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Abstract 23 

Mental effort (intensity of attention) in elite sports has remained a debated topic and a 24 

challenging phenomenon to measure. Thus, a quasi-ecological laboratory study was conducted to 25 

investigate mental effort in elite rowers as compared to a group of non-elites. Findings suggest 26 

that eye-tracking measures–specifically, blink rates and pupil size–can serve as valid indicators 27 

of mental effort in physically demanding sports tasks. Further, findings contradict the notion that 28 

elite athletes spend less cognitive effort than their lower-level peers. Specifically, elites displayed 29 

similar levels of self-reported effort and performance decrement with increasing mental load, and 30 

significantly more mental effort overall as measured by pupil size increase (relative to baseline) 31 

during rowing trials, as compared to the non-elites in the sample. Future studies on eye tracking 32 

in sports may include investigations of mental effort in addition to selective attention during 33 

physically demanding tasks. 34 

Keywords: attention; expertise; rowing; pupillometry; blinks; dual task.  35 
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Introduction 44 

Cognitive psychology has a strong tradition for studying selective aspects of attention 45 

(e.g., which opponent the footballer attends to), but the last decades have seen increasing interest 46 

in intensive aspects of attention, or mental effort (e.g., how intensely the footballer attends to an 47 

opponent; Kahneman, 1973). Intriguingly, high intensity has not received the same favorable 48 

treatment in the cognitive domain as it has in the physical. On the contrary, automaticity and the 49 

ability to perform with less cognitive effort is regarded as a hallmark of expertise (Fitts & 50 

Posner, 1967). Certain views of elite athletes portray them as zombies (Breivik, 2013), who move 51 

around with little or no conscious thinking, in a sleep-walk type state. Indeed, skilled athletes are 52 

frequently advised to reduce thinking or deliberate attention, and even to “play ‘outside your 53 

head’ or at least your prefrontal cortex” (Beilock, 2011, p. 198). Too much attention to the task 54 

at hand, they are warned, may lead to choking or paralysis by analysis (Beilock, 2011).  55 

The low-effort recommendations find support from three main sources. First, self-report 56 

studies, such as qualitative research on flow (Csikszentmihalyi, 2000), suggest that athletes often 57 

experience calmness and little conscious thinking during excellent performances (e.g., Chavez, 58 

2008; Jackson, 1996). Second, dual-task performance studies suggest that skilled athletes may 59 

perform well while their minds are occupied with a secondary cognitive task (Beilock et al., 60 

2002; Gray, 2004). Third, psychophysiological studies suggest that practice over time enables 61 

neural efficiency (Del Percio et al., 2008) and hypofrontality (Dietrich, 2004), namely the ability 62 

to perform with less cortical activation in general and less frontal cortex activation in particular 63 

(for a review of sport studies, see Filho et al., 2021).  64 

However, there are numerous shortcomings in past research on this topic. First, research 65 

on elite athletes, especially at the highest levels (Swann et al., 2015), is scarce. Second, a limited 66 
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number of sports tasks have been investigated, as studies are often conducted on golf putting and 67 

other tasks with relatively low demands in terms of physical effort (Perrey & Besson, 2018). 68 

Third, the tasks involved–especially in lab contexts–often have questionable ecological validity 69 

(for a review, see Christensen et al., 2015). These limitations reflect the fact that capturing 70 

cognition during sports performance is a methodological challenge. However, recent years have 71 

seen interesting developments in this regard. For instance, Whitehead et al. (2015, 2019) have 72 

conducted think-aloud research where athletes verbalize what they think in real-time while 73 

executing their skills. Findings from such studies suggest that cognition is nuanced, as 74 

performers report different kinds of cognition during different stages of their performance. 75 

Recent theoretical developments also reflect more nuanced views, as compared to the low-effort 76 

zombie view of skilled performance. The Mesh model (Christensen et al., 2016), for 77 

example, suggests an interplay between low-effort and high-effort cognitive processes. 78 

Specifically, experts may depend more on cognitive control–and less on automaticity–as task 79 

conditions become more difficult. Similarly, models have suggested that experts may perform 80 

well with different approaches, both when mental effort is relatively low and also when it is 81 

relatively high (Bertollo et al., 2016; Swann et al., 2016, 2017). Hence, continuous measurement 82 

of cognition during the actual performance, for example via think-aloud, is needed to get an 83 

accurate view of cognitive effort across different task conditions. 84 

Yet, think-aloud and similar verbal methods may have their shortcomings. First, it may 85 

not be practical to verbally report on one’s thought process during every kind of sporting event, 86 

especially during physically strenuous tasks. Second, athletes may experience cognition that is 87 

non-reportable (Schooler et al., 1993) or at least hard to put into words. Herein lies the appeal of 88 

neuroscientific or psychophysiological methods such as functional magnetic resonance imaging 89 
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(fMRI) and electroencephalography (EEG), as we may gain insight into the performers’ 90 

cognition-related physiology while they do not have to report anything. In recent years, a non-91 

invasive alternative has been increasingly used in sports research, namely eye tracking.  92 

Eye behavior is often used to study selective attention (e.g., where does the footballer 93 

look?), but it can also reveal something about the mental effort involved in task performance. For 94 

example, how often we blink can indicate our cognitive load. Blink rates have tended to go down 95 

during visually demanding tasks (e.g., driving on a curvy road) and up during more internal 96 

processing (e.g., calculating) (Marquart et al., 2015). While research is scarce, the sports 97 

community has taken note of blinks as a potentially relevant factor. Aksel Lund Svindal, one of 98 

the best alpine skiers of all time, is notorious for not blinking during a two-minute downhill race 99 

(Red Bull, 2017). Studies have indeed found lower blink rates in elite athletes compared to non-100 

sporting controls during computerized response tasks with visual stimuli, with elite samples from 101 

swimming (Pei et al., 2021) and women’s cricket (Barrett et al., 2020). However, the latter study 102 

found no difference in blink rates between male elite athletes and male controls (Barrett et al., 103 

2020). The role of blinking during actual sports performance remains relatively unexplored and 104 

unsettled.  105 

The most direct measure of mental effort may be pupillometry, or pupil size measurement 106 

(Kahneman, 1973). Our pupils are affected not only by light conditions but also by mental states 107 

and task demands. A change in pupil size, typically a dilation (increased diameter), is a robust 108 

indicator of increased mental load in tasks involving math problems (Hess & Polt, 1964), 109 

language processing (Just & Carpenter, 1993), multiple object tracking (Alnæs et al., 2014), and 110 

more. Pupil size indexes activity in the locus coeruleus in the brainstem, which is connected to a 111 

broad range of cortical regions and involved in numerous cognitive operations such as 112 
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controlling attention (Alnæs et al., 2014; Laeng et al., 2012). Pupillometry can be used as a 113 

global measure of cortical activity and the arousal associated with cognitive effort (Just et al., 114 

2003; Kahneman, 1973; Larsen & Waters, 2018), and is therefore suited to test the zombie 115 

hypothesis in sport. If this hypothesis is true and expert athletes do not rely on mental effort 116 

during their performance, one should observe little pupil size change during task execution 117 

compared to resting states. In recent years, sports studies have employed pupillometry and 118 

contradicted this prediction. 119 

Campbell et al. (2019) found significant increases in pupil size during a putting task, as 120 

compared to baseline, in golfers. Further, peak pupil sizes occurred at the onset of Quiet Eye 121 

(QE; Vickers, 2016), namely a period where the performer fixates on a target (in this case, the 122 

golf ball) before executing a key movement. These results were interpreted as evidence of the 123 

fact that golf putting, and especially QE, is cognitively demanding. The observation that QE 124 

promotes changes in pupil diameter has been replicated in other recent studies employing golf 125 

putting (Carnegie et al., 2020) and darts (Simpson et al., 2022). However, the latter studies found 126 

pupil constrictions (reduced diameter) to be indicative of mental effort during QE, instead of 127 

pupil dilations. In any event, a pupil that either shrinks or grows in size, depending on task 128 

characteristics (see Fletcher et al., 2017), appears to be a promising indicator of mental effort in 129 

sports. 130 

Psychophysiological sports studies have frequently used tasks with limited physical 131 

demands, such as golf putting or darts. This is clearly practical since these activities will 132 

naturally invite participants to keep their heads still while brain activity is measured. Yet, if 133 

methods such as pupillometry should mark their place as universal tools for motor tasks, and if 134 

findings are to be generalizable to the broader sports community, measurements during 135 
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physically strenuous tasks should be the next step. This seems particularly important since 136 

physical effort has its own effect on pupil size. For example, Hayashi et al. (2010) observed 137 

increased pupil sizes as participants invested more physical effort on an ergometer bike. The 138 

largest pupil sizes in this study were measured during the highest intensity level, with more than 139 

140 heartbeats per minute, which is a typical heart rate level for endurance training at moderate 140 

intensities. Zénon et al. (2014) found a similar effect during a grip task, with participants’ pupil 141 

size corresponding to both objective and subjective measures of physical effort. A study that 142 

varies mental and physical load during motor performance has yet to be conducted and will be 143 

important to establish the respective impact of different kinds of effort on pupil size (Bishop et 144 

al., 2021).  145 

The present study 146 

The current study aimed to investigate mental effort in athletes at the highest elite levels 147 

and, simultaneously, test the feasibility of using eye-tracking data in a physically strenuous 148 

sports task. Thus, rowers were invited to use a dynamic rowing ergometer–designed to mimic 149 

on-water rowing mechanics–under varying conditions in terms of mental and physical load. In a 150 

within-subjects design, participants were asked to row at a constant pace (low mental load), row 151 

at a constant pace while using a “race plan”, namely focusing on self-selected and rowing-related 152 

task cues (medium mental load), or row at a constant pace while solving math problems (high 153 

mental load). These conditions were conducted twice, rowing at 75% of max physical intensity 154 

(low physical load) and 85% of max (high physical load). Male members from the Olympic 155 

group of the Norwegian national rowing team, preparing for the 2020 games in Tokyo, were 156 

recruited as an elite participant group. We also recruited a non-elite group, consisting of rowers 157 

with lower levels of experience and performance records, for comparison.  158 
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Mental effort was measured in several different ways. Physiological measures were 159 

obtained via eye tracking, providing blink rates and pupil size data. Performance indicators of 160 

mental effort were also included, as the dual-task conditions allowed us to see how attending to 161 

an external task would affect the rowing component. Finally, self-reports were included, as 162 

rowers rated effort-related aspects of their performance via a questionnaire. In addition to testing 163 

the zombie hypothesis by investigating mental effort in elites and non-elites, the current 164 

experimental approach provided an exploration of the relationship between mental and physical 165 

aspects of effort in motor performance, and also the link between objective and subjective 166 

measures of mental effort. 167 

Method 168 

Participants 169 

The elite group consisted of nine male rowers, all part of the highest-level training group 170 

in the Norwegian national rowing team (Team Norway). Most of the rowers were qualified and 171 

preparing for the 2020 Olympic Games in Tokyo. The remaining elites were high-level rowers 172 

that practiced with Team Norway, despite not being qualified for the Olympic games at the time 173 

of recruitment. The recruited elite rowers could be categorized as Competitive Elite, Successful 174 

Elite, and World-class Elite, respectively, based on Swann et al's (2015) classification system 175 

and their career achievements (as listed on www.worldrowing.com). A Team Norway head 176 

coach estimated that this training group spent 900 hours on physical training (approx. 17 hours 177 

per week, on average) in 2020. 178 

The non-elites were nine male rowers who had varying degrees of experience. Criteria for 179 

being in this group was that they had never represented Norway’s official national team as a 180 

rower, nor won an individual medal in any major national or international competition. Further, 181 
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they needed to provide a result from a 2-kilometer (2K) rowing ergometer race or test to be 182 

included in the present study. This latter criterion was included because we wanted to control 183 

participants’ physical effort by asking them to row at certain speeds based on their respective 184 

maximal capacities (see later description of physical load). When asked how much they had 185 

trained physically per week, on average, over the last 365 days, all non-elites estimated a 186 

minimum of three sessions or a minimum of 7 hours of weekly physical training average. 187 

All rowers voluntarily agreed to participate at a proposed time that fit with their training 188 

schedule. No reward or reimbursement was offered to them. Ahead of participation, a brief 189 

interview (approx. 15 minutes) was conducted with each rower to exchange relevant information, 190 

and informed consent forms were signed. The Norwegian Centre for Research Data (NSD) 191 

approved this study (project identification number 455008). 192 

Materials and measurements 193 

The performance context. The study was conducted in a motion capture laboratory at 194 

the University of Oslo, Norway. The measured light conditions were 268.5 LUX and kept the 195 

same for all participants. A Row Perfect 3 (RP3) Model S was used for rowing. This is a 196 

dynamic ergometer, providing a closer resemblance to on-water rowing than static ergometers 197 

(Kleshnev, 2005). 198 

Eye tracking. Two different mobile, head-mounted eye trackers were used. The first 199 

eight participants, all from the elite group, were tested with SensoMotoric Instruments (SMI) 200 

Eye Tracking Glasses 2 Wireless and iViewETG software, version 2.7.1 (SensoMotoric 201 

Instruments Inc, Teltow, Germany), recording each eye with infrared cameras at 60 Hz. The 202 

glasses were connected to a Samsung phone with software installed, and we made sure that the 203 

cord was not interfering with the rower’s movements by attaching it to a string hanging from the 204 
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ceiling, with the phone stored at a safe distance behind the rower. A three-point calibration was 205 

conducted ahead of each participant’s warmup and first trial. The rowers’ eye movements were 206 

recorded continuously throughout all trials unless the rower needed to leave the lab for a 207 

break.     208 

Due to technical difficulties1, the eye trackers had to be switched from the ninth 209 

participant and onwards. This change, and the comparability of the two eye trackers, are further 210 

discussed in Appendix A. Pupil Labs’ Pupil Core glasses with Pupil Capture software, version 211 

3.4.0 (Pupil Labs GmbH, Berlin, Germany) was used for the remaining participants. These Pupil 212 

Labs glasses resemble the SMI glasses by using infrared cameras and providing pupil size 213 

information in millimeters, albeit with a higher recording frequency of 120 Hz and with 214 

adjustable camera positioning (whereas SMI uses fixed camera positions built into the glasses). 215 

The setup was similar to the one used for previous participants, with glasses connected to a 216 

laptop behind the rower via a chord. A five-point calibration was conducted ahead of each 217 

participant’s warmup and before every trial. 218 

Self-report. To get subjective ratings of effort, the National Aeronautics and Space 219 

Administration-Task Load Index (NASA-TLX; Hart & Staveland, 1988) was used. NASA-TLX 220 

is a multi-dimensional scale allowing participants to give visual analogue scale ratings of the 221 

following items regarding any given task: Mental demand, Physical demand, Temporal demand 222 

(i.e., time pressure), Performance, Effort, Frustration.  223 

Other measurements. We used various equipment to collect data that will not be the 224 

primary focus of this current article. The same Polar heart rate belt and watch were used by the 225 

participants, with the exception of two elites who preferred to use their own Polar equipment. 226 

Motion data were captured with a Qualisys motion capture system, with markers placed on 227 
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various parts of the rower’s body and the ergometer. Electromyography (EMG) data were 228 

collected via a Delsys system with sensors placed on various muscle groups. A Canon XF105 229 

video camera recorded the rowers’ movements from the side during trials. Finally, sound was 230 

either recorded through the microphones in the SMI glasses or via a Røde Wireless Go 231 

microphone when using the Pupil Labs glasses. 232 

Task 233 

Each rowing trial lasted three minutes. There were six different conditions that varied in 234 

terms of mental and physical load.  235 

Mental load (ML). Three different levels of ML were used. With low ML, the rowers 236 

were simply asked to maintain a constant, agreed-upon split (i.e., time spent per 500 meters, 237 

given the current pace) throughout the trial. With medium ML, the rowers were asked to use a 238 

self-composed race plan (for example by thinking of various technical cues) while maintaining a 239 

constant pace. Specifically, they were given the following instructions: “Row for three minutes 240 

with the agreed-upon split. Additionally, we want you to use a race plan, while keeping a 241 

constant split. Your race plan may for example contain one or more technical cues, and/or 242 

counting, that you could have used in a rowing ergometer race. The goal of this condition is to 243 

simulate race mentality, while keeping a constant split.” Then participants were asked to state 244 

their race plan orally before starting their trial. Although the low ML and medium ML conditions 245 

had similar absolute requirements (i.e., to maintain a constant split), participants’ oral statements 246 

indicated that they involved different attentional strategies2, and subjective reports suggested that 247 

the medium ML conditions were more mentally demanding than the low ML conditions (see the 248 

Results section).  249 
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However, it is not clear, based on past research, how mentally demanding it is to focus on 250 

task-related cues in sports and how this compares to other types of (cognitive) task performance. 251 

To explore this further and aid interpretation of findings, a manipulation that involved cognitive 252 

problem-solving during rowing performance was added. Hence, in the high ML condition, 253 

participants performed a dual task by responding to arithmetic (math) problems while rowing at a 254 

constant pace. The math problems were tasks involving addition (based on Zarjam et al., 2012) 255 

and multiplication (based on Ahern & Beatty, 1979) of varying difficulty. Specifically, each 256 

participant was asked to solve the following types of problems, in said order, while rowing: 257 

1. Addition of one- and two-digit numbers (e.g., 35 + 2) 258 

2. Addition of one- and two-digit numbers with one carry (e.g., 63 + 9) 259 

3. Addition of two-digit numbers with one carry (e.g., 73 + 42) 260 

4. Multiplication of [digits 6, 7, 8, or 9] by [digits, 12, 13, or 14] (e.g., 8 x 12) 261 

5. Multiplication of [digits 6, 7, 8, or 9] by [digits 16, 17, 18, or 19] (e.g., 9 x 16) 262 

6. Multiplication of [digits 11, 12, 13, or 14] by [digits 16, 17, 18 or 19] (e.g., 15 x 263 

16) 264 

A rowing trial in each dual-task condition consisted of two rounds of such math problems of 265 

increasing difficulty, so that a total of 12 problems were solved per trial. The same rower was 266 

never given the same problem twice, and the same problems were used for each participant. Each 267 

problem was presented via speakers, from pre-recorded sound files. Participants had 268 

approximately 10 s to respond before the next problem was presented. A short beep sounded 269 

before they were read a new problem.  270 

Physical load (PL). In addition to ML manipulations, participants were instructed to 271 

maintain a steady pace with two different physical intensity levels: low and high. Specific pace 272 
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levels were proposed for each individual rower based on an estimate of expected 2K race time, 273 

given their personal best times and current form. With low PL, rowers were told to row with 274 

approximately 75% of their expected 2K split time. With high PL, they adhered to approximately 275 

85% of their expected 2K split time. Participants followed the agreed-upon split times by 276 

monitoring a screen in front of them with stroke-by-stroke information while rowing. The reason 277 

for keeping the pace constant during trials was to control the physical effort across the different 278 

levels of ML, since both physical and mental effort affects pupil size. Participants in the current 279 

study did not use the higher intensity zones (approaching max intensity) as this might have 280 

caused considerable noise to the physiological recordings.  281 

In total, the experiment had a 3 x 2 task design, summarized in Table 1. All rowers 282 

participated in all six conditions3. Each rower alternated between conditions of low and high 283 

physical intensity, to avoid fatigue. Partial counterbalancing was used to ensure that no rower 284 

within each group had the same order of conditions. The condition order was matched between 285 

groups.  286 

Table 1 287 

The Design and Loads (i.e., Manipulations) Used in the Current Study. 288 

 Low ML Medium ML High ML 

Low PL Rowing (75% of max) 
Rowing (75% of max) 

with a race plan 

Rowing (75% of max) 

and math  

High PL Rowing (85% of max) 
Rowing (85% of max) 

with a race plan 

Rowing (85% of max) 

and math 

 289 

Procedure 290 

After arriving in the laboratory, participants first provided some basic information via 291 

questionnaires. They were presented with proposed splits (pace values) that they could follow in 292 
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the different intensity zones. If these numbers seemed appropriate, the rowers chose the option of 293 

accepting them. They were also allowed to adjust the numbers, if they felt the suggested pace 294 

was inappropriate (due to their current form, fatigue level, or other factors). Most rowers 295 

accepted the proposed split times, while a few made minor tweaks to the suggestions.  296 

Once training gear was put on and all the equipment was in place, the rowers were 297 

allowed to warm up freely according to their own warm-up routine. A sound check was 298 

conducted while rowing at the beginning of the warmup, by rowers reading back a string of three 299 

numbers presented via sound speakers, to make sure they would be able to hear the math 300 

problems that were to be presented in the dual-task conditions. After the warmup, participants 301 

received general instructions, including encouragement to row while looking at the screen in 302 

front of them–which, in any case, was the natural object to look at as it contained split times, 303 

stroke rates, and time information–to facilitate high-quality eye-tracking data. Once the rowers 304 

were ready, they completed each of the six conditions with the following order of proceedings: 305 

1. Baseline recording with eye trackers, approximately 15 s. 306 

2. Specific task instructions: Information about the upcoming condition, and a reminder to 307 

look at the screen in front of them throughout the trial 308 

3. Rowing trial 309 

4. Two-minute break 310 

5. Open-ended question (which will not be the focus of this article) 311 

6. Questionnaires: NASA-TLX as well as a self-made questionnaire addressing the rowers’ 312 

thought process and focus while rowing (the latter scale will not be the focus of this 313 

article) 314 
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For the conditions with medium ML (race plan conditions), the rowers were also asked to state 315 

their race plan verbally after receiving the specific task instructions. 316 

 Before leaving, participants were debriefed and told to keep information about the mental 317 

manipulations in the study to themselves, so that the next participants would be naive and not 318 

given the chance to (mentally) prepare for the different ML conditions. 319 

Data pre-processing and analyses 320 

The code used for processing the eye-tracking and rowing ergometer data can be openly 321 

found at https://github.com/henrher/Rowing_EyeTracking. 322 

 Eye-tracking data extraction and filtering. First, output from the Pupil Labs recordings 323 

was down-sampled so that we had binocular data measured at 60Hz for both eye trackers.  324 

For baseline trials, we extracted data from a period of 10 s where the participants sat still 325 

on the ergometer while looking at the screen in front of them. For rowing trials, we removed the 326 

first and last 10 s, so that we kept data from the 160 s in the middle of the trial to reduce noise 327 

(e.g., from the explosive movements that typically initiate a rowing trial). 328 

To get a measure of blink rate, we counted the samples where pupil diameter equaled 329 

zero within a trial. However, if these zero values were less than 400ms apart in time, they were 330 

counted as part of the same blink (e.g., see Tanaka & Yamaoka, 1993).  331 

Next, valid pupil size data were extracted. We used a stepwise filtering approach inspired 332 

by Bishop et al. (2021). The data were cleaned in order to keep valid pupil size data with realistic 333 

values captured during non-blink periods (Mathôt et al., 2018). Specifically, the following 334 

samples were filtered out, based on a script in R: 335 

1. Samples where pupil diameter equaled zero 336 
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2. Remaining samples where the rate of change in pupil diameter, from one sample 337 

to the next, was greater than 2 standard deviations of the mean change rate. 338 

3. Remaining samples where pupil diameter was either 339 

a. 3 standard deviations above the mean value 340 

b. 2 standard deviations below the mean value 341 

Finally, a Savitzky-Golay filter (order = 3, window = 15) was added to smooth the data. The 342 

mean pupil size measured during the baseline was subtracted from the mean pupil size captured 343 

during rowing, to get a measure of pupil size change in each rowing condition. This difference 344 

value served as the dependent variable for pupil analyses. 345 

 To include data from a participant’s eye, we set a cutoff of 50% valid pupil data during 346 

the rowing trials. For several rowers, data from only one eye met this criterion for all trials. 347 

Hence, we took the common approach of using data from one eye per participant, by keeping 348 

data from the “best-tracked eye”. In most cases, both eyes could satisfy the criterion of 50% 349 

valid pupil data, and hence we used the participant’s eye that had the greatest proportion of valid 350 

pupil data per rowing trial, on average. Two rowers (one elite and one non-elite) had less than 351 

50% valid samples during certain rowing trials, and their eye-tracking data were therefore 352 

excluded from the analyses. In the remaining participants, the two eye-tracker systems had 353 

similar amounts of valid pupil data after filtering. Specifically, the SMI glasses’ rowing trial 354 

recordings produced a mean of 80.37% (SD = 11.81%) valid pupil data, while the Pupil Labs 355 

glasses’ rowing trial recordings resulted in a mean of 78.74% (SD = 15.69%) valid pupil data4. 356 

 Rowing ergometer data. Split time for each stroke, providing a measure of rowing 357 

speed, was the key output for this current study. As with the eye-tracking data, the first and last 358 

10 s of data were excluded. Next, we created a variable by subtracting participants’ actual splits 359 
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by their pre-planned split for each stroke in the given condition. This served as a manipulation 360 

check, to see how much faster or slower they rowed compared to what was intended. Given the 361 

fact that participants were instructed to maintain a constant, pre-planned split, we then converted 362 

the subtracted values into absolute numbers (i.e., by removing negative signs ahead of numbers) 363 

and calculated two performance variables:  364 

1) mean stroke-by-stroke split deviation, namely how much their split deviated from the 365 

pre-planned split per stroke, on average 366 

2) stroke-by-stroke split variability, namely the standard deviation of the discrepancy 367 

between their actual and pre-planned split 368 

 Data analyses. We conducted a series of mixed ANOVA analyses to explore the effect 369 

of ML and PL on the various measures of performance and mental effort. Skill level (elite and 370 

non-elite) was used as a between-subject fixed factor. A p-value of .05 was used as a significance 371 

cutoff for statistical comparisons. Greenhouse-Geisser corrected values were used in cases of 372 

sphericity violations. Partial eta squared (ηp2) was used as the main indicator of effect sizes, 373 

with .01, .06, and .14 indicating small, medium, and large effects respectively. Pairwise 374 

comparisons with Bonferroni adjustment were used to further investigate significant effects. 375 

JASP (https://jasp-stats.org/) was the software used for statistical analyses. 376 

Results 377 

Group characteristics comparisons 378 

To ensure that our elite and non-elite group were comparable with regards to age and 379 

baseline eye-tracking measures, yet different with regards to rowing skill, we conducted a series 380 

of independent samples t-tests on these participant characteristics. Table 2 provides an overview 381 

of these characteristics across groups. Elites and non-elites were comparable with regards to age. 382 
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As expected, elites had significantly more rowing experience, faster expected 2K race times, and 383 

faster chosen pace (split) levels for low and high PL respectively, as compared to non-elites. 384 

With regards to eye tracking, the groups displayed similar numbers of blinks during the baseline. 385 

Mean pupil sizes during baseline, however, were larger in elites than non-elites. The latter 386 

difference was likely due to the mechanics and algorithms in the SMI glasses (used by all elites 387 

except one) as compared to the Pupil Labs glasses (see Appendix A for elaborations and further 388 

comparisons between the eye trackers).  389 

Table 2 390 

Descriptive Statistics and Comparisons of Participant Characteristics Across Groups 391 

 Elite Non-elite  

 Mean (SD) Mean (SD) t 

 

Age (years) 

 

29.67 (6.06) 

 

29.89 (11.70) 

 

-.051 

 

Rowing experience 

(years) 

 

14.89 (5.84) 

 

4.33 (4.95) 

 

4.136* 

 

Expected 2K time 

(s) 

 

358.33 (10.90) 

 

409.22 (14.37) 

 

-8.466* 

 

Chosen split, low PL 

(s) 

 

112.44 (4.00) 

 

127.56 (4.59) 

 

-7.447* 

 

Chosen split, high 

PL (s) 

 

103.44 (3.40) 

 

117.44 (4.07) 

 

-7.929* 

 

Blinks during 

baseline 

 

1.29 (1.99) 

 

1.15 (1.74) 

 

.383 

 

Mean pupil size 

during baseline 

(mm) 

 

4.76 (.80) 3.49 (.86) 7.504* 

*p < .001 392 

 393 
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Performance 394 

Rowing. The average split (time spent per 500 meters given the current pace) during low 395 

PL was 112.10 (SD = 3.77) s for elites and 126.86 (SD = 3.71) s for non-elites. During high PL, 396 

elites rowed with an average split of 103.11 (SD = 3.63) s while non-elites rowed with an 397 

average split of 117.42 (SD = 3.45) s. Table 3 shows descriptive statistics for the discrepancy 398 

between these actual split times, as measured by the RP3 ergometer, and pre-planned split times, 399 

as agreed upon before the start of trials, for each condition. Note that the information in Table 3 400 

is based on true, uncorrected values (hence the negative mean values indicating that participants 401 

rowed with a lower split (i.e., faster) than the intended target on average). As a manipulation 402 

check of physical effort, we conclude that participants showed satisfactory adherence to their 403 

respective intensity levels.  404 

Table 3  405 

Deviations Between Observed Split Times and Target Split Times Per Condition, in Seconds Unit 406 

 Low ML Med. ML High ML 

Low PL 

Mean -.26 -.40 -.91 

Range -2.33 - 1.04 -3.80 - 1.10 -4.72 - .77 

High PL 

Mean -.01 -.30 -.23 

Min. -2.52 - 1.29 -3.82 - 1.06 -2.27 - 1.11 

 407 

 A three-way mixed ANOVA was carried out with participants’ mean absolute deviation 408 

scores as the dependent variable, ML (low, medium, and high) and PL (low and high) as the 409 

within-participants factors, and skill level (elite vs. non-elite) as the fixed between-participants 410 
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factor. The interaction effects of ML and PL(F(1.503) = 1.104, p = .331, ηp2 = .065), ML and 411 

skill (F(2) = .363, p = .698, ηp2 = .022), PL and skill (F(1) = 2.757, p = .116, ηp2 = .147), as well 412 

as all three factors (F(1.503) = .956, p = .375 , ηp2 = .056), were nonsignificant. Results showed 413 

significant effects of ML (F(2) = 8.963, p < .001, ηp2 = .359) and PL (F(1) = 4.865, p = .042, ηp2 414 

= .233). Pairwise comparisons with Bonferroni correction revealed that split deviations were 415 

significantly larger with high ML (M = 1.58 s, SD = .87 s) than low ML (M = 1.07 s, SD = .52 s) 416 

(t = 4.232, p < .001, d = .998), while medium ML (M = 1.31 s, SD = .82 s) did not differ from 417 

low ML (t = 2.014, p = .157, d = .475) and high ML (t = 2.218, p = .101, d = .523). As for the 418 

physical manipulations, on the other hand, split deviations were greater in low PL (M = 1.45 s, 419 

SD = .86 s) than high PL (M = 1.18 s, SD = .66 s). As expected, there was also a main effect of 420 

skill level (F(1) = 6.733, p =.020, ηp2 = .296), suggesting that elites (M = 1.02 s, SD = .59 s) 421 

deviated less from the pre-planned split target than non-elites (M = 1.62 s, SD = .82 s).  422 

A similar three-way mixed ANOVA was conducted for the second performance measure, 423 

split variability (i.e., standard deviation of the absolute deviation values). Again, there were no 424 

significant interactions between ML and PL (F(1.462) = .116, p = .828, ηp2 = .007), ML and skill 425 

(F(2) = .107, p = .899, ηp2 = .007), PL and skill (F(1) = 1.743, p = .205, ηp2 = .098), or the three 426 

variables together (F(1.462) = .697, p = .465, ηp2 = .042). There were significant main effects of 427 

ML (F(2) = 8.841, p < .001, ηp2 = .356), PL (F(1) = 12.412, p = .003, ηp2 = .437), and skill level 428 

(F(1) = 21.819, p < .001, ηp2 = .577). Pairwise comparison with Bonferroni correction suggested 429 

significantly larger split variability in high ML (M = 1.13 s, SD = .47 s) as compared to low ML 430 

(M = .78 s, SD = .31 s) (t = 4.190, p < .001, d = .988), whereas medium ML (M = .98 s, SD = 431 

.48 s) did not significantly differ from low ML (t = 2.403, p = .067, d = .566) and high ML (t = 432 

1.787, p = .250, d = .421). Participants had significantly higher split variability during low PL (M 433 
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= 1.09 s, SD = .51 s) than high PL (M = .84 s, SD = .34 s). The significant effect of skill level 434 

was about medium sized (ηp2 = .577)–a notably larger effect than what was observed with split 435 

deviation as the dependent variable (ηp2 = .296). Elites (M = .78 s, SD = .38 s) rowed with less 436 

split variability than non-elites (M = 1.14 s, SD = .44 s). Figure 1 displays split variability in 437 

elites and non-elites across ML. 438 

 439 

Figure 1 – Split variability across skill levels and mental load. Error bars indicate 95% 440 

confidence intervals. 441 

 442 

Math. As a manipulation check, we report findings from participants’ responses to math 443 

problems in the dual-task trials. Descriptive statistics suggested that all participants answered 444 

correctly to a minimum of five problems per condition, and the maximal score observed was 11 445 

correct answers (out of 12 possible). A 2 x 2 mixed ANOVA suggested that more math problems 446 
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were solved correctly during low PL (M = 7.89, SD = 1.64) than high PL (M = 7.06, SD = 1.47), 447 

F(1) = 7.563, p = .014, ηp2 = .321. There was no significant effect of skill level (F(1) = .006, p = 448 

.937, ηp2 < .001) and no significant interaction between PL and skill (F(1) = .034, p = .857, ηp2 = 449 

.002). These findings suggest that the math problems were equally challenging and attended to 450 

across the two skill levels. 451 

Eye tracking 452 

Blink rates. Descriptive statistics suggested individual variations in blink rates. Figure 2 453 

provides an indication of the number of blinks, spread across trials. While the highest number of 454 

blinks in a single trial was 110, three (non-elite) participants finished rowing trials with zero 455 

blinks. 456 

 457 

Figure 2 – The number of trials with different numbers of blinks. 458 

 459 
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A three-way mixed ANOVA revealed a significant interaction between ML and PL (F(2) 460 

= 3.638, p = .039, ηp2 = .206). Yet, the pairwise comparisons revealed the same pattern of 461 

results for both physical intensities, namely that high ML involved significantly higher blink 462 

rates than the other two levels of ML (which were not different from each other), both during 463 

low and high PL. Descriptively, for low and medium ML, blinks were more frequent during high 464 

PL. For high ML (dual task), on the other hand, blinks were more frequent during low PL. Figure 465 

3 displays blinks across ML and PL. The remaining interactions between ML and skill (F(1.104) 466 

= .221, p = .669, ηp2 = .016), PL and skill (F(1) = .368, p = .554, ηp2 = .026), and the three-way 467 

interaction (F(2) = 2.998, p = .066, ηp2 = .176) were nonsignificant.  468 

 469 

Figure 3 – Blink rates across load in all participants. Error bars indicate 95% confidence 470 

intervals.  471 

 472 

The results further showed that participants’ blink rates were significantly affected by 473 

ML, F(1.104) = 23.912, p < .001, ηp2 = .631. Pairwise comparisons indicated that significantly 474 
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more blinks occurred in the high ML, (M = 61.31, SD = 29.94) as compared to both the medium 475 

ML (M = 30.88, SD = 31.04) (t = 5.582, p < .001, d = 1.395) and low ML (M = 26.81, SD = 476 

26.82) (t = 6.327, p < .001, d = 1.582), whereas the medium and low ML conditions were not 477 

significantly different (t = .745, p = 1.000, d = .186). No main effect of PL (F(1) = .319, p = 478 

.581, ηp2 = .022) or skill level (F(1) = 1.815, p = .199, ηp2 = .115) was found in relation to blink 479 

rates. 480 

Pupil size change. Table 4 provides descriptive statistics for pupil dilations across 481 

conditions for participants included in eye-tracking analyses (n = 16). 482 

Table 4  483 

Pupil Dilation (mm) Across Conditions 484 

 Low ML Medium ML High ML 

 Mean (SD) Range  Mean (SD) Range Mean (SD) Range  

Low PL .47 (.26) .06 - .89 .52 (.28) .20 - 1.26 .74 (.44) -.02 - 1.68 

High PL .66 (.38) .17 - 1.46 .57 (.36) .13 - 1.51 .75 (.46) .12 - 1.69 

 485 

A three-way mixed ANOVA revealed a significant interaction between ML and PL (F(2) 486 

= 4.075, p = .028, ηp2 = .225). Pairwise comparisons suggested that for the low ML conditions, 487 

pupil size changes were significantly greater with high PL (.66 mm, SD = .38 mm) than low PL 488 

(.47 mm, SD = .26 mm), t = 3.701, p = .010. This was also suggested by a plot showing pupil 489 

dilations across ML, with low and high physical intensities respectively–see Figure 4. 490 

Furthermore, when investigating pairwise comparisons of mental manipulations during low PL, 491 

it was evident that the high ML condition involved significantly larger pupil dilations as 492 

compared to both the low ML (t = 4.272, p = .001) and medium ML (t = 3.395, p = .021) 493 

conditions, with no significant difference between medium and low ML (t = .877, p = 1.000). 494 

However, during high PL, no pairwise comparison between ML levels reached statistical 495 
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significance. That is, when rowing at the highest physical intensity in this study, the high ML 496 

condition did not involve pupil dilations that were significantly different from low ML (t = 497 

1.525, p = 1.000) and medium ML (t = 2.930, p = .079) conditions, and the difference between 498 

medium and low ML was also nonsignificant (t = -1.405, p = 1.000). The remaining interaction 499 

results showed no significant effects of ML and skill (F(2) = 2.756, p = .081, ηp2 = .164), PL and 500 

skill (F(1) = 1.584, p = .229, ηp2 = .102), or the three-way interaction term (F(2) = 1.287, p = 501 

.292, ηp2 = .084) on pupil dilation. 502 

 503 

Figure 4 – Pupil dilations across load in all participants. Error bars indicate 95% confidence 504 

intervals. 505 

 506 

The results further showed significant main effects of ML (F(2) = 8.379, p = .001, ηp2 = 507 

.374) and PL (F(1) = 5.792, p = .030, ηp2 = .293). For ML, pairwise comparisons with 508 
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Bonferroni correction revealed that high ML led to significantly larger pupil dilations (M = .74 509 

mm, SD = .44) than both medium ML (M = .55 mm, SD = .32 mm) (t = 3.689, p = .003, d = 510 

.922) and low ML (M = .56 mm, SD = .33 mm) (t = 3.381, p = .006, d = .845), while the latter 511 

two conditions were not significantly different (t = -.308, p = 1.000, d = .077). Further, the pupil 512 

dilated significantly more when PL was high (M = .66 mm, SD = .40 mm) than with low PL (M 513 

= .58 mm, SD = .35 mm).  514 

  A main effect of skill was also found, F(1) = 5.367, p = .036, ηp2 = .277. Elites’ pupils 515 

(M = .79 mm, SD = .41 mm) dilated substantially more than non-elites’ pupils (M = .45 mm, SD 516 

= .25 mm). Figure 5 displays pupil dilations in elites and non-elites across ML. 517 

 518 

Figure 5 – Pupil dilations in elites and non-elites across mental load. Error bars indicate 95% 519 

confidence intervals. 520 

 521 

Self-report data 522 
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Three-way mixed ANOVAs revealed no significant interaction–with all possible 523 

combinations of ML, PL, and skill level as the interaction terms–for any item of the NASA-TLX 524 

scale. Hence, the remainder of this section will elaborate upon the main effects of task load and 525 

skill level on questionnaire responses, item by item. Descriptive information is presented in the 526 

unit of percentages where 100% indicates the highest score possible, as rated on the visual 527 

analogue scale of the questionnaire. 528 

 A three-way mixed ANOVA revealed significant main effects of ML (F(1.391) = 529 

104.542, p < .001, ηp2= .867) and PL (F(1) = 4.841, p = .043, ηp2 = .232) on Mental demand 530 

ratings. Table 5 summarizes test statistics from pairwise comparisons following significant main 531 

effects of ML for all questionnaire items. Pairwise comparisons with Bonferroni adjustment 532 

revealed that Mental demand was rated increasingly higher from low (M = 29.94%, SD = 533 

15.99%) to medium (M = 44.99%, SD = 17.96%) to high ML (M = 77.98%, SD = 14.19%), with 534 

significant differences (p < .001) between all levels. This partly served as a manipulation check, 535 

indicating that the ML had the intended effect. Participants also reported greater Mental demand 536 

in high PL (M = 53.38%, SD = 23.85%) than low PL (M = 48.56%, SD = 27.47%). Mental 537 

demand ratings were not significantly different across skill levels (F(1) = 1.098, p = .310, ηp2 = 538 

.064).  539 

Table 5 540 

Mental Load Comparisons with Bonferroni Adjustments for NASA-TLX Items 541 

NASA-TLX item Medium vs. Low ML High vs. Low ML High vs. Medium ML 

 t d t d t d 

Mental demand 4.427* 1.043 14.135* 3.332 9.708* 2.288 

Temporal demand .723 .171 6.483* 1.528 5.759* 1.357 

Performance .365 .086 -3.050* .719 -3.415* .805 

Effort 2.188 .516 4.878* 1.150 2.690* .634 

Frustration .026 .006 9.386* 2.212 9.360* 2.206 

*p < .05 542 
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 543 

As another manipulation check, we noted that the next item, Physical demand, received 544 

ratings that were significantly affected by PL (F(1) = 100.480, p < .001, ηp2 = .863), with no 545 

effect of ML (F(2) = .966, p = .391, ηp2 = .057) or skill level (F(1) = 1.584, p = .226, ηp2 = .090). 546 

Physical demand received an average rating of 30.16% (SD = 15.91%) after rowing with low PL 547 

and 58.18% (SD = 11.55%) after high PL. This aligns well with the intention of letting 548 

participants row with low and moderate physical intensities, respectively. 549 

Temporal demand ratings were significantly affected by ML (F(1.143) = 25.238, p < 550 

.001, ηp2 = .612) and PL (F(1) = 6.270, p = .023, ηp2 = .282), with no effect of skill (F(1) = 551 

3.266, p = .090, ηp2 = .170). Pairwise comparisons showed that Temporal demand was rated 552 

significantly (p < .001) higher in the high ML (M = 57.80%, SD = 21.75%), as compared to both 553 

low ML (M = 26.51%, SD = 14.88%) and medium ML (M = 30.00%, SD = 16.19%), with no 554 

significant difference between the latter two (p = 1.000). Temporal demand was rated higher 555 

when PL was high (M = 41.27%, SD = 23.16%) as compared to low (M = 34.93%, SD = 556 

21.77%).  557 

Performance ratings were significantly affected by ML (F(1.453) = 7.032, p = .008, ηp2 = 558 

.305) and skill level (F(1) = 11.590, p = .004, ηp2 = .420), with no effect of PL (F(1) = 1.388, p = 559 

.256, ηp2 = .080). Pairwise comparisons with Bonferroni adjustments revealed that Performance 560 

was rated significantly lower in high ML (M = 45.19%, SD = 22.03%), as compared to both low 561 

ML (M = 58.56%, SD = 17.62%), p = .014, and medium ML (M = 60.17%, SD = 15.98%), p = 562 

.005, with no significant difference between the latter two loads, p = 1.000. Performance ratings 563 

were significantly higher in elites (M = 62.63%, SD = 18.74%) than non-elites (M = 46.65%, SD 564 

= 17.45%).  565 
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Effort was significantly affected by ML (F(1.486) = 11.939, p < .001, ηp2 = .427) and PL 566 

(F(1) = 42.068, p < .001, ηp2 = .724). Pairwise comparisons with Bonferroni adjustments 567 

revealed that Effort was greater in high ML (M = 67.86%, SD = 21.46%), as compared to both 568 

low ML (M = 47.39%, SD = 21.62%), p < .001, and medium ML (M = 56.57%, SD = 18.25%), p 569 

= .034, while low and medium ML were not significantly different, p = .108. Effort was also 570 

greater in high PL (M = 64.76%, SD = 15.70%) than low PL (M = 49.79%, SD = 24.79%). Skill 571 

level did not impact Effort ratings (F(1) = .051, p = .823, ηp2 = .003). 572 

Lastly, Frustration was significantly affected by ML (F(2) = 58.571, p < .001, ηp2 = .785) 573 

and skill level (F(1) = 8.590, p = .010, ηp2 = .349), with no effect of PL (F(1) = 2.237, p = .154, 574 

ηp2 = .123). Pairwise comparisons suggested that reported Frustration was significantly higher (p 575 

< .001) in high ML conditions (M = 67.68%, SD = 19.79%), as compared to both low ML (M = 576 

27.69%, SD = 22.65%) and medium ML (M = 27.80%, SD = 20.57%), with no significant 577 

difference between the latter two conditions (p = 1.000). Frustration was higher in non-elites (M 578 

= 49.21%, SD = 27.19%) than elites (M = 32.90%, SD = 26.91%).  579 

Discussion 580 

This study took a novel approach to investigating athletes’ mental effort. Unlike most 581 

previous sport studies, an elite sample was recruited from the higher end of the performance 582 

spectrum. These experts were compared with athletes involved in the same sport, yet at a much 583 

lower level. Overall, the findings contradict the “zombie hypothesis”, as elites displayed similar 584 

or even higher levels of mental effort, depending on the measure in question, as compared to 585 

non-elites. The multimethod approach was able to shed light on different nuances regarding 586 

mental effort. Findings further suggest that future physiological research investigating mental 587 
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effort in sports may involve tasks of high physical demand and still have interpretable results, 588 

thanks to recent developments in non-invasive, mobile eye-tracking technologies. 589 

Given the current experimental approach, the following sections will discuss findings in 590 

terms of the manipulations, namely how mental load (ML) and physical load (PL), and 591 

interactions between them, affected the results, before effects involving skill level are discussed. 592 

Finally, we discuss methodological issues, implications, and conclusions concerning this study. 593 

The effects of load on mental effort and performance 594 

Overall, rowers’ mental effort was significantly affected by both ML and PL, and 595 

interactions between the two. Interestingly, an increase in PL–from low to moderate physical 596 

intensity–was associated with an increase in mental effort, measured both subjectively (i.e., via 597 

ratings of Mental demand in NASA-TLX) and objectively (i.e., via pupil size change). This 598 

indicates that there is a notable mental component to physical effort. Such a relationship is also 599 

suggested by research demonstrating that mental fatigue leads to suboptimal physical endurance 600 

(Van Cutsem et al., 2017; Zering et al., 2017). Increasing or maintaining physical effort relies on 601 

mental effort and–despite the prevalence of mind-body dualistic views in western societies (e.g., 602 

Gendle, 2016)–one cannot completely disentangle the two in sports contexts. 603 

 Unsurprisingly, ML had the strongest impact on mental effort, as measured by effect 604 

sizes from various measurements. Yet, as with previous studies (e.g., Harris et al., 2017), 605 

subjective and objective findings diverged to some extent. Specifically, subjective measures 606 

followed the hypothesized pattern, insofar as participants reported increasing amounts of Mental 607 

demand going from low to medium to high ML, respectively. Objective measures, on the other 608 

hand, suggested no difference in mental effort between the low and medium ML, while the high 609 

ML involved more effort, as measured by both blink rates and pupil dilation.  610 



31 
 

The diverging findings associated with mental effort during low and medium ML may be 611 

due to the nature of the conditions as well as subtle differences in the subjective versus objective 612 

measurements. Following a self-composed race plan (as done with medium ML) may have been 613 

subjectively interpreted as additional demands on rowing, as compared to only being asked to 614 

focus on speed (as done with low ML). This may have led participants to rate Mental demand 615 

higher in medium ML than in low ML conditions. However, while medium ML required some 616 

“extra steps” throughout the trial, these steps may not have been that difficult or effortful to 617 

implement. Unlike many past studies, we let participants choose their attentional cues and make 618 

their own performance plan. Thus, they were likely familiar with the task cues they chose as part 619 

of their plan. Mental representations of the technical elements they focused on, both during low 620 

and medium ML, were likely part of long-term memory formations. Using information that is 621 

readily available in long-term memory is less effortful than manipulating novel information in 622 

short-term memory (Kahneman, 1973). The latter type of processing was required in the high 623 

ML conditions when math problems were presented. This involved more time pressure and led to 624 

increased mental effort as predicted. In sum, we argue that the findings reflect real nuances, 625 

namely that using a race plan was indeed mentally demanding, per se, but it did not require an 626 

increase in mental effort due to the familiar nature of the specific demands. 627 

To the best of our knowledge, this is the first study to combine different eye-tracking 628 

measures of mental effort in sports and to include blink rates in this venture. Current findings 629 

suggest that blinking can reflect mental effort, even while exerting substantial physical effort. 630 

Descriptively speaking, participants showed varying blink rates. Three of the rowers were 631 

measured for 160 seconds during rowing trials without a single blink. Interestingly, these 632 

participants were in the non-elite group. Additionally, numerous trials were finished with few (1-633 
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5) recorded blinks. These results extend previous observations from non-sporting contexts 634 

showing that individuals can perform a task for more than a minute without blinking (Pei et al., 635 

2021; Ponder & Kennedy, 1927), suggesting that infrequent blinking is not an exclusive 636 

hallmark of expertise in sports (see Pei et al., 2021; Red Bull, 2017). The fact that blink rates 637 

increased when solving math problems, as compared to single-task rowing trials, is in line with 638 

past research on blinking during increased (non-visual) cognitive demands (Magliacano et al., 639 

2020; Marquart et al., 2015). Inhibited blinking may be part of a strategy to exploit visual 640 

information (Fogarty & Stern, 1989), while more frequent blinking can be a sign of “attentional 641 

disengagement from external stimuli” (Nakano, 2015, p. 54) to concentrate on internal cognitive 642 

work. In the current study, participants may have blinked less during single-task rowing trials in 643 

order to focus more intently on the visual information provided via the monitor (giving them 644 

relevant performance feedback). When receiving the added challenge of math problems in the 645 

dual-task conditions, less cognitive resources may have been devoted to rowing and visual 646 

feedback, and more to internal mental calculations, as evidenced by increased blink rates and 647 

rowing speed variability.  648 

Pupil dilations suggested a specific interaction effect of mental and physical 649 

manipulations in our study. When ML was low, and the only instruction was to row with a 650 

certain speed, rowers’ pupils were significantly more dilated when this speed involved high PL 651 

than low PL. There are several possible explanations for this. One reason could be that rowers 652 

were the most motivated or excited in this particular condition, since the low ML gave them the 653 

most freedom to focus on whatever they wanted, and the high PL most closely mimicked the 654 

physical intensity they normally use in competition. Given this relative freedom and ecological 655 

validity, the condition may have motivated the rowers to invest mental energy at will. Such 656 
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autotelic expenditure of effort would be in line with characteristics of the flow experience 657 

(Jackson & Csikszentmihalyi, 1999).  658 

Further, the lack of significant difference in pupil dilations across ML when pupils were 659 

measured at high PL, could be due to a ceiling effect. That is, pupil dilation due to physical effort 660 

may have left less room for dilation due to mental effort (Hayashi et al., 2010). More 661 

pupillometry studies during physically strenuous tasks, combining different task demands, are 662 

needed to further enlighten the relationship between different influences on pupil size. 663 

Finally, ergometer data suggested that rowers’ speed control (i.e., performance) was 664 

significantly affected by both ML and PL, albeit in opposite directions. That is, increasing PL led 665 

to better performance while increasing ML led rowers to a decline, as measured by speed 666 

precision (i.e., the discrepancy between actual and pre-planned splits) and speed variability (i.e., 667 

standard deviations in actual splits). As for the mental manipulations, rowing speed was more 668 

consistent during low ML than high ML, as measured by both speed precision and speed 669 

variability. This makes sense, as speed control was the main element that participants were asked 670 

to focus on during low ML, while high ML involved focusing on math problems in addition to 671 

the current speed. The detrimental effect of high ML on speed control, as compared to low ML, 672 

was likely a distraction consequence of the dual-task environment (which will be discussed 673 

further below, in the context of skill level).  674 

Mental effort in elites vs. non-elites 675 

The most notable difference between groups came from pupil dilation findings. The 676 

direction of these findings was unexpected, given the fact that neural efficiency and 677 

hypofrontality have been associated with skilled performance in past psychophysiological studies 678 

(Filho et al., 2021). In the present study, pupil dilation, which is a global index of cortical 679 
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activity (Just et al., 2003; Larsen & Waters, 2018), indicated significantly more mental effort in 680 

skilled performers. Specifically, elite rowers displayed pupil dilations that were larger than non-681 

elites across all rowing trials. The easiest way to interpret this finding is to reject the zombie 682 

hypothesis. If experts perform more effortlessly, they should reveal smaller dilations than lower-683 

level performers–the opposite of what we found.  684 

 The more uncertain interpretation aspect is to conclude what the greater pupil size 685 

changes mean more exactly, in terms of what caused elites to have larger pupil dilations. Pupil 686 

size measurement is, like most methods in psychology, not an invariant method (Richter & 687 

Slade, 2017). One finding, such as pupil dilation, can indicate several phenomena (such as 688 

thinking hard, taking drugs, or entering a dark room). One challenge, as noted by Kahneman 689 

(1973) and others, is to distinguish mental effort from other psychological phenomena involving 690 

arousal. However, it is worth noting that it may not be sensible, let alone possible, to disentangle 691 

the two, since mental effort will often be accompanied by arousal. If one is given a difficult math 692 

problem, for instance, one will not only notice that thought processes are occupied with the 693 

problem, but also that one’s physiological responses and feelings indicate uncertainty or even 694 

fear (of potential failure). It could be that a brain network (involving the amygdala and other 695 

structures) detects uncertainty based on environmental cues, “signaling the need for the 696 

implementation of cognitive control” (Mushtaq et al., 2011, p.4) to deal with the problem. 697 

Kahneman’s (1973) solution to this issue was not to disentangle mental effort from arousal, but 698 

rather to consider mental effort as a specific type of arousal, namely one that is related to 699 

intensive attention. In a controlled environment, it is possible to conclude that pupil dilations 700 

were likely caused by task manipulations and not merely, say, performance anxiety or other 701 

phenomena. The experimental setting and findings of the present study support the notion that 702 
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elite athletes invested more mental effort, namely cognition-related arousal (Kahneman, 1973), 703 

directed at the task at hand. For example, the elites may have been more intensely focused on 704 

feedback, whether internal (from bodily cues) or external (from the ergometer monitor). 705 

The idea that elites’ performance depended on the intensive attention to rowing, is also 706 

supported by the fact that participants showed performance decrement in the dual-task conditions 707 

when their cognitive capacities were occupied with math problems while rowing. Elites and non-708 

elites were similarly affected by mental load and the dual task specifically. This contradicts 709 

previous studies on higher-level athletes in dual-task environments (Beilock et al., 2002; Gray, 710 

2004), and it could be because the secondary cognitive task in the present study was more 711 

challenging than some of those employed in past studies since we employed math problems that 712 

were of varying difficulty and based on past cognitive research. Despite the performance 713 

decrement across ML, elite athletes were able to perform better overall, according to both the 714 

ergometer data and subjective reports across conditions, as compared to non-elites. Overall, the 715 

main story thus seems to be that elite athletes invested relatively high levels of mental effort to 716 

maintain relatively high levels of performance. This resembles the Type 2 performance 717 

suggested by Bertollo et al. (2016), involving high effort and good performance, as opposed to 718 

the other type of good performance, Type 1, which is more relaxed and in line with the neural 719 

efficiency hypothesis (Cheng et al., 2017). Similarly, the results are also in line with clutch states 720 

(Swann et al., 2016, 2017), which may be prevalent when athletes face a challenge and invest 721 

effort to achieve a clear proximal goal. Given the fact that the current rowing trials were only 722 

three minutes long, elites may have been able to take a high-effort clutch approach to “make it 723 

happen” (Swann et al., 2016) throughout the trials.  724 
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Finally, subjective responses to various measures of NASA-TLX also contradicted the 725 

zombie hypothesis. Specifically, we found no effect of skill level on reported Mental demand, 726 

Physical demand, Temporal demand, or Effort. One may expect “zombie elites” to report low 727 

levels on all these measures. However, we did find that elites reported less Frustration than non-728 

elites. Overall, these findings are interesting to consider in relation to the pupil dilation findings 729 

suggesting more intensive attention in elites. They may have invested more mental effort without 730 

experiencing it as more effortful, at least not in a negative sense. This, again, would suggest that 731 

effort can be experienced in different ways. However, NASA-TLX does not provide a full survey 732 

of emotional experiences and further studies may look more in-depth at the experience of mental 733 

effort in sports, for example by combining psychophysiological methods with qualitative 734 

interviews. 735 

Methodological considerations 736 

There are some methodological aspects that should be considered when interpreting the 737 

findings of this study. First, the sample size was limited and determined by the number of elite 738 

rowers from Team Norway’s Olympic training group. Second, due to the pupil measurements, 739 

we tested participants in a controlled laboratory environment. As compared to competitive 740 

rowing on open water, rowing ergometer performance involved lower (a) technical complexity 741 

(e.g., fewer degrees of freedom from a biomechanical perspective), (b) environmental 742 

complexity (e.g., not having to adapt to waves or competitors' tactical maneuvers), and (c) 743 

physical intensity (i.e., moderate as opposed to maximal intensity). On the one hand, the lower 744 

complexity of the ergometer performance would seem to invite more automatic performance. 745 

Indeed, it has been suggested that closed sports such as diving, where athletes are free from 746 

interference by competitors, should involve more automaticity than more open sports such as 747 
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tennis, where athletes must constantly adapt to opponents’ actions (Birch et al., 2019). In that 748 

sense, one could expect on-water rowing to require more mental effort, as it has more open-749 

ended aspects than the ergometer rowing in the present study. On the other hand, the moderate 750 

physical intensities used in the present experiment may invite more conscious thinking and 751 

attentional capacity devoted to rowing and technical details, as compared to the maximal 752 

physical effort that is used during competition (Hutchinson & Tenenbaum, 2007). Given the fact 753 

that we were able to extract meaningful psychophysiological data from rowing at moderate 754 

physical intensities, future sports studies on mental effort may try to go even further up the 755 

intensity ladder and thus approach resemblance of real-world competitive scenarios. In any 756 

event, the current findings can be considered relevant to competitive performance from a 757 

technical perspective, since we used a dynamic rowing ergometer that mimics open-water 758 

rowing mechanics (Kleshnev, 2005). 759 

With regards to pupil data, the fact that the two groups in our study were measured with 760 

mostly different eye-tracking systems, due to technical problems, was unfortunate and presented 761 

a methodological obstacle. Interpreting and comparing data from different equipment is a 762 

frequent, yet notable challenge in psychophysiological research (e.g., Stonnington et al., 2008). 763 

In the present context, the SMI glasses (used by all elites except one) could conceivably have 764 

had qualities that allowed for greater pupil dilation values, as compared to the Pupil Labs glasses 765 

(used by all non-elites). However, we find no indication of such a difference in our comparisons 766 

of the two systems (see Appendix A). There are past studies that have conducted more 767 

systematic comparisons of SMI and Pupil Labs glasses and found comparable characteristics on 768 

many measures, albeit some differences, but these have been focused on gaze data, not 769 

pupillometry (MacInnes et al., 2018; Niehorster et al., 2020). It is thus unclear how relevant 770 
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these studies are in the present context. For example, Niehorster et al. (2020) found a substantial 771 

difference in data loss in SMI and Pupil Labs systems for gaze data, while we found similar 772 

amounts of data loss in SMI and Pupil Labs systems for pupil size data. The novelty of the 773 

current study, and the lack of relevant comparisons of eye-tracking systems, call for future eye-774 

tracking studies in physically demanding sports to replicate or discredit our findings. 775 

 Finally, the manipulations of mental load are associated with both strengths and 776 

weaknesses. First, we decided to give participants the freedom to choose their foci and task cues, 777 

especially in the medium ML conditions where the rowers used a self-composed race plan. An 778 

alternative path would be to dictate what the athletes were supposed to focus on, which is typical 779 

in focus of attention research. However, asking athletes to focus on researcher-generated task 780 

cues can easily be criticized for low ecological validity and it may be particularly detrimental to 781 

performance at higher skills levels (Winkelman et al., 2017). Being familiar with one’s task cues 782 

is a key to success (Maurer & Munzert, 2013), and to come up with functional task cues for all 783 

participants, from novices to Olympic medalists, was regarded as unrealistic. 784 

The opposite applies to our high ML conditions, where more control was gained by 785 

asking participants to verbally respond to math problems while rowing, at the expense of 786 

ecological validity. This manipulation was included to make sure we had a level of ML that 787 

would likely present a cognitive challenge, and to make sure that participants actually partook in 788 

this challenge. On this note, it has been suggested that adding a verbal response to cognitive 789 

tasks can affect pupil sizes and blink rates, due to motor demands and not merely cognitive 790 

demands (Brych et al., 2021). However, verbalization has been found to have a rather small 791 

effect on pupil size, as compared to the effect of task difficulty (Kahneman et al., 1968), and not 792 

to affect blink rates (Brych et al., 2021). Additionally, the motor component of responding 793 
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verbally to math problems was relatively small compared to the general physical demands in our 794 

study, in contrast to past studies on cognition outside of motor performance contexts. In sum, we 795 

interpret the indices of mental effort during high ML as evidence of, in fact, mental activity and 796 

not motor demands.  797 

Implications and conclusions 798 

 For the last decades, mental effort has not had an unanimously favorable reputation, 799 

especially in elite sports. Performers have been frequently advised not to pay attention to task-800 

relevant cues (e.g., Baurès et al., 2018) and even avoid using their prefrontal cortex (Beilock, 801 

2011). The present study joins a recent line of research using eye tracking to demonstrate that 802 

sports tasks are, in fact, cognitively demanding (Campbell et al., 2019; Carnegie et al., 2020).  803 

The current findings suggest that ergometer rowing–even when merely asked to follow a 804 

certain pace (low ML) or focus on a self-selected performance plan (medium ML), without any 805 

competitors or external interference–involves a measurable amount of mental effort, as indicated 806 

by the pupil sizes captured during rowing in comparison to pupil sizes captured during resting 807 

baseline periods. However, the mental effort captured while rowing in single-task conditions 808 

(low/medium ML) was small in magnitude, as compared to mental effort in dual-task conditions 809 

(high ML). This brings us closer to more specific answers regarding how effortful a task-related 810 

focus in sports can be, namely somewhere in between sitting still while looking at a screen (i.e., 811 

baseline) and performing while solving math problems. From an applied perspective, the advice 812 

of not spending mental effort at all seems unfounded. An alternative recommendation, directed at 813 

coaches and athletes themselves, would be to explore how mental effort can be ideally devoted to 814 

task cues, given each performer’s unique abilities and context. 815 
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Eye tracking has become an increasingly popular tool to uncover selective aspects of 816 

attention. For example, a recent study became the first to use eye tracking in elite football to 817 

explore what players look at during actual match play (Aksum et al., 2020). Hence, this 818 

technology is likely to be employed in future sports studies and training contexts. We 819 

recommend that future scholars and practitioners keep using eye tracking to explore selective 820 

attention, while also adding an emphasis on intensive attention. For example, investigations of 821 

gaze strategies in sports could be supplemented by recordings of pupil sizes or blink rates, 822 

depending on contextual factors such as light conditions. It seems likely that such investigations 823 

can add value–for example by revealing how certain situations in a football game involve more 824 

intensive attention than others–beyond the mere exploration of what athletes look at. By 825 

combining selective and intensive aspects of attention, sport psychology could experience a 826 

“boost” similar to that achieved by emphasizing intensity in the investigation of physical 827 

performance (Schimpchen et al., 2016). For now, Kahneman’s (1973) original comments on how 828 

psychology traditionally has favored the study of selective attention, at the expense of intensive 829 

attention, may still ring true to some extent. Sports appears to be a well-suited arena for 830 

addressing this gap. 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 
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Endnotes 839 

1Based on the present study, as well as personal communication with other eye-tracking 840 

researchers, we believe that sweat caused the technical problems. 841 

  842 

2Before each medium ML condition, participants gave verbal descriptions of their self-composed 843 

race plans. After each rowing trial, the participants gave oral statements regarding what they 844 

were thinking of or attending to while rowing (see the Procedure part of the Method section). A 845 

full, systematic analysis of the verbal statements is beyond the scope of this article. However, as 846 

a manipulation check, it is worth noting some trends suggesting that the participants had 847 

different task-related foci in medium ML conditions (when asked to use a race plan while 848 

maintaining a constant split) as compared to low ML conditions (when only asked to maintain a 849 

constant split).  850 

Specifically, after medium ML conditions, a majority of participants reported that they 851 

focused on certain cues at certain stages of the rowing trial. This was also suggested in the 852 

rowers’ pre-trial race plan statements. Cues could, for example, be coupled with (a) general 853 

periods of the rowing trial, such as focusing on having a fast stroke rate in the beginning, before 854 

lowering the stroke rate; (b) specific time periods of the rowing trial, such as focusing on 855 

sequencing the stroke movement during the middle minute (i.e., between 60 s and 120 s of the 856 

rowing trial). All participants, except for one elite and one non-elite rower, gave race plan 857 

descriptions that involved such coupling between task cues and time periods in at least one of the 858 

medium ML conditions (i.e., with low and/or high physical load). In the oral statements 859 

following the low ML conditions, on the other hand, no participant reported such coupling. 860 

Another common feature in several race plans, for rowers of both skill levels, was the counting 861 
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of strokes, typically by counting 10 strokes at a certain stage of the rowing trial, which is a 862 

common mental strategy used to deal with physical fatigue during rowing competitions. 863 

Overall, it seemed that medium ML conditions involved attentional constraints, as 864 

compared to low ML conditions. That is, foci were typically linked to certain time periods or 865 

restricted to a certain number of strokes during medium ML, as part of their race plan, whereas 866 

the task cues focused on in the low ML conditions were reportedly not linked to specific parts of 867 

the trial. This seems like a partial, plausible explanation for why medium ML was subjectively 868 

experienced as more mentally demanding than low ML (see the Results section). 869 

 870 

3Due to technical issues with the eye trackers, three participants (two elites, one non-elite) agreed 871 

to re-do one rowing trial each. In all three cases, this involved the low ML conditions (i.e., 872 

rowing at a constant pace). In two of the participants, the condition involved low PL, and they 873 

were able to complete this condition at the end of the trials. The third rower participated in the 874 

condition with low ML and high PL, before he had to come back on a later day to re-run all 875 

trials. Hence, fatigue should not be an issue in these trials. Further, since all three participants re-876 

did the condition with low ML, which is the most common type of rowing on the ergometer, we 877 

do not suspect a training effect or benefit from having done this before. These last trials were 878 

therefore included in the analyses for these participants. 879 

 880 

4The percentage of valid pupil data was calculated based on the relationship between valid pupil 881 

data after filtering and the expected number of samples in the raw data, given our sampling 882 

frequency (in line with Niehorster et al., 2020). Data loss was mostly due to the pupil data 883 

filtering, as described in our Methods section, in which we excluded samples with blinks and 884 
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unrealistic pupil values. However, certain SMI trials had fewer samples than expected in the raw 885 

data due to uneven sampling by the eye tracker, and this was also considered as data loss. We did 886 

not regard the latter data loss as problematic, for several reasons. First, the total amount of data 887 

loss (in the raw data and filtered data combined) never exceeded the exclusion criteria of 50%. 888 

Second, the maximum time interval between samples in the raw data was .067 seconds. Third, 889 

the raw data loss was evenly spread across the trial periods. In sum, we conclude that we had 890 

sufficient data from the SMI and Pupil Labs systems to conduct eye-tracking analyses on rowing 891 

trials. 892 
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Appendix A:  1153 

Pupil size data from SMI versus Pupil Labs 1154 

The elite and non-elite participants used mostly different eye trackers in the current study. 1155 

Specifically, seven out of eight included elites used the SMI glasses, whereas all included non-1156 

elites used Pupil Labs glasses. Hence, any effect of expertise could conceivably be confounded 1157 

with the eye-tracking systems. While previous research has compared eye trackers from SMI and 1158 

Pupil Labs and found comparable attributes on several performance tests, these tests have not 1159 

been focused on pupil size measurements (MacInnes et al., 2018; Niehorster et al., 2020). To 1160 

explore the comparability between SMI and Pupil Labs data for the current purposes, we 1161 

contacted the elite group, who had already participated using SMI glasses. Four of them 1162 

volunteered to come in for a retest, approximately six months after their first participation. While 1163 

being a limited comparison of the eye trackers’ qualities, this test-retest was deemed useful to 1164 

examine pupil size data across the two different systems. 1165 

In the retest, the four elites rowed with the same procedure as they had done on the 1166 

previous test, in the same conditions, only with Pupil Labs glasses this time. Unfortunately, one 1167 

rowing trial in the retest was not properly recorded due to technical difficulties. However, 1168 

another elite participant had been able to finish one condition with SMI glasses, before technical 1169 

issues arose and he had to come back to start the whole experiment anew with Pupil Labs 1170 

glasses. He thus had finished one of the conditions with both eye-tracking systems, and this 1171 

condition happened to be the same that was not recorded in the other retested rower (i.e., low 1172 

mental load, high physical load; constant pace rowing at 85% of max), so these data were added 1173 

to the current analysis.  1174 
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In sum, we used four complete datasets, with trials from five elite rowers, to analyze 1175 

baseline pupil measurements and pupil size change (average pupil size during rowing subtracted 1176 

by average pupil size during baseline) data. Descriptive statistics, correlation (Pearson’s r) and 1177 

paired-samples t-tests were used to investigate pairs of data, with values from the same 1178 

participant in the same condition, from two different eye trackers. Analyses were conducted in 1179 

JASP, and p < .05 was considered statistically significant. 1180 

Results 1181 

Baseline measurements revealed significantly larger pupil sizes when participants were 1182 

measured with SMI glasses (M = 4.65 mm, SD = .80 mm) than Pupil Labs glasses (M = 2.92 1183 

mm, SD = .61 mm), t(23) = 12.031, p < .001, d = 2.456. Thus, it appears that there is a difference 1184 

in the eye trackers with regards to absolute pupil size measurements. For example, the SMI 1185 

system may use cameras that are positioned closer to the participants’ eyes, or it may use a 1186 

different algorithm to compensate for distance between the cameras and the eyes, as compared to 1187 

the Pupil Labs system. 1188 

The paired pupil size change values had a significant, positive correlation, r = .694, p < 1189 

.001. The t-test revealed no difference between eye trackers, t(23) = .375, p = .711, d = .077. 1190 

From a descriptive perspective, mean pupil dilations for the two eye trackers were highly similar: 1191 

.81 (SD = .46) mm with SMI and .79 (SD = .36) mm with Pupil Labs. The maximum mean pupil 1192 

dilation measured with SMI was 1.68 mm, similar to the maximum dilation measured with Pupil 1193 

Labs, which was 1.59 mm, and these values were obtained from the same individual. 1194 

We also found that the SMI and Pupil Labs glasses showed similar amounts of data loss. 1195 

Specifically, an independent samples t-test revealed no significant difference when comparing 1196 

the percentage of valid pupil data from the two systems in the main rowing trials of our study 1197 
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(see our Method section for descriptive statistics), and a paired samples t-test suggested no 1198 

significant difference in the amount of valid pupil data from the two systems in the test-retest 1199 

rowing trials, p > .05. 1200 

Overall, the results suggest that the skill-related pupil dilation effect found in this study 1201 

was, in fact, a skill level effect, and not an effect of two groups using different eye trackers.  1202 

 1203 


