experiment 291 

was conducted in an online environment on a JATOS server (Lange et al., 2015). In the first 292 

experiment, the detected effect size of the variable of interest in the test array was smaller 293 

than what is typically observed in studies exploring visual statistical learning (Wang & 294 

Theeuwes, 2018a). This, coupled with the increased noise in online studies, led us to decide on 295 

expanding the participant sample size in Experiment 2a. Fifty adults (23 females, mean age: 296 

27.9 years old) were recruited for monetary compensation via the online platform Prolific 297 

(www.prolific.co; £10.33). Because the experiment was conducted online, our control over the 298 

experimental settings was restricted, and as a result we report the stimuli in terms of pixels 299 

instead of visual degrees. The search arrays (search radius was 150 pixels; diamond stimuli were 300 

subtended by 56 × 56 pixels, circle stimuli had radius of 45 pixels) were presented inside a gray-301 

colored grid with 4 × 4 horizontal and vertical lines (see Figure 1A). To ensure that the grid 302 

remained noticeable, we modified the line thickness three times within each block. At the onset 303 

of each block, gridlines were consistently presented with a thickness of 3 pixels. Every 50 trials, 304 

the gridline thickness randomly alternated, transitioning between 1, 5, and 7 pixels. Dark gray 305 

placeholders in the form of a circle imposed upon a diamond were presented at all possible 306 

stimulus locations. To ensure that the participants maintained fixation effectively before 307 

initiating saccades, the stimulus display was presented for only 150 ms, which is a duration that 308 

is too short to make any directed eye movements within the search array (Fischer & 309 

Ramsperger, 1984; Fischer & Weber, 1993; Heeman et al., 2019). The experiment consisted of 310 
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five blocks of 200 trials each, with the first block only consisting of arrays presented on one side 311 

of the display (either left or right, counterbalanced across participants).  312 

 313 

Results 314 

Five participants were identified as outliers and replaced based on their mean accuracy and 315 

mean RT. Furthermore, seven participants with an average accuracy below 60%, indicative of 316 

chance-level performance, were identified and replaced. Three additional participants were 317 

substituted due to stimuli being displayed for over 180 ms (instead of the intended 150 ms) in 318 

more than 50% of the trials, attributable to the refresh rate of their personal computers. 319 

Exclusion of incorrect responses (18.3%) and data trimming (2.1%) resulted in an overall loss of 320 

20.5% of the trials for the RT analyses and 2.1% of the trials for the error rate analyses. 321 

Learning array For the learning array, repeated-measures ANOVAs with Distractor condition (no 322 

distractor , HP location and LP location) as within-subjects factor showed a main effect for both 323 

mean RTs (F (2, 98) = 50.093, p < .001, 𝑛!"  = .51) and mean error rates (F (2, 98) = 97.32, p < 324 

.001, 𝑛!"  = .67). As before, subsequent planned comparisons revealed slower RTs and higher 325 

error rates when the distractor was presented at the HP location and LP location compared to 326 

the no distractor condition (all t’s > 3.3, all p’s < .02; see Figure 5A and 5C). Crucially, in 327 

comparison to the LP location, RTs were faster (t (49) = 3.26, p = .002; see Figure 5B), and error 328 

rates were lower (t (49) = 4.92, p < .001; see Figure 5D) at the HP location, indicating attentional 329 

suppression at the high probability distractor location.  330 

 331 
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 332 

Test array Having established a learned attentional bias in the learning array, we next set out to 333 

examine whether that bias continued to persist in retinotopic coordinates after a saccade is 334 

made in the presence of environmental landmarks by again including only those participants 335 

that demonstrated the hypothesized effect in the learning array (N = 38 for RT; N = 42 for error 336 

rate). As visualized in Figure 6A, and counter to Experiment 1, the data was no longer 337 

characterized by a linear increase from the retinotopic, to the LP to the spatiotopic location (b = 338 

 

Figure 5. RTs (A and B) and error rates (C and D) in Experiment 2 as a function of distractor location for learning arrays. (A) RTs 
in the learning array. The bars show a clear attentional capture effect with slower RTs when the distractor is present. (B) The 
boxplot displays the RT differences between the HP and LP condition in the learning array. Most subjects had faster RTs when 
the distractor is presented at the HP location compared to the LP location. (C) Error rates in the learning array. The bars show a 
clear attentional capture effect with higher error rates when the distractor is present. (D) The boxplot displays the error rate 
differences between the HP and LP condition in the learning array. Most subjects have lower error rates when the distractor is 
presented at the HP location compared to the LP location. 
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6.71, SE = 6.13, t (38.5) = 1.093, p = .28). Instead, RTs were fastest at the LP location relative to 339 

the retinotopic and the spatiotopic location (quadratic b = 21.95, SE = 6.52, t (131.15) = 3.37, p 340 

< .001), a pattern that is inconsistent with any of the models outlined in Figure 2. By contrast, 341 

error rates did showcase a systematic rise from the retinotopic location towards the spatiotopic 342 

location (linear b = 0.21, SE = 0.1, z = 2.2, p = .028; see Figure 6C). Together, these findings again 343 

demonstrate that there was no evidence that learned spatial suppression would be remapped 344 

in spatiotopic coordinates following a saccade, not even when visual landmarks provided more 345 

visual structure.  346 

 347 

Figure 6. RTs (A and B) and error rates (C and D) in Experiment 2 as a function of distractor location for test arrays. (A) RTs in 348 
the test array. The bars show that the RTs are lowest when the distractor is presented at the LP location, which is inconsistent 349 
with any of the expected scerarios. (B) The boxplot displays the RT differences between the retinotopic and LP location and the 350 
spatiotopic and LP location. (C) The bars show a systematic increase in error rates across the retinotopic, LP and spatiotopic 351 
locations (linear b = 0.21, SE = 0.1, z = 2.2, p = .028) (D) The boxplot displays the error rate differences between the retinotopic 352 
and LP location and the spatiotopic and LP location.  353 
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Discussion 354 

In Experiment 2a, we added a grid and placeholders to the search display to impose a spatial 355 

reference frame and promote spatiotopic processing. However, as in Experiment 1, there was 356 

no transfer of the learned spatial suppression to the spatiotopic location after eye movements. 357 

If anything, the data suggests that the learned suppression still persisted in retinotopic 358 

coordinates, characterized by a positive error rate slope across the retinotopic towards the 359 

spatiotopic location (in line with the scenario in Figure 2A).  But in contrast to Experiment 1, the 360 

slope seemed to be mainly driven by an increase from the LP to the spatiotopic location and not 361 

by the increase from the retinotopic to the LP location. Additionally, this pattern occurred only 362 

for the error rates and not for the RTs. A possible explanation for this discrepancy is that the 363 

stimuli were only presented for 150 ms and not until response, making the task very 364 

challenging. As a result, participants may have been more inclined to make fast guesses, 365 

resulting in less informative reaction times. Experiment 2b addressed this issue by extending 366 

the stimulus display duration to 2000 ms or until a response was made. 367 

 368 

Experiment 2b 369 

Methods 370 

Experiment 2b was identical to Experiment 2a, except that the stimuli were presented for 2000 371 

ms or until response (as in Experiment 1). In Experiment 2b, we anticipated the effect size to 372 

fall between that of Experiment 1 and Experiment 2a. This expectation was based on the 373 

controlled environment of Experiment 1 leading to a higher effect size, and the challenging 374 
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nature of the task in Experiment 2a resulting in a lower effect size. Thirty-two adults (16 375 

females, mean age: 27.25 years old) were recruited for monetary compensation via the online 376 

platform Prolific (www.prolific.co; £9.25). 377 

 378 

Results 379 

One participant was identified as an outlier and replaced based on their average RT. Exclusion 380 

of incorrect trials (9.1%) and data trimming (2.3%) resulted in an overall loss of 11.3% of the 381 

trials for the RT analyses and 2.3% of trials for the error rate analyses.  382 

 383 
Figure 7. RTs (A and B) and error rates (C and D) in Experiment 3 as a function of distractor location for learning arrays. (A) RT  384 
in the learning array. The bars show a clear attentional capture effect with slower RTs when the distractor is present. (B) The 385 
boxplot displays the RT differences between the HP and LP condition in the learning array. Most subjects have faster RTs when 386 
the distractor is presented at the HP location compared to the LP location.  (C) Error rates in the test array. The bars show a 387 
systematic increase in error rates across the retinotopic, LP and spatiotopic locations (linear b = 15.710.52, SE = 3.310.12, z = 388 
4.4974 p < .001) (D) The boxplot displays the error rate differences between the retinotopic and LP location and the spatiotopic 389 
and LP location.  390 
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Learning array For the learning array, repeated-measures ANOVAs with within-subjects factor 391 

Distractor condition (no distractor, HP location and LP location) yielded a main effect for RTs (F 392 

(2, 62) = 135.29, p < .001, 𝑛!"  = .81) as well as for error rates (F (2, 62) = 66.38, p < .001, 𝑛!"  = 393 

.68). Subsequent planned comparisons confirmed that relative to the no distractor condition 394 

RTs were slower and error rates were higher at the HP and LP locations (all t’s > 5.7, all p’s < 395 

.001; see Figure 7A and 7C). Crucially, participants were faster (t (31) = 6.91, p < .001; see Figure 396 

7B) and had lower error rates (t (31) = 5.73, p < .001; see Figure 7D) when the distractor 397 

appeared at the HP location compared to the LP location. 398 

Test array Counter to Experiment 2, as visualized in Figure 8A and 8C respectively, both RT 399 

(linear b = 21.87, SE = 10.21, t (31.72) = 2.14, p = .04) and error rate (linear b = 0.52, SE = 0.12, z 400 

= 4.49 p < .001) were characterized by a systematic increase across the retinotopic, LP and 401 

spatiotopic locations. Together with the previous experiments these findings show that at least 402 

under the present conditions there is no evidence whatsoever that learned spatial suppression 403 

is remapped into spatiotopic coordinates following a saccade.  404 

 405 

Discussion 406 

Experiment 2b replicated the results of Experiment 1 and demonstrated that, following eye 407 

movements, suppression effects due to statistical learning remain in retinotopic coordinates, 408 

while there was no transfer of the suppression to spatiotopic coordinates, even when visual 409 

landmarks are present to impose a spatial reference frame. 410 

 411 
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 412 

General Discussion 413 

The present study shows that participants learn the statistical regularities presented in the 414 

display and adapt their selection priorities accordingly. More importantly, the current study 415 

provides compelling new evidence that the attentional suppression effect due to statistical 416 

learning operates in retinotopic coordinates rather than spatiotopic coordinates. Following a 417 

saccade to a new location, we see that the location relative to the eyes is suppressed.  418 

 

Figure 8. RTs (A and B) and error rates (C and D) in Experiment 3 as a function of distractor location for test arrays. (A) RTs in 
the test array. Similar to experiment 1, the bars show a positive slope across the retinotopic, LP and spatiotopic locations (linear 
b = 15.4121.87, SE = 7.1210.21, t (31.720.9) = 2.174, p = .0384) (B) The boxplot displays the RT differences between the 
retinotopic and LP location and the spatiotopic and LP location. (C) Error rates in the test array. The bars show a systematic 
increase in error rates across the retinotopic, LP and spatiotopic locations (linear b = 15.710.52, SE = 3.310.12, z = 4.4974 p < 
.001) (D) The boxplot displays the error rate differences between the retinotopic and LP location and the spatiotopic and LP 
location.  
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These findings provide some important insight about the underlying mechanism. Given 419 

that suppression is only found in retinotopic coordinates, it is possible that learned suppression 420 

is resolved by changing synaptic weights in early visual areas, as the initial input to visual cortex 421 

is retinotopic. Importantly, it has been suggested that the brain exclusively encodes spatial 422 

information within retinotopic maps and does not contain explicit spatiotopic representations 423 

(Golomb et al., 2008; Golomb & Kanwisher, 2012; Mathôt & Theeuwes, 2011). Indeed, it has 424 

been shown that retinotopy is preserved throughout higher visual areas (Golomb & Kanwisher, 425 

2012). A plausible mechanism for representing topographic maps involves the remapping of 426 

retinotopic maps, potentially triggered by eye movement signals, such as a corollary discharge. 427 

Notably, behavioral studies on endogenous attention (Golomb et al., 2008, 2010) and 428 

exogenous attention (Mathôt & Theeuwes, 2010b) reveal a gradual remapping of attention 429 

from retinotopic to spatiotopic coordinates following eye movements. It has been suggested 430 

that the frontal eye field (FEF) is a central source of remapping, with early visual cortices playing 431 

a comparatively minor role (Mathôt & Theeuwes, 2011). Given the findings of the current 432 

study, the question remains as to why this remapping phenomenon does not seem to apply to 433 

the observed suppression effects. This leads to the hypothesis that the suppression effect 434 

observed in the current study may be resolved primarily in early visual cortices, without 435 

extending to the FEF, in contrast to top-down or bottom-up attentional processes.  436 

Alternatively, some studies suggest that only attended items are remapped, which 437 

raises the possibility that suppression effects may not be remapped to spatiotopic coordinates 438 

(Golomb & Mazer, 2021; Gottlieb et al., 1998; Joiner et al., 2011).  In other words, it is feasible 439 

that selection history-driven attentional enhancement undergoes similar remapping as 440 
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exogenous and endogenous attention, while selection history-driven attentional suppression 441 

remains in retinotopic coordinates.  Indeed, van Moorselaar and Theeuwes (2023) 442 

demonstrated that attentional enhancement resulting from statistical learning does not always 443 

rely on a retinotopic reference frame but can also occur within objects, irrespective of the 444 

object’s location in space. To test whether history-driven attentional enhancement can be 445 

remapped to spatiotopic coordinates, the current study should be repeated with a likely target 446 

location instead of a likely distractor location. 447 

It is noteworthy that participants exhibited retinotopic suppression not only in 448 

Experiment 1, where eye fixations were regulated, but also in Experiment 2. In the latter case, 449 

the inability to control eye movements during the search meant that the search location 450 

labelled as retinotopic did probably not consistently align with the same location on the 451 

participant’s retina. In other words, subjects suppressed the same location with respect to the 452 

fixation cross even when they could freely move their eyes during search. This suggests that the 453 

suppression effect is not only tied to retinotopic coordinates but also extends to a head-454 

centered egocentric (i.e. self-referenced) representation. Consistent with this observation, Jiang 455 

& Swallow (2013, 2014) conducted a series of experiments demonstrating that attentional 456 

enhancement due to probability cuing is dependent on the participants’ viewpoint. Participants 457 

were tasked with locating a T among L's displayed on a tablet mounted on a stand. 458 

Unbeknownst to the participants, the target appeared more frequently in one quadrant 459 

compared to the others. As expected, the study revealed an attentional bias towards the 460 

quadrant that was likely to contain the target. However, intriguingly, when participants moved 461 

around the tablet, the attentional facilitation appeared to move along with the participant's 462 
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viewpoint rather than remaining in the spatiotopic location. It is important to note that in these 463 

experiments, each trial began with a fixation dot randomly placed within a central region and 464 

participants were allowed to freely move their eyes during search. This implies that the likely 465 

target location was not learned in a retinotopic manner (i.e., relative to the eyes) but within an 466 

egocentric reference frame (i.e., relative to the head-body). Consequently, it appears that there 467 

is not only a lack of remapping of statistical learning effects from retinotopic to spatiotopic 468 

coordinates following eye movements but also an absence of updating the egocentric reference 469 

frame to an environmentally stable reference frame after body and head movements (but also 470 

see Jiang et al., 2014; Smith et al., 2010; Zheng et al., 2021). Given our continuous eye and body 471 

movements, the practical use of learned attentional biases becomes uncertain when they are 472 

not remapped from retinotopic or egocentric coordinates to spatiotopic coordinates. 473 

In summary, the findings of the current study indicate that, following saccadic eye 474 

movements, suppression effects persist in retinotopic coordinates, with no observed transfer of 475 

suppression to spatiotopic coordinates. It remains unclear whether there are situations in 476 

which implicit attentional biases are remapped to spatiotopic coordinates.  477 

 478 
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